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Abstract—The nonmonotonic structural evolution observed in Pd-Ta—H and Pd—-Mo—H hydrogenated aloys
is shown to be discrete (jumplike) in character, which is due to the thermodynamic potential having amultival-
ley fractal structurein reciprocal space. Thisstructure arisesin theinitial state and isfairly stable. Transforma-
tions occur as aresult of hopping of the system between the long-lived states corresponding to local minima of
the thermodynamic potential at both stages of rapid degassing and of stochastic oscillations of the centroids of
diffraction maxima. The jumps are associated with the migration of hydrogen atoms and vacancies between the
matrix and defect complexes and are accompanied by an increase or adecreasein the diffraction angles. © 2005

Pleiades Publishing, Inc.

1. INTRODUCTION

Asshownin[1-4] and earlier studies, the kinetics of
structural transformations in palladium alloys after
hydrogenation is nonmonotonic. Long-term oscillatory
variations in the diffraction characteristics of a defect
structure have been found to occur in Pd-W—H alloys,
and the multiphase decomposition and stochastic
changesin the number and volume fractions of coexist-
ing phases have been observed in Pd-Ta and Mo—Pd
alloys during long-term relaxation after hydrogenation
of deformed surface layers|2, 4]. These phenomenaare
associated with the nonequilibrium state produced by
hydrogenation; therefore, the appearance of compli-
cated structures that change irregularly in time corre-
lates well with the well-known principle that, in sys
tems far from equilibrium, there appear various struc-
tures, which Prigogine [5] named dissipative. In [6-8],
synergetic models were proposed for some of the phe-
nomena reported in [1-4]. These models assume that
the transition from the initia to the final structure gen-
erally occurs viaintermediate structures; the most typ-
ical case is the appearance of one-dimensional long-
period structures, which has been observed to occur
during diffusionless transformations and the formation
of certain superstructures, Laves phases, etc. [9-13].
The thermodynamic conditions for such structures to
appear are the occurrence of volume and thermal
effects, the smallness of the energy of formation of
inhomogeneities [9], the significant effect of long-
range fields [10, 14], and a high degree of saturation
with dopant elements in the single-phase region [9].

It is significant that one-dimensional long-period
structures correspond to a nonequilibrium state; there-
fore, standard thermodynamic methods are inapplica-
bleto them. It isa so important that the thermodynamic

potential d(K) in the cases under study possessesamul-
tivalley structure in reciprocal space and, hence, has a
variety of local minimak, (a=1, 2, ...), asshown in
Fig. 1 [12]. The deepest minima correspond to rational
numbers m/n with small m and n. Obviously, there are
many minima with higher values of m and n between
the deepest minima; the structure of the thermody-
namic potential is fractal in character. For example, in
the case where a sudden transformation from a closely
packed hexagonal structure to a face-centered cubic
structure takes place, correlated shifts of individual
closely packed layers in minimal clusters occur first,
which corresponds to filling of the shallowest minima
in the ®(k) dependence. Then, due to correlation, the
minimal clusters coal esce, which corresponds to filling
of deeper minima, and so on. Thus, in the course of a
sequence of structural transformations associated with
the formation of one-dimensional long-period struc-
tures, step-by-step coalescence of clusters occurs.
Since the energy of formation of a one-dimensional
long-period structure is small, it is energetically favor-
ablefor clusters with this structure to grow step by step
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Fig. 1. Thermodynamic potential as a function of k for a
multivalley system (schematic).
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Fig. 2. Formation of a multivalley structure under an
increasing load above acritical level (schematic).

through their correlation rather than through the motion
of their boundaries, asin first-order phase transforma-
tions. The thermodynamic-potential multivalley struc-
ture can also arise asaresult of the application of aload
to asystem [12], at least if aload causes the formation
of defectsin the system, asshownin Fig. 2 [12].

The synergetic models proposed in [6-8] assume
that the multiphase decomposition of Pd-Ta and Pd—
Mo alloys observed in [2-4] is essentially associated
with the multivalley fractal structure of the thermody-
namic potential in reciprocal space. The existence of a
multivalley structure also explains the new phenome-
non reported in [4, 15-17], namely, the observation of
adiscrete distribution of the positions of the diffraction
peak components in 206 space (which indicate the for-
mation of a multiphase system and its transformation)
after hydrogenation of an alloy and in the course of sub-
sequent relaxation. The point isthat the probability of a
metastable state forming at alocal energy minimum is
significantly higher than that at a local barrier; there-
fore, the components of a diffraction peak correspond
to local minima of a multivalley structure. As a result,
the observed diffraction peaks consist of several com-
ponents and their structure changes jumpwise. In [4,
15-17], it was not elucidated whether the multivalley
structure appearsin the initial state or after hydrogena-
tion and some issues al so remained unresolved, such as
the effect of cyclic treatment on this structure and the
fractal nature of the structure. These issues are dealt
with in this paper. The specific features of the discrete
structural evolution in Pd-based aloys are investigated
immediately after hydrogenation of deformed samples
and also after several cycles of saturation with hydro-
gen. The factors determining these features are estab-
lished, and the model of this phenomenon is developed
further with alowance for new experimental data.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

Pd-Mo and Pd-Ta alloys [1, 4] were studied using
x-ray diffraction (monochromatized Cu—K, radiation).
The alloys were melted from high-purity metalsin an
electric-arc furnace and then homogenized at 900°C
over 24 h. After cutting, the samples were ground and
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polished; the thickness of the deformed surface layer
was greater than the x-ray penetration depth. The alloys
were saturated with hydrogen electrolytically. The
shape of the diffraction peaks was analyzed with the
Origin program package.

Theangular positions of the diffraction peaksfor the
initial state corresponded to the Reuss formula for
deformed material s[18], according to which the depen-
dence of a,,; on the Miller indices has the form

Ay = o+ 30Ky (1)

Here, ay isthelattice parameter of acubic alloy, o isthe
elastic strain in the surface plane, and K, depends on
the Miller indices and the elastic compliances.

The compressive elastic stresses along the surface
caused by the mechanical treatment produce tensile
strains along the normal to the surface dueto interstitial
defect complexes (D—M complexes), which are gener-
ated in the course of the mechanical treatment [1-3].
The saturation of Pd-based alloys with hydrogen was
observed in [1-3] to cause a change in the sign of the
elastic stresses (thereby producing compressive strains
along the normal to the surface).

The values of a, and o were determined with an

accuracy of 0.0004 A and 3 kg/mm?, respectively, by
using the technique of least squares.

3. EXPERIMENTAL RESULTS

3.1. Multiphase Sates and the Hydrogen-Induced
Discrete Evolution of the Sructure
in Pd-Mo—H Alloys

Experimental diffraction peaks measured immedi-
ately after hydrogenation and in the course of subse-
guent relaxation have a complex structure, which indi-
catesthe existence of multiphase statesin the alloys[4].
For example, after hydrogenation, the single (200) dif-
fraction peak of a Pd-Mo alloy transforms into several
peaks differing in height and shifts to a higher value of
a0 (Fig. 3). Then, all components of the peak shift to
a lower value of ayy, and after 22 h this quantity
becomes smaller than itsinitia value.

Thefollowing fact isof special interest [4]: over cer-
tain time periods, it was clearly seen that the peak com-
ponents appeared and disappeared or transformed one
into another. This phenomenon was detected in [4] for
the (200) diffraction peak during the evolution of a Pd—
Mo—H aloy over the period from 23.6 to 121 h after
saturating the alloy with hydrogen. In [15-17], an anal-
ogous phenomenon was observed in a Pd-Ta—H alloy
and was referred to as discrete (jumplike) evolution. It
can be seen from Fig. 3 that, after 23.6 h of relaxation
in the Pd-Mo—H alloy, there appear indications of the
presence of diffraction lines of two phases that notice-
ably differ in intensity. After the next 3.5 h, their inten-
sities become similar, although their positions remain
almost unchanged. Then, after 3.5 h, a clearly visible
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Fig. 3. Evolution of the (200) diffraction peak from a Pd-Mo-H alloy with relaxation time.

weak peak of another phase arises between the peaks of
the two phases, and this peak becomes dominant after
the next day. One of the former two peaks (at a larger
value of 20) remains almost unchanged, while the other
peak (at a smaller value of 20) amost vanishes. Next,
after approximately two days, the three peaks that
appeared in one form or another for the preceding three
days become clearly visible. After the next day, these
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three peaks coalesce into a single broad peak, which
then again becomes a double peak and assumes a com-
plex shape. These changes suggest that the observed
structural transformations involve only a few (3-5)
phases of a certain composition. Within the first several
hours after hydrogenation, the Pd-Mo-H system
becomes multiphase, and the structure of this mul-
tiphase state varies with time. After the next several
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hours, the system again becomes nearly single phase
but then once more decomposes into afew phases. The
transformation from a single-phase into a multiphase
state and vice versa is repeated many times. Similar
transformations also occur along time, (16-22) x 10° h,
after hydrogenation [19].

3.2. Jumplike Structural Transformations
in Pd-Ta—H Alloys

In order to reinforce the statement that the experi-
mental datareported in [4] indicate anew phenomenon,
special studieswere also performed on Pd-Ta—H aloys
and the results were published in [15-17], which
described the evolution of the (311) diffraction peak
after the sixth saturation with hydrogen and of the (220)
peak after the fifth saturation of a Pd-Ta-H alloy. The
results showed that the structural evolution in thisalloy
is also discrete (jJumplike) in character. In this subsec-
tion, we discuss the structural evolution of the Pd—Ta-
H alloy using the example of the evolution of the (220)
diffraction peak after the first and sixth saturations with
hydrogen. The study of the evolution after the first sat-
uration is of importance because it may reveal whether
or not the multivalley structure arises evenin the initial
State.

Tables 1-3 list the experimental positions (the val-
ues of the angle 26 in degrees) of the maxima of the
peak components. The subscripts indicate the relative
intensity (in percentage) of the corresponding compo-
nents. We note that the data obtained after other satura-
tions and for other diffraction peaks are basically the
same as those given in this paper.

Based on more extensive data, these tables provide
support for the earlier conclusion that the positions of
the diffraction peak components are divided into
groups (columns). Therefore, the data published in [4,
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15-17] do indeed reveal a new phenomenon, namely,
discrete (jumplike) structural evolution. Furthermore,
new features of this evolution are uncovered in this
work. First, let us discuss the specific features of the
data given in these tables. Note that, based on the data
obtained for all saturations, a new numbering of the
groups of peak componentsis used in this paper. Unfor-
tunately, this numbering is arbitrary as yet.

Thefirst feature to note is that the peak components
for the initial state fall within two groups (8, 9) con-
structed on the basis of the data for hydrogenated
alloys. This result indicates that the thermodynamic
potential has a multivalley structure even in the initial
dtate. It isimportant that the same results were obtained
for the (311) diffraction peak. (Since the data on this
peak are not given in the tables, we point out that the
peak components for the initial state in this case corre-
spond to values of the diffraction angle (20) of 81.35°
and 81.75°; the diffraction-angle ranges for the respec-
tive groups are 81.32°-81.37° and 81.69°-81.76°,
respectively.) The doublet is transformed into a triplet
1.2 h after thefirst saturation with hydrogen; its compo-
nents fall within groups 8, 10, and 16, with thefirst and
last components being the strongest. The analysis per-
formed in [2] shows that, 1.2 h after saturation, the
increase in the lattice parameter due to the hydrogen
dissolving inthe system isreplaced by adecreasein the
interplanar spacing due to elastic stresses. Therefore,
even after 1.2 h, a strong peak component appears that
is associated with the elastic stresses produced in a
large portion of the system. Thisfact, in turn, indicates
the appearance of significant inhomogeneities in this
system. After the next 2.8 h, a quintuplet arises. How-
ever, its two extreme components are faint. The other
components correspond to groups 9, 11, and 14, with
the last two being the strongest. By 51.5 h after hydro-
genation, there appears a quasi-single state correspond-

Table 1. Structural evolution of the (220) diffraction peak after the first saturation

Relaxation Group no. [20[]
time, h 5 8 9 10 11 12 13 14 15 16 17 | deg
Initial state 67.67,| 67.884, 67.85

12 67.744 67.94,, 68.40,5 68.06

4 67.400, 67.800, 68.05,; 68.23,, 68.40, 68.11
6.8 67.94g, 68.19,, 68.05
97 67.83,, 68.04,, 68.2244 68.49,5 | 68.09
24.5 67.690; 67.95, 68.14,, 68.31,; 68.12
31 68.015 68.17,, 68.12
515 67.94q, 68.1245 68.3645 68.12
59 67.954, 68.14,, 68.30,5 68.13
73 67.8644 68.18, 68.12
103 67.84, 68.184, 68.11
173 67.95,, 68.20; 68.13
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Table 2. Structural evolution of the (220) diffraction peak after the sixth saturation (stage of rapid degassing)

Relaxation time Group no. EéEGD

1 3 4 5 7 8 9 10 11 14 16 =Y

3500 h after the 68.25g,(68.41,,| 68.29
fifth saturation

0.8 68.88;7|67.20,9 67.47,, 67.22

3.2 67.24,, 67.47,, 67.7315 67.42

5.7 67.45y, 67.7845 67.50

7.7 67.41g,|67.6245 68.04y; 67.52

10.3 67.19y; 67.57g 67.8053 67.62

24.1 67.3605 67.85¢5 67.83

26.8 67.63,; 67.81y5| 67.964; 67.86

Table 3. Structural evolution of the (220) diffraction peak after the sixth saturation (stage of stochastic oscillations of the

peak position)

Relaxation Group no. [260)

time 8 9 10 11 12 13 14 15 16 deg
33 67.84¢, | 67.99 68.17, 67.93
49 67.8545 68.104, 68.01
53 67.773, 68.06,, 68.2205 68.355 | 68.02
57 67.964, 68.174 68.11
73 679705 | 68.03,5 | 68.1105 68.2405 68.05
76 67.74,5 67.97,5 68.13,, 68.31,, 68.09
80 67.95,, 68.1755 68.08
97 67.770 | 68.00;; 68.18g, 68.14
101 67.93, 68.175 68.11
127 67.98, 68.15,, 69.11
167 68.035 68.20,5 68.10
174 68.12, 68.30,5 68.13
195 67.8105 68.13q5 68.11
218 68.07g; | 68.14;; 68.3005 68.10
243 67. 7405 67.96,, 68.19,, 68.12
266 68.11,00 68.11
293 68.09,4 68.26,, 68.12
339 67.96,, 68.19; 68.11

ing to group 12, which isthen transformed into a three-
phase state with components corresponding to groups
10, 12, and 15. By 73 h, this state becomes two-phase;
it remains unchanged over 30 h and changes only
weakly over the next 70 h.

Theinitial state for the sixth saturation was the state
reached 3.5 x 10° h after the fifth saturation. In this
state, two peak components bel onging to groups 14 and
16 are seen. After 0.8 h, the diffraction peak compo-
nents transfer to groups 3 and 5 (one of the weak com-
ponents at the periphery of the diffraction peak has an
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intensity of aslow as 7% and is not covered by the num-
bered groups, which indicates once more that our clas-
sification of the groups is arbitrary); this transfer is
associated with the hydrogen dissolving in the system.
Then, hydrogen begins to emerge from the system,
which causes the peak and its components to shift
toward larger diffraction angles. Simultaneously, the
transformation into a state with a greater number of
phases occurs, and these phases sometimes coalesce
into one phase. For example, after 3.2 h, the diffraction
peak hasthree components; after 5.7 h, thereisvirtually
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only one component; after 7.7 h, the peak again has
three components; after 24.1 h, there is again virtually
only one component; and after 26.8 h, the number of
components again begins to increase. Here, it is of
interest that one of the components appears at a notice-
ably smaller angle, even though the peak has not ceased
to shift toward larger angles. The increase and decrease
inthe number of peak components continue to alternate
even after the centroid of the peak ceasesto shift toward
larger angles and begins to oscillate stochastically.

Now, we will discuss specific features that have not
been mentioned earlier. First, the number of compo-
nents in a group depends nonmonotonically on the
number of the group. Second, the character of thisnon-
monotonic dependence variesirregularly from one sat-
uration with hydrogen to another. For example, the
number of components is maximum in groups 10 and
13 after the first saturation, in groups 9-12 and 14 after
the second saturation, in groups 9 and 10 after the fifth
saturation (we do not give detailed data on the second
and fifth saturations in this paper), and again in groups
9, 10, 12, and 13 after the sixth saturation. These dis-
tinctions may be due to the various defect structures
produced by different saturations with hydrogen.

A comparison of the data on diffraction peaks (311)
(from [15-17]) and (220) (given in this paper) shows
that the occurrence of nonmonotonic structural evolu-
tion is beyond question in both cases, although the spe-
cific features and details of this evolution are different.
The differences can be explained in terms of the model
in which the structure of an aloy is assumed to pass
through a series of intermediate metastabl e states rather
than to pass immediately to the final state. For the
alloys in question, the intermediate states are one-
dimensional long-period structures [9, 10]. In certain
cases, these structures are associated with specific fea-
tures of the electronic spectrum [11] that occur as the
nonspherical Fermi surface approaches the Brillouin
zone boundary. An important feature of the diffraction
patterns from these long-period structures is their sig-
nificantly different behavior depending on the recipro-
cal-lattice site and, hence, on the diffraction peak. This
feature was observed in the studies mentioned above.

L et us sum up the results obtai ned.

First, it has been found that the positions of the com-
ponents of the (220) diffraction peak (aswell as of other
peaks not presented in this paper) for theinitial state of
alloys belong to the same groups as those for the states
after hydrogenation. This finding indicates that the
thermodynamic potential has a multivalley structure in
reciprocal space even in the initial state. The fact that
the structural transformations occur differently for dif-
ferent diffraction peaks suggests that the multivalley
structureinthe alloysat hand is associated with the spe-
cific features of the electronic structure, the long-range
(elastic and electrostatic) interactions [9-14], etc.

Second, the interval boundaries within which the
peak components lie vary only weakly in going from
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the first to the sixth saturation. Therefore, the structure
of groups (columns) is very stable and depends only
weakly on the amount of absorbed hydrogen and
vacancies, as well as on the defect structure resulting
from hydrogenation. This feature lends support to the
above conclusion that the multivalley structure is
mainly determined by the basic properties of the Pd-
based aloysin question and, therefore, ishighly stable.

Third, the number of peak components in a group
(column) has been found to depend nonmonotonically
on the number of the group. Since the probability that
the peak component corresponding to a given local
minimum will be observed depends on the depth of the
minimum, a larger number of observed peak compo-
nents must correspond to a higher probability of these
components, i.e., to alarger depth or width of the cor-
responding local minima. Therefore, the depth and
width of local minima are random functions of the
reciprocal-space vector, which can be due to the ther-
modynamic-potential distribution in reciprocal space
being fractal in nature. In our opinion, this remarkable
property is associated with the fact that the amount of
absorbed hydrogen and the defect structure of the sys-
tem depend on the number of saturationswith hydrogen
performed. Apparently, the positions of groups of peak
components are determined by the type of reciprocal-
space vector, whereas the depth of local minima aso
depends on the defect structure, the amount of dis-
solved hydrogen, etc. Note that the possible influence
of the defect structure on the thermodynamic-potential
distribution in reciprocal space was pointed out in [12,
Fig. 2].

Fourth, the jumplike structural changes have been
observed to be irregular; therefore, the nonmonotonic
structural evolution is associated with stochastic struc-
tural transformations.

Fifth, the structural evolution is accompanied by
both an increase and a decrease in the diffraction
angles. Therefore, the structural transformations in a
system saturated with hydrogen are caused by the
migration of both hydrogen atoms and vacancies.

4. DISCUSSION OF THE RESULTS

The decomposition observed in the system in ques-
tion after saturating the system with hydrogen and
thereby producing vacancies and various complexes
(containing hydrogen atoms and vacancies) may be due
to the system becoming unstable. The situation in this
caseissimilar to that in ahighly dislocated crystal sys-
tem [12, 20]. The theory of multiphase decomposition
was developed in [7] on the basis of the Edwards ther-
modynamic representation under the assumption that
the internal energy (thermodynamic potential) of asys-
tem saturated with hydrogen has a complicated relief in
the space of states with agreat number of local minima
separated by barriers (multivalley structure; seeFig. 1).
Obviously, a structure corresponding to minima of this
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relief arises with significantly higher probability than
does a structure corresponding to maxima (i.e., the
former structure is along-lived one). Thisfact islikely
the reason for the discrete values of the angle 20 at
which diffraction peak components were observed in
[4, 15-17].

As indicated above, the difference in structure
between the diffraction peaks may be due to the initial
crystal structure passing into the fina structure by
going through a series of intermediate metastable
states. Furthermore, the k dependence of the potential
energy of the systems in question can be fractal in
nature [21].

The behavior of ahydrogenated system can be com-
plicated by various types of complexes (clusters),
which can appear in the system, transform into a hier-
archical defect structure, and, in addition, can cause
various elastic stresses to arise. The evolution of the
system is generally associated with its redistribution
between minima that are relatively close together,
which was also observed in this study.

Further evolution of the system is associated with
the redistribution of hydrogen atoms and vacancies
between the matrix (crystallites) and defect complexes
(traps). The traps form at the initial stage of evolution
of the system and remain enriched in hydrogen and
especially vacancies over the entire period of observa-
tion. In the course of this evolution, the system under-
goes various fluctuations; therefore, it is not improba-
ble that noise-induced transitions take place in the sys-
tem in question [22]. Since the evolution of the system
is associated with transitions between phases that differ
significantly in structure, these transitions must occur
in ajumplike manner.

As already pointed out in [17], it is important that
the diffraction peaks (or their components), as a rule,
remain fairly narrow at all stages of the studies reported
in [1-3] and this paper. This finding can be explained
by the fact that the multilevel system under study issep-
arated into intermediate-sized regions, apeculiar sort of
guasi-cells analogous to Benard cells [5, 23], each of
which corresponds to a long-lived thermodynamic
state. These thermodynamic states are comparatively
few in number. In the course of its evolution, the system
relaxes due to migration of hydrogen atoms and vacan-
cies and passes in a jumplike manner (“falls down™)
from one thermodynamic state (local minimum) to
another; each time, only afew of these states coexist in
the system. For thisreason, the diffraction peaks consist
of several components rather than being simply broad-
ened. The width of each component is determined by
the size of the coherent-scattering domains (CSDs) of
the corresponding phases and by the state of the defect
structure in these domains. Therefore, the width of the
peak components varies only slightly with time. Dueto
the migration of hydrogen atoms and vacancies
between the matrix and defect regions, the coexisting
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phases are replaced over the course of time (in ajump-
like manner, as shown above).

In the course of the subsequent relaxation, hydrogen
atoms and then defects can escape from the system.
Clearly, the escape rates for different peak components
are different. Therefore, the thermodynamic stability of
the imperfect system can vary with timein avery com-
plicated manner. For example, in the case where hydro-
gen atoms escape from the matrix (palladium-rich
CSDs) but the amount of vacancies (V) remains
unchanged, the thermodynamic stability of the system
becomes lower rather than higher. In addition to the
escape of hydrogen atoms into the surface (or grain
boundaries), various hydrogen—defect complexes can
form. For example, the transformation of interstitial
defect complexes (D—-M complexes; see Section 2) into
hydrogen—defect-metal—-vacancy (H-D-M-V) com-
plexes causes anisotropic compression (increase in 0),
which also renders the matrix less stable and causes
0pposing processes to occur. Thus, the transformations
of the system containing hydrogen and vacancies are
the result of the formation of an unstable complicated
defect structure, which causes cooperative transfer of
hydrogen and vacancies. The transfer of vacancies
between the matrix (presumably H-V complexes) and
H-D—M-V defect regions is likely of primary impor-
tance, as aready indicated in [19, 24].

5. CONCLUSIONS

Thus, new experimental data have been obtained.
The data indicating that the multivalley structure of the
thermodynamic-potentia distribution ariseseveninthe
initial state are of particular interest. This structure is
highly stable and has afractal character, which isinflu-
enced by saturation with hydrogen and by the defect
structure transforming during hydrogenation and sub-
sequent relaxation.

During relaxation, hydrogen atoms and vacancies
can escape from the matrix (at different escape rates).
They can escape both into the surface and H-D-M-V
defect complexes. For this reason, the thermodynamic
stability of the system variesin a complicated manner.
Thetransfer of hydrogen and vacancies causes transfor-
mations to occur when the system undergoes a transi-
tion to a lower local minimum. As a result, nonmono-
tonic jumplike structural evolutionary changes will
occur in the system. In the case where only hydrogen
atoms (or, alternatively, vacancies) transfer from the
matrix to defect complexes, the lattice parameter
decreases (increases). These two processes cause jumps
(that are opposite in sign) and, on the whole, lead to
complicated nonmonotonic stochastic evolution.
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Abstract—Theinfluence of uniaxial compression on the propagation of sound in Zrs, sTisCuy; gNiqg gAl1o and
PdCusgNiqoPo bulk metallic glasses is investigated, and the third-order elastic moduli of these glasses are

determined. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Owing to the unique combination of their physical
properties, metallic glasses have been a subject of
intensive experimental investigations for a long time.
These investigations have been aimed at solving both
applied and fundamental problems, especially those
regarding the nature of the amorphous state. However,
until very recently, conventional metallic glasses could
be produced only in the form of thin ribbons or wires
and, hence, anumber of experimental techniques could
not be used as efficient tools for studying these materi-
als. The discovery of so-caled bulk metalic glasses
(aloyswith avery low critical rate of cooling occurring
without crystallization that make it possible to prepare
large-sized metallic glass samples for use in various
measurements) [1] and considerable recent progress
achieved in the technology for producing these materi-
als have opened up strong possibilities for their study
using different modern techniques. In particular, since
bulk metallic glasses possess good strength characteris-
tics, it has become possible to investigate the influence
of elastic deformation on the parameters of propagation
of acoustic wavesin these glasses and to obtain reliable
data on their nonlinear elastic properties over a wide
range of applied loads. Similar measurements can pro-
vide complementary important information on the
force parameters of interatomic interactions occurring
in a metallic glass and, consequently, on the specific
features of its atomic configuration. To the best of our
knowledge, such comprehensive research in bulk
metallic glasses has never been performed in full mea-
sure. In [2-5], the influence of hydrostatic pressure on
ultrasonic velocity was experimentally investigated for
a large number of bulk amorphous alloys of different
compositions. However, those experimental studies
have permitted one to derive information only on spe-
cific linear combinations of third-order elastic moduli
rather than on al these characteristics. In this respect,
the purpose of the present work was to investigate the

influence of uniaxial compression on the velocity of
propagation of ultrasonic waves in
amorphous alloys and to determine the complete set of
their third-order elastic moduli from the results
obtained.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

A master aloy of the composition Pd,CugzgNi;oPs
was prepared by two-zone direct melting of compo-
nents in a silicatube at a controlled phosphorus partial
pressure. Another master aloy of the composition
Zr525TI5CU179NI146A|10 WaS prOdUCGd by IndUCtI On |€\/-
itation melting under vacuum. Samples of both alloys
in the amorphous state were prepared by quenching the
melt into a copper mold. The quenching rate in the
vicinity of the glass transition temperature was approx-
imately equal to 100 K/s. The procedure for quenching
meltswasdescribed in detail in[6]. Theingotsthus pre-
pared were 3 x 6 x 60 mm in size. For measurements,
samples (cross section, ~3 x 6 mm; length, 12—-16 mm)
were produced by electric-arc cutting from the ingots
with subsequent mechanical grinding and polishing.
The structural state (amorphicity) of the samples was
checked using x-ray diffraction analysis on a SIE-
MENS D-500 diffractometer (CuK, radiation). The
densities of the Zrg,TisCu7oNi 6Alg  and
Pd,,CugoNi 0P, glasses were estimated at ~6.68 and

~9.27 g/cm?3, respectively.

Elastic deformation was accomplished by com-
pressing the samples along their long axes on an Instron
testing machine up to applied stresses of approximately
1 GPa. These stresses were considerably less than the
ultimate compressive stress of the glasses under inves-
tigation. The ultimate compressive stress was approxi-
mately equal to 1.4-1.5 GPa for the Pd,,CusgNi;oPsg

1063-7834/05/4703-0405$26.00 © 2005 Pleiades Publishing, Inc.



406

glass and 1.5-1.7 GPa for the Zrs, s TisCuy7 gNij, 6Al g
glass. For the samples used in the experiments, the
onset of plastic flow was observed at stresses amount-
ing to approximately 0.9 of the ultimate compressive
stress, whereas the plastic strain to failure did not
exceed 0.3%. The applied load was changed at testing
machine speeds ranging from 0.02 to 0.10 mm/min.
The acoustical measurements were carried out at a con-
stant stress.

Intesting of the bulk metallic glasses, the vel ocity of
sound was measured by the high-frequency resonance
method [7] with the use of longitudinal and transverse
ultrasonic vibrations at frequencies ranging from 4 to
10 MHz aong the short axis (perpendicul ar to the load-
ing axis) of the sample. The measurements were carried
out using lithium niobate or ceramic piezoelectric
transducers. The piezoelectric transducers were
cemented to the samples with a liquid epoxy resin for
measuring longitudinal ultrasonic vibrations and with
wax for transverse vibrations. In the case of transverse
ultrasonic waves, the polarization vector was directed
either parallel or perpendicular to the loading axis of
the sample. The relative accuracies in measuring the
resonant frequency Af/f (f ~ V/IL, where Visthevelocity
of sound and L is the sample size in the direction of
propagation of ultrasonic waves) with a change in the
applied load were equal to 1 x 10 and 2 x 10 for
transverse waves and 2 x 10~ and 4 x 10 for longitu-
dinal waves in the ZrssTisCui79NimgAlyg and
Pd,,CugNiqoPog bulk metallic glasses, respectively. All
the measurements were performed at room tempera-
ture.

3. BASIC RELATIONSHIPS USED
IN MEASUREMENTS OF THIRD-ORDER
ELASTIC MODULI

The third-order elastic moduli are defined as the
third derivatives of the internal energy U (adiabatic
derivatives) or the free energy (isothermal derivatives)
with respect to the strain of the material in a natural
state. (For an isotropic solid, the number of third-order
independent elastic moduli isequal to 3.) These elastic
moduli can be interpreted as additions (linear in the
strain) to the second-order elastic moduli. According to
thisinterpretation, the third-order elastic moduli can be
determined from the dependences of the second-order
elastic moduli (or the velocities of sound) on the
applied stress. The dependences of the velocities of
acoustic wavesin asolid on the applied static |oad were
first calculated by Hughes and Kelly [8]. For anisotro-
pic materias, these dependences were thoroughly
examined by Thurston [9]. A brief derivation of the
basic relationships used for calculating the third-order
elastic moduli is given below.

Let us assume that s and u; are the displacements
caused by an acoustic wave and an applied load, respec-
tively. In this case, the total displacements can be writ-
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tenintheformv, =5 +u = (X — X)) + (X, —4a,), where
x; are the current coordinates, X; are the initial coordi-
nates in a strained state, and a, are the natural (refer-
ence) coordinates of amaterial point. It is also assumed
that the strainsinduced by the applied load are constant
in time, uniform over the sample, and small (but finite)
in magnitude and that the strain amplitude in the acous-
tic wave isinfinitessmal. Therefore, the derivative with
respect to x; can be replaced by the derivative with
respect to X; [9] and only the terms of the first order in
5 can be retained in the equation of motion:

2
Ov_ d’s, 0“_%

pP— = p— , 1
ot ot 0x;  0X;

where p isthe density. By changing over from the elas-

tic stresses gj; to the thermodynamic stressest;; [9], we
obtain (to the first order in du;/0a))
o's _ 8 [19%0%, o
P32 ~ aijJaakaam k]
@)

aakaa ax
where J = p,/p = det||0x/0a;|| and p, is the density of

the material in the initial state. Within the approxima-
tion used, in expression (2), we have

Otk _ Pl (P&
aX,  [be,Jbx]]

2
s st 0X0Xgy 0°s,
= + —

(Ckmrt Ckmrtpqqu)EBar datDGXSOXJ-

J%]k Im kmax axl

and t,, = cgm,sem, where ¢ are the isothermal or adi-
abatic elastic moduli of the second order,

S 2
Ci?Lmn = g}cim% = po%a %6 - EBT
Emn T smn Eklsij

are the third-order mixed elastic moduli, and g; is the
Green's strain tensor. As aresult, we obtain

du;
pOVZSi = Cksmrt% kélmésréet + 6|m6$r6eta k

ou Jdu
eta 6]k5I m6eta

+ 6Jkésr5

ou
+ 6j k6i mésr a_a(e%:’ensnj (3)

u
B B

u
+ Cﬂtpqga: + _Ds[n n/2.
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Here, n; arethe direction cosines of the wave vector and
the relationship between the applied load and the strain
components can be obtained in alinear approximation.

In the case under consideration (which is character-
ized by an isotropic medium, a uniaxial stress, a wave
vector perpendicular to the loading axis of the sample,
and a polarization vector parallel or perpendicular to
the loading axis), relationship (3) can be significantly
simplified. In particular, for a longitudinal acoustic
wave, we have

PoVE = (Ke+ 4/3p) (1 +4a) + 2A% o
+ 2B (4a +y) + 2C%" (2a +y),

where Kg is the adiabatic bulk modulus; | is the shear
modulus; A, B, and C are the third-order elastic moduli
in the Landau notation (hereafter, the indices on these
moduli will be omitted); and a and y are the strains of
the sample in the transverse and longitudinal directions
about the loading axis, respectively. Similar relation-
ships can be written for transverse acoustic waves. By
expressing the strains a and y through the external com-
pressive stress P, we obtain the following formulas
relating the change in the velocities of sound to the
external compressive stress P:

AV _ Ki=2/3u, Kr=2/3uA

(4)

Ovh — 0 p 2C, u -
L Ki-53uB_cpp
C, u CGBKy
AVOD _ 0 Ke+4B8u Ki+48UA B P ©)
ovh, U 2u 8u o 2u3Ky’
AVO - K —-28p Ky —-28UA B P @)
OvO, " 0O 4 p 2u3Ky

where K7 is the isothermal bulk modulus; C, = Kg +
4/3u is the adiabatic longitudinal elastic modulus; and
V,, and V,, are the velocities of the transverse acoustic
waves with polarization vectors parallel and perpendic-
ular to the loading axis of the sample, respectively.
Since the propagation time of an acoustic waveor, asin
our case, the resonant frequency isdirectly measuredin
real experiments rather than the velocity of sound, it is
expedient to write the expression relating the relative
change in the velacity of sound to therelative changein
the resonant frequency:

Af _ AV _Ky-23u P (8)
f \% 2u 3Ky

It can be seen from relationships (5)—8) that, knowing
the dependences of the velocities of sound on the exter-
nal stress, we can calculate all the three third-order
elastic moduli under consideration.
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Fig. 1. Dependences of the relative change in the resonant
frequency of (1) longitudinal vibrations and (2, 3) trans-
verse vibrations with a polarization vector directed (2) par-
alel and (3) perpendicular to the loading axis on the uniax-
ial compressive stressin the Zrs, sTisCuy7 gNiq4 gAl 10 bulk
amorphous aloy. Open and closed symbols represent the
results obtained in theloading and unloading cycles, respec-
tively.
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Fig. 2. Dependences of therelative changein the vel ocity of
(2) longitudinal ultrasonic wavesand (2, 3) transverse ultra-
sonic waves with a polarization vector directed (2) parallel
and (3) perpendicul ar to theloading axis on the compressive
stress in the Zl'52_5Ti 50U17_9Ni14_6A| 10 bulk amorphous

dloy.

4. RESULTS AND DISCUSSION

The magnitudes of the velocities of sound in theini-
tial samples of both aloys were measured using the
pulse echo technique and high-frequency resonance.
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Fig. 3. Dependences of the relative change in the resonant
frequency of (1) longitudina vibrations and (2, 3) trans-
verse vibrations with a polarization vector directed (2) par-
alel and (3) perpendicular to the loading axis on the com-
pressive stress in the PdsqCuzgNiqgPoq bulk amorphous

aloy. Open and closed symbols represent the results
obtained in the loading and unloading cycles, respectively.

The ultrasonic vel ocities obtained for different samples
of each alloy coincide to within the experimental error
of the velocity measurement and are as follows: V, =
(4.80 = 0.05) x 10° m/s and V, = (2.170 + 0.005) x
10% m/s for the Zrs, 5TisCu7 gNis Al dloy and V, =
(4.70 £ 0.03) x 10° m/s and V, = (1.920 + 0.005) x
10° m/s for the Pd,;CugNi oP,, aloy. Figure 1 shows
the dependences of the relative changes in the resonant
frequencies of longitudinal and transverse ultrasonic
vibrations on the uniaxial compressive stress for one of
the zirconium-based metallic glass samples measured
in theloading and unloading cycles. It can be seen from
this figure that the dependences of the resonant fre-
guency on the stress do not exhibit hysteresis. The
dependences of the relative changes in the ultrasonic
velocities averaged over several samples (or several
cycles of measurement) and calculated from relation-
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Fig. 4. Dependences of therelative changein the vel ocity of
(2) longitudinal ultrasonic wavesand (2, 3) transverse ultra-
sonic waves with a polarization vector directed (2) parallel
and (3) perpendicular to theloading axis on the compressive
stressin the PdqCusgNiqgP5q bulk amorphous alloy.

ship (8) for the same alloy are plotted in Fig. 2. The
dependences thus obtained were used to calculate the
third-order elastic moduli A, B, and C according torela-
tionships (5)—(8) (seetable). Since we were unaware of
any experimental values of the isothermal bulk modu-
lusfor thisalloy, the cal culations were performed under
the assumption that the isothermal bulk modulus is
equal to the adiabatic bulk modulus: K = Kg. Thetable
also presents the probable errors introduced by assum-
ing that the maximum difference between the quantities
K+ and K did not exceed 10%. These errors were cal-
culated for the third-order elastic moduli C and B.
(Note that the isotherma bulk modulus Ky is not
required to calcul ate the third-order elastic modulus A.)
For the Pd,CusNigP,y bulk metallic glass, we
obtained similar dependences, which are shown in
Figs. 3 and 4. It can be seen that, in the range of weak
stresses, the resonant frequency of transverse ultrasonic
vibrations in this amorphous alloy exhibits an insignif-
icant hysteresis (Fig. 3, dependence 2), which slightly
exceeds the measurement error. The third-order elastic
moduli calculated from the experimental data for the
palladium-based metallic glass are also given in the
table. Asis seen from the table, all the third-order elas-
tic moduli are negative in sign and their relative and
absolute values for the Pd,,CusyNiqoP,o glass are larger
than those for the Zrs,sTisCuy7gNiagAlg glass. It
should be noted that the experimental dependences are

Third-order elastic moduli of the Zrs, sTisCuy7 gNiqq 6Al1g @nd Pd,gCusgNiqgPog bulk metallic glasses (relative and absolute
values) and the possible corrections A for the change (by 10%) in the isothermal bulk modulus

Alloy Alp A, GPa B/u B,GPa | A cIc, C,GPa | A
ZrsysTisCly7 oNiga gAlo | —4.74+0.03 | —149+3 |—4.79+0.03[-150+3 |-0.3B |—-0.75+0.07 | -115+ 15| —0.5C
Pd,,sCuoNi10P20 —90+02 |-307+12| —65+02 | 222+11|-0.15B| —3.6+0.2 |—737+60|-0.3C
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Fig. 5. Dependences of the third-order elastic moduli on the
compressive stress in the bulk amorphous alloys
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Fig. 6. Dependences of therelative changein the velocity of
(1, 2) longitudinal and (3, 4) transverse ultrasonic waves on
the hydrostatic pressure for (1, 3) PdCuzgNiqgPoo and
2,4 Zr52_5Ti5CU17_9Ni14_6A|10 bulk al'nOfphOUS aloys

according to the data calculated from the third-order elastic
moduli determined in this work.

characterized by a pronounced (higher order) nonlin-
earity (Figs. 1, 2). As anillustration, Fig. 5 shows the
dependences of the third-order elastic moduli A, B, and
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C on the compressive stress for both aloysin the range
of strong stresses, which were constructed from the
experimental data. It can be seen from Fig. 5 that the
dependences of the elastic moduli B and C on the com-
pressive stress exhibit a linear behavior (the depen-
dence of the modulus C on the compressive stress is
substantially stronger than that of the modulus B),
whereas the elastic modulus A remains constant to
within the experimental error.

It was of interest to compare our results with the
data obtained by other authors[2-5], who investigated
the influence of hydrostatic pressure on the vel ocity of
sound in a number of bulk metallic glasses. For this
purpose, the dependences of the velocities of longitu-
dinal and transverse ultrasonic waves on the hydro-
static pressure (Fig. 6) were calculated from the third-
order elastic moduli determined in the present work. It
turned out that the dependences thus calculated for the
Pd,,CusoNi 0P, bulk amorphous alloy are very simi-
lar (in both character and the velocity magnitude) to
those given in [3, 5] for the Pd;gCusNioP,; alloy.
Moreover, the dependences calculated for the
Zrs,5TisCuy;7 gNig4 6AlL o alloy correlate closely with the
dependences obtained in [5] for severa zirconium-
based bulk metalic glasses. Thus, our results are in
good qualitative agreement with the data on the influ-
ence of hydrostatic pressure on the velocity of ultra-
sonic waves. However, it remains unclear whether the
third-order elastic moduli obtained in this study are
“true” moduli, i.e., elastic moduli determined only by a
change in the mean interatomic distance under elastic
stresses, or the reversible microstructural transforma-
tions occurring in metallic glasses under load can also
contribute to their magnitudes. For example, the stress
field can bring about an ordering of elastic dipoles (the
appearance of a preferred dipole orientation) and,
hence, can induce additiona strains in the material. In
our opinion, solving this problem callsfor experimental
investigations into the influence of heat treatment on
the nonlinear elastic characteristics of metallic glasses.
These studies will be performed in the immediate
future.
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Abstract—The time dependences of the irreversible relaxation of the damping decrement and the shear mod-
ulus of aZrg, 5TisCuy7 gNiq4 gAl o bulk metallic glass are investigated using an inverse torsion pendulum in the
range from room temperature to ~650 K. The spectrum of activation energies of irreversible structural relax-
ation is evaluated from the results obtained. Analysis of the amplitude dependences of the damping decrement
and the shear modulus allows the conclusion that the relaxation centers responsible for the amplitude depen-
dence differ from those associated with the irreversible structural relaxation at temperatures below and in the
vicinity of the glass transition point. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Bulk metallic glasses [1, 2] have been a subject of
intensive experimental investigations in recent years.
Thisis associated with the fact that these materials are
very promising for practical applications. Moreover,
since the discovery of bulk metallic glasses, the range
of instruments and experimental techniques used for
studying the physical characteristics of these interest-
ing objects has been extended significantly. However,
to date, the processes of irreversible structural relax-
ation occurring in metalic glasses at temperatures
below the glass transition point have not been ade-
quately investigated. Acoustical measurements are
among the most efficient tools for examining the relax-
ation processes proceeding in solids. In our recent
papers [3, 4], we reported on the results of investiga:
tions into the temperature dependences of the low-fre-
guency internal friction and the shear modulus in a
Zrs,5Ti5Cuy7 gNi4 6Al bulk metalic glass. In those
works, we separated the contributions made by the pro-
cesses of reversible and irreversible structural relax-
ation to the temperature dependences of the damping
decrement and the shear modulus, eval uated the spectra
of activation energies for these relaxation processes,
and proposed a phenomenological model based on
relaxation centers with a double-well energy potential.
This model has provided a satisfactory qualitative
explanation of all the dependences observed in the
experiments. The present work is a continuation of our
previous investigations. The purpose of this work was
to examinethetime parameters of theirreversible struc-
tural relaxation at different temperatures and to eluci-
date how the acoustic strain amplitude affects the

damping decrement and the shear modulus of aZr—Cu—
Ni—Al-Ti bulk metalic glass.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Asinour previous studies [3, 4], the damping dec-
rement and the shear modulus were measured with an
inverse torsion pendulum at frequencies ranging from
10 to 25 Hz. A master aloy of the composition
Zr525TI5CUl79NI146A|10 (at %) WaS pl'epal’ed by IndUC-
tion levitation melting under vacuum. Samples of the
Zrs,5TisCup7 gNi4 6A L bulk metallic glass were pro-
duced by quenching the melt into an evacuated copper
mold at room temperature. The quenching rate in the
vicinity of the glass transition temperature was approx-
imately equal to 10° K/s [3, 5]. The structural state
(amorphicity) of the alloy was checked using x-ray dif-
fraction analysis. The procedure for preparing glass
samples and their parameters were identical to those
described in [3, 4]. In order to measure the time depen-
dences of the damping decrement and the shear modu-
lus, the sample was heated to a specified temperature at
arate of approximately 2 K/min and the time character-
istics were measured after the five minutes required to
stabilize the temperature, which was maintained con-
stant to within 1 K in the course of each measurement.
The strain amplitude was varied in the range from ~1 x
10-5 to 3 x 10*. The amplitude dependences presented
in this paper were measured upon changing over from
small strain amplitudes to large strain amplitudes.
Upon the reverse changeover from maximum strain
amplitudes, the damping decrement and the shear mod-
ulus exhibited insignificant hystereses. At room tem-
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Fig. 1. Time dependences of the irreversible contribution to
the damping decrement & — &g, the relative change in the
irreversible contribution to the shear modulus AG/AG, and

the time derivative of the relative change in the irreversible
contribution to the shear modulus d(AG/AGg)dt for the

Zrgp 5TisCuy7 gNiq4 Al bulk amorphous alloy at a tem-
perature of 580 K. The inset shows the time dependence of

IN(AG/AG).
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Fig. 2. Time dependences of the relative change in the irre-
versible contribution to the shear modulus normalized to the
maximum change in the shear modulus of the Zr-Cu—Ni—
Al-Ti aloy at different temperatures. The inset shows the
magnitude of the relative relaxation of the irreversible con-
tribution to the shear modulus as a function of the measure-

ment time at different temperatures.
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perature, these hystereses disappeared within approxi-
mately 5 min of the return to the minimum strain ampli-
tudes (this time decreased with increasing
temperature). This finding indicated that the material
did not undergo multiple irreversible structural trans-
formations in the course of measurements at large
strain amplitudes. The experiments were performed in
the range from room temperature to a temperature of
64010 650 K, whichiscloseto the glasstransition point
at the specified heating rate [3, 4].

3. RESULTS AND DISCUSSION

3.1. Time Dependences of the Damping Decrement
and Shear Modulus

Figure 1 shows the characteristic time dependences
of the irreversible contribution to the damping decre-
ment & — &, ( is the reversible contribution to the
damping decrement) and therelative changeintheirre-
versible contribution to the shear modulus AG/AG, =
[G(t) — Go)/[G(0) — Gy] (G isthe modulus of the mate-
rial in a relaxed state at a specified temperature, i.e.,
after annealing at temperatures of 640-650 K). It was
shown in [3, 4] that, according to the model of relax-
ation centerswith an asymmetric double-well potential,
the irreversible contribution to the shear modulus is
proportional to the density of nonequilibrium energy
states n;, and theirreversible component of the damping
decrement is proportional to n;, /wt~dn; /ot, wherewis
the circular frequency and T is the relaxation time.
Actually, as can be seen from Fig. 1, the time depen-
dences of the irreversible contribution to the damping
decrement and thetime derivative of therelative change
in the irreversible contribution to the shear modulus
correlate with each other. However, the time depen-
dences obtained have defied description in terms of
only one relaxation time. The inset to Fig. 1 shows the
dependence of IN(AG/AG,) on the time t. It is clearly
seen that this dependence exhibits a nonlinear behavior
and that the characteristic relaxation times at the begin-
ning and the end of the measurement differ by approx-
imately one order of magnitude. Thisis quite consistent
with the data available in the literature, according to
which the relaxation processes in metallic glasses are
characterized by a broad spectrum of activation ener-
gies and, correspondingly, relaxation times.

The time dependences of the irreversible contribu-
tion to the shear modulus, which were measured
sequentially in regular temperature intervals for nearly
identical times of exposure to each temperature, are
depicted in Fig. 2. It can be seenfromtheinsetto Fig. 2
that an increase in the temperature leads to an increase
in the magnitude of the relative relaxation of the irre-
versible contribution to the shear modulus AG/AG;, =
[G(0) — G(1)]/[G(0) — G¢] for the time of measurement.
This suggests a higher density (dn;,/0E) of nonequilib-
rium states with higher activation energies E. It should
be noted that the time dependences of the relative
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change in the irreversible contribution to the shear
modulus normalized to the maximum change in the
shear modulus for the total time of measurement, i.e.,
(AGIG),, = AG(1)/AG(t,4), are nearly identical for dif-
ferent temperatures. Consequently, the processes of
irreversible relaxation due to such a stepwise changein
the temperature are described by the same set of char-
acteristic times for al the isotherms under investiga-
tion. This is associated with the fact that, in the case
where E/T > 1 and the initial spectrum of activation
energies of irreversible relaxation is sufficiently broad,
even a short-term isothermal treatment results in a
sharp, virtually stepwise cutoff of the low-energy por-
tion of the spectrum (see, for example, [6]) and each
subsequent annealing leads only to a shift of this step
toward the high-energy range (by the same energy, pro-
vided the times of isothermal treatments and the tem-
perature intervals between them remain unchanged).
Therefore, in each cycle of annealing, the activation
energies of irreversible relaxation lie in a narrow range
with a characteristic energy proportional to the temper-
ature, because 1 = 15exp(E/T) [7, 8]. In this case, the
depth of modulus relaxation for the time of isothermal
treatment, i.e., AG/G;, = AG(t,,)/(AG);, [where (AG);,
isthetotal change in the shear modulus due to irrevers-
ible structural relaxation], should be proportional to the
mean density of nonequilibrium energy states in the
aforementioned narrow range of activation energies.
This makes it possible to estimate the characteristic
relaxation times from the time dependence of the rela
tive change in the shear modulus at a specified temper-
ature and then to reconstruct the spectrum of activation
energies of irreversible structural relaxation from simi-
lar experiments. (According to our estimates, isother-
mal treatment for the first five uncontrollable minutes
required to stabilize the temperature can lead to a
decrease in the measured depths of relaxation by
approximately 10-15% at each temperature but cannot
affect their ratio at different temperatures.)

The calculated spectrum of activation energies of
irreversible structural relaxation in the alloy under
investigation is shown in Fig. 3. This spectrum was cal-
culated from the experimental data obtained upon
30-min isothermal treatment in 30-degree intervals.
The magnitudes of the activation energies were esti-
mated under the assumption that 1, = 102 s [7, 8]. It
should be noted that the cal cul ated characteristics of the
spectrum of activation energies virtually coincide with
the results obtained in our previous works [3, 4], in
which the spectrum of activation energies was evalu-
ated from the temperature dependence of the irrevers-
ible contribution to the damping decrement.

3.2. Amplitude Dependences of the Damping
Decrement and Shear Modulus

Theinvestigation into the influence of the amplitude
of torsional vibrations on both the damping decrement
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Fig. 3. Depth of irreversible relaxation of the shear modulus
as afunction of the temperature upon sequential isothermal
treatments and the corresponding spectrum of activation
energies of irreversible relaxation in the alloy under investi-
gation.

and the relative change in the shear modulus for as-
guenched samples of the Zr—Cu—Ni—Al-Ti amorphous
alloy revealed that the damping decrement and the
shear modulus substantially depend on the amplitude.
Figure 4 presents the amplitude-dependent contribu-
tions to the damping decrement Ad,, = d(¢) — &(0) and
to the relative change in the shear modulus (AG/G) 4 =
[G(g) — G(0)]/G(0) as functions of the strain amplitude
€ at room temperature for one of the samples. (Notethat
the quantities 8(0) and G(0) were determined by extrap-
olating the amplitude dependences of the damping dec-
rement and the shear modulus to zero amplitude,
respectively.) These amplitude-dependent contribu-
tions are not related to instrumental effects. From ana-
lyzing the amplitude dependences measured for ahard-
ened steel sample of the same shape and size (Fig. 4,
curves 2), it follows that the possible instrumental con-
tribution to the amplitude dependence is at least one
order of magnitude smaller than the experimentally
observed contribution. It can be seen from Fig. 4 that,
a small strain amplitudes, the amplitude-dependent
contributions to the damping decrement and to the rel-
ative change in the shear modulus are proportional to
the strain amplitude and are equal in magnitude; i.e.,
their ratio is equal to unity. At large strain amplitudes,
the ratio of the damping decrement to the relative
change in the shear modul us decreases with an increase
in the strain amplitude.

The dependences of the amplitude-dependent con-
tribution to the relative change in the shear modulus on
the strain amplitude at several temperatures are plotted
in Fig. 5. These dependences were measured during
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Fig. 4. Dependences of the amplitude-dependent contribu-
tions to the damping decrement Adyy and to the relative

change in the shear modulus (AG/G) on the strain ampli-
tude for (1) the Zr52.5Ti5CUl7.gNil4.6A|lo aloy and
(2) hardened steel at room temperature.

continuous heating of the sample at a rate of 2 K/min.
Theinset to Fig. 5 shows the temperature dependences
of the amplitude-dependent contribution to the relative
change in the shear modulus for two strain amplitudes.
It can be seen from Fig. 5 that, as the temperature
increases to approximately 600 K, the amplitude
dependences of the studied quantity gradually become
more pronounced (the amplitude-dependent contribu-
tion to the relative change in the shear modulus is
approximately proportional to the temperature). At
higher temperatures, the amplitude-dependent contri-
bution to the relative change in the shear modulus
increases drastically. After cooling to room tempera-
ture, the amplitude dependences of the amplitude-
dependent contributions to both the damping decre-
ment and the relative change in the shear modulus, asa
rule, coincide with (or lie dlightly below) the depen-
dences measured prior to annealing. Therefore, we can
assume that the amplitude-dependent contributions of
these quantities are reversible (at least, upon annealing
at temperatures below 600-640 K). In order to verify
this assumption, we investigated the influence of the
strain amplitude on the damping decrement and the rel-
ative change in the shear modulus in the course of iso-
thermal treatments. Figure 6 depicts the time depen-
dences of the relative change in the shear modulus
GIG,, (where G;, isthe shear modulus of thealloy inthe
initial state at room temperature) for two temperatures
of isothermal treatment. In the course of measurements,
the strain amplitude wasincreased by one order of mag-
nitude (from a minimum amplitude of 1 x 10° to a
maximum amplitude of 1 x 10-). At both temperatures,
the aloy underwent irreversible structural relaxation
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Fig. 5. Dependences of the amplitude-dependent contribu-
tion to the relative change in the shear modulus on the strain
amplitude for the Zr—Cu-Ni—Al-Ti alloy at different tem-
peratures. The inset shows the temperature dependences of
the amplitude-dependent contribution to the rel ative change
in the shear modulus for two strain amplitudes e = (1) 2.7 x

10*and (2) 8 x 107,
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Fig. 6. Time dependences of the relative change in the shear
modulus (at temperatures of 535 and 625 K) and of the
damping decrement (at a temperature of 625 K) in the
course of relaxation in the Zr—Cu—Ni—Al-Ti aloy for two

acoustic strain amplitudes e = 1 x 10~ (closed squares) and
1 x 10~ (open triangles and rhombuses).
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(the shear modulusincreased with time). As can be seen
from Fig. 6, the strain amplitude has no effect on the
relaxation process for all the temperatures used (after
the reverse changeover from the large amplitude to the
small amplitude, the time dependence of the relative
change in the shear modulus follows the time depen-
dence observed before the changeover to the large
amplitude). It is worth noting that the relaxation pro-
cess occurring at a lower temperature is not accompa-
nied by a change in the amplitude-dependent contribu-
tion (the time dependences at small and large ampli-
tudes are digned parallel to each other). The same
situation is observed at other temperatures below
600 K. Only at temperatures higher than 600 K is the
relaxation process attended by a decrease in the ampli-
tude-dependent contribution to both the damping dec-
rement and the relative change in the shear modulus
(Fig. 6).

Thus, we can draw the conclusion that the irrevers-
ible relaxation of the amplitude-dependent contribution
beginsonly at temperatures above 600 K; i.e., itischar-
acterized by activation energies that are substantially
higher than those for relaxation of the amplitude-inde-
pendent contributions to the damping decrement and
the shear modulus. Thisimpliesthat the structural units
responsible for the amplitude-dependent internal fric-
tioninabulk metallic glass, most likely, differ fromthe
relaxation centers associated with the irreversible
relaxation of the amplitude-independent contributions
to the damping decrement and the shear modulus.
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Abstract—Phonon thermal conductivitiesk,, (OT || C;) and K43 (LT || C3) of tellurium-doped bismuth with an

electron concentration in the range 1.8 x 10'° < n, < 1.4 x 10%° cm™ were studied in the temperature interval
2 < T < 300 K. The temperature dependence of the phonon thermal conductivity obtained on doped bismuth
samples of both orientations exhibits two maxima, one at alow temperature and the other at a high tempera-
ture. The effect of various phonon relaxation mechanisms on the dependence of both phonon thermal conduc-
tivity maxima on temperature, impurity concentration, and electron density is studied. © 2005 Pleiades Pub-

lishing, Inc.

1. INTRODUCTION

In bismuth, which is acompensated semimetal, heat
is transported by phonons, as well as by electrons and
holes with concentration n = p = 3 x 107 cm™. The
electronic component of the thermal conductivity of
bismuth, K., in the temperature interval 1-20 K issmall
as compared to the phonon component, K,,. Only one
bismuth isotope occurs in nature; therefore, with no
isotopic scattering present, phonons scatter only from
one another as aresult of lattice vibration anharmonic-
ity. At low temperatures, boundary scattering of
phononsis also of importance. The temperature depen-
dence of the thermal conductivity of pure bismuth
exhibits a maximum at T, [03.5 K. At temperatures
above this maximum, Umklapp (U) processes are
responsiblefor the bismuth thermal conductivity exhib-
iting exponential behavior [1]. By approximating the
phonon thermal conductivity with asimplerelationk =
(1/3)Cdl, we can assume the exponential growth of
thermal conductivity with decreasing temperature to be
dueto the exponential increase in the phonon mean free
path (I ~ €°PT). Here, ©® 0120 K isthe Debye tempera-
ture, Cis the phonon specific heat, and sisthe velocity
of sound for bismuth. Below T = 15 K, the phonon
mean free path grows exponentialy only until it
becomes equal to the transverse dimension of the sam-
ple. Boundary scattering of phonons sets alimit on the
growth of the phonon mean free path length, with a
maximum appearing in the temperature dependence of
the thermal conductivity at T = 3.5 K. A further
decrease in temperature brings about a decrease in the
thermal conductivity, which scales with temperature as
does the phonon specific heat, C ~ T3. This fast
decrease in the phonon thermal conductivity of bismuth
with decreasing temperature brings it close in magni-

tude to the electronic component of thermal conductiv-
ity for T<1K,andthen, at T [10.2 K, Kk, becomes|larger
than K, [2].

As aready mentioned, the phonon component of
bismuth thermal conductivity falls off exponentially
above the temperature of the maximum. As aresult, at
temperatures above T = 20 K, the phonon component of
thermal conductivity iscomplemented by the electronic
component, which grows with increasing temperature,
and at T = 100 K the two components of bismuth ther-
mal conductivity become equal [3].

Doping bismuth with the tellurium donor impurity
gives rise to a growth in the electron density from 3 x
10%7 to ~1 x 10%° cm3. As aresult, the phonon compo-
nent of therma conductivity in doped bismuth
decreases due to phonons being scattered from the el ec-
trons and the dopant [4, 5]. The temperature depen-
dence of the phonon component of thermal conductiv-
ity of doped bismuth with an electron density in the
range 1.8 x 10'° < n_ <1 x 10%° cm~3 revealed two max-
ima, whose origin has remained undetermined [5]. This
communication reports on astudy of the effects various
phonon relaxation mechanisms exert on the depen-
dences of both maxima in the phonon component of
thermal conductivity on temperature, impurity concen-
tration, and electron density.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUES

The temperature dependences of thermal conductiv-
ity and electrical resistivity were studied on single-crys-
tal samples of bismuth doped with the tellurium donor
impurity. The impurity electron concentration in doped
bismuth ranged from 1.8 x 10'° to 1.4 x 10%° cm3,

1063-7834/05/4703-0416$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Parameters of doped bismuth samples: electron
density n, Fermi electron energy €, Debye electron temper-
atures O and O, and main maximum temperature T, for
phonon thermal conductivity K,, and K3

No. n., 10 €r, @eEI- ee||v Tmax(KZZ)a Tmax(K33)v
o3 | mev | K K K K
1 18 | 1336| 5 59 55 5.6
2 53 [ 1934 | 7 84 8 7
3 7 2126 | 7.7 93 8.4 8
4 | 11 2486 | 9 108 10.8 9.3
5| 14 270 10 117 11.8 13

The samples were spark eroded from the central part of
a single-crystal ingot grown by horizontal zone level-
ing. The sampleswere rectangular parallel epipeds mea-
suring 2.5 x 2.5 x 30 mm, and their faces were perpen-
dicular to the C;, C,, and C; crystallographic axes,
respectively. The largest dimension of a sample coin-
cided with either the bisector axis C, or the trigonal C;
axis. The samples were etched in a C,H;OH-HNO;
(1: 1) solution. The main parameters of the samplesare
listed in Table 1.

A sample with heaters attached to its end faces was
soldered to the bottom of avacuum chamber (18 mmin
diameter) immersed in a thermostatting liquid (helium,
hydrogen, or nitrogen). The heater near the chamber
bottom served to maintain the average temperature,
whilethe heater at the other end of the sample produced
atemperature gradient along the sample. The tempera-
ture was measured at two cross sections of the sample
spaced | 015 mm apart under a constant heat flux with
carbon resistance thermometers in the temperature

T2

3
v u
g 1
L2
=
401 2
x E 3 TL6

4 5

001 1 L1l Ll

1 10 100

T,K

Fig. 1. Temperature dependence of the phonon thermal con-
ductivity Ky, (OT || C4) for tellurium-doped bismuth sam-
ples with various electron concentrations: (1) 1.8 x 10%°,
(2) 5.3 x 10'°, (3) 7 x 10%°, (4) 1.1 x 10%, and (5) 1.4 x
10 cm 3,
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interval 1.5 < T < 40 K and with copper—constantan
thermocouplesintherange 30 < T < 80 K.

3. EXPERIMENTAL RESULTS

Thermal conductivity measurements were con-
ducted on single-crystal tellurium-doped bismuth sam-
ples, with the heat flux propagating along the bisector
or trigona axis, which correspondsto thek,, (OT || C,)
or K33 (LT || C3) thermal conductivity components. The
phonon thermal conductivity component was isolated
by suppressing the electronic component in a classi-
cally strong magnetic field. According to our data and
the datafrom [4, 5], an increase in the bismuth electron
concentration from 3 x 10% to 1.4 x 10%° cm™ due to
tellurium doping causes the maximum thermal conduc-
tivity to decrease by ~100 times, but the electronic
component of bismuth thermal conductivity remains
small as compared to the phonon component, just asin
pure bismuth. The phonon thermal conductivity com-
ponent, asin pure bismuth, is dominant in the tempera-
tureinterval 2-20 K. The el ectronic component of ther-
mal conductivity in doped bismuth is small due to the
mobility of electrons decreasing asaresult of their scat-
tering from the ionized tellurium impurity. Indeed, the
increase in the electron concentration by nearly three
orders of magnitude under bismuth doping brought
about adecreasein thelow-temperature electrical resis-
tivity by afactor of approximately 100 as compared to
the resistivity of pure bismuth.

The temperature dependences of the phonon ther-
mal conductivities K,, and K33 of bismuth samples
doped by tellurium to electron concentrations in the
range 1.8 x 10% < n_ < 1.4 x 10%° cm are shown in
Figs. 1 and 2, respectively. The temperature depen-

e

M

g 1

L

Z 01k

g 2

x 3 Tl4

0.01 ! Ll
1 10 100

T,K

Fig. 2. Temperature dependences of the phonon thermal
conductivity Ks3 (OT || C3) for tellurium-doped bismuth

samples with various electron concentrations: (1) 1.8 x
10°, (2) 5.3 x 10%°, (3) 7 x 109, (4) 1.1 x 10%, and
(5) 1.4 x 102 cm 3,
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Fig. 3. Temperature dependences of the phonon thermal
conductivity K,, (solid lines) and k3 (dashed lines) with
isolated first and second maxima obtained on a tellurium-
doped bismuth sample with an electron concentration n| =

1.8x 109 em 3,

dence of the phonon thermal conductivity of all doped
bismuth samples exhibits two maxima, one of whichis
observed at alow temperature (and will be referred to
as the main or first maximum) and the other at a high
temperature (referred to as the second maximum). The
amplitude of the main maximum of the phonon thermal
conductivity decreases with increasing electron con-
centration in doped bismuth samples of both orienta-
tions as approximately the inverse of electron concen-

tration (Kiimaq ~ n[l). This concentration dependence
of the phonon thermal conductivity suggests strong
phonon—electron scattering. This conclusion is sup-
ported by the fact that the phonon thermal conductivity
obeys a quadratic temperature dependence [K;; (T) ~ TZ
below the temperature of the maximum. Note that the
phonon specific heat in bismuth scalesfor T< 15K as
C ~ T2 [6], which, according to [7], is also one of the
conditionsfor thek;; ~ T2 relation to hold. All these data
argue for the main maximum in the phonon thermal
conductivity being due primarily to scattering of ther-
mal phonons from electronsfor T < T, and to phonon
scattering from phonons and impuritiesfor T > T, .

The comparatively small electron Fermi momentum
in pure and doped bismuth suggests that, according to
the energy and momentum conservation laws, the L
electrons of bismuth, in contrast to the case of metdls,
do not interact with all acoustic phonons. It turns out
that electronsin bismuth interact only with the phonons
for which the following condition is met (with due
account of the dispersion law for the L electrons) [8]:

oy hqp A0 0
m; " m, * m, SSZELJF%—QD' @)
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Fig. 4. Temperature dependences of the phonon thermal
conductivity Ky, (solid lines) and k3 (dashed lines) with
isolated first and second maxima obtained on a tellurium-
doped bismuth sample with an electron concentration n| =

53x 109 cm=.

Here, { isthe electron chemical potential of the samples
studied, € is the energy band gap, m are the effective
electron masses in the ellipsoids, and g are the
momenta of the phonons interacting with electrons.

By approximating the electron Fermi surface of bis-
muth by ellipsoids of revolution with effective masses
m, [Jm; and m,, we can restrict ourselves, when using
Eqg. (1), to two different electronic Debye temperatures
O = I8MI(1 + L€YYk and O, = s[BML(L +
{/€1¥?/k [8]. With this simplified anisotropic elec-
tronic spectrum, we obtain for pure bismuth ©,, 01 K
and ©,, 015 K. Thevalues of ©,, for the doped bismuth
samples are listed in Table 1. Calculations showed that
the lowest electronic Debye temperature ©,, approxi-
mately coincideswith the temperature of the main max-
imum in the phonon thermal conductivity (see Table 1).
This implies that, below this temperature, all phonons
interact with electrons. At temperatures below that of
the second maximum in the phonon thermal conductiv-
ity, thereisasmall number of phonons capable of inter-
acting with electrons. One may therefore safely assume
that the second maximum in the phonon thermal con-
ductivity derives primarily from phonon scattering on
the sample boundaries at T < T, and from phonon
scattering by phonons and impurities above the temper-
ature of the second maximum. It isthese considerations
that are used to isolate both maxima from the tempera-
ture dependence of the phonon thermal conductivity for
sampleswith different electron concentrations (Figs. 3—
7). In this approach, we assume that certain acoustic
branches of bismuth (quasi-longitudinal or quasi-trans-
verse) are responsible for the first maximum in the
phonon thermal conductivity and the others, for the for-
mation of the second maximum.
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0.01 .
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Fig. 5. Temperature dependences of the phonon thermal
conductivity Ky, (solid lines) and k3 (dashed lines) with

isolated first and second maxima obtained on a tellurium-
doped bismuth sample with an electron concentration n| =

7 x 109 cmS.

These maxima in the phonon thermal conductivity
exhibit the following concentration dependence. Asthe
electron concentration increases to 7 x 10'° cm3, the
phonon thermal conductivity at the main maximum

falls off asK;jmax ~ n[o'g . A further increasein electron

concentration above n_ > 7 x 10%° cm brings about a
faster decrease in the phonon therma conductivity at

. -14 -2

the maximum (K22(lmax) -~ n|_ y K33(1max) -~ nL ) The
amplitude of the second maximum of the phonon ther-
mal conductivity decreases with increasing electron

concentration in doped bismuth in the me way for

samples of both orientations, Kijomax ~ . Note that
the temperature of the main maximum |n the phonon

thermal conductivity shifts toward higher temperatures
with increasing electron concentration in doped bis-

muth samples as Ty ~ nﬂj * The temperature of the

second maximum shifts only slightly with increasing
electron concentration.

The experimental dependence of the phonon ther-
mal conductivity on temperature deviates from the qua-
dratic course at temperatures below T, for doped bis-
muth samples with electron concentrationsin excess of
7 x 10" cm3. Heavy doping of bismuth with tellurium
for n. > 7 x 10%° cm2 apparently results in the forma-
tion of defects and dislocations in a sample. This may
account for the decreased exponent m < 2 of the temper-
ature dependence of the phonon thermal conductivity.

Next, we analyze our experimental data on the
phonon thermal conductivity obtained on samples of
doped bismuth.
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Fig. 6. Temperature dependences of the phonon thermal
conductivity Ky, (solid lines) and k3 (dashed lines) with

isolated first and second maxima obtained on a tellurium-
doped bismuth sample with an electron concentration n| =

1.1x 100 em3,

4. THEORETICAL ANALYSIS
OF THE EXPERIMENTAL DATA

By solving the kinetic equation for the phonon dis-
tribution function, one can determine the phonon ther-
mal conductivity

= Y o A R L e)

where q is the phonon wave vector, w ) isthe phonon

frequency of the sth branch, vO = awff)/aq is the

0.01 P

100

Fig. 7. Temperature dependences of the phonon thermal
conductivity Ky, (solid lines) and k3 (dashed lines) with
isolated first and second maxima obtained on a tellurium-
doped bismuth sample with an electron concentration n| =

1.4 x 1020 cm 3,
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phonon velocity vector, N, = [exp(h ooés) IKT) = 1] is
Planck’s equilibrium distribution function, and t,,(q) is
the total phonon relaxation time. At low temperatures,
we take into account only the contribution of the three
acoustic branches, for which the frequencies corre-
sponding to wave vectors far less than the limiting val-
ues are small and therefore depend linearly on the wave
vector. Integration over the phonon frequency for each
branch is limited by a finite quantity called the Debye
phonon frequency wy. The Debye temperature of a
phonon branch is © = Awp/k. In this way, the presence
of limiting wave vectors at the Brillouin zone edge of
the crystal istaken into account. For temperatures much
lower than the Debye temperature, this limitation can
be disregarded and extend integration to infinity.

The total phonon relaxation time includes al possi-
ble relaxation mechanisms, namely, phonon scattering
from impurities and electrons, phonon—phonon scatter-
ing, and scattering of phonons from the sample bound-
aries:

1 __ 1 . 1 .1 . 1
Ton(@)  Toim(@)  Tone(d)  Tonpn(Q@)  Tpno(d

In the phonon—-phonon scattering, only normal pro-
cesses are included. We disregard Umklapp processes,
which are essential only in pure bismuth. Since normal
processes conserve the total momentum of the phonon
system, this factor must be taken into account by intro-
ducing an additional term into Eq. (2) (see [9,
Eq. (6.1)]). Inclusion of the second term into Eq. (2),
while not involving any change in the temperature and
concentration dependences of the thermal conductivity,
improves the accuracy of determination of the numeri-
cal value of Kj.

According to Eq. (2), the quantity 1,,(q) undergoes

averaging, so the numerical value of the integrd is
determined by the thermal wave vectors g 0O

5 (3)

3kT/4AV® , where v is the average phonon velocity
for the sth branch. The wave-vector dependences of dif-
ferent phonon relaxation mechanismsresult in different
temperature dependences. As aresult of averaging, the
phonon relaxation times can be recast as

1 = a1T4, 1 = a2T5;
Tphim Tphph
1 1 _v® @
— = a3l;, ..—/@— = —,
Tohe oo L

where L isthe smallest sample dimension. Taking these
phonon relaxation mechanisms into account, one can
write the temperature dependence of the phonon ther-
mal conductivity in the form

3
a,T
K= — - , )
a, T +a,T +a;T+a,
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where factor T2 derives from integration over the mag-
nitude of wave vectorsin Eq. (2) and reflects the tem-
perature dependence of the phonon specific heat.

In the low-temperature domain, the temperature
dependence of the phonon thermal conductivity of
doped bismuth exhibits a maximum (Figs. 1, 2). It
appears as aresult of interplay between the counteract-
ing trends introduced by the different phonon relax-
ation mechanisms into the temperature dependence of
thermal conductivity in Eq. (5). In pure bismuth, these
mechanisms are boundary scattering at temperatures
bel ow the temperature of the maximum in thermal con-
ductivity and Umklapp processes above this tempera-
ture. Phonon Umklapp processesin pure bismuth bring
about an exponential growth in thermal conductivity
with a decrease in temperature and account for the
sharpness of its peak.

In doped bismuth, the contributions from phonon
scattering are power-law functions of temperature and
the maximum is not as steep. Equations (4) and (5)
define the following simple rule for the temperature
dependence of the thermal conductivity on both sides
of the maximum. The increase (decrease) in thermal
conductivity in EqQ. (5) with an increase in temperature
is associated with those phonon relaxation processes
for which the power of temperature in Egs. (4) isless
than or greater than three, respectively. As a result, a
maximum in the thermal conductivity arises at the tem-
perature at which the variations due to different phonon
relaxation mechanisms cancel each other. The external
parameters (sample size, impurity and electron concen-
trations, etc.) governing the phonon relaxation mecha-
nisms influence the characteristics of the maximum in
the temperature dependence of the thermal conductiv-
ity. Investigating the dependence of the temperature of
the maximum in the phonon thermal conductivity and
of its amplitude on the sample dimensions, impurity
concentration, and electron density offers the possibil-
ity of understanding the contributions provided by each
of the phonon relaxation mechanisms to the phonon
thermal conductivity.

Determination of the concentration dependence of
the thermal conductivity for doped bismuth is compli-
cated by the fact that phonons are scattered from the
same tellurium donor impurities that donate electrons
tothe L band. Inthe doped bismuth samplesusedinthis
investigation, the concentration of electrons can be
assumed to coincide with that of impurities, because
the electron concentration in the samples exceeds the
intrinsic value (i.e., the origina electron concentration
Ny =3x 10 cm~3in the L band of pure bismuth) by two
orders of magnitude.

As seen from Eq. (4), the phonon-impurity and
phonon—electron relaxation times depend on the impu-
rity concentration c. Since phonon scattering from
impurities is proportional to the impurity concentra-
tion, the constant a, is proportional to c. Phonon—€lec-
tron scattering depends on electron concentration only
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in the nonparabolic approximation, so the constant a; is
proportional to (1 + 2¢/E )?[10], where  isthe chem-
ical potential of electronsin the L band and E isthe
energy gap between the L, and L bismuth bands. The
relation between the electron concentration in the three
ellipsoids of the L band of doped bismuth and the
chemical potentia can be expressed in the form [8]

/MMM

312
R X 45 A
o 25 (20) %]' EgLD ©)

where m are the eff ective electron masses at the bottom
of the L, conduction band. The L band of bismuth is
known to be strongly nonparabolic, so {/E; > 1.
Neglecting the small initial electron concentration nyin
bismuth in comparison with the high electron concen-
tration in the doped bismuth samples studied, we obtain
the following concentration dependence for the phonon
relaxation time due to phonons scattering from elec-
trons: Uty o~ 2=,

Simple concentration dependences of T, and Kpay
can be obtained in the cases where the phonon scatter-
ing mechanismsfor which the power of thetemperature
is higher than three are dominated by phonorn—impurity
or phonon—phonon scattering and the phonon scattering
mechanisms for which the power of the temperature is
less than three are dominated by phonon—electron and
phonon-boundary scattering. Theoretical estimates of
Tmax(C) and K, (C) made for doped bismuth samples
with different combinations of phonon relaxation
mechanisms are listed in Table 2. Only the fourth row
of Table 2 is seen to fit our experimental data qualita-
tively, because in this case the amplitude of the thermal
conductivity maximum decreases and the temperature
of the maximum increases with increasing concentra-
tion. However, the power-law concentration depen-
dences of these quantities are substantially weaker than
those observed in the experiment.

Note the following very essential feature of phonon
relaxation due to the interaction with degenerate elec-
trons, because of whichtherelationfor 1/1,, . in Eq. (4)
isvalid only for temperatures lower than the electronic
Debye temperature ©, = (2V pp)/k, where pg is the

Fermi electron momentum and Vv is the average
phonon velocity. In an elementary event of phonon
emission or absorption by an electron, energy and
momentum are conserved [10]. The velocity of a
phonon is much less than that of an electron, and the
energy of aphonon is much lessthan that of an electron
and can be neglected. In these conditions, an elemen-
tary scattering event for degenerate electrons with an
isotropic energy spectrum reduces to an electron trans-
fer from one point to another on the Fermi sphere, with
the distance between these two points being equal to the
phonon momentum. If the phonon momentum exceeds
the diameter of the Fermi sphere, elementary events of
emission or absorption of a phonon by an electron are
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Table 2. Theoretical estimates of the dependence of the
temperature (T, and amplitude (K5 of the phonon ther-
mal conductivity maximum on impurity concentration c in
bismuth calculated for different phonon relaxation mecha-
nisms characterized by relaxation time T, ;)

No. Toh-i Tohg Trax(€) Kmax(C)
0 0
1 Toh-b Tohph c e c v
2 Tohb Toheim on c
~1/9 —8/9
3 Tph—e Tph—im C C
16 ~1/3
4 Toh-e Tohph c C

impossible [11]. Thisanalysis can be generalized to the
case of a Fermi surface with an anisotropic (including
ellipsoidal) electron spectrum, as is the case with bis-
muth. Therefore, for g > 2pg, phonons can no longer
scatter off electrons of doped bismuth and we have

1 -0 @)

Tohe
In the earlier consideration, we neglected this sharp
dependence of the electron—phonon relaxation. Never-
theless, our analysis remains valid as long as the tem-
peratures, including the temperature of the maximum,
aremuch lower than ©, (see Table 1). Therefore, Eq. (5)
also holdsfor temperatures substantially lower than ©,.

If the relative magnitude of the scattering parame-

tersissuch that the estimated value 'T'max isgreater than

O, the temperature dependence of the phonon thermal
conductivity determined above turns out to be incor-
rect. Indeed, there was assumed to be phonon—electron
scattering at temperatures above ©, following Eq. (4).
In actual fact, as seen from Eq. (7), thereis no phonon—
electron scattering at these temperatures. The only pro-
cess remaining is phonon—phonon scattering, for which
the phonon thermal conductivity is given by

K = i (8)

Thereisno maximumat T = T, and the phonon ther-
mal conductivity varies according to Eg. (8) asthetem-
perature decreases to ©,.. Below this temperature, the
phonon—electron scattering becomes significant. As a
result, the increase in the phonon thermal conductivity
isreplaced by afairly steep falloff. Thus, in actua fact,
T 1S Of the order of @, i.e., of the order of pg ~ c3,
and the phonon thermal conductivity at the maximum
turns out to scale as

Ko = —2 062, ©)

2,0,

This consideration seems to suggest that the phonon
therma conductivity should decrease as soon as
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phonon—electron scattering becomes operative. How-
ever, taking into account the variation of the integrand
in Eq. (2) smears this sharp temperature dependence
and smoothes out the temperature maximum of the
phonon thermal conductivity. The concentration depen-
dence of ©,, for doped bismuth is close to that of the
temperature of the first maximum in the phonon ther-
mal conductivity. The behavior of the maximum in the
phonon thermal conductivity following Eq. (9) is in
gualitative agreement with the experimental data.

The presence of two maximawith a dip in between
isan interesting feature of the temperature dependence
of the phonon thermal conductivity. Thisdip isusually
attributed to possible phonon resonant scattering from
a system of impurity levels or localized vibrations [9].
No such levels have thus far been observed in the tellu-
rium impurity, nor has anyone reported the appearance
of localized vibrationsin tellurium-doped bismuth. The
temperature of the dip corresponds to energies that are
small as compared to the energies of atomic levels and
phonons with limiting momenta. One has, therefore, to
look for another reason to account for the presence of
two maxima in the temperature dependence of the
phonon thermal conductivity.

Although Eq. (2) includes the three acoustic phonon
branches, our subsequent consideration disregarded
this point and was conducted as if the interaction con-
gstants in Eq. (5) were the same for the different
branches, which is not the case. Equation (5) should
actually have asum of threeterms of thiskind, with dif-
ferent constants a, for each phonon branch. Thus, the
total phonon thermal conductivity represents, in actual
fact, a sum of three functions whose maximalie at dif-
ferent temperatures. If thetwo transverse branches have
similar interaction constants, only two different terms
will remain in the sum. Accordingly, one can in no case
be sure that the total curve describing the phonon ther-
mal conductivity will have only one maximum. One
should rather expect the total phonon thermal conduc-
tivity curve to be double-humped, with a dip between
the two maxima.

The first maximum in the phonon thermal conduc-
tivity is determined by the temperatures at which
phonon—electron scattering is cut off (except for asmall
number of electronswith large momentaoriented along
the ellipsoids, from which the contribution is small).
Therefore, one can safely assume that phonon—electron
scattering makes almost no contribution to the forma-
tion of the second maximum in the phonon thermal
conductivity. To isolate the second maximum in the
phonon thermal conductivity, we assume that the low-
temperature dependence of the phonon thermal con-
ductivity is determined by phonon scattering from
boundaries, i.e., k;; ~ T3. The amplitude of the second
maximum substantially depends on the impurity con-
centration; therefore, phonon—impurity and phonon—
boundary scattering contribute to its formation. The
dependences of both the temperature and the amplitude
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of the maximum in the phonon thermal conductivity on
the electron (impurity) concentration for these types of
phonon scattering are listed in Table 2 (second row).
The absence of experimental support for the relations
presented in Table 2 is possibly due to their being
power-law concentration dependences with a small
exponent. An argument for the above explanation of the
nature of the second maximum in the phonon thermal
conductivity could be given, however, by experimental
observation of its dependence on the transverse dimen-
sions of asample.

Experiments conducted on doped bismuth samples
with electron concentrations above 7 x 10%° cm™
revealed the existence of regions intermediate between
the quadratic and linear behavior in the temperature
dependence of the phonon thermal conductivity for T <
Timax (Figs. 1, 2, 6, 7). Heavy doping of bismuth with
tellurium to electron concentrations in excess of 7 x
10%° cm3 initiates the formation of defects and disloca-
tions in a sample. Therefore, in the case of heavily
doped bismuth, we should add phonon scattering from
dislocationsto the above-mentioned mechanisms. Scat-
tering of phonons from dislocations [9] is usualy
assumed to coincide in its dependence on phonon fre-
guency with the phonon—€l ectron scattering.

For a more detailed review of phonon scattering
from dislocations in semiconductors, the reader is
referred to monograph [12]. Phonon scattering from
one dislocation isthe sum of two terms, one of whichis
governed by long-range forces and depends linearly on
frequency and the other is due to short-range forces of
the dislocation core and depends on the frequency
squared. On averaging over the thermal distribution of
phonons, these terms yield different temperature
dependences:

L - aT+aT (10)
Taig

This relation assumes the dislocations to be small as
compared to the large distance separating them. The
contribution from scattering of phonons by all disloca
tions in the crystal is equal to the contribution from
phonon scattering on one dislocation multiplied by the
number of dislocations. The second power of the tem-
perature corresponds to the thermal phonon wave vec-
tor multiplied by the small size of the dislocation core,
which isasmall parameter. Therefore, the second term
is usually dropped, after which Eq. (10) will coincide
with the phonon—electron scattering relation in
Egs. (4).

The case of phonon scattering from large disloca
tions was treated in [12]. In this case, for short wave-
lengths smaller than a didocation, the scattering deter-
mined by long-range forces is frequency-independent.
The magnitude and temperature dependence of the first
term in Eq. (10) depends on the product of the thermal
phonon wave vector multiplied by the dislocation size.
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Asthis product increases, thefirst term ceasesto depend
on temperature and decreases in magnitude [12].

In the case of a system of coupled dislocations,
Eqg. (10) hasto be modified, becausethelong-rangedis-
location fields overlap and phonon scattering from
them cannot be taken into account independently. It is
difficult to calculate the first term, but we can estimate
it by considering independent scattering of phonons
from dislocations of a macroscopic size equal to the
distance between the dislocation cores. Effectively, this
increases the dimensions of the dislocationsinvolved in
thefirst term of Eg. (10), thus reducing thisterm.

As for the second term, it remains the same for a
system of dislocations. A decrease in the first term
changes the relative magnitude of the terms. For very
low temperatures, thefirst term remains naturally larger
than the second; in other words, phonon scattering from
didocations varies linearly with temperature. Note that
monograph [12] reports on experiments that suggest a
guadratic dependence of the phonon thermal conduc-
tivity on temperature; we believe, however, that those
experiments were not given an adequate i nterpretation.
We can assume that, at higher temperatures (but still
below the temperature of the maximum in the phonon
thermal conductivity), scattering from a system of dis-
locations is dominated by dislocation cores, to which
the second term in Eg. (10) corresponds. This type of
phonon scattering gives rise to a linear temperature
dependence of the phonon thermal conductivity. It isa
behavior close to this relation that is observed in
phonon thermal conductivity experiments conducted
on heavily tellurium-doped bismuth.

In concluding this section, we note that summation
of the contributions due to the different phonon
branches to the phonon thermal conductivity may pro-
vide alogical explanation for the existence of two max-
imain the temperature dependence of the phonon ther-
mal conductivity. Investigation of the variation in these
maxima with impurity concentration offers the possi-
bility of identifying the contributions from different
phonon scattering mechanisms to the formation of
these maxima. We should finally add that the theoreti-
cally predicted cutoff of phonon—electron scattering at
the phonon momentum equal to twice the Fermi
momentum has not been confirmed experimentally thus
far. The above analysis suggests that this cutoff could
determine the concentration dependence of the main
temperature maximum in the phonon thermal conduc-
tivity. This may be considered an indirect argument for
the existence of this feature of electron—phonon inter-
action.

The variation in the temperature dependence in
question for bismuth samples doped heavily with tellu-
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rium is associated with the existence of a system of
coupled dislocations and with the specific character of
phonon scattering from this system. The temperature
dependence of the phonon thermal conductivity sug-
geststhat phonons scatter on dislocation cores, whereas
scattering caused by long-range forces turns out to be
suppressed.

Thus, investigation of the temperature dependence
of the phonon thermal conductivity at low temperatures
permits one to obtain valuable information on the
mechanisms of relaxation in a phonon system.
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Abstract—X-ray L absorption spectra of Pr and the crystallochemical characteristics of the PrFe;gMo, and
PrNig intermetallic compounds have been studied. It has been shown for the first time that atoms of Pr, similar
to those of Ce, can reside in a mixed valence state. The valency of praseodymiumis+3.08 + 0.03 and +3.10 £
0.03in PrFe;gMo, and PrNis, respectively. The mixed valence state of Pr disappears when one Ni atomin PrNig
is replaced by Al or Ga. The nature of the quadrivalent state of Pr in intermetallic compounds is discussed.
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1. INTRODUCTION

A characteristic feature of Ce and Pr is the instabil-
ity of the 4f configuration, which may initiate electron
fluctuations between two configurations with different
numbers of f electrons, thus realizing a mixed valence
state. The valency of Ce in RT, intermetallic com-
pounds (R stands here for a rare-earth element, and T,
for a 3d transition element) was shown long ago by
direct spectroscopic measurementsto vary from +3.4 to
+3.1 depending on the actual composition (see, e.g.,
[1]). Theanomaliesin the behavior of the magnetic and
structural parameters with a variation in the atomic
number Z of the rare-earth element in R, T, compounds
observed for R= Ce [2, 3] are accounted for by cerium
having mixed valency. There has been no success thus
far, however, in revealing amixed valence statein inter-
metallic compounds with praseodymium, although
some authors [4] have invoked such concepts to inter-
pret the magnetic properties of Pr compounds. We
report here on a study of the Pr valency using x-ray L,
absorption spectroscopy performed on the PrFe,gMo,,
PrNis, and PrNi,M compounds, whereM =Al, Cu, or Ga.

2. EXPERIMENTAL TECHNIQUES

PrFe, Mo, PrNis, and PrNi,M aloys, with M = Cu,
Ga, or Al, were prepared by rf melting in alundum cru-
cibles in a pure argon environment. The PrFe,gMo,
alloy was subjected to homogenization annealing at
1100°C for two days, and the PrNis and PrNi,M aloys,
at 1000°C for eight days in vacuum with subsequent
guenching in water. X-ray structural measurements
showed the PrFe,gMo, alloy to contain a compound
with a ThMn,,-type tetragonal structure and a small
amount of a-Fe (lessthan 2 wt %), while the PrNis and

PrNi,M alloys were single-phase and contained com-
pounds with a CaCus-type hexagonal crystal structure.

Thex-ray L5 absorption spectrawere measured with
an ARS-KD-2 vacuum x-ray spectrometer equipped
with a coordinate-sensitive detector. The analyzer was

a(1011)-bent quartz singlecrystal with aradius of cur-
vature of 1.940 m. The spectrawere obtained in the sec-
ond order of reflection with a linear dispersion of
15.8 eV/mm and E/AE ~ 8500. The valence state was
derived by traditional unfolding of a complex spectrum
into a combination of Lorentzians and arctan functions
to model the transition of the electron after absorption
of an x-ray photon to bound and continuum states,
respectively [1]. Spectrawere measured three times on
each sample. On account of the problem being ill
posed, each spectrum was independently unfolded no
less than three times. The areas bounded by the L orent-
zians are proportional to the number of atomsin differ-
ent valence states. The valence state of praseodymium
was calculated from the relation

Ve = 3+ Sy/(Sy +S),

where 8;3 and S,ff are the areas under the Lorentzians
modeling the signals from Pr*2 and Pr*4, respectively.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

Figures 1 and 2 plot x-ray L, absorption spectra of
praseodymium in PrFe;,gMo,, PrNis, and PrNi,M and in
reference compounds of trivalent praseodymium, Pr,O;
(peak B), and quadrivalent praseodymium, Ce,Pr,Oq4
(peaks C, D, E), whose complex structure is similar in
origin to that of the Ce** in CeO,. The complex struc-

1063-7834/05/4703-0424$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. X-ray L3 absorption spectra of praseodymium mea-
sured in (a) Ce,Pr,0g, (b) PrFe,gMo,, and (c) ProOs.
Dashed lines identify the energy positions of the Pr*3 and
Pr+4 peaks for the oxide compounds.

ture of cerium L5 absorption spectra has been repeat-
edly discussed in various approaches taking into
account the variation in the character of the Ce 4-O 2p
interaction in the final state of the absorption process
(see, eg., [5-7]).

As follows from a comparison of the Pr L; absorp-
tion spectra obtained on the compounds under study
and reference compounds, praseodymium is primarily
trivalent in the compounds studied. In addition to the C,
D, and E signals due to partial oxidation of praseody-
mium in the sample, however, one can clearly see a
bend D' at a distance AE ~ 8 eV from the B signal orig-
inating from Pr*3. To reveal itsnature, Fig. 3 presentsL,
absorption spectra of the rare-earth element in CeNis,
wherethe cerium valency isV.=3.23[8], andin PrNig
plotted in the same energy scale (matching was per-
formed using the R™3L; absorption maximum, whose
position was taken as E = 0). We see that peak D' in the
spectrum for PrNis coincides in energy position with
the peak D' in the CeNiy spectrum that is associated
with Ce*4. By analogy with CeNis, this peak may sig-
nify the presence of asmall amount of Pr*4in PrNis.
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Fig. 2. X-ray L3 absorption spectra of praseodymium mea-
suredin (a) CeyProOg, (b) PrNis, (c) PrNi4Cu, (d) PrNi4Al,
(e) PrNi4Ga, and (f) Pr,03. Dashed linesidentify the energy
positions of the Pr*3 and Pr** peaks for the oxide com-
pounds.

Deconvolution of the Pr L absorption spectrum into
constituents yielded a value of +3.08 £ 0.03 for the
praseodymium valency in PrFe;,gMo, and Vp, = +3.10 +
0.03in PrNis. Asseen from Fig. 2, theintensity of peak
D' in PrNi,Cu remains the same asin PrNig, i.e., Vp, =
+3.10 + 0.03, whereas in PrNi Al and PrNi,Ga the D'
peak is not seen at al, which means that the praseody-
mium valency hereiscloseto three (Vp, = 3.00 = 0.03).
Note that the technique employed in the treatment of
the spectra permits one to determine the valence state
while neglecting the signals associated with sample
oxidation, because these signals differ in energy posi-
tion from the B and D' maxima by more than 2 eV.

Figures 4 and 5 plot the dependences of the lattice
parameters on the atomic number Z of the rare-earth
element for the compounds RFe;(Mo, [3, 9] and RNis
[2]. We see that these parameters deviate from the
extrapolated values of a(Z) and c(2) for the Ce com-
pounds, which is usually associated with the presence
of the Ce™ ion. However, no noticeable deviations of
the lattice parameters from the monotonic a(Z) and ¢(2)
relations are observed for Pr compounds.

In discussing the relation between the crystal-
lochemical characteristics and the valency of Rions, we
presume that, in addition to the main metallic bonding,
there is an ionic covalent component of interatomic
coupling in intermetallic compounds that is dependent
on the actual relationship between the €lectronegativi-
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Fig. 3. X-ray L absorption spectraof cerium and praseody-
mium measured in (a) CeNis and (b) PrNis.

ties of the components and on the structural features of
the compounds, such as different numbers of unlike
neighbors and different lengths of the bonds they are
connected by. In compounds with the same type of
crystal structure, the lattice parameters decrease with
increasing atomic number of the R element due to a
decrease in the ionic radii (the so-called lanthanide
compression).

Against the background of this pattern, whichistyp-
ical of trivaent R elements, the ionic—covalent bond
component in intermetallic compounds with valence-
unstable Ce and Pr may increase due to the interatomic
interaction involving not only the 5d'6s? valence elec-
trons, asis the case with the other R elements, but also
the 4f electrons. It is known that Ce becomes quadriva-
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Fig. 4. Lattice parameters of RFe;gMo, compounds.
Dashed lines are extrapolated dependences of the lattice
parameters on the atomic number of the R element, which
reflect lanthanide compression.
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lent in intermetallic compounds only in the presence of
nd elements in the middle and at the end of the transi-
tion period. This suggests that the reason for the
involvement of 4f electronsin chemical bonding should
be searched for in the acceptor property of the unfilled
d shell. Therefore, the number of nd ions in the imme-
diate environment of the Rion with an unstable 4f con-
figuration and their proximity to the Rion play a deci-
sive part in the formation of the mixed valence state in
an R ion and in the appearance of lattice parameter
deviations toward smaller values (negative deviations)
as aresult of the ionic radius of R* being smaller than
that of R*™3.

With these concepts in mind, we turn to an analysis
of the dependence of the lattice parameters on the
atomic number of the rare-earth element for the chosen
compounds. As seen from Fig. 4, the parameter ¢ of the
RFe, (Mo, compounds with a ThMn,,-type tetragonal
structure (Fig. 6) is only weakly dependent on the
atomic number of the R element, abehavior resembling
that of atomic radii, whereas the parameter a depends
strongly on Z, a feature characteristic of ionic radii.
This suggests that the ionic—covalent bond between R
and 3d elements, which makesit possible to reveal lan-
thanide compression, takes place in this structure along
the a direction while being practically nonexistent
along c.

Indeed, in RFe;yMo,, the R atoms occupy one crys-
tallographic position, 2a, whereas the iron atoms
occupy three nonequivalent positions: 8i, 8j, and 8f. As
follows from neutron diffraction studies of YFe, Mo,
[10], the shortest distances are Y —Feg; and Y —Fey; more
specifically, d(Y-Fez) = 0323 nm, d(Y-Fez) =
0.306 nm, and d(Y—Feg) = 0.303 nm. One may reason-
ably assume that, in other RFe,;Mo, compounds, the
relative bond lengths would be the same. The R—Fe;
bond isdirected along the a axis, which accountsfor the
fact that the parameter a exhibits lanthanide compres-
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Fig. 5. Lattice parameters of RNig compounds. Dashed
lines are extrapol ated dependences of the lattice parameters
on the atomic number of the R element, which reflect lan-
thanide compression.

No. 3 2005



PRASEODYMIUM VALENCE STATE

Fig. 6. ThMnq,-type crystal structure.

sion and adeviation from the extrapolated coursein the
Ce compound due to the appearance of an additional
ionic—covalent component caused by the 4f electrons
becoming involved in the bonding. The c direction is
dominated by the R-R interaction, with only the projec-
tion of the R—Fey bond contributing; this accounts for
the weak c(2Z) dependence and the fact that the devia-
tion of the parameter ¢ from its extrapolated value for
the Ce compound is less than that of the parameter a.

For the Pr compound, the deviation of the parameter
a from the extrapolated a(Z) line toward smaller values
was found to be only slightly in excess of the measure-
ment error. This should be attributed primarily to the
increasein the valency of Pr being considerably smaller
than that for Ce. Furthermore, the positive contribution
from the so-called “tetrad” effect [11] to the ionic
radius increases as one crosses over from Ceto Pr, and
this contribution is capable of compensating for the
negative deviation of the parameter a caused by the
presence of quadrivalent Pr.

PrNis has ahexagonal crystal structure of the CaCus
type (Fig. 7). Inthiscompound, the R atoms occupy one
crystallographic position, 1a, and the Ni atoms occupy
two nonequivalent positions, 2¢ and 3g. The bond
lengthsin this structure can be easily calculated and are
listed in the table.

Asfollowsfrom Fig. 7 and the table, the behavior of
the parameter a reveal s the effect of the Pr—Ni,, bonds,
for which the Pr—Ni bond length is the shortest. There-
fore, the a(Z) dependence exhibits |anthanide compres-
sion and a deviation from the extrapolated behavior for
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Fig. 7. CaCus-type crystal structure

Ce. For PrNis, the deviation of the parameter aissmall,
like that for PrFe,gMo,. In the c direction, the Pr—Pr
interaction takes place in combination with the pro-
jected Pr—Nig, bond, which is weaker than the Pr—Ni
bond; this accounts for the absence of lanthanide com-
pression and of negative deviations from the extrapo-
lated coursein this case (Fig. 5). Note that in CeNig the
parameter ¢ deviates from the monotonic ¢(Z) behavior
toward larger values. Apparently, the Ce-Ni,. bond in
this compound is substantially stronger than the inter-
actionsin the c direction, as aresult of which the lattice
is compressed along the a direction only, with the
parameter ¢ increasing.

Copper substituting for nickel in PrNis occupies
predominantly the 2c positions [12]. The Pr—Ni,Cu),,
bond length increases from 0.2862 nm in PrNis to
0.2875 nm in the Cu alloy, but the interaction remains
sufficiently strong, so the praseodymium valency does
not change for this copper concentration. In the substi-
tuted PrNi, Al and PrNi,Ga aloys, the praseodymium
valence state decreases to +3. Neutron diffusion studies
[13] have shown that Al and Ga replace Ni in the 3g
positions only; however, as is evident from the table,
this increases both the Pr—Nig, and Pr—Ni, bond
lengths; i.e., the Pr—Ni interaction weakens, which
becomes manifest in the praseodymium valence state
decreasing to +3.

According to current concepts, the mixed valence
state of Cein metal alloysand compounds with nd met-
asis caused not by the 4f —» 5d electronic transition,
as is the case with other lanthanides with unstable

L attice parameters (a, ¢), interatomic distance (d), and valence of Pr (Vp,) in PrNis and PrNi,M (M = Cu, Al, Ga)

Compound| a, nm c,om | %= a/.f3 dy = 0.54 (_32 +c?) d=C  |d,=054(a’+3c%)/3 Vi = 0.03
Pr—Nip Pr—Ni, Pr—pr Ni—Ni
PrNis 0.4957 0.3980 0.2862 0.3179 0.3980 0.2451 3.10
PrNi,Cu 0.4980 0.4001 0.2875 0.3194 0.4001 0.2464 3.10
PrNi,Ga 0.5009 0.4048 0.2892 0.3220 0.4048 0.2488 3.00
PrNi Al 0.5029 0.4066 0.2904 0.3234 0.4066 0.2498 3.00
PHYSICS OF THE SOLID STATE Vol. 47 No.3 2005
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valence states, but rather by delocalization of the 4f
states as they become involved in atomic interaction.
We conjectured that the quadrivalent cerium in a metal
originates from the (04f 2)6s? atomic configuration (the
symbol [ refers to a delocalized orbital) rather than
from 4f9%5d?6<?, as is the case, for instance, in CeO,,
and that delocalization of the 4f electron occurring as
one crosses over from the 4f15d'6s? configuration to
(04f2)6s? should be attributed to the well-known effect
of f-electron penetration through the centrifugal barrier
[14]. For thisreason, asmall perturbation of the atomic
parameters causes a sharp change in the radius and
energy of the 4f states [15].

This conjecture is substantiated by band structure
calculations for the intermetallic compounds CeFe,
[16] and CeCos [17] with inclusion of 4f—3d hybridiza-
tion, which yield a 4f band ~1-eV wide with a popula-
tion of 1.13 electrons per atom. Indeed, if Ce** had the
4f95026s configuration, the population of the f band
would be less than 1. For the case of Pr, a theoretical
analysis of the possible electron penetration was made
in [15]. The transition from the 4f 25d'6s? to (04f 3)6s
configuration was considered, and it was concluded
that the f bandwidth in the case of praseodymium istoo
small to permit f-electron delocalization. As can be
seen from Fig. 3, however, the energy difference
between the positions of the R*® and R™ L5 absorption
spectrafor Ce and Pr isthe same, AE ~ 7 eV. This sug-
gests that, in actual fact, two (rather than three, asin
[15]) f electrons became delocalized. We believe that
Pr+4 has the 4f 1(0J4f 2)6s? rather than (04f %)6s? config-
uration, as maintained in [15].

The appearance of delocalized 4f electrons in a 3d
metal does certainly affect indirect exchange coupling,
but this mechanism has not been studied thus far. Earlier
[18], we reported the observation of a shoulder in the
temperature dependence of theinitial susceptibility mea-
sured along the easy magnetization axis of a PrNi,Cu
aloy a T~ 22K, which can be tentatively assigned to a
change in the degree of f-electron localization.

4. CONCLUSIONS

We have studied x-ray L, absorption spectra of Pr
and the crystallochemical characteristics of intermetal -
lic compounds PriFe;gM 0, and PrNis. It has been estab-
lished that Pr atoms, like atoms of Ce, can exist in a
mixed valence state. The valency of praseodymium is
+3.08 + 0.03 and +3.10 + 0.03 in PrFe;pM 0, and PrNis,
respectively. The values of the valency and of the devi-
ations of the lattice parameters from their monotonic
course governed by lanthanide compression are sub-
stantialy smaller for Pr than those for Ce. Replacement
of one Ni atom in PrNis by Al or Ga suppresses the
mixed valence state effect in the Pr atoms. It has been
conjectured that the quadrivalent state of Pr originates
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from the delocalization of two f electrons and that Pr+4
ions have the 4f }(J4f2)6s? el ectronic configuration.

The difference in behavior between the lattice
parameters a and ¢ in RFe,;M 0, and RNis; with R= Ce
or Pr has been discussed. The parameter a is more sen-
sitiveto the R-T interaction, which isdominant in the a
direction. The R-R interaction plays a decisive role in
the behavior of the parameter c. The anisotropy in the
R-T bond manifests itself in the fact that, in certain
compounds (e.g., CeFe,yM0,), an increase in the Ce
valence brings about | attice compression along both the
a and c directions, whereas in others (for example, in
CeNis) the lattice undergoes unilateral compression
(with a decreasing and c increasing).

REFERENCES

1. J. Rihler, Handbook on the Physics and Chemistry of
Rare Earths, Ed. by K. A. Gshneidner and L. Eyring
(North-Holland, Amsterdam, 1987), p. 454.

2. K. H. J. Buschow, Rep. Prog. Phys. 40, 1179 (1977).

A. S. Ermolenko, Ye. V. Shcherbakova, G. V. Ivanova,

and E. V. Beloserov, Phys. Met. Metallogr. 70, 52 (1990).

4. J. P. Gavigan, H. S. Li, J. M. D. Coey, T. Viadieu,
L. Pareti, O. Moze, and F. Bolzoni, J. Phys. Collog. 40,
C8 (1988).

5. A. Bianconi, A. Marcdlli, R. Karnatak, A. Kotani, T. Jo,
and J. Petiau, Phys. Rev. B 35, 806 (1987).

6. L.D.Finkel'shtein, A.V. Postnikov, N. N. Efremova, and
E. Z. Kurmaev, Mater. Lett. 14, 115 (1992).

7. A.V.Soldatov, T. S. Ivanchenko, S. DellaLonga, A. Kot-
ani, Y. lwamoto, and A. Bianconi, Phys. Rev. B 50, 5074
(1994).

8. P A. Alekseev, E. S. Klement'ev, V. N. Lazukov,
E.V.Nefedova, |I. P Sadikov, N. N. Efremova,
L. D. Finkel’shtein, N. B. Kalchugina, and O. D. Chist-
yakov, Phys. Met. Metallogr. 77 (6), 611 (1994).

9. X. C. Kou, R. Grossinger, G. Wiesinger, J. P. Liu,
F. R. de Boer, I. Kleinschroth, and H. Kronmdiller, Phys.
Rev. B 51, 8254 (1995).

10. R. B.Hemholdt, J. J. M. Vleggaar, and K. H. J. Buschow,
J. Less-=Common Met. 138, L11 (1988).

11. S. J. Siekiersky, J. Inorg. Nucl. Chem. 33, 377 (1971).

12. A. Percheron-Guegan, C. L. Lartigue, and J. C. Ahard,
J. Lesss=Common Met. 109, 287 (1985).

13. J. S. Cantrell, T. A. Beiter, and R. C. Bowman, J. Alloys
Compd. 207/208, 372 (1994).

14. L. D. Finkel'shtein, Phys. Met. Metalogr. 57 (2), 170
(1984).

15. S. V. Vonsovskii, M. I. Katsnel’son, and A. V. Trefilov,
Phys. Met. Metallogr. 76 (3), 27 (1993).

16. O. Eriksson, L. Nordstrom, M. S. S. Brooks, and
B. Johansson, Phys. Rev. Lett. 60, 2523 (1988).

17. L. Nordstrom, O. Eriksson, M. S. S. Brooks, and
B. Johansson, Phys. Rev. B 41, 9111 (1990).

18. A. G. Kuchin, A. S. Ermolenko, V. |. Khrabrov,
G. M. Makarova, and E. V. Belozerov, J. Magn. Magn.
Mater. 159, L309 (1996).

Trandated by G. Skrebtsov

w

No. 3 2005



Physics of the Solid State, Vol. 47, No. 3, 2005, pp. 429-433. Trandlated from Fizika Tverdogo Tela, Vol. 47, No. 3, 2005, pp. 417-421.

Original Russian Text Copyright © 2005 by Ovsyannikov, Denisyuk, Bdikin.

METALS

AND SUPERCONDUCTORS

Growth and Conductivity of Calcium Cuprate Films

G. A. Ovsyannikov* 3, S. A. Denisyuk?, and I. K. Bdikin?
L nstitute of Radio Engineering and Electronics, Russian Academy of Sciences, Mokhovaya ul. 11, Moscow, 125009 Russia
e-mail: gena@hitech.cplire.ru
2nstitute of Solid State Physics, Russian Academy of Sciences, Chernogolovka, Moscow oblast, 142432 Russia
3 Chalmers University of Technology, Goteborg, SE-412 96 Sweden
Received May 20, 2004

Abstract—Crystal and transport properties of epitaxial CaCuO, (CCO) films are studied for samples grown on
(110)NdGa0,, (001)SrTiOg, and (001)LaAl O substrates using the laser ablation technique. The resistivity is
found to be dependent on the crystal quality of the films. The conductivity type varies depending on the doping.
For lightly doped films with a resistance higher than 0.1 Q cm, 3D hopping conductivity is observed. For low-
resistance CCO films doped with Sr, a power law temperature dependence is found, which isinconsistent with
the hopping conductivity. The influence of substrate tilting on the subsequent growth of CaCuO, filmsis stud-
ied. YBCO/CCO heterostructures preserve high critical temperatures and small widths of superconducting tran-
sitions, whichis of special importance for growing Josephson heterostructures for superconducting el ectronics.

© 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Soon after the discovery of high-temperature super-
conductivity in metal oxide compounds, it was found
that it is the CuO, planes that are responsible for the
unusually high superconducting transition temperature
[1]. CaCuO, (CCO) is one of the simple cuprate com-
pounds with a perovskite crystal structure wherein the
CuO, planes are separated by Ca atoms. The low-tem-
perature electronic states of cuprates vary from antifer-
romagnetic (insulator) to superconducting (metal) as
the doping level of charge carriers (electrons or holes)
increases [1-3]. The CCO cuprate falls into the low-
doping region on the phase diagram. Its antiferromag-
netic transition temperature (the Néel temperature)
reaches as high as 540 K. CCO is a Mott insulator [4].
Synthesis of this material in pure form requires high
pressures, so most of the studies were performed using
Sr-doped compounds Cg; _, Sr,CuO, (CSCO), which
are more stable and can be obtained under normal con-
ditions[4].

Another reason for the interest in CCO-based com-
pounds is that the CuO, layers in these materials are
equally spaced both inside the unit cells and between
them. This is quite different from other cuprates, for
example, Y Ba,Cu;0, (YBCO), where the CuO, layers
are separated by nonsuperconducting CuO planes.
What makes CCO especidly interesting is the experi-
mentally found growth in the critical temperature of
cuprate superconductors with an increasing number of
CuO, layers taking part in the conductivity. Due to its
crystal structure, CCO can be regarded as an infinite-
layer compound; hence, its critical temperature may
reach very high values [5]. Indeed, there have been

reports of critical temperatures of higher than 80 K
observed for polycrystalline samples of CSCO
obtai ned using the high-pressure technique [ 6, 7]. How-
ever, those results, obtained for granular samples, were
not confirmed in later studies of CSCO thin films [8—
10]. Most of the publications on CSCO thin films with
various Sr doping levelsreport an increase in resistance
with a decrease in temperature and do not report obser-
vation of the superconducting transition [8-10]. So far,
it has been assumed that the superconductivity of CCO
found in several studies was due to structure defects,
which are difficult to reproduce [10].

Though the phase diagram of cuprates was estab-
lished long ago, it isstill not clear how the conductivity
of the system changes as the doping increases. It is not
known whether there is an intermediate phase between
the antiferromagnetic and superconducting states. In
the present paper, we report on amethod developed for
growing epitaxial films. The crystal structure of the
grown films is determined, and the evolution of the
temperature dependence of conductivity with varying
doping level is studied.

2. FILM GROWTH

Epitaxial CCO films were deposited on
(110)NdGaO; (NGO), (001)STiO; (STO), and
(001)LaAlO4 (LAO) substrates and also on CeO,/Al,0O4
heterostructures created on the r-planes of sapphire.
CSCO films were deposited on (110)NGO substrates
only. We used the laser ablation technique at substrate
temperatures of 700 to 750°C and an oxygen pressure
of 0.3 to 0.6 mbar, with the pressure in the chamber
prior to ablation being 10-° mbar. An excimer laser was

1063-7834/05/4703-0429$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Diffraction patterns of CaCuO, films grown on
(001)LaAlO3 (CCO/LAO) and (001)SITiO3 (CCO/STO)

substrates.  The lowest graph is for the
Y Ba,Cu30,/CaCuO,/(110)NdGaO3 heterostructure

(Y/CCOINGO).

utilized (target energy density, 1.2—1.5 Jcm?; repetition
rate, 3-10 Hz). Targets were stoichiometric; they were
made by pressure molding of a powder of appropriate
composition. During the ablation process, the target
was rotated to ensure uniform dispersion of the mate-
rial. After deposition, the sample was slowly cooled in
the chamber, first at the operational pressure down to
550°C and then at 700 mbar at a rate of 10-15° per
minute. Overall, the technique of growing CCO filmsis
similar to growing superconducting Y Ba,Cu;O, films
[11]. The typical film thickness was 100200 nm. The
crystallographic constants of the films were measured
by x-ray analysis, the surface morphology was studied
by atomic-force microscopy, and the resistance was
measured by the ac four-praobe technique at 1 kHz.

3. CRYSTAL STRUCTURE

X-ray spectra (260 scans) for several substrates
measured in the standard configuration of the source
and detector ( = 0) are shown in Fig. 1. It is seen that
the crystal quality of the films changes drastically with

OVSYANNIKOV et al.
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Fig. 2. Rocking curves of heterostructure
Y Bay,Cuz0,/CaCuO,/(110)NdGaO;  for  reflections

(005)Y BayCuz0,, (001)CaCuO,, and (220)NdGaOs3. The
widths of the peaks are cited in the text.

aswitch from LAO substrates to NGO. The (00L)CCO
peaks in CCO/LAO films are barely visible, while in
YBCO/CCO/NGO heterostructures the amplitudes of
the (00L)CCO peaks are close to the amplitudes of the
substrate peaks. The crystal parameters determined by
20-90 scans at severa substrate angles () area=b =
0.3855 nm and ¢ = 0.318 nm. The lattice constant
increases when Ca is substituted by Sr in CSCO films
and reaches ¢ = 0.32 and 0.33 nm for 15 and 50 at. %
substitution, respectively. We did not succeed in grow-
ing epitaxial CaCuO, films on top of CeO,/Al,O; het-
erostructures, probably due to the chemical interaction
between CaCuO, and CeO.,.

Thewidth of the rocking curve of a CaCuO, film on
the NGO substrate (0.05°) is significantly smaller than
that of the best epitaxia YBa,Cu;0, films (0.2°) and
only one order of magnitude higher than the rocking-
curve width for the peaks of the single-crysta
(110)NdGaO; substrate (0.006°) (Fig. 2).

Aswe established previously [11], in the case where
the substrate surface deviates from the exact crystal

Table 1. Orientations of theYBCO and CCO filmsin heterostructures grown on straight and tilted planes of (110)NGO substrates

NGO D[f’lio‘j‘ﬁi\logg ccofilm D[g‘gf]‘ncoc”gf YBCO film ['?)%’i]af(i onot
substrate Grown heterostructure lattice lattice
orientation from the constants, A from the constants, A from the
normal, deg ' normal, deg ' normal, deg
(110) YB%CUgOX/CBO.Bser.]_SCUOZ 0 c= 3230 O c= 11709 O
(7102) Y Ba,Cu;0,/CaCu0, 7.9 c=3.179 1.35 c=11.679 1.35
(130) | YBa,Cuz0,/CaCu0, 26 a=3.843 45 a=3.818 3.8
b =3.860 b=23.878
c=3.195 c=11.707
PHYSICS OF THE SOLID STATE Vol. 47 No.3 2005



GROWTH AND CONDUCTIVITY OF CALCIUM CUPRATE FILMS

plane direction, the orientation of the film may be dif-
ferent from either the geometric substrate surface or the
exact crystallographic directions of the substrate. For
example, when the substrate surface was oriented as
(130)NGO, the angle between the planes (100)CeO,
and (130)NGO was about 3°. For smaller substrate tilt
angles, the epitaxial relation (100)CeO, || (110)NGO
was preserved. It can be assumed that thisis apeculiar-
ity of CeO,, but the present study of the CCO film also
shows deviations from the exact epitaxial relation
(001)CCO || (110)NGO if the substrate surface is tilted
relative to the (110)NGO plane even at a small angle
(Table 1). We determined the orientation relationships
of [001]CCO, [001]YBCO and [110]NGO from rock-
ing curves taken with wide-bandwidth x-ray radiation.
The results are presented in Table 1. The deviation of
the CCO axes from those of the substrate increases as
the (110)NGO plane deviates from the substrate surface
normal. In the case of the (130)NGO substrate orienta-
tion, the deviation reaches as high as 22° and a slight
distortion of the CCO structure into orthorhombic is
observed: a=3.84, b =3.86, and c = 3.20 A. The epi-
taxial growth of Y BCO on top of the CCO film is deter-
mined by the CCO, though a small deviation is
observed nevertheless. Thus, the CCO film that devi-
ated from the exact crystal directions of the substrate
defines a new basis, which governs the orientation of
subsequently deposited films. It is important that a
CCO film aso affects the domain structure of the sub-
sequent YBCO film. In particular, we found that, even
if the substrate is oriented as (130)NGO, other orienta-
tions of YBCO (a orientation) do not appear [11].

4. TEMPERATURE DEPENDENCES
OF RESISTIVITY

In our experiments, we observed a correlation
between the resistivity and the crystal quality of
CaCuO, films [12]. As the width of the rocking curve
decreases, the room temperature resistivity p goes
down from 10% to 10 Q cm. The decrease in p with an
increase in crystal quality does not contradict the Mott
insulator theory, according to which the metal—insula-
tor transition takes place as the disorder grows [13]. In
our experiments (Figs. 3, 4), the hopping conductivity
is observed for p values much higher than p. =
ha/(0.02621e?) = 6 x 103 Q cm (wherea = 3.8 A isthe
interatomic distance), which is characteristic of the
Mott metal—insulator transition [13]. The quantity P
obtained by Mott coincidesin order of magnitude with
the saturation resistance (the loffe-Regel limit) calcu-
lated for a2D metal,

Pog = ha/(kel€) (1)

for kel = 1, where ke isthe Fermi momentum and | isthe
mean free path [14].
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Fig. 3. Temperature dependences of resistivity of all the
CaCuO,-based films.
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Fig. 4. Hopping conductivity. Solid lines are fitsto Eq. (2).

The temperature dependences of resistivity of high-
resistance samples (Fig. 4) are described well by the
expression

In(po) + (To/T)™, @)

In(p)

c(kgN(Ep)A®), 3

which is characteristic of the hopping conductivity [13]
(here, c is a constant, kg is the Boltzmann constant,
N(Ep) is the density of states on the Fermi level, and A
is the localization length). The temperature exponent

To
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Table 2. Temperature dependences of the resistivity of films

Film composition Substrate T E%%g'l\é',%aém coanta;Eth, A Temperature dependence of resistivity
CaCuO, (001)LaAIO, 9040 3.18 3D hopping p = peexp(Ty/T)V4
CaCuO, (001)SrTiO, 510 3.18
CaCuO, (110)NdGaO4 8 3.18 Neither hopping nor power law
Cag g55rp.15CUO, (110)NdGaO4 0.10 -

Cay55ro5CuO, (110)NdGaO4 0.05 3.30 Power law p ~ TS (S=1.6)

depends on the system dimensionality and, in our case,
correspondsto the variable-range hopping. We can esti-
mate the localization length A for sampleswith hopping
conductivity from the experimental value of the charac-
teristic temperature T, by assuming that N(Eg) = 10%*
and ¢ =18. Using Eq. (3), weobtain A = c/(KN(Ep) Tp) Y3 =
(0.5-2) A for T, = (2-60) x 10° K. The hopping activa-
tion energy Eno, = ke T(To/T)¥* = (0.2-05) eV at T =
300 K issomewhat lower thanthegap E= 1.5 eV deter-
mined by optical methods[15]. Unlike ordinary insula
tors with activation conductivity, where the gap is cre-
ated by the crystal field, the gap of the Mott insulators
is due to strong electron correlations. The resistivity of
the Mott insulator increases with decreasing tempera-
ture even if its conductivity band is half-filled. In our
experiment, the activation type of conductivity is not
achieved even at p > 10* Q cm.

Theresistivity decreases further as the Sr content in
CCOfilms grows. This decrease is due to the growth of
carrier concentration in CCO because of the higher
doping, in accordance with the cuprate phase diagram.
The resistivity of all CSCO films studied grows with
decreasing temperature (Fig. 3). According to Table 2,
at high doping (p = 0.1 Q cm), the type of temperature
dependence of conductivity changes from a hopping
dependenceto p ~ T-Swith S= 1.6. Previoudly, thistype

1.00

0.94 T.=89.8K

dT,=1K

X, arb.units

0.62 T S
86 87 88

90 91 92

1
89
T,K
Fig. 5. Temperature dependence of the susceptibility of

YBCO/CCO heterostructures grown on (110)NGO sub-
strates.
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of temperature dependence was observed in less resis-
tive CSCO filmswith a Sr content of 3040 at. % [10].
This temperature dependence is typical of disordered
electronic systemswith high values of low-temperature
resistance [15, 16]. However, even at sufficiently high
doping (CSCO films with x = 0.5), we did not observe
the metallic resistivity temperature dependence typical
of superconducting films.

We did not find any change in the susceptibility of
the films associated with the antiferromagnetic transi-
tion during the measurements in the temperature range
20-100 K. The Néd temperature Ty of CCO is rather
high [4] and is above the temperature range of our mea-
surements. However, for Sr-doped CSCO, Ty can
decrease drastically and be below our range. Insuffi-
cient sengitivity of the measurements also cannot be
ruled out.

It is important that the superconducting transition
was observed in YBCO/CCO heterojunctions and that
suppression of the critical temperature for the super-
conducting transition of YBCO because of Ca doping
[17] did not occur (Fig. 5). Therefore, CCO thin films
can be used in heterostructures based on Y BCO.

ACKNOWLEDGMENTS

The authors are grateful to T. Claeson, F.V. Ko-
missinskii, and Yu.A. Boikov for helpful discussions
and their assistance in the experiments.

This work was supported in part by the Russian
Foundation of Basic Research (project no. 04-02-
168184d), INTAS (grants nos. 01-0809, 01-0249), the
International Science and Technology Center (grant no.
2369), and the President of the Russian Federation
(grant no. NSh-1344.2003.2).

REFERENCES

1. P.W. Anderson, Science 235, 1196 (1987).
2. J. Orenstein and A. J. Millis, Science 288, 468 (2000).

3. N.-C.Yeh, Bull. Assoc. Asia Pacific Phys. Soc. 12 (2), 2
(2002).

4. D. Vaknin, E. Caignol, P. K. Davis, J. E. Fischer,
D. C. Johnston, and D. P. Goshorn, Phys. Rev. B 39 (13),
9122 (1989).

No. 3 2005



o

10.

11

GROWTH AND CONDUCTIVITY OF CALCIUM CUPRATE FILMS

T. Segrist, S. M. Zahurak, D. W. Murphy, and
R. S. Roth, Nature 334, 231 (1988).

M. Azuma, Z. Hiroi, M. Takano, Y. Bando, and
Y. Takeda, Nature 356, 775 (1992).

S. Adachi, H. Yamauchi, S. Tanaka, and N. Mori, Physica
C (Amsterdam) 208, 226 (1993).

D. P Norton, B. C. Chakomokos, J. D. Budai, and
D. H. Lowndes, Appl. Phys. Lett. 62 (14), 1679 (1993).

Q.Y. Mai, P. Dosanjh, I. Entin, R. Liang, J. F. Carolan,
and W. N. Hardy, J. Appl. Phys. 75 (6), 3089 (1994).

X. M. Xie, C. Hattere, V. Mairet, C. F. Beuran, C. Cous-
sot, C. D. Cavellin, B. Eustache, P. Laffez, X. Z. Xu, and
M. Lagues, Appl. Phys. Lett. 67 (12), 1671 (1995).

I. K. Bdikin, P B. Mozhaev, G. A. Ovsyannikov,
F. V. Komissinskii, |. M. Kotelyanskii, and E. |. Raksha,
Fiz. Tverd. Tela (St. Petersburg) 43 (9), 1543 (2001)
[Phys. Solid State 43, 1611 (2001)].

PHYSICS OF THE SOLID STATE Vol. 47 No. 3

2005

12.

433

G. A. Ovsyannikov, S. A. Denisiuk, I. K. Bdikin,
Z.G. lvanov, and T. Claeson, Physica C (Amsterdam)
408-410, 616 (2004).

13. N. F Mottand E. A. Davis, Electronic Processesin Non-

14.

15.

16.

17.

Crystalline Materials (Clarendon, Oxford, 1971; Mir,
Moscow, 1974).

O. Gunnarsson, M. Caladra, and J. E. Han, Rev. Mod.
Phys. 75, 1085 (2003).

Y. Tokura, S. Koshihara, and T. Arima, Phys. Rev. B 41
(6), 11657 (1990).

P.A. Leeand T. V. Ramakrishman, Rev. Mod. Phys. 57,
287 (1985).

G. Hammerl, A. Schnehl, R. R. Shulz, B. Goetz,
H. Bielefeldt, C. W. Scheider, H. Hilgenkamp, and
J. Manhart, Nature 407, 162 (2000).

Trandated by G. Tsydynzhapov



Physics of the Solid State, Vol. 47, No. 3, 2005, pp. 434-438. Trandated from Fizika Tverdogo Tela, Vol. 47, No. 3, 2005, pp. 422—426.
Original Russian Text Copyright © 2005 by Elizarova, Martynova, Potapov, Gasumyants, Mezentseva.

METALS

AND SUPERCONDUCTORS

Band Spectrum Modification and Dynamics of Super conducting
PropertiesintheY,;_,Ca,Ba,Cu;_,Zn,0O, System

M. V. Elizarova*, O. A. Martynova*, D. V. Potapov*,
V. E. Gasumyants*, and L. P. Mezentseva**
*S. Petersburg State Polytechnic University, Politekhnicheskaya ul. 25, S. Petersburg, 195251 Russia
e-mail: mariel @rphf.spbstu.ru
**|nstitute of Slicate Chemistry, Russian Academy of Sciences, ul. Odoevskogo 24/2, S. Petersburg, 199155 Russia
Received July 7, 2004

Abstract—Temperature dependences of the electrical resistivity and Seebeck coefficient have been studied on
aseries of samples of the'Y; _,Ca,Ba,Cu;_,Zn,0, system (x = 0-0.25). The effect exerted by a combination
of the impurities under study on the properties of ‘the normal phase was established. The experimental data
obtained were analyzed quantitatively in terms of a phenomenological model of electron transport. The param-
eters of the band responsible for conduction in the normal phase and of the carrier system were calculated for
all the sasmples studied. A mechanism of zinc doping—induced band structure modification in the yttrium system
is proposed that accounts for the transformation of the temperature dependence of the Seebeck coefficient and
the dynamics of superconducting properties in this compound. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Publications dealing with the properties of yttrium-
based superconductors discuss, in considerable detail, a
number of substituents that, while not noticeably
affecting the state of the oxygen subsystem, neverthe-
less exert a substantial influence on superconductivity
and on the properties of the normal state. A remarkable
example of such substituents is the zinc impurity on
sheet copper sites. Being isovalent, the zinc impurity
does not affect the hole doping level [1]. Some
researchers believe, however, that zinc substitution in
the sheet copper sites may bring about a nonuniform
distribution of charge density in the copper—oxygen
sheets [2] or localization of mobile carriers [3], which
is essential for superconducting properties. Experi-
ments have shown convincingly that substitution of
zinc for sheet copper brings about a gradual suppres-
sion of the superconducting properties [1, 3-6]. Most
researchers believe that this impurity acts directly on
the mechanism of formation of superconducting pairs
by initiating their breaking. Of particular interest isthe
finding [2] that zinc also exerts a noticeable effect on
the band structure of YBa,Cu;0, in the normal phase
through interaction with the sheet oxygen.

Note that, in contrast to other impurities, doping
Y Ba,Cuz0, with zinc, while bringing about a strong
suppression of superconductivity with increasing dop-
ing level, leaves the linear pattern of the temperature
dependence of electrical resistivity unchanged and does
not have a marked effect on the absolute values of the
Seebeck coefficient S[1].

There is dso considerable interest in the effect that
a calcium impurity occupying yttrium sites has on

superconductivity and on the properties of the normal
phase of Y Ba,Cu;0,. Inthis case, in contrast to the case
of zinc substituting for sheet copper, the superconduct-
ing properties of the system are dominated by the state
of the oxygen subsystem, which is influenced by the
introduction of a nonisovalent calcium impurity [7-9].
Some aspects of the effect of calcium on the formation
of oxygen vacancies and, hence, on the mechanism of
superconductivity suppression have been given consid-
erable attention in the literature [10, 11]. Not less
intriguing is, however, the effect of both single doping
of calcium into yttrium positions and of calcium
codoped with other impurities on the properties of the
normal state of YBa,Cu;0,, in particular, on the tem-
perature dependences of the Seebeck coefficient [7, 8,
12]. Asshown by usearlier [7, 8, 13, 14], asthecalcium
content increases, an extended linear section appearsin
the T) graphs and their sopes gradually increase,
which should be assigned to a modification of the band
structure of the compound.

Because calciumin yttrium sites and zinc occupying
the sheet copper positions act on the superconducting
properties of YBa,Cu;O, through different mecha-
nisms, it is of interest to study the effect of simulta-
neous Ca — Y and Zn — Cu double doping in the
yttrium system.

This communication reports on the specific effects
of this dopant combination on the superconductivity,
transport properties, and band spectrum in the normal
phase of Y Ba,Cu;0,. The band structure modificationis
analyzed in terms of a phenomenological model of
el ectronic transport, more specifically, the narrow-band
model, which allows one to determine the main band

1063-7834/05/4703-0434$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Concentration dependence of the critical tempera-
ture for the Y;_,Ca,BaCuz_,Zn0O, system plotted
together with data obtained for the cases of Ca — Y [8]
and Zn — Cu [4, 15] single substitutions.

spectrum parameters of the normal phase and follow
their changes with increasing doping level and, hence,
unravel the effect of specific impurities on the parame-
ters of the band spectrum and of the carrier system.

2. EXPERIMENTAL RESULTS

We studied ceramic samples of composition
Y;-xCaBaCu;_,Zn0, (x = 0.0, 0.025, 0.05, 0.075,
0.10, 0.15, 0.175, 0.20, 0.25) prepared by standard
solid-phase techniques. The procedure culminated in
annealing in an oxygen flow at T = 500°C, with subse-
guent gradual cooling to room temperature. The single-
phase state of the samples was established by x-ray
analysisto within 1-2%. All samples were subjected to
measurements of the temperature dependences of the
electrical resistivity and Seebeck coefficient.

Figure 1 displays the critical temperatures T, for all
samples derived from resistive measurements together
with data obtained for the cases of single calcium dop-
ing into the yttrium positions [8] and of zinc doped into
the sheet copper positions [4, 15]. The concentration
dependence of the critical temperature is seen to be
nonmonotonic for theY; _,Ca,Ba,Cu;_,Zn,O, system.
For small x, the superconductivity undergoes a gradual
suppression with increasing doping level, whereas for
x= 0.125 a certain recovery of the superconducting
propertiesis seen. As x continues to increase, the mag-
nitude of T, remains practically constant. For x < 0.10,
T, drops with increasing x in Y, _,Ca,Ba,Cu;_,Zn0,
faster than is the case with Y,_,CaBaCu,0O, and
Y Ba,Cu;_,ZnO,.

Figure 2 showsthe temperature dependence of the See-
beck coefficient obtained for theY, _,Ca Ba,Cu;_,Zn O,
system. An increase in the doping level is seen to give
rise in this case to only a dight change in the absolute
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Fig. 2. Temperature dependence of the Seebeck coefficient
for theY, _,CaBayCuz _»Zn,O, system.

value of S (at room temperature, the Seebeck coeffi-
cient changes from 1.5 to 3.5 uV/K) and to a certain
decrease in the magnitude of the maximum in the S(T)
graph. No linearization of the §T) relations and no
gradual increase in their slope, which are characteristic
of the calcium impurity [7, 8, 11-13], are observed in
the case of the Y, _,Ca,Ba,Cu; _,Zn,O, system.

3. ANALY SIS OF THE EXPERIMENTAL DATA
AND INTERPRETATION OF THE RESULTS

The experimental datawere analyzed in terms of the
phenomenological narrow-band model described in
detail in[7]. The model assumes the existence of a nar-
row density-of-states peak near the Fermi level in the
band spectrum of an HTSC and allows one to derive
analytical expressions for the temperature dependences
of the kinetic coefficients using four model parameters,
namely, band filling by electrons F (which is the ratio
of the total number of electrons to the total number of
statesin the band), the effective width of the conduction
band W, the effective width of the interval of delocal-
ized states W, and the degree of band asymmetry b.
Through quantitative comparison of the results of cal-
culations with the experimental data on §T), we can
determine the model parameters for each of the compo-
sitions studied and, hence, follow the modification of
the band spectrum and carrier system with increasing
doping level.

Figures 3 and 4 plot the calculated concentration
dependences of the band filling by electrons and of
the total effective conduction bandwidth, respec-
tively, for all samples of theY, _,Ca,Ba,Cu;_,Zn,0,
system investigated together with the data on the
Y1 -xCaBa,Cu,_,Co,0, system studied by usearlier [13].
Thevaluesof F and W for theY; _,Ca Ba,Cu;_,Zn0,
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Fig. 3. Concentration dependences of the band filling by
electrons, F, plotted together with data for Ca — Y and
Co — Cu double substitutions [13].

systemvary very littlewith increasing x, which becomes
particularly revealing when compared with the respec-
tive results obtained for Y, _,CaBa,Cu;_,CoO,. The
effective bandwidth exhibits a weak tendency to
decrease (Fig. 4). According to our previousresults, the
decrease in the band filling by electrons with an
increase in x in Y,;_,CaBaCu;_,Co0, may be
explained if it is assumed that calcium introduces addi-
tiona states into the band responsible for conduction;
simultaneously, the effects produced by the two impu-
rities are mutually charge compensated (Co** ——
Cu?*, Ca®* — Y3*) [13]. The broadening of the con-
duction band in the Y, _,Ca Ba,Cu;_,Co,0, system is
associated only with the gradual disorder caused
directly by theimpurity cations (because the state of the
oxygen subsystem remains unchanged with increasing
x due to the charge compensation) [7, 13, 14] in accor-
dance with the Anderson localization model. The con-
stancy of F in the case of simultaneous isovalent
(Zr?* —> Cu?*) and nonisovalent (Ca®* — Y3*) sub-
dtitutions observed inY, _,Ca Ba,Cu; _,Zn,0,, as well
as the weak decrease in the conduction bandwidth par-
aleled by the disorder introduced by the impurity ions
and by the disorder forming on the oxygen subsystem,
requires additional anaysis. Obviously enough, a
mechanism should ariseintheY, _,CaBa,Cu;_,Zn,0,
system that would, first, counteract the growth in the
number of band states caused by theincreasing calcium
concentration (which should bring about a decrease in
the degree of band filling) and, second, giveriseto arel-
ative narrowing of the band responsible for conduction.
This mechanism can operate only if the zinc substitut-
ing into the sheet copper positions has an effect on the
band structure in the normal phase.

As follows from our analysis, the best fit between
the calculated and experimental S(T) dependences for
Y, _xCaBa,Cu;_,Zn,0, samples can be attained only
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Fig. 4. Concentration dependences of the total effective
conduction bandwidth, Wp, plotted together with data for
Ca——Y and Co — Cu double substitutions [13].

in the case of zero conduction band asymmetry (b = 0)
for the compositions with x = 0-0.075 and 0.2 and in
the case of a dlight asymmetry, not in excess of 0.5%,
positive or negative, for samples with x = 0.10-0.175
and x = 0.25, respectively. Thus, we can assume, on the
whole, that an increase in the doping level in the
Y,-xCaBaCu;_,Zn0, system does not generate
conduction band asymmetry of either sign. As for the
degree of localization of the states, it exhibits dlight
variations with increasing x without showing any dis-
tinct trend.

The calculations made in [2] may be instructive for
interpreting our findings. It is suggested in [2] that zinc
doping in the copper—oxygen sheets causes the states of
the oxygen atoms surrounding the impurity to transfer
out of the conduction band toward |ower energies. This
meansthat asingle zinc impurity may cause conduction
band asymmetry, which, in turn, should give rise to the
appearance of additional features in the temperature
dependences of the Seebeck coefficient. Experimental
data [1, 16, 17] indicate that substitution of zinc for
sheet copper does indeed bring about a transformation
of the Y(T) dependence; namely, this causes a decrease
in the amplitude of the peak and a shift in the peak
toward lower temperatures. The calcium impurity also
produces specific features in the S(T) graphs, both in
the case of single substitution of calcium for yttrium
and in combination with other impurities[7, 8, 11-13].
For samples doped heavily with calcium, an extended
linear portion in the S(T) dependence is observed and,
most remarkably, anincreasein the calcium content ini-
tiatesagradual increasein the slope of the ST) graphs.
According to our previous results [13, 14], this trans-
formation in the pattern of the temperature depen-
dences of the Seebeck coefficient originates from the
conduction band becoming asymmetric due to calcium
introducing additional states into the band, i.e., from
the appearance of an additional peak in the density of
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states in the conduction band. In this connection, it
appears instructive to note that codoping with calcium
and zinc in the Y, _,Ca Ba,Cu;_,Zn,0, system does
not result in any specific transformation of the ()
dependence. As already mentioned, the band responsi-
ble for conduction is practically symmetric throughout
the x range covered. Thisimplies that zinc doping into
the sheet copper sites compensates the band asymmetry
generated by the calcium impurity. This can be possible
only if the rearrangement of the zinc-induced band
brings about a band asymmetry that is oppositein sign
to the asymmetry due to calcium. Thus, in the
Y, xCaBaCu;_,ZnO, system, we encounter not
only amoadification of the conduction band in shape but
also its rearrangement involving the states from which
it derives. In our opinion, we witness here interplay
between the effects of different impurities on the asym-
metry, namely, on the one hand, a calcium-induced
donation of states into the upper half of the band and,
on the other hand, a transfer of states from the band to
lower energies under the action of zinc.

The assumption that the states are transferred out of
the band under the action of zinc also provides an
explanation for the fact that W, and F remain practi-
cally unchanged as the doping level is increased.
Indeed, an increase in the doping level in the
Y1 -xCaBa,Cu;_,Zn,0, system causes the density-of-
states peak, on the one hand, to broaden as a result of
growing disorder (according to the Anderson localiza-
tion mechanism) and, on the other hand, to decrease in
amplitude and, hence, narrow because some of the
states are pushed out of the peak to lower energies. Itis
the parallel operation of these two mechanisms that
accounts for the total effective bandwidth remaining,
on thewhole, unchanged. Notethat, asshownin[13] in
an analysis of the correlation between thetotal effective
conduction bandwidth and the critical temperaturefor a
number of substitutions in the yttrium system, the cal-
cium peak isonly asmall feature in the total band den-
sity of states. In other words, the appearance of addi-
tiona states in the vicinity of the Fermi level does not
bring about an effective broadening of the conduction
band considered in terms of a rectangular approxima-
tion of the D(€) function. Thus, in the case of simulta-
neous double doping of Y, _,CaBa,Cu;_,Zn0O,, the
effects the two impurities exert on the degree of con-
duction band asymmetry cancel each other, whereasthe
variation in the effective bandwidth is governed by the
interplay of two counteracting mechanisms, more spe-
cificaly, of the zinc-induced decrease in the number of
band states and of the band broadening by the Anderson
mechanism through the calcium-initiated disordering
of the oxygen subsystem.

The practically unchanging values of band filling by
electrons, whichisequal to theratio of the total number
of electrons in the band to the total number of band
states, can be accounted for as follows. Doping by the
calcium acceptor impurity (which is not completely
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compensated by the increasing oxygen deficiency [8])
givesriseto adecreasein the number of electronsinthe
band. The observed constancy of the parameter F in the
Y, xCaBa,Cu;_ZnO, system demonstrates that
there is adecrease in the number of band states with an
increasein x and suggests the effect of the zinc impurity
on the number of band states to be stronger than that of
calcium. Note that calculations do not revea the
appearance of a dominant zinc-induced asymmetry but
rather only compensation of the asymmetry due to cal-
cium, which may be attributed to the limitations of the
model, asit is not capable of taking into account minor
features in the band structure, as well as to the rather
simplified method employed for asymmetry modeling.

Now, we invoke the data obtained on the band
structure transformation to discuss the variation in
the superconducting properties of the system under
study. As already mentioned, an increase in X in the
Y, _xCaBaCu;_,Zn,0, system gives rise to an
unusual dynamics of the critical temperature (Fig. 1).
There are two impurity concentration ranges over
which the superconducting properties are modified dif-
ferently. In one range (x = 0-0.10), T, exhibits a
decrease, which is stronger than that observed in the
case of single doping by calcium or zinc. We believe
that we are witnessing here interplay between two
mechanisms of suppression of superconductivity. First,
doping of zinc into the copper sheets, which aredirectly
responsible for the superconducting properties, brings
about a breaking of the superconducting pairs and,
accordingly, adecrease in the critical temperature. Sec-
ond, T, is additionally lowered by the decrease in the
density of states at the Fermi level, D(g;), caused by the
strong modification of the band spectrum. The reasons
underlying this modification are, first, the onset of gen-
eral lattice disorder, which brings about, in accordance
with the Anderson localization mechanism, a decrease
in the density of statesin the band asawhole, and, sec-
ond, a transfer of states from the conduction band to
lower energies; this latter process is initiated by zinc
and resultsin ageneral decreasein the density-of-states
peak.

In the other range (x = 0.15-0.25), T, remains prac-
tically constant. Note that all the trendsin the variation
of the band parameters with increasing x persist in this
concentration range. Hence, the observed changein the
T(X) pattern for x > 0.1 cannot be attributed to a pro-
nounced band structure rearrangement. The improve-
ment in the superconducting properties (as compared
with the general trend of T, decreasing with increasing
X) may stem from an increase in the density of states at
the Fermi level. In our opinion, apossiblereason for the
growth of D(gg) is that the appreciable band structure
rearrangement initiated by zinc, on the one hand, and
by calcium, on the other, drives the Fermi level to a
local peak of the D(g) function generated by calcium
states and becomes pinned at it. In this case, the growth
of D(ep) may partially compensate the zinc-induced
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breaking of superconducting pairs and thus give rise to
a certain recovery of the superconducting properties.
Note that constancy of the critical temperature in the
Y, _xCaBa,Cu;_,Zn,O, system for x > 0.10 was also
observed in [18] but was not given adequate explana-
tion. This experimental finding certainly merits com-
prehensive study.

The results presented here suggest that, despite the
large number of publications dealing with the effect of
azincimpurity occupying sheet copper positionson the
properties of yttrium-based HTSCs, this substitution
continues to be an intriguing object for further studies,
both in the case of single doping and, particularly, in
combination with other dopants.

4. CONCLUSIONS

We have experimentally studied the temperature
dependence of the Seebeck coefficient in the
Y,-xCaBaCu;_,Zn0, system and analyzed the
results in terms of the narrow-band model. The main
conclusions are as follows.

(1) The concentration dependence of the critical
temperature in Y, _,CaBa,Cu;_,Zn,0, exhibits two
areaswith different T, dynamics; namely, for x < 0.125,
superconductivity suffers gradual suppression and then
remains practically unchanged with a further increase
in X. The Seebeck coefficient varies very weakly with
increasing doping level, and its temperature depen-
dence does not exhibit the extended linear portion char-
acteristic of a calcium impurity in’Y Ba,Cus0O,.

(2) Unlike other calcium-doped systems, the degree
of filling of the band responsible for the conductivity, as
well asthe degree of its asymmetry, remains unchanged
inY,_,CaBa,Cu;_,Zn,0, throughout the x range cov-
ered. In addition to direct suppression of superconduc-
tivity, doping of zinc into the sheet copper positions has
a substantial effect on the band structure in the normal
phase. Introducing zinc into the YBa,Cu;O, lattice
brings about a transfer of states from the conduction
band toward lower energies, which practically cancels
the band asymmetry originating from the calcium
impurity.

(3) Theweak variation in the critical temperaturein
Y, _xCaBa,Cu;_,Zn,0, observed to occur for x> 0.10
may be traced to a relative increase in the density of
states at the Fermi level, which takes place in this dop-
ing interval due to the Fermi level being pinned at a
local peak of the calcium states.
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Abstract—The conditions necessary for electric current instabilities to arise in strong electric fields are con-
sidered for disordered media, such as chal cogenide vitreous semiconductors and organic polymers. The thermal
and electronic-thermal mechanisms of instabilities with S- and N-shaped current—voltage characteristics are
discussed. The influence of phase transitions from one conduction state to another conduction state on the
development of electrical instabilitiesis analyzed. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Phenomena associated with electrical instabilitiesin
disordered media have attracted particular research
attention for a long time. Originaly, this interest
stemmed from the necessity of predicting the electric
strength of dielectrics. Theinstability in these materias
manifests itself as an irreversible breakdown resulting
in the disruption of an insulation in a strong electric
field.

The situation has changed significantly since the
discovery and subsequent investigation of the switch-
ing effect in chal cogenide vitreous semiconductors [1—
3]. This effect involves a rapid reversible transition
from ahigh-resistance state to alow-resistance state. In
chal cogenide vitreous semiconductors, the number of
switching cycles from a high-resistance state to a low-
resistance state and then from the low-resistance state
to the high-resistance state could be as large as 10,
which made these switches promising for advantageous
use in microelectronics.

For chal cogenide vitreous semiconductors, the tem-
perature dependence of the electrical resistance in a
high-resistance state exhibits a pronounced semicon-
ducting behavior, whereasthe resistancein alow-resis-
tance stateisvirtually independent of temperature. This
circumstance suggests that the switching effect is
caused by the reversible conductivity transition from
the semiconductor state to the metal state and the
reverse transition from the metal state to the semicon-
ductor state after switching off the voltage. However, a
number of chalcogenide vitreous semiconductors, after
being in a low-resistance state for a certain amount of
time, undergo aglass—crystal structural phasetransition
and the new state in which part of the film is crystal-
lized is retained after the voltage is switched off (the
memory effect).

The problem regarding the mechanism of the switch-
ing effect has been heatedly debated. It is believed that
the switching effect is the first stage of the memory
effect. It should also be noted that, by the time the
switching effect was discovered, many general regulari-
ties of the electrical instabilities had been established in
the course of their study in crystalline materials.

In particular, it has been established that the
Sshaped current—voltage characteristic is associated
with the formation of electric current filaments,
whereas the N-shaped current—voltage characteristic is
due to the appearance of high-field domains[4]. More-
over, it is known that there are instabilities in the form
of trap recharging waves and recombination waves.

This information provides a deeper insight into the
nature of the switching effect in chal cogenide vitreous
semiconductors, but its mechanism is not completely
understood. The main problem concernstherole played
by the thermal mechanism in the first stage (initiation)
of the process. A number of authors have believed that
the switching effect is initiated by the electronic pro-
cesses responsible for the S-shaped current—voltage
characteristic (electronic theories) and that the consid-
erable heat release is a side effect occurring only in the
final stage, predominantly, in the region of the forma-
tion of electric current filaments[5]. According to other
authors, the heat release is of fundamental importance
and contributes substantially to the initiation of the
switching effect. In this respect, it should be noted that
proponents of this viewpoint do not deny the signifi-
cance of electronic processes, which affect the semi-
conducting temperature dependence of the conductiv-
ity. Thisapproach served asthe basisfor the electronic—
thermal theory, which has offered satisfactory explana-
tions for many characteristics of the switching effect in
chal cogenide vitreous semiconductors [6].

1063-7834/05/4703-0439$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Schematic representation of the left-hand (Q,) and
right-hand (Q,) sides of Eq. (1&). Points 1 and 2 correspond
to two solutions of the system of equations (1a) and (1b).

At present, the particular interest expressed by
researchers in the problem regarding the electrical
instabilitiesin disordered material s has been associated
with two circumstances, namely, the real boom in the
use of chalcogenide vitreous semiconductors for opti-
cal and electrical recording of information and the
investigation of the switching effect in organic poly-
mersfor which not only S-shaped current—voltage char-
acteristics but also N-shaped current—voltage character-
istics indicating the transition from a low-resistance
state to a high-resistance state are observed upon
switching [7].

In this paper, the mechanisms of switching effects
with the S- and N-shaped current—voltage characteristics
observed in disordered organic polymers and chalco-
genide vitreous semiconductors in strong electric fields
are interpreted within a unified approach based on the
electronic—thermal theory. As is known, materias of
both these classes have a similar low-coordinated
atomic structure. For this reason, chal cogenide vitreous
semiconductors are often referred to as inorganic poly-
mers. Moreover, preliminary resultsdemonstratethat, in
a number of cases, disordered polymers and chalco-
genide vitreous semiconductors in strong electric fields
exhibit similar behavior. Inthisrespect, theresults of the
comparison and analysis of the data obtained for mate-
rials of these classes are of considerableinterest both for
the physics of polymers and chalcogenide vitreous
semiconductors and for their practical application.

2. NECESSARY CONDITIONS FOR THERMAL
AND ELECTRONIC-THERMAL ELECTRICAL
INSTABILITIESWITH AN SSHAPED CURRENT-
VOLTAGE CHARACTERISTIC

Thermal instability isthe simplest type of electrical
instability in solids. The key condition for this instabil-
ity to arise in electric fields is the semiconducting-type
dependence of the electrical conductivity on the tem-
perature. The positive feedback required to initiate the
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electrical instability with an S-shaped current—voltage
characteristic occurs between the processes of heating
and increase in the electric current passing through the
sample. The passage of the eectric current leads to
heating of the sample; in turn, an increase in the tem-
perature is accompanied by an increase in the conduc-
tivity. This results in a further increase in the electric
current and the devel opment of the instability.

Let us consider the conditions necessary for the
thermal electrical instability to arise in a thin film
within the approximation that the temperature does not
depend on the coordinates. Thefield and temperature at
which the instability arises are determined by the fol-
lowing system of equations:

Ql = Q21 (13.)
dQ, _ dQ,
B ()

where Q, = SLo,F2exp(-AE/KT) and Q, = AST — Ty)
are the terms describing the heat release and heat
removal, respectively; Sisthe surface area of an active
region; L is the film thickness; F is the field strength;
T is the temperature of the sample; T, is the environ-
ment temperature; A is the coefficient of external heat
removal; and AE is the activation energy for conduc-
tion.

The system of equations (1a) and (1b) has a simple
physical meaning, which isillustrated in Fig. 1.

Point 1 indicates the solution to the system of equa-
tions (1a) and (1b) and corresponds to an insignificant
stationary heating to the temperature Ty,(= Ty) in the
field Fy,(= Fy). A small increase in the field strength
F > F,, isaccompanied by adrastic increasein thetem-
perature (the thermal mechanism of electrical instabil-
ity). By solving the system of equations (1a) and (1b),
we obtain the following relationships for the threshold
temperature Ty, and the threshold field F,:

__ _AE AT KT
Ti=Ty=Spi- [1-2z0=To* 55 (2
_ | AkT, NOAE 10
Fo = | To.aE P OokT, 27 (20)

Here, it isassumed that KT, < AE.

When analyzing the necessary conditions for electri-
cal instability, it should be remembered that the system
of equations(1a) and (1b) has not only solutions (2a) and
(2b) but also solutions defined by the expressions

_ AE 4KT
Te= 0t 1 e

Fo = Fy(T)). (3b)

The two solutions to the system of equations under
consideration arerepresented by pointsland 2inFig. 1

(38)
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and by the fields F,, and F, in the Sshaped current—
voltage characteristic in Fig. 2. In the threshold field
Fy, the sample in the high-resistance state prior to the
onset of an avalanche-like development of thermal
instability is heated only to the threshold temperature
Ty Inthefield F,, the samplein the low-resistance state
is heated to the temperature T,, which is determined by
the activation energy for conduction. The instability
can arise a point 1 only when theradicandsin relation-
ships (2a) and (3a) are larger than zero, i.e., when the
condition 4kKT, < AE is satisfied. The opposite condition
4KT, = AE formulated in [8] means that the system of
equations (1) has a stable solution only and the
S-shaped current—voltage characteristic associated with
the therma mechanism of electrical instability disap-
pears; i.e., the current—voltage characteristic becomes
monotonic.

Another factor responsible for the disappearance of
the Sshaped current—voltage characteristic is associ-
ated with the conditionsfor heat removal. In the case of
intense heat removal, the electrical instability dueto the
Joule heating does not develop, because, under these
conditions, the sharp increase in the temperature neces-
sary for the instability to arise in the sample does not
occur.

The range of parameters at which the sample exhib-
itsan S-shaped current—voltage characteristic dueto the
Joule heating is shown in Fig. 3. According to the
results presented in Fig. 3, the S-shaped current—volt-
age characteristic can be observed in the case where the
temperature dependence of the conductivity is suffi-
ciently strong (the values of t, = KTy/AE are small) and
the heat removal isnot very intense[i.e., the parameters
Yy =AL/2k (1 + Ad/2K ) are small]. Here, A is the coeffi-
cient of external heat removal; L and d are the thick-
nesses of the chal cogenide vitreous semiconductor film
and the electrode, respectively; and K¢ and K are the
heat conductivity coefficients of the chal cogenide vitre-
ous semiconductor and the electrode material, respec-
tively. For small parameters vy, the values of ty(y) at
which the S-shaped current—voltage characteristics
transform into monotonic current—voltage characteris-
tics are close to 1/4. This corresponds to the uniform-
temperature approximation [i.e., to the system of equa-
tions (1a) and (1b)] and the results obtained in [8]. As
the parameter y increases, the coordinate dependence of
the temperature should be taken into account. This
dependence leads to a monotonic decrease in the values
of ty(y). Therefore, the dependencety(y) showninFig. 3
permitsoneto predict the possible devel opment of elec-
trical instability with an S-shaped current—voltage char-
acteristic due to the Joule heating for specific experi-
mental situations (i.e., for particular values of t, and y)

[9].
Let us analyze how the phase transition from one

conduction state to another conduction state, which can
occur at the temperature T; > T,, affects the results
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Fig. 2. Schematic representation of the S-shaped current—
voltage characteristic. Points 1 and 2 correspond to points 1
and 2 in Fig. 1. The fields and temperatures at these points
are determined from relationships (2a), (2b), (3a), and (3b).
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Fig. 3. Boundary of the existence region of the S-shaped
current—voltage characteristic.

obtained. The analysis will be performed for small
parametersy, i.e., in the uniform-temperature approxi-
mation. It should be emphasized that the case in point
is a semiconductor—metal phase transition that is not
necessarily associated with structural ordering. As can
be seen from Fig. 4, the conductivity transition mani-
fests itself in the temperature independence from the
heat release (curves Qy) in the range above the phase
transition temperature T;.

The condition 4kT, = AE (see above) meansthat the
temperatures T, = T, and T, become equal to each other
and, moreover, the slope of the curve Q,(T) at the point
T, =T, coincideswith the slope of the curve Q,(T). This
takes place at the inflection point of the curve Q,(T)
(Fig. 1). In the case of the phase transition from one
conduction state to another conduction state at the tem-
perature T;, the dependence Q,(T) can be approximated
by the curve Q; (T) (Fig. 4). For simplicity, we assume
that the curve Qi (T) at the temperature T; varies
smoothly, even if sharply, but does not have a kink.
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Fig. 4. Schematic representation of the left-hand (Q,) and
right-hand (Q,) sides of Eqg. (1a) in the case of a phase tran-
sition from one conduction state to another conduction state
at atemperature T;.

Therefore, the derivative dQy;/dT exists at al tempera-
tures. In this case, the system of equations (1a) and (1b)
describes the thermal mechanism of electrical instabil-
ity with allowance made for the conductivity transition
at the temperature T;. Solutions (2a8) and (2b) remain
valid for kT, < AE, whereas solutions (3a) and (3b)
take the form

T,=T;, (4a)
Fo=Fy(Ty). (4b)

Assuming that the dependences Qy (T) and Q,(T)
differ from each other only in the immediate vicinity of
the temperature Ty, the inflection point of the curve
Qi (T) aso lies in the vicinity of this temperature.
Hence, the condition for the disappearance of the
S-shaped current—voltage characteristic can be written
in the following form:

Q. = Qi (5a)
dQl dQ2
—=1 = Yo 5b
dT dT |, (5b)
2
dQ =y (50)
dT? T
Asaresult, wehave T, = T,=T; or
kT2
g = T To (6)
Hence, the environment temperature has the form
kT
To = Tig—7z20=To(To). (7)

The last relationship for the environment tempera-
ture T, replaces the condition 4kT, = AE (or t, = 1/4).
Therefore, the phase transition from one conduction

TSENDIN et al.

state to another conduction state leadsto aconsiderable
decrease in the environment temperature T, [from the
value of AE/4K to the value determined by relationship
(7)] at which the S-shaped current—voltage characteris-
tic associated with the thermal mechanism of electrical
instability can be observed. For example, the ratio
AE/4k at AE = 0.5 eV isequa to 1450 K and the envi-
ronment temperature Ty(T;) determined from relation-
ship (7) at T; = 500 K is 450 K. It is evident that an
increase in the parameter y results in a monotonic
decrease in the environment temperature Ty(y), which
corresponds to the disappearance of the S-shaped cur-
rent—voltage characteristic in the case of the conductiv-
ity transition. For large parameters y, the dependences
calculated with and without regard for the conductivity
transition should be very similar to each other. There-
fore, theinclusion of the phase transition from one con-
duction state to another conduction state not only leads
to a change in the range of parameters at which the
material can exhibit an S-shaped current—voltage char-
acteristic but also decreases the temperature of the tran-
sition to the low-resistance state.

L et usnow consider our problem for the electronic—
thermal mechanism of initiation of electrical instability.
In the smplest approximation, the contribution of the
electronic processes occurring in a strong electric field
(with uniform strength F at temperature T) can be taken
into account by introducing the conductivity o(T, F),
which is dependent on both the temperature and the
field strength. As arule, the dependence of the conduc-
tivity o onthefield strength F for chal cogenide vitreous
semiconductors can be written in explicit form

= OAE, F O
9= 0PI T TR M

(8)

where Fy(T) is the characteristic field whose strength
and temperature dependence are governed by the spe-
cific electronic mechanism responsible for the change
in the conductivity in a strong electric field. For sim-
plicity, we assume that F, = akT, where a is a constant.

Then, the solutions to the system of equations (1a)
and (1b) are the temperature and the field

_ l Fl,ZD _ 4kT0 0
Tiz = SE a D%”A/l RE-F, g
AE ,_F O
le,2 a.kT]_’P

The condition for the disappearance of the S
shaped current—voltage characteristic can be found

SLooFs exp = A(T1,—To).(9b)

from the equality of the radicand in relationship (9a)
to zero:
Ty, = 2T, (10a)
4KT, = AE(1-F,/aAE), Vg = FuL.  (10b)
PHYSICS OF THE SOLID STATE  Vol. 47 No.3 2005
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It can be seen from these expressions that the envi-
ronment temperature corresponding to the disappear-
ance of the S-shaped current—voltage characteristic also
decreases significantly in the case of the electronic—
thermal mechanism. The Sshaped current-voltage
characteristic can disappear at any environment tem-
perature T. Inthiscase, wehave T, , = 2T, and thecrit-
ica parameters of the sample are determined from
relationships (9a), (9b), (10a) and (10b) and obey the
equation

Yty = (1-4t,)°, (12)

wherey; = Ae?/Lo@’kAE. This quantity and the parame-
ter y are proportiona to the coefficient of external heat
removal A. However, since we use the uniform-tempera-
ture approximation, the quantity y; does not depend on
the heat conductivity coefficients. The different depen-
dences of the quantities y and y; on the thickness L can
be explained by the fact that the parameter y depends on
thethickness L dueto anonuniform heating, whereasthe
quantity y, depends on the thickness because of the
decrease in the effective activation energy in expression
(8) withanincreasein thefield strength. Figure 5 depicts
the dependence ty(y;) caculated from relationship (11).
This dependence bounds the range of parameters at
which the material can exhibit an S-shaped current—volt-
age characterigtic due to the electronic—thermal mecha-
nism of initiation of the instability.

Now, we analyze the influence of the semiconduc-
tor—metal conductivity transition at the temperature T;
on the development of the eectrical instability. It is
clear that, if the inequality T; > 2T, is satisfied, the
results obtained hold true on aqualitative level. At T; <
2T, it is necessary to use the approach based on rela-
tionships (5a)—(5c).

Among the chalcogenide vitreous semiconductors,
the Si;,TegAs;Ge, compound has been investigated
most extensively. For this compound, the temperature
dependence of the characteristic field F, isdescribed by
the expression

o = akT(1-T/Ty), (12

wherethe temperature T, liesin the range 450-500 K and
corresponds to an unknown phase trangition. The temper-
ature T; of the phase transition from one conduction state
to another conduction State is close to the temperature T,
By assuming that, at this temperature, the exponent
becomes equal to zero, the temperature T; of the conduc-
tivity transition can be determined from the equation

AE_ ___F
KT, akT{(1-T/Ty)

For T, > T./2, the dependence o(T) with the charac-
teristic field F, represented by relationship (12) has no
inflection point and the solution corresponding to the
instability formally exists in al cases. Then, the

(13)
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Fig. 5. Boundary of the existence region of the S-shaped
current—voltage characteristic in the case of the electronic—
thermal mechanism of electrical instability. The conductiv-
ity is described by relationship (8).

approximate equality T, = T; can be treated as the con-
dition for the disappearance of the S-shaped current—
voltage characteristic.

It should be noted that, for the therma and elec-
tronic—thermal mechanismswith the characteristic field
Fo = akKT, the exponent at the inflection point of the
dependence o(T) is equal to—2; i.e., the conductivity is
determined by the expression o = gyexp(-2). As a
result, we have -AE/2KT, + F/F, = -2 in the case of the
electronic-thermal mechanism. For AE = 0.5 eV and
T, = 300 K, we obtain -5800/600 + F/F, = -2 and,
hence, F/F, ~ 8. Note also that the heating associated
with the electronic-thermal switching for the character-
isticfield F given by expression (12) at T, < T,/2isless

than the quantity kTé/AE and decreases with an

increasein thefield strength F. In our opinion, thisindi-
cates the possible crossover to a purely electronic
mechanism of the switching effect.

3. NECESSARY CONDITIONS
FOR THERMAL ELECTRICAL INSTABILITY
WITH AN N-SHAPED CURRENT-VOLTAGE
CHARACTERISTIC

In the genera case, the N-shaped current—voltage
characteristic corresponds to the transition from alow-
resistance state to ahigh-resistance state. Therefore, the
negative feedback required to initiate the thermal elec-
trical instability should occur between the processes of
heating and change in the electric current passing
through the sample; i.e., the heating of the sample
should lead to a decrease in the electric current. It is
obviousthat thethermal electrical instability with an N-
shaped current—voltage characteristic cannot be
observed for the semiconducting-type temperature
dependence of the conductivity o(T) = o exp(-AE/KT)
with a positive derivative do/dT > 0. For an N-shaped
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Fig. 6. N-shaped current—voltage characteristic in the case
of thermal electrical instability. The conductivity is
described by relationship (14).

current-voltage characteristic to be observed, the
dependence a(T) must contain aportion with anegative
derivative do/dT < O, i.e,, in which the conductivity
decreaseswith an increasein thetemperature. Inamore
general form, this situation can be considered as a
metal—semiconductor conductivity transition at the
temperature T; when the resistance R; of the metal is
less than the resistance R, of the semiconductor. When
this transition occurs as a result of the Joule heating
I?R, the appreciably higher voltage is necessary to
maintain the new state at the temperature T;. If such a
voltage is not applied to the sample, the sample under-
goes relaxation oscillations with transitions from the
state with resistance R, to and from the state with resis-
tance R;.

In the framework of the phenomenological elec-
tronic—thermal theory, the origin of an N-shaped cur-
rent—voltage characteristic has not been considered in
the literature. It is not evident whether the electronic—
thermal theory can explain the existence of an N-shaped
current—voltage characteristic, because the transition
from a low-resistance state to a high-resistance state
can be accompanied by a decrease in the released
power. Thisleadsto adecreasein the temperature of the
sample, which seemingly should transform into theini-
tial low-resistance state.

Below, we will demonstrate that the N-shaped cur-
rent—voltage characteristic can be obtained with due
regard for the dependence o(T) involving aportion with
a negative derivative do/dT < 0. For this purpose, the
dependence o(T) is approximated by the function

0(T) = Goexp(-DE/KT —T/T,). (14)

This dependence exhibits a maximum at atempera-
ture T, = (T,AE/K)Y2, which approximates the temper-
ature of the phase transition from one conduction state
to another conduction state. The dependence has a pos-
itive derivative do/dT > O at T < T, and anegative deriv-
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ative do/dT < 0 at T > T,,. Therefore, the temperature
Trax SIMulatesthe temperature T; of the phase transition
from the state with a semiconducting-type temperature
dependence of the conductivity to the state with a
metallic-type temperature dependence of the conduc-
tivity. The current—voltage characteristic can be deter-
mined from the following relationships:

Q,=Q, o LoF’=\T-Ty),

J(F) = o(T(F))F
= Goexp(—AE/KT(F) = T(F)/T,)F.

The temperature T(F), which is dependent on the
mean electric field F = V/L, isthe solution of Eqg. (15a).
Here, we used the simplest approximation of the uni-
form temperature T and field F, which are independent
of the coordinates. Substitution of the temperature T(F)
into expression (15b) gives the current—voltage charac-
teristic. Since Eq. (154d) is transcendental, it is more
convenient to use the temperature T as a parameter and
to calculate the quantities F(T) and J(T) and the cur-
rent—voltage characteristic at a specified temperature T.
Then, thefinal equations describing the current—voltage
characteristic can be written in the form

i = 313, = ((1-1)exp(—LiteT—T/t,)) "%,  (16a)

(15a)

(15b)

f = FIF, = ((T—1)exp(L/t,T +1/t,))",  (16b)
where o(1) = ggexp(-UteT — T/ty), Jo = (AagTo/L)Y2,
Fo = Jo/0o, T = T/Ty, Uty = AE/KT,, and t, = T,/ T,

Relationships (16a) and (16b) describe the current—
voltage characteristic associated with the Joule heating
of the layer for which the temperature dependence of
the conductivity o(T) is given by expression (14). The
current—voltage characteristics were calculated for sev-
eral parameters (1o, t;). One of these current-voltage
characteristics at 1/t; = 15 and t, = 0.0765 (T = Ty =
300 K) isplotted in Fig. 6.

It can be seen from Fig. 6 that the phenomenol ogical
electronic-thermal theory provides a correct descrip-
tion of the N-shaped current—voltage characteristic
when the dependence o(T) exhibits a portion in which
the conductivity decreases with an increase in the tem-
perature (do/dT < 0). This inference does not hold for
all parameters. Actually, condition (15a) is satisfied
only inthe case where the conductivity decreasesrather
smoothly and the released Joule heat ensures the tem-
perature higher than the phase transition temperature T;
in the range of the descending portion of the N-shaped
current—voltage characteristic.

The transition from alow-resistance state to a high-
resistance state with an N-shaped current—voltage char-
acteristic was observed in poly(ethylene) with additives
of graphite [10]. The switching effect has been used in
devices that prevent electric circuits from overloading.
The N-shaped current—-voltage characteristic in these
devices is explained by the sharp decrease in the con-
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ductivity of the material at a temperature of approxi-
mately 400 K. This temperature can be identified with
the aforementioned temperature T; of the phase transi-
tion from one conduction state to another conduction
state. In our earlier work [7], we experimentaly
observed an N-shaped current—voltage characteristic in
the poly(phenylvinylene) organic semiconductor and
made the assumption that this characteristicisrelated to
the portion with a negative derivative do/dT < 0 in the
temperature dependence of the conductivity a(T).

4. CONCLUSIONS

Thus, it has been demonstrated that the origin of
S-shaped and N-shaped current—voltage characteristics
can be described in terms of the phenomenological
electronic-thermal theory.

The key condition for the existence of an S-shaped
current—voltage characteristic is a strong activation
dependence of the conductivity on thetemperature (i.e.,
small ratios KT/AE) and a heat removal that is hot too
large (i.e., not overly large parametersy and y;).

It has been shown that the phenomenological elec-
tronic-thermal theory provides a correct description of
the N-shaped current—voltage characteristic when the
temperature dependence of the conductivity o(T)
exhibits a portion with a negative derivative do/dT < 0.
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Abstract—The capture of electrons by charged impurities in semiconductors due to spatial diffusion isinves-
tigated theoretically. In a semiconductor, an electron either can be captured by the field of a charged impurity
if this electron loses energy by emitting phonons or can be ionized from the trapping state if it acquires energy
by absorbing phonons. The electron trapping is governed by a change in the distribution function of electrons
in both coordinate and momentum space. The trapping coefficient is cal culated under the condition whereit is
determined by the diffusion redistribution of the electron density in thefield of a charged impurity. © 2005 Ple-

iades Publishing, Inc.

1. STATEMENT OF THE PROBLEM

In a semiconductor, impurities lose electrons to the
conduction band and the density of conduction elec-
trons is determined by a balance between the trapping
of electrons by impurities into a bound state and the
release of eectrons from this state. The balance equa
tion describing the evolution of the electron density n,
can be written in the form

dn
d_te = kinim_krnimne+G- (1)

Equation (1) for the electron balance includes the terms
describing the ionization and trapping of electronsin a
semiconductor containing impurities with a concentra-
tion n,,, (where k; and k; are the coefficients of ioniza-
tion and trapping of electrons, respectively) and the
term G characterizing the generation of nonequilibrium
electrons. The coefficientsinvolved in this phenomeno-
logical equation can be determined within the micro-
scopic kinetic theory. The self-consistent variant of the
microscopic kinetic theory was elaborated in my recent
paper [1], in which the kinetic equation allowing for the
transitions between free and bound states of electrons
in impurities was aobtained for the first time and the
electron balance equation (1) was derived from this
kinetic equation. In turn, this made it possible to calcu-
late the coefficients k; and k. in the framework of the
microscopic kinetic theory.

However, in [1], the theoretical treatment was car-
ried out under the important assumption that the distri-
bution functions f(-2 of free and trapped electrons
depend only on the total electron energy E. If the
motion of an electron is described in terms of classical
mechanics, the total electron energy is the sum of the

kinetic energy €,, which is a function of the electron
momentum p, and the potential energy U(r), whichisa
function of the coordinater; that is,

2

- b
€y = o 2
Here, mis the effective electron mass. For a charged
impurity, the potential energy isdefined by therelation-

E =¢g+U(r),

2
ship U(r) = —ef/r , Where ef = %, Z is the impurity

charge expressed in terms of an elementary charge, and
K isthe static permittivity of thelattice. Thetotal energy
is positive for free electrons and negative for bound
electrons. Hence, in what follows, the total energy of
trapped electrons will be designated as —E.

The transitions between the states of free and
trapped electrons are governed by a change in the elec-
tron distribution function in both momentum and coor-
dinate space. In coordinate space, the change in the
electron distribution function is treated as a spatia dif-
fusion. In this paper, we will determine the conditions
under which the spatia diffusion can be ignored and
will then calculate the coefficients of ionization and
trapping of electronsunder the condition wherethe spa-
tia diffusion and the energy relaxation play equally
important roles.

2. THEORETICAL TREATMENT

Energy relaxation in semiconductors occurs in the
course of electron—phonon collisions. Let us consider a
situation in which the temperatures are high enough to
satisfy the inequality T > 3ms?, where T is the temper-
ature expressed in terms of energy and sis the velocity

1063-7834/05/4703-0446$26.00 © 2005 Pleiades Publishing, Inc.
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of sound. For both free and trapped electrons, the coor-
dinate dependence should be taken into account when
the particles are characterized by thermal energies.
Therefore, the motion of these particles can be
described in terms of standard kinetic equations with-
out inclusion of the terms accounting for the transitions
between the states of free and trapped particles. It
should be noted, however, that these terms will be
needed in subsequent cal culations of the ionization and
trapping coefficients.

For free electrons subjected to a force field induced
by an impurity located at the origin of the coordinates,
the principal component of the distribution function
f(r, E) depends on both the total energy of an electron
and theradiusr, which is equal to the distance between
the electron and the impurity. Moreover, the distribu-
tion function of free electrons has an insignificant com-
ponent associated with the electric current:

f.(r, E) = T(ap)nEq(Df(r, E)—0OU(r)df(r, E)/OE), (3)

where 1(g;) is the relaxation time of the electron
momentum p. For the distribution function f(r, E), we
obtain the following kinetic egquation, which is aver-
aged over the angular variables:

D(E + €2/r) J(E + €2Ir)

(2E+ef/r)

2

x| 8°F19°r +
(E+ejlr)

af/rar}
(4)

J2(E + €ir)°

+/9E
o

(Tof/0E + f)} = 0,

2¢ .
ﬁr(sp), g, =E+ ellr, and | is the
energy mean free path. In kinetic equation (4), theterm
describing the energy relaxation is transformed into a
differential form, because the energy transfer due to
electron—phonon collisions is insignificant [2]. Let us

assumethat D ~ ,JE + ef/r . This relationship is satis-

fied under the condition where the electron momentum
relaxation is provided by phonons or point impurities.
The solutions we are interested in should decrease for
long distances. It is necessary to note that the Boltz-
mann function f(r, E) = Aexp(—E/T), which is indepen-
dent of the distance, is always a solution to kinetic
equation (4). Therefore, the spatia diffusion can come
into effect only when the electron distribution is a non-
equilibrium function of the energy for short distances.

where D(g,) =
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For energies E > ef/r, the variables involved in

kinetic equation (4) can be separated and the general
solution can be written in the following form:

f(r, E) = a,exp(-E/T)

¥ 3 3 coln (E/T)exp(~(E/T + Jnr/ly), ©
n=0

where Lrgl) isthe generalized Laguerre polynomial and

12 = D(T)| /m/./T . The expansion coefficients can be
determined from the energy dependence of the electron
distribution function for distances shorter than the
mean free path | 4. In the function f(r, E) [solution (5)],
the dominant contribution is made by the component
that does not decrease with an increase in the distance
and is an equilibrium function of the energy.

For energies E < ef/ r, we obtain quite a different
solution to the kinetic equation. The variablesinvolved
in this equation can also be separated. As a result, the
function f(r, E) and its approximation ¢(E) for short
distances r, can be related by the integral expression

ite ) Ko(LYrt(Tt—1i))

Ko(JYrot(Tt=1))’
4ef ©6)
-

In expression (6), K, is the Macdonald function, which
provides a decrease in the function f(r, E) [solution (6)]
asthe distancer increases, and the square root is deter-
mined in such away that it is positive for large values
of the variable. By virtue of the singularity of the Mac-
donald function K, at the origin of the coordinates, the
distance r, should be set very short but finite.

For ¢(E) = Aexp(-E/T,), where T, is the electron
temperature (T, # T), the solution to the kinetic equation
can be represented in asimpler form, that is,

(B = Ae KW Te(Te-T))
Ko(w¥ToTe (Te=T))

Let us now assume that the electron temperature T,
tends to a temperature T. As a consequence, the func-
tion f(r, E) described by relationship (7) is transformed
into an equilibrium function. This transformation can
beillustrated as follows. It is assumed that r > r,. The
difference between the distances r and r, should
decrease as the electron temperature T, tends to the
temperature T; asaresult, the numerator and denomina-
tor in relationship (7) cancel each other out. Therefore,
the solution to the kinetic equation does not decrease
with an increase in the distance and is an equilibrium

f(r,E) = }q)(E‘)dE'}dte

(7)
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function of the energy only in the case when the bound-
ary condition is specified in the form of an energy func-
tion that is very similar to the equilibrium function.

Since the distance r is very short, the Macdonald
function K, in the denominator of expression (6) can be
replaced by the quantity L = In(IyT/e,./ry). Then,
expression (6) can be rewritten in the simplified form

“dE'¢(E
Hr.B) = TL¢(R) DzT 2%
0 (8)
R = %+—(E;E')2.

It turned out that, under an arbitrary boundary condi-
tion, the function f(r, E) described by expression (8)
decreases for distances greater than the quantity

|2E/eZ, asis the case with relationship (7).

Kinetic equation (4) becomes applicable to trapped
electrons after the energy E is replaced by the quantity
—E. Since the kinetic energy is positive, we have E <

ef/ r. Therefore, for trapped electrons, there exist only
solutions of the type given by expression (6).
Theionization and trapping coefficientsk; and k, can
be cal cul ated from the expression obtained in [1] for the
collision integral describing electron—phonon colli-
sions that are responsible for transitions between the
states of free and trapped particles. After integrating
this expression over the entire phase space, we derive
electron balance equation (1). In turn, the electron bal-
ance eguation makes it possible to obtain expressions
for the ionization and trapping coefficients k; and k; in
terms of the distribution functions of free and trapped
particlesf & 2(r, p):
1 2
k, = Mj’dpdr dad(e, —€,_nq—hWq)|Cq|

2

2
e
x 19, p)(ng + DO, - 2o —¢, . f),
(©)
k =

1
W'[dpdr dq8(e, —€p_pq —h03)|Cq°

2 2
e
X f(z)(r, p)nqe%p -Tlgeg—il —sp_ﬁ%.

Here, q and w, = sq are the wave vector and the fre-
quency of a phonon, respectively; ¢, is the electron—

. hw,/T .
phonon coupling constant; andn, = (e *  —1)*isthe
Planck distribution function for phonons. Mathemati-
caly, thefunctions©(x) =1 (x> 0) and ©(x) =0 (x< 0)
entering into relationships (9) correspond to the condi-
tions that an electron with momentum p be free and its
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energy be positive and that an electron with momentum
p — 2q be trapped and its energy be negative. When
deriving relationships (9), it was assumed that the tran-
sitions between the states of free and trapped electrons
occur in the vicinity of each impurity independently of
one another. This becomes possible only when the
impurity concentration satisfies the following condi-
tions:

2 _} 2
> N >3 (10)
3ms T
By simplifying relationships (9), we obtain
k, = +1J’dEJ'dE'E—'_2E./T
2mA " nms , 1 1-e
SefmszlE'2
| r’dr fP(r, E),
0
(11)
00 00 E'2
ki = ————[dE[dE'—+—
" omn® ms-[ I ET
8e1ms/E

| r’dr fP(r, E'— E).

0

Substitution of the solutions to kinetic equation (4)
into integrals (11) demonstrates that the parameter

ef/IdT is of fundamental importance in solving our
problem. In the case when this parameter is small, it is
necessary to use the solution given by expression (5).
However, the principal function involved in this solu-
tion is independent of the coordinates; hence, we are
led to the kinetic theory considered in [1].

When the parameter ef/IdT islarge, the spatia dif-
fusion plays a significant rolein the process of electron
trapping. Therefore, it is necessary to use solutions of
the type given by expression (6). Among these solu-
tions, for simplicity, we will restrict our consideration
to the solution given by relationship (7). The basic ine-
quality can be written in the form

e (T—T)/,T2> 1. (12)

In order to calculate the trapping coefficient k,, we

use the nonequilibrium function ¢(E) =

[ni34/ 210 I(MT)¥9exp(=E/T.). In this case, the elec-
tron temperature T, is not anomalously closeto the tem-
perature T. Upon substituting the nonequilibrium func-
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tion into relationship (11) for the trapping coefficient
k., we obtain

‘- 4 miTY?

2
= X Ko(Xx)dx.
" 3Lims(T,-T)*"

(13)

This relationship differs from the formula kr(L) =

4nefD(T)/T proposed by Langevin [2, 3]. The main
reason for this difference is that the Langevin coeffi-
cient is not a trapping coefficient. The trapping coeffi-
cient is the quantity k; involved in electron balance
equation (1). It is this quantity that can be measured in
the experiment. We calculated this quantity theoreti-
cally. Relationship (11) defines the trapping coefficient
and isuniversal in al the cases under consideration. In
[1], this relationship was used under the conditions
opposite to those specified by inequality (12). In the
present work, the same relationship is used in the situ-
ation where inequality (12) is satisfied. The Langevin
coefficient is the ratio of the electron flux through a
sphere surrounding a charged impurity to the electron
concentration. The identification of the Langevin coef-
ficient with the trapping coefficient is an arbitrary and
unreasonable assumption. The Langevin theory was
outlined by Abakumov et al. [2, ch. 7]. Moreover, these
authors made some attempts to generalize this theory.
However, in al the cases analyzed in [2], the trapping
coefficient was defined as the normalized flux of parti-
cles through a sphere surrounding a charged impurity.
Since this quantity is not a trapping coefficient, al the
inferences drawn in [2] cannot be considered satisfac-
tory.

We assume that the degree of nonequilibrium of the
electron distribution function is not anomalously small:
(To — TIT, ~ 1. Consequently, the ratio of the Lan-
gevin coefficient to the trapping coefficient given by

formula (13) is equa to esJ/m/l T2%. This ratio
involves the product of the large quantity ef/ [4Te mul-

tiplied by the small quantity A/mSZ/Te and, hence, can
be of any order of magnitude.

The calculation of theionization coefficient k; is per-
formed in the same manner as for the trapping coeffi-
cient k.. However, in this case, the electron density ny,
involved in the function ¢(E) is assumed to be equilib-
rium and the electron temperature T, is taken to be
anomalously close to the temperature T: T,= T + 3ms”.
Moreover, the difference between the temperatures is
disregarded for energies higher than the energy E; (E; ~
T) and is taken into account for lower energies. The
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final expression for the ionization coefficient contains
two terms:

4 . 62 3 I3.|.5/2Q 5
ki = neoE64 23T[m€‘13 + ﬁ?s/z 4J-X2K0(X)d>ﬂ
oo ElF 3Lm™’s'd O

2 2 (14)
- gglMSO
Q= 96EIdEl A -

It should be noted that the expressions for the ion-
ization coefficient can be different depending on the
parameter that involves the diffusion length and
accounts for the degree of nonequilibrium of the distri-
bution function at low energies. Under the condition

ef/IdT > T/3ms? > 1, we have

K = 256A/2Trmneoefs2
' OEIST

(15)

This relationship is valid at high energies and does not
involve quantities characterizing the degree of nonequi-
librium of the distribution function. However, under the

condition T/3ms? > €2/I,T > 1, we obtain

3.-5/2%
3TNl 4 T

ki = —{x Ko(x)dx. (26)

27LIm>%s*

Expression (16) is similar to relationship (13) with
allowance made for the difference in the degrees of
nonequilibrium of the distribution functions for free
and trapped electrons.

3. CONCLUSIONS

The trapping coefficient controlled by the spatial
diffusion was calculated in the framework of the theo-
ries proposed earlier in [2]. However, this coefficient
does not coincide with the trapping coefficient entering
into the balance equation; i.e., it is not an experimen-
tally measured trapping coefficient. In this paper, the
influence of the spatia diffusion on the capture of elec-
trons by a charged impurity and their release from the
trapping state was analyzed within the kinetic theory
developedin[1]. It was demonstrated that the influence
of the spatial diffusion on the processes of ionization
and trapping of electrons by charged impurities mani-
fests itself only when specific conditions are satisfied.
These conditions include the degree of nonequilibrium
of the distribution functions for free and trapped elec-
trons. Expressions were derived for the ionization and
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Abstr act—Specific features of the charge-transfer states and O2p — V3d transitions in the (VOg)* octahe-
dral complex are studied using the cluster approach. The reduced matrix elements of the electric-dipole transi-
tion operator are calculated for many-electron wave functions corresponding to the initial and final states of a
charge-transfer transition. Using a parameterization of the results, the relative intensities of the allowed charge-
transfer transitions are calculated disregarding the mixing of different configurations of the same symmetry.
The Tanabe-Sugano theory is used with inclusion of this mixing to calculate the energies of many-electron
charge-transfer transitions and their actual intensities. Modeling of the optical spectrum of LaVO; reveals a
complicated charge-transfer transition band consisting of 81 lines. The main maxima of the band are in the
range 6.3—7.3 eV. There are also additional maximain the regions of =3 and =8-9 eV. The bandwidth is=10 eV.
The results of model calculations are in agreement with experiments and demonstrate the weakness of the
widely used assumption that the spectrum of charge-transfer transitions has asimple structure. © 2005 Pleiades

Publishing, Inc.

1. INTRODUCTION

One of the current problems in the physics of
strongly correlated systems is uncovering the nature of
the electronic structure and energy spectrum of oxides
of 3d elements, which are very promising for the cre-
ation of new important materials, from high-tempera-
ture superconductors to materials with colossal magne-
toresistance and highly nonlinear optical properties.
Optical and magnetooptical methods have proven very
effectivein studying the electronic structure and energy
spectrum of these compounds. However, the nature of
the low-energy electron-hole excitations is still under
discussion. First proposed in [1] for yttrium iron garnet
and developed further in [2] for a wider class of iron-
based oxides, the idea that the optical and magnetoop-
tical propertiesin the near-ultraviol et range and the fun-
damental optical absorption edge are determined by the
charge-transfer (CT) transitions from the oxygen anion
to the 3d-metal cation is obtaining general recognition
at the present time [3, 4]. The ligand-metal and metal—
ligand CT processes are well-established concepts in
theoretical chemistry and spectrochemistry [5].

However, there is no consistent theory of CT states
and transitions in 3d-metal oxides, and this has held
back progressin understanding the nature of the optical
spectra, the interpretation of experiments, and the
development of the appropriate theory of the electronic
structure of strongly correlated systems. Most studies
have used the very primitive idea of CT without much
maodification since its introduction. Attempts have been
made to link the specific features of the optical spectra

of 3d-meta oxidesto certain 2p—-3d CT transitions [6]
(as though mentioning an electron shell is enough to
precisely define the wave function) or, at best, the t,,
and e, symmetry classification of 3d electronsinacrys-
tal field has been drawn from and then, going back to
the original source[2], 2p — 3dty;and 2p — 3d g,
CT transitions have been used [ 7-9]. Thiskind of “one-
electron” approach to CT transitions and states is
entirely insufficient not only for quantitative but even
for qualitative description of the observed optical and
magnetooptical properties of 3d-metal oxides.

One-electron band models, including modern mod-
ifications like LDA + U [10], do not resolve the issue,
because they are unable to reproduce the important
effects of intra-atomic correlations, which shape the
structures of the ground and excited CT states.

The goal of the present work isto study CT transi-
tions and states and the optical spectra of vanadates
using the cluster model of charge-transfer transitions,
which has been successfully employed to describe the
optical and magnetooptical spectra of orthoferrites,
iron garnets, and a number of insulating cuprates and
manganites [11-14]. The model has a clear physical
meaning and makes it possible to correctly include
electron—€lectron correlations and the crystal-field and
variable-valence effects. In alater paper, wewill extend
our analysis to strongly correlated oxides of other tran-
sition 3d metals.

1063-7834/05/4703-0451$26.00 © 2005 Pleiades Publishing, Inc.
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2. CHARGE-TRANSFER STATES
AND TRANSITIONS IN VANADATES

Slightly distorted (VOg)® octahedral complexes are
the main optical and magnetooptical centers in V,05-
type oxides with the corundum structure and in RVO4
compounds with the perovskite structure (R stands for
a trivalent ion of yttrium or a rare-earth metal). The
configuration of the ground state of the (VOg)® com-
plex consists of predominantly anion-type occupied
molecular orbitals (MOs) Oy 5 ,p, Predominantly cat-
ion-type occupied molecular orbitalsV g 5 2 35 3p, aNd
partly occupied MOs of the 3d type. The ground state

of the complex is the orbital triplet [Koyaptsg T1o0)

where K, denotes the internal MOs (which are invari-

able in our case) and is omitted in what follows. The
excited states of the electron configuration are

|y§p3d225+1l'gD A transition between the ground and
any of the excited states is a so-called d—d transition,
which does not involve anion states.

A charge-transfer excited state of the complex is
formed if an electron is transferred from a predomi-
nantly anion MO to a 3d-type MO (either t,, or €,) of
the central V3* ion of the complex. Thisconfigurationis
conventionally described as V3,3d°, where Vs,
denotes a “hol€” in the anion-MO core. A transition
between the ground and an excited configuration is a
CT transition y,, — 3d (t4 Or &).

A charge-transfer configuration has two unfilled
shells: the “ligand” y,, and 3d shells. Many-electron
states of the CT configuration can be written as

V2 Tu; 3d** 7’0 disregarding the interactions

between the 2p hole and 3d electrons. The interaction
between the 2p hole and 3d shell splits these statesinto

V2o Tu: 3d%25 7T+ 7T, Dterms. The splitting can
reach as high as several tenths of an electronvolt,
according to the estimates made in [15].

According to the parity, spin, and quasimomentum
selection rules, electric-dipole transitions are alowed
from the ground state 3T, of the (VO,)*- complex to the
terms of 3, type (O =T, x T, =A +E+ T, + T,) of

the CT configurations féptgg (CT into the t,, shell) and

V2pt2g€ (CT into the e, shell). Among the highest
energy MOs of the 2p type, there are two with the t,,
symmetry (t,,(0), t;,(1)) and one MO of thet,,(17) type.
Thus, six one-electron CT trangitions, denoted as
3T,y — 3, in the symmetry notation, have the lowest
energies. These transitions are t,(m), t,,(1), and
t;,(0) — tyq with predicted energies of 3.1, 3.9, and
5.1 eV, respectively (here and henceforth, the data are
presented for the (FeOg)% complex in the “ orthoferrite”
environment), and t,, (1), t,,(10), and t;(0) — €
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with predicted energies of 4.4, 5.3, and 6.4 eV, res-
pectively [16].

These one-electron transitions generate the follow-
ing many-electron CT transitions of the *T, (%, type
allowed in the el ectric-dipole approximation:

Vo Aigi o Tig t Tag —= YaVuitog & 0 O
(the one-electron y, —= t,, transition) and

61 L +2 3 .3 5 .42 3 .
VU Algv t29 Tlg ' Tlg > yu ur tZQ Tlgv
1 20'+1 3
& By (7 TF) G,

(the one-electron y, —= &, transition). Here, 20+16% =
A, °E, °T;, and ?T,; F =T, xE=T,+ T,;and o' = 1/2
or 3/2. The limitations are due to the Pauli exclusion
principle and the triangle rules for spins and quasimo-
menta.

The transition intensity is characterized by the so-
called line strength, which is the square of the modulus
of the reduced matrix element (RME) for the transition
between states. The RME of the electric-dipole opera-
tor between the many-electron wave functions of the
initial and final configurations corresponding to the
one-electron CT transition y, —» t,4 is given by

% : 3@5u"a"y31Alg; t;gs-rlg : 3T1

i +i(6)-0+3

= (-1) NESTEEEEATICTR

| U
XDTsz Y all

o% & 1,0

The RME of the electric-dipole operator between
the many-electron wave functions of theinitial and final
configurations corresponding to the one-electron CT
transition y, —» g, isgiven by

3 20+1

o V; tog 0

g

3 20+1~

29 l5’|t§g 3-I-lg|:|:129||(’:]|| VUD

VY tog Tag: € Eg(*" %) : *® ldlye Ay

. . 1
2 0 i) +i(®)+30"+3
t293Tlg; eglAlg(STlg) : STlgD: (_1) (2)

0E FT,

x J3[®] (20" + 1)120] 5eyaly,
0

T, vy O

In Egs. (1) and (2), j(I") is a phase factor equal to an
even number for the cubic-group representations I' =
A, E, and T, and to an odd number for the representa-
tionsl' = A, and T;; ['] isthe dimensionality of the cor-

. . O.o.
responding representation; [ [J isa6l symbol; and
[l..]...0is the genealogy factor. The calculation tech-
nique is discussed in more detail, for example, in [17].
The RMEsthat are allowed according to Eq. (1) are
shownin Table 1.
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Table 1. Many-electron CT transitions generated by the one-€electron transitions ty, (19, t1,(19), and ty() — 3d tyy

No. ® y 33 RME No. ® y ® RME
1 ~ 1 A
1 A T, T, N O,glldl[ty,0 1 | T T, E 7 [,g/ldll t,0
1 A .
2 | A | | T N (ygldl[ 50 2 | T T, T, % [l dll 7
1 1A .
3 E T T N gl dllty, ] B | T T, T, —% [yqldl [t
1. A .
4 E T T2 Nz (gl dl[t,, 0 14 T2 T Ay :% [,q/ld]lt, 0
1 A 1 -
5 | E T, T o [/l 0 15 | T, T, E = 6l
1 - 1 -
6 E T2 T2 TGBZQHdHtZUD 16 T2 Tl Tl —E DZngHt]_uD
1 A .
7 | T T, E v ygllallty0 17 | T, T T, % 18ty
1. a .
8 Ty Ty T szngHth 18 Ty Ty E —@ ngHdHtZUD
1 A 1 -
9 T T Tz 5 ,,lldllt, O 19 Tz T2 T 5 [,q/ldl t, 0
2 A 1 -
0 |1 T, A, 7 [,,lld][t, 0 20 | T, T, T, =5 Oagllélltzy

The three one-electron CT transitions t,,(17), t,,(10),
and t,,(0) — 3d t,, generate thirty many-electron CT
trangitions in the electric-dipole approximation: three
3T,y — %Ay, transitions, six *T,; — °E,, transitions,
ten 3T,, — °Ty, transitions, and eleven 3T;; — 3Ty,
transitions.

The RMEsthat are allowed according to Eq. (2) are
shown in Table 2.

The three one-electron CT transitions t,(17), t,,(10),
and t;,(0) — 3d &, generate thirty-six many-electron
CT transitions in the electric-dipole approximation: six
T,y — %Ay, transitions, six *T,; — °E, transitions,
twelve T,; — 3Ty, transitions, and twelve *T,;; —
3T, transitions.

3. PARAMETERIZATION OF THE RESULTS

Further parameterization of theresultsis possiblein
the framework of a so-called local approximation [11],
where many-center integrals are completely neglected
in calculating the RMEs of the dipole moment. In this
case, al the dipole RMEs from Tables 1 and 2 can be
expressed in terms of the effective covalence parame-
ters A, and A for o and 1t bonds, respectively, and the
dipole moment of the cation—anion bond d = eR,, where
R, is the distance between the ions.
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In this approximation, the RMEs EﬂZU(T[)HEI [N

E,,(ml|d |k,5) and [E,,(0)||d |f,Oare zero. Therefore,
this approximation manifests itself as an additional
selection rule that forbids the m — o transitions
[toy(M), (M) — & and the 0 — T transitions
[ti,(0) —= 1] eveniif they are allowed by the electric-
dipole selection rules. Only the CT transitions 0—0
[t1y(0) — & and Tt [ty o, (T) — ty] areallowed. In
what follows, we use the terms strong (for 6—o and T
1) and weak CT transitions (for 70 and o—T).

The local approximation (if it produces a nonzero
result) takes into account the main contribution to the
transition matrix elements. This approximation con-
tainsfirst-order correctionsin the cation—anion overlap
integrals [11].

Among the thirty many-electron transitions in
Table 1, there are twenty strong TeTt transitions [t,,(17),
ti () —= 3d t] and ten weak o-Tt transitions
[tlu(o) —3d tZQ]-

Among the thirty-six many-electron transitions in
Table 2, there are twelve strong o—o transitions
[ti,(0) — 3d g, and twenty-four weak 10 transi-
tions [ty (1), ty,(T) — 3d g].

The integrated line strength of the y, — t,y (TETD)
27

> Aad”, andthat of they, — &, (0—

transitionsis| ;=
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Table 2. Many-electron CT transitions generated by the one-€electron transitions t,, (19, t1,(19), and ty(0) — 3d g

No. |G [y | F ]« RME N | O v | F |9 o
1| A T, | T g {9 SEN 5 | T, T, Tz g %6 Ceglldl[t,,7
2 | A T, T, % _A/ié EﬁgHaHtluD 16 T T, T2 % _“_£§ [egHaHtluﬂ
S A B B I NS [l B B B IR RN
4 | A T, T, % _% EegHaHtZuD 18 T T, T, % ?[EQHGHQUD
s | e n | g _}5 il 19 | Ty | T, | T2 g %2 eyt
6 | E | T % _%é il 20 | T, | | T % _% reylldllt,,0
7 lE T, T, g 0 21 T, T, T g _A_[la [eg\ |d||t,,0
Ble | m] =0 R R R I T T
sle | n im0 S T T R O N 1
10 | E T T % 0 > E E E % %3 [eg‘ dllt,,0
1 | E T, | T g __JZ_?) 2y ldlt,, S R EE g %é ey ldl[t,, 0
PAE T R L iy [P T | Bl
13 | T T, T, g _%2 l}g‘ dllt, 0 21 T2 T2 T2 g —%2 [eg‘ ldllt,, 0
o N B N R - I e B B IR S N s

. . . .

o) transitions is l,, = 12\2d”. Their ratio is I—"" =

[e)e)

O

2

8)\0

these two types of transitions are comparablein magni-
tude.

. Since )\f, > )\Tz[ [11], the integrated intensities of

4. MODELING THE CHARGE-TRANSFER
TRANSITION BAND IN VANADATES

Let us apply the theoretical approach discussed
above to the modeling of optical properties of perovs
kite vanadates RVOs,.

It should be noted that these compounds (like all
other oxides of transition 3d elements in the beginning
of the row) are usually considered to be Mott—Hubbard
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systems rather than CT systems; i.e., the Coulomb
energy U is considered to be lower than the CT energy
A [3]. However, this conclusion is usually based on
experimental spectra (typically, the reflection spectra
influenced by surface effects, which complicate calcu-
lations on the basis of the Kramers-Kronig relation),
which are not always unambiguous. Paper [18] con-
tains a typical example of this sort of erroneous argu-
mentation as concerns the optical-conductivity spec-
trum o(w) of LaTiOs, while the same line of reasoning
is used for the spectra of other 3d metal oxides, includ-
ing vanadates. The peak at Aw = 0.1 eV in the o(w)
spectrum isassigned to the transition between the occu-
pied and vacant Hubbard subbands, and the peak at
fiw=4 eV isassigned to the O 2p-Ti 3d(t,,) CT transi-
tion. In this case, the O 2p-Ti 3d(e,) CT transition has
to be assigned to the peak at 7w = 9 €V and the energy

No. 3 2005
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1T qg=035eV
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Fig. 1. Correlation diagram of the excited CT configuration 3d? in the octahedral crystal field. The degeneracy of the free-ion d®
level isremoved (a) by the Coulomb interaction between electrons and (b) by the crystal field. A Tanabe-Sugano diagram cal culated
for the Racah parameters B = 0.09 eV and y = C/B = 4.5 is shown in the center of the figure. The vertical line indicates the value of
the crystal-field parameter Dg = 0.21 €V used in the calculations. (c) The level splitting by the crystal field as the parameters B and

C decrease to zero.

difference between these transitions is unrealistically
large. It is much better to assume that the energy of the
O 2p-Ti 3d(t,y) transition is smaller than 4 eV. The
intensity of this transition is relatively low [compared
to O 2p-Ti 3d(e,)], so the corresponding peak is not
visible on the background of the plateau in the range 1—
4 V. In this case, the peak at 4 eV is assigned to the
stronger O 2p-Ti 3d(ey) transition. It is this approach
that we used for the modeling of optical spectraof titan-
atesin [19].

Wewill makethefollowing assumptionsasthe basis
for our analysis.

(1) The highest (in energy) oxygen orbital is the
nonbonding t,4() (O,,) orbital [20], which is acharac-
teristic feature of MeQOg octahedral complexes, where
Meisa3d metal.

(2) The energies of nonbonding oxygen statesin the
(VOg)* complex are assumed to be equal to the ener-
gies of the respective states in the (FeOg)% complex
[16]. In this case, the energy differences are (in elec-
tronvolts)

Eim~ B =08, By m-Eym=18,
Etlg(n) - Etlu(o') = 3.0.
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This assumption is reasonable, because the energies of
purely oxygen states are mainly determined by the
crystal environment.

(3) A charge-transfer transition results in the forma-
tion of the 3d2 configuration of the central atom, which
formally corresponds to the Cr3* ion. Therefore, the
electron—electron interaction parameters B and C
(Racah parameters) used in the Tanabe-Sugano dia-
gram (see below) for the excited 3d® CT configuration
are taken to be the same as those for the ground state of
the Cr3*ion [21] in the octahedral oxygen environment.

(4) The optical-conductivity spectrum feature at
=1.1eV [22] istaken asthereference point for the ener-
giesof the CT levelsand transitionsin LavVO;. We sup-
pose that this feature isrelated to the lowest energy CT
transition t;,(1M) — 3d t,g, whichis parity-forbidden in
the electric dipole approximation.

(5) We do not take into account the interaction
between the 2p hole and 3d shell.

Assumptions 2 and 4 allow usto determine the ener-
gies of the following one-electron CT transitions (in
electronvolts): E;, () . ty ~L1+08=19,E (4, =
11+18=29and Ey ()., =1.1+30=4.1.Using
the value Eeg—Etzg = 10Dqg = 2.1 eV [21], we find the

energies of the t(m — ¢, t,(M — &, and
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Fig. 2. Results of theoretical modeling of the O2p—V3d CT transition band in a vanadate. The upper part of the figure gives the
partial contributionsto Ime from the strong and weak CT transitions in the presence (solid lines) and in the absence (dash lines) of
electron—electron interaction. The lower part of the figure presents the sum of al partial contributions (thin solid line) and experi-
mental datafor LavO3[22] (thick solid line), LaVO3[18] (dotted line), and YV O3 [18] (dash-dotted line).

t1(0) — g transitions to be 4.0, 5.0, and 6.2 eV,
respectively.
In order to find the energies of the many-electron CT

transitions generated by these one-electron transitions
and thetransition intensitiesincluding the mixing of the

tgg and tgg g, statesin Egs. (1) and (2), we calculate the

Tanabe-Sugano diagram for the 3d® configuration
using parameters B = 0.09 eV and y = C/B = 4.5 [21]
(Fig. 1b). Thevertical linein Fig. 1b indicatesthe value
of the crystal-field parameter Dg = 0.21 €V used in our
calculations.

The degeneracy of the d level of a free ion is
removed by the Coulomb interaction between electrons
(Fig. 1a) and by the crystal field (Fig. 1b). The level
splitting by the crystal field as the parameters B, C
decrease to zero (i.e., for decreasing electron correla-
tions) isshown in Fig. 1c.

Analysis of the spectrain terms of one-electron band
models (based on the 2p — 3d t,; and 2p — 3d g

CT transitions) is equivalent to using the simplified
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level diagram shown in Fig. 1cinstead of the actual dia-
gram shown in Fig. 1b.

Employing the Tanabe-Sugano diagram, we obtain
a series of strong bands of total span =10 eV (from
=210 =12 eV) for Dq = 0.21 eV. Each of the six one-
electron CT transitions t, (1), ty (1), ty,(0) — 1, &
generates a multitude (from 13 to 15) many-electron
transition with close and often coinciding energies. The
entire spectrum consists of 81 lines.

Let us attempt to model the allowed electric-dipole
CT transition band in the optical spectrum of LavVO;-
like vanadates.

Since the contributions of the transitions t,, (1) —
€y 11u(T) — €, and ty(0) — t,, cannot be taken into
account in the local approximation, we manually intro-
duce the corresponding covalence parameter A, = Ag
Based on the concept of strong and weak CT transi-

tions, we assume the following model relations: )\Tz[ =

No. 3 2005



CHARGE-TRANSFER TRANSITIONS AND OPTICAL SPECTRA

€,, arb. units |
—

=)

Energy, eV 10

Fig. 3. Results of theoretical modeling of the O2p-V3d CT
transition band in a vanadate. Spectral dependence of the
partial contribution to Ime from the strong 711 CT transi-
tions for different values of the crystal-field magnitude
(parameter Dq).

TtO transitions
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Energy, eV

Fig. 5. Results of theoretical modeling of the O2p-V3d CT
transition band in avanadate. Partial contribution to Ime(w)
from the weak 0 CT transitions as a function of Dq.

%Aé and A2, = A2 = 0.07A2. The line half-width T,

isassumed to be the samefor al Lorentzian-shaped CT
transition lines.

The results of the calculation are shown in Fig. 2. In
order to better represent the spectrum structure, the par-
tial contributions to the imaginary part €, of the diago-
nal permittivity tensor component € = €, + i€, coming
from the Tt and 0—0 strong transitions and the 0
and o—Ttweak transitions (the upper part of Fig. 2) are
calculatedfor ', =0.25eV. The sum of al contributions
(thin solid line in the lower part of Fig. 2) is calculated
using amorerealistic value, I', = 0.5 eV. All spectraare
shown in the same relative units. The lower part of
Fig. 2 also gives the experimental optical spectrum of
LaVO; taken from [22] (thick solid line) and the exper-
imental spectra of LavO; and YVO; taken from [18]
(dotted and dash-dotted lines, respectively). We convert
al experimental data from the optical conductivity
o(w) into permittivity. Theresults of model calculations
are in good agreement with experiments [18, 22, 23]. In
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Fig. 4. Results of theoretical modeling of the O2p-V3d CT
transition band in avanadate. Partial contribution to Ime(w)
from the strong 0—o CT transitions as a function of Da.
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Fig. 6. Results of theoretical modeling of the O2p-V3d CT
transition band in a vanadate. Sum of the partial contribu-
tionsto Ime(w) fromall CT transitions (strong and weak) as
afunction of Dq.

the range 7w < 2.5 eV, the calculated curve coincides
exactly with the experimental curve taken from [22].

The upper part of Fig. 2 also presents ssmple model
spectrafor the limiting case of zero values of the Racah
parameters B and C (dash lines). The electron—electron
interaction causes splitting of lines and their displace-
ment, so the resulting spectrum bears no resemblance
to the picture with one peak (due to the 2p—3d transi-
tion) or, in the best case, two peaks (due to the 2p —
3d t,y and 2p — 3d g, transitions), which is often
implied when spectraare analyzed interms of CT tran-
sitions.

The dependences of the optical spectra on the crys-
tal-field parameter Dq are shown in Figs. 3-6. The cal-
culations of the partial contributions (Figs. 3-5) and the
integrated CT transition spectrum (Fig. 6) are per-
formed using the values of parameter I, cited above.
The value of Dq can be negative for the excited CT
states, which is taken into account in our calculations.
Variations in Dg cause not only relative changes in the
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peaks heights but also qualitative transformations of the
entire spectrum.

5. CONCLUSIONS

The specific features of the charge-transfer states
and O 2p — V 3dtransitionsin the (VOg)® octahedral
complex have been studied in the cluster approach,
which successfully combines the concepts in crystal-
field theory and the molecular-orbitals method. We
have not considered an alternative to these (intracenter)
CT transitions, so-called intercenter transitions (involv-
ing adjacent complexes), which are similar to the dis-
proportionation reactions

(VOg)* + (VOp)* —= (VOe)1* + (VOg)*

(note that the intercenter CT transitions in the cluster
approximation are nothing other than Mott—Hubbard
interband transitions).

Using the Racah agebra for the rotation and cubic
groups, we have calculated the reduced matrix ele-
ments of the electric-dipole transition operator for
many-€l ectron wave functions corresponding to theini-
tial and final states of a CT transition.

Based on a parameterization of the results, we have
calculated the relative intensities of the allowed TeTT
and o—o CT transitions disregarding the mixing of dif-
ferent configurations of the same symmetry. The
Tanabe-Sugano theory was used with inclusion of the
configuration mixing to calculate the energies of many-
electron CT transitions and their actual intensities.

Modeling of the optical spectrum of vanadates has
revealed a complex CT transition band consisting of
81 lines. The band has main maxima in the range 6.3—
7.3 eV and supplementary maximain the regions =2—3
and =8-9 eV with an overall bandwidth of =10 eV. The
dependence of the spectrum structure on the magnitude
of the crystal field and on the el ectron—electron interac-
tion has been discussed. The model calculation results
are in good agreement with experiments in spite of the
roughness of the model used.

The results make evident the weakness of the wide-
spread assumption that the CT transition spectrum has
asimple structure consisting of only one or two peaks.
Consequently, the traditional theoretical interpretation
of many features of the optical spectraof vanadates and
(taking into account the results of [11, 19]) other
3d-metal oxides has to be refined.
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Abstract—A model is considered in which atoms A and A" or B and B' of disordered solid solutions
AA] _, BO; and AB, B _, O; are distributed over a regular system of points 1(a) and 1(b) of the symmetry

group Oﬁ characterizing the ideal perovskite structure. The probabilities P(G;[x) of unit cells having crystal-
field symmetry at their center lowered to G; = Ty, D3y, C3s Cays Dony Csy Cg, Or C, are calculated as afunction
of the concentration x. The limits for x in which the Jahn-Teller and/or dipole ordering mechanismis probable
are determined. In the approximation taking into account only effective pair interactions, the scattering ampli-
tude Fy,, isfound to depend on asingle parameter r,. The theory predicts that the dependence of the intensities
of even and odd reflections on sin/A is nonmonotonic and that the distributions of nonuniform strains and of
values of the lattice parametersin solid solutions are discrete. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The problem of determining the probability distri-
bution of the symmetry of the nearest neighbor cation
arrangement of certain types at sublattices A and B in
the perovskite structure arose in discussing the possible
Jahn-Teller or pseudo-Jahn-Teller mechanisms of
structural transformations in solid solutions of rare-
earth manganates [1-4]. It is believed that the Mn ion
in LaMnQO; is trivalent (Mn®*) and that its four d elec-
trons (in the zeroth approximation) form the ground
state °D(3d)* of the free ion, which is split by the weak
crystal field of symmetry O, into two terms, T, and
°E,, separated by an energy barrier of 2.2 x 10* cmr?
[5]. Studies of the nuclear spin resonancein Mnk; have
shown [6] that the degenerate ground orbital state E; of
Mn3* results in an appreciable distortion of the cuboc-
tahedron of anions due to the Jahn-Teller effect. In
turn, this fact suggests that at least a few of the low-
symmetry LaMnO, phases are caused by the collective
Jahn-Teller effect [7-9].

However, rather than the pure compound,

La, _,Me>"MnO; solid solutions with heterovalent
substitution for cations in the A position are attracting
considerable attention. The interest in these solutions
stems from the fact that Lal_XMef+ MnO; solid solu-

tions exhibit appreciable magnetoresistance [10].
Assuming that the model of purely ionic bondsis also
valid for conducting solid solutions, the magnetoresis-
tance can be associated with non-Jahn-Teller Mn* ions

in Lal_XMef+ MnOs. It is clear that Mn** ions should

lower the transition temperatures and the probabilities
of the transitions to phases whose symmetry results
from the collective Jahn—Teller effect.

In this paper, we discuss another mechanism that
should suppress the collective Jahn-Teller effect in
04 _BMnO; solid solutions during heterovalent and
isovalent substitutions for a and 3 ions on the A sublat-
tice of the perovskite structure (i.e., on the regular sys-

tem of points 1(b) in the O,f group).

This mechanism is based on the fact that the nearest
neighborhood of the Jahn-Teller Mn3* ion (positioned
at one of the B-sublattice sites, i.e., in one of the posi-
tions belonging to the regular system of points 1(a) of

group Oﬁ) violates the cubic crystal-field symmetry

characteristic of the ideal perovskite structure dueto a
random distribution of a and 3 ions in the disordered
01 _«B«MnO; solid solution. The goal of thisstudy isto
determine the probabilities of the crystal field having
various symmetries in the B sublattice as a function of
the concentration x of the element 3 in solid solutions
with an average composition a; _, 3.

2. MODEL

The perovskite sublattice A is assumed to be ideal
cubic without subjection to deformations. This assump-
tion alows us to identify the mechanism under study,
which is associated only with the symmetry of the ion
distribution over the sites of the perovskite A sublattice.
The ions on the B and C sublattices of the perovskite
structure move and change their charges to accommo-
date themselvesto the symmetry of the reduced perovs-

1063-7834/05/4703-0459$26.00 © 2005 Pleiades Publishing, Inc.
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kite cell [11], which is dictated by the distribution of o
and 3 ions over the A sublattice.t

According to the accepted model, the crystal-field
symmetry at each Site of the B sublattice of ideal perovs-
kiteis mainly controlled by the nearest neighbor a and 3
ions arranged over the vertices of the idea cube (i.e,
over the sites of the reduced perovskite cell [11]), with
each vertex containing only oneion. Hence, the arrange-
ment of o and 3 ions obeys the Fermi statistics[12].

When cal culating the probability of thea, _, 3, solid
solution being in a certain state, the geometrical corre-
lation of the cell structure should be taken into account.
For example, only 1/8 of theionslocated at the vertices
of areduced perovskite cell belong to this cell. Hence,
if oneBionisat avertex of afixed reduced cell and its
other vertices are occupied by a ions, then the crystal-
field symmetry at the center of theideal cube (with the
ideal spatial arrangement of its vertices) lowersto Cs,.
Thefield symmetry at the centers of seven more cellsto
which this 3 ion belongs aso lowers to Cs,. If two
ionsarearranged at vertices bel onging to the same edge
of a given reduced cell, then the field symmetry in the
three neighboring cells decreases to C,,, the field sym-
metry in the eight cells that share one of the two 3 ions
with the given cell islowered to C;,, and so on.

In this paper, we disregard the possibility of influ-
ence from temperature-dependent dynamic correla-
tions of symmetries of neighboring cells. Theinclusion
of dynamic correlations requires consideration of the
interactions between deformations of the unit cells [7—
9] and between displacements of the ions arranged on
the B sublattices. Thisinclusion can produce small cor-
rectionsto the results obtained below if the interactions
are weak. In the case where the dynamic interactions
cannot be considered weak, we have a fundamentally
different problem, which has been repeatedly discussed
in the literature [13—15] and is beyond the scope of this

study.

3. RESULTS OF STATISTICAL
CALCULATIONS

According to the problem posed, we caculate (in
terms of the Fermi statistics) the dependence of the
probability P(G;|[x) of the formation of perovskite cells
whose crystal-field symmetry at the center islowered to
G, O O, on the B-component concentration in the
o, _B,MnO; solid solution.?

L In the above assumption, the C subl attice corresponds to aregular
system of points 3(d) of group O; and is occupied by oxygen
ions.

2 Since each cell site can be occupied by an o or a B atom, the
probability of maatomsand n—mb atoms being arranged over n
sites is defined by the binomia distribution. The other coeffi-
cients in the probabilities of the symmetry distributions of cells
are defined by the ratio of the point group orders [0,/ |G;|, where
G; isthelocal symmetry group of the cell at agiven m.
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Aboveall, let us distinguish the symmetries of those
crystal fields at B-sublattice sites in which the E; level
splits into two nondegenerate levels. The possible dis-
tributions of a cations over sublattice A provide the
crystal-field symmetries Dy, C,,, C,,, C,, and C,, to
which the initial symmetry O,, can be lowered and at
which the double degeneracy of the E level isremoved.
In this case, the total probability of the formation of
cellsin which the ground state of the Mn®* ion is non-
degenerate is given by

P(D2p; Cuvs Covs Csi Cy|X)
=P(Dgp|X) + ... + P(C;|x) (1)

= 12x%(x—1)°(x" = 2x° + 5X° = 4x + 2).

In the case of a rather symmetric distribution of a
ions over the A-sublattice sites positioned at the eight
cube vertices surrounding a fixed Mn ion, the crystal-
field symmetry at the Mn®*-ion site can be O, Ty, Dag,
or C;,. The Mn*-ion ground state remains degenerate
in thesefields. The total probability of the formation of
cells with these increased symmetries is equal to the
probability of their formation in the solid solution:

P(O; Tg; Dag; Cay[X) = 1—24x2+96x3—180x4(2)

+192x° — 120x° + 48x" —12%°.

It is noteworthy that the probability of the formation of
reduced cells with increased symmetries at the B-ion
concentrations x of most interest is low. For example,
for x =1/3 and /2, we have

P(O,|1/3) < 4%, P(O,|1/2) <0.8%,

P(T4|1/3) <0.5%, P(T4|1/2) <0.8%,
P(Dsq|1/3) <4.2%, P(Dgy|1/2) <3.2%,  (3)
P(Dy|1/3) <1.5%, P(D,|1/2) <2.4%,
P(C,,|13) <15%, P(C,,|1/2) <2.4%.

We also note that the probability of the existence of
rhombohedral ferroelectric cells with symmetry C,,
possessing an intrinsic dipole moment is equal to

— _ 2
P(Cs/|x) = 8X(1-x)(3X"—3x+1) @

><(x4—2x3+4x2—3x+1)

and is rather high at these values of x: P(C,, [1/3) =
0.227 and P(C;, |1/2) = 0.156. The probabilities of the
formation of dipole-polarized cells with symmetries
C,, and Csare P(C,, |1/3) = 0.249, P(C,, |1/2) = 0.1875,
P(C4|/3) = 0.351, and P(C|1/2) = 0.469.

The values of x at which P(C;, |X) and P(C[x) are
maximum exceed the percolation threshold over sites

of asimple cubic lattice [16] (perovskite sublattice Bin
our case). The spatial distributions of dipole fields and
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P(G;lx)

Fig. 1. Probability P(G;[x) of finding a unit cell in which
the crystal-field symmetry at the center is decreased to
G;i(G;j O Oy) asafunction of the a-element concentration in
an a1 _ By binary solid solution. The a and 3 elements are
considered to be randomly distributed over the sites of the
simple cubic lattice. (1) G; = Oy, (2) G, =Cq, (3) G3=C3,,
(4) G4 =C,,, (5) G5 = C,, and (6) P(G;j|x) < 0.03 and Gg =
Tg D3g, Cay» @nd Do

of spontaneous cell polarizations caused by them can
produce dipole ordering of solid solutions in this case
[13, 14, 16].

Figure 1 shows the P(G; [x) dependences for the fol-
lowing nine possible symmetries of crystal fields at the
center of the reduced perovskite cell that can arisein a
binary solid solution of a and 3 cations distributed over

P(Glx)
Lop 2 '
\ //’— \\\\ I
\ // \\ i
0.8 ,/ \ /
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\ v \\ /
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04 1 /\ \\
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Fig. 2. Total probabilities of the formation of unit cellsin
which the crystal-field symmetry at the center allowsfor the
piezoelectric effect plotted as a function of concentration x
in a disordered quasi-binary a4 _,B,MnO3 solid solution:
(1) P(Ty; Dag; Cay 1) and (2) P(Ty; Dag; Cayi Cavi Covi Cs
C,|X). The notation is the same asin Eq. (1). For compari-
son, curve 3 shows P(Oy[x).
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the A sublattice: G, = Oy, Ty, D3y, Csy, Dopy Cays Cous Ce,
and C,.

We note that Jahn—Teller transitionsin piezoelectric
crystals exhibit quite different properties[17]. Figure 2
shows the dependences P(Ty; Dig; Csy[X) = 2x(1 —
X)(7x8 — 21x° + 53x* — 71x3 + 54x% — 22x + 4) and the
total probability of the formation of cells with symme-
tries that allow the piezoelectric effect. Figure 3 shows
the 3 ion—concentration dependences of the total prob-
abilities of the formation of cellsin which the E; level
splits and cells in which spontaneous polarization
arisesand Mnions are displaced from centrosymmetric
sites. For comparison, Figs. 1-3 show the dependence
of the probability of the formation of cellswith symme-
try O, on the B-element concentration (dashed curve).

4. DISCUSSION

The mechanism of structural phase transitions based
on the interaction of symmetric unit cells deformed due
to the Jahn—Teller effect or pseudo-Jahn-Teller interac-
tions was primarily investigated for phase transitionsin
binary oxideswith the ABO; perovskite structure [ 7-9].
In those studies, it was assumed that the crystal micro-
structure is homogeneous and that all unit cells have
symmetry Oy,. However, these assumptionsare not valid
for solid solutions, as follows from the above consider-
ations.

This circumstance results from the fact that the
probability of finding an undistorted unit cell of ideal
perovskite (e.g., at x = 1/3) in the crystal is so small
[P(O,|1/3) < 4% that collective interaction between
them is unlikely. At the same time, even at the B-ele-

P(G;v)
1.0 II
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0.8 // AN !
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Fig. 3. Total probabilities of the formation of unit cellsin
which the crystal-field symmetry does not allow degenerate

electronic states of Mn3* ions plotted as a function of con-
centration x: (1) P(Dgn; Cay; Cs; Co[X) (theMn* ionisdis-
placed from the unit cell center) and (2) P(Cy,; C3,; Cous
Cg C,|x). For comparison, curve 3 shows P(Oy[x).
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ment concentration x = 13.2%, the probability of find-
ing acell of symmetry C,,,, P(C;, |0.1322) = 0.403, sig-
nificantly exceeds the percolation threshold [16]. The
value of P(Cy,|0.1322) shows that amost each cell
whose crystal field at its center has rhombohedral sym-
metry and a dipole component (G; = C;,) most proba
bly has three spontaneoudly polarized cells with field
symmetry C;, among its nearest neighbors. The solid-
solution microstructure with dipoles that are oriented
along threefold axes and randomly distributed over the
Mns* sublattice promotes ferroel ectric or antiferroel ec-
tric ordering of dipoles. The possible ordering mecha-
nism is associated with direct interactions between
dipoles rather than with the pseudo-Jahn-Teller effect
[4,8,9].

According to [13, 14], the dipole interaction mecha
nism can result in the phase transition to a ferroelectric
state when only nearest neighborsinteract [13, 18, 19] or
to antiferrodectric ordering [19] When the interaction
extendsto several coordination shells.® Moreover, by cal-
culating the probability of two cellswith adipole moment
bei ng nearest nel gthfS, P(CSVv C4v; CZV; CS! C2 |X) =
2X(1 — X)(9%8 — 27x5 + 43x* — 41x3 + 28x? — 12x + 4), it
can be shown that the threshold concentration at which
the existence of infinite clusters of ferroelectric (dipole-
polarized) cells is highly probable is reached even at
x=4.8% (Fig. 3).

We note that the total probability of the existence of
cells in which the degeneracy of the E, ground term
(characteristic of cells with symmetry Oh) |s retained,
P(Oy; Tg; Dag; Csy %), isalso high at small x. 4The prob-
ability of finding high-symmetry cells P(O,; Tg4; Dag;
C,, [X) exceeds the percolation threshold for these cells
up to concentrations of the B element x < 0.327 in the
quasi-binary a,_,B,MnO; solid solution (Fig. 2).
Therefore, in therange 0.048 < x < 0.327, there is com-
petition between two fundamentally different mecha
nisms of structural transitions. One mechanism is asso-
ciated with dipole—dipole interactions [13], and the
other (Jahn-Teller) is caused by deformation interac-
tions [ 7-9]. These mechanisms result in ordered phases
with different symmetries, which makes it possible to
determinethe actual phase transition mechanism exper-
imentally. We note that we have P(O;; T4 Dag;
C;,10.153) = P(Cs,; Cy4y; Cyy; Cg C,]0.153) = 0.698.

3If only the effective pair interactions of cells with symmetry Cay
are considerable, then it can be shown, using the self-consistent-
field approximation (as in [14, 18, 20]), that only rhombohedral
phases will be stable.

41f the symmetry of the field exerted on an atom with one, four,
six, or nine 3d electrons is described by the Ty group (the orbital
state of the freeion is D and the weak crystal fi F eld approximation
is valid), then the ion ground state in the crystal is T, [5]. How-
ever, in the case under study, there exists a rather strong field of
symmetry Oy, which is dightly distorted to Ty by isovalent or
heterovalent substitution of ions on the regular system of points
1(a) of the Oy, symmetry group.
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5. EXTENSION OF THE THEORETICAL
RESULTS TO OTHER OBJECTS

Assuming, aswas done above, that oxygenions play
apassiverole in lowering the crystal-field symmetry at
the center of unit cells, all the considerations and con-
clusions concerning the B-sublattice field symmetry in
a disordered quasi-binary AA'BO; solid solution are
applied with no change to the A-subl attice field symme-
try caused by the random distribution of B-sublattice
cations in disordered ABB'O; solid solutions. These
solid solutions have been extensively studied since the
discovery of relaxors, a new type of electrostriction
materials.

Studies of the strongest (Bragg) reflections in
PbMg,sNb, 505 [21-24], PbFe,Nb,,0;  [25],
PbZn,;,Nb,,05 [26], PbSc,,,Nb,,O5 [27], and other
solid solutions have established unambiguously that

their macroscopic averaged symmetry Oﬁ and structure
correspond to the cubic structure of ideal perovskite.

Refinement of the average structure by considering
the reflection intensity has shown the following. First,
in order to obtain acceptable values of the R factor, an
anomalously large Debye-Waller factor for Pb ions
should be assumed [21-27], which cannot be under-
stood under the assumption of purely thermal random
displacements of cations [24-27]. Moreover, the non-
monotonic temperature dependence of the Debye—
Waller factor in lead magnesium niobate (PMN) indi-
cates that its value is controlled by at least two factors
[21]: mostly by (presumably) static displacements at
temperatures bel ow the Burns temperature Tg and ther-
mal vibrations at T > Ty [21]. Second, the dependence
of theintegrated intensities of Bragg reflections of var-
ious parities on the angle at which they are observed is
nonmonotonic [23] and exhibits many other features,
which can be understood only by assuming a random
(asin [23-27]) or regular (as follows from our model)
displacement of lead ionsfrom the ideal position on the
cubic perovskite sublattice B [23].

Various models have been used to refine the atomic
positions in solid solutions with the perovskite struc-
ture. In[21], it was assumed that Pb and Mg,,5Nb,; cat-
ions are displaced with equal probability along the
body diagonals and twelve (110)-type directions of
cubes surrounding cations in the perovskite structure.
The symmetry axes of these cubes coincidein direction
with the crystal symmetry axes. The displacement val-
ues are controlled by cube edges; according to [21],
a.(Pb) > a(Mg,sNb,3). Moreover, it was assumed in
[21] that the oxygen in the crystal is randomly distrib-
uted over a circular cylinder whose axis is directed
along one of the fourfold axes of the crystal. In [23], it
was shown that the model considered in [21] ade-
quately describes only the positions and intensities of
diffraction peaks corresponding to small scattering
angles. Based on acomplete set of diffraction reflection
data, the authors of [23] discarded the symmetric-dis-
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placement model proposed in [21] and instead assumed
that Pb ions are displaced randomly over the surface of
asphere of radiusr, [23].

The results calculated in [23] show that oxygen and
cation displacementsin the A subl attice affect the Rfac-
tor only dlightly. This conclusion also follows from the
results of studies of various models [24, 26]. These
facts justify the model accepted above, in which the
ions that induce randomly distributed lower symmetry
fields exerted on ions of another sublattice are them-
selves considered to occupy an ideal averaged high-
Ssymmetry position.

In[23], itisalso argued that an experiment with par-
tially ordered perovskite PbSc,, Tay,O5 shows that the
degree of ordering has no effect on the interpretation of
x-ray diffraction patterns in terms of the model that
assumes a random distribution of Pb displacements.
This statement justifies the application of the model
developed above to relaxors, whose structure contains
partially ordered nanometer regions.

Sincethereisavariety of objectsthat could be used
to verify the model, including the calculation scheme,
let us consider the structure factor for an averaged crys-
tal and take into account the probabilities of possible
ion displacementsin the A sublattice of the AB,B; _, O
solid solution in the case where B and B' ions are dis-
tributed randomly over the B sublattice. The B and B'
ions distributed randomly over the B sublattice of the
ideal cubic perovskite have the coordinates

(a/2, al2, al2): (a/2, al2, al2): (a2, al2, al2);
(a/2, a/2, al2): (al2, al2, a/2); (a2, al2,a/2); (5)
(a/2, a/2, a/2): (a/2, al2, al2),

In this case, their contribution to the scattering ampli-
tude can easily be found to be

Fra(B, B) = 8[xfg+(1-x)fg]

X COSBW%COSB(%COSB%. ©)

A similar expression can also be written for the contri-
bution of undisplaced Pb ionsto Fy.

According to our model, at any B-ion concentration,
there are fourteen types of B- and B'-ion distributions
over the regular system of points 1(a) in the nearest
neighborhood of afixed Aion. The crysta fields at the
A-ion position will remain centrosymmetric if the near-
est neighborhood has symmetry Oy, Ty, D4, Or Doy,. The
contribution from the A ions in this symmetric neigh-
borhood to the total scattering amplitude is propor-
tional to the probability of the formation of such cells:

Fr(On; Ta; Dag; Dan|X) )
= f{ D+ (1= + AL —x) X +(1-%)77 .
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In theten other types of B- and B'-ion distributions over
the sites in the nearest neighborhood of the A ion, this
ion is displaced. The direction and magnitude of the
displacement depend on the neighborhood symmetry
and B-ion concentration. In the case of crysta-field
symmetries C;,, C,,, and C,,, the A ion in the equilib-
rium stateis displaced along one of the eight (111)-type
directions, six (001)-type directions, and twelve (110)-
type directions, respectively. For symmetry C, the
A-ion is displaced in the [110] plane. However, there
are three different structures for which crystal-field
symmetry C, arises. Two of the structures correspond to
the case where three of the eight sites of the nearest
neighborhood are occupied by ions of one species (e.g.,
B) and the other five sites are occupied by ions of the
other species (B'). Thethird structure correspondsto an
equal number of B and B' ions. It is convenient to char-
acterize the first two structures using the distance

between the B ions. In the Cél) structure, these three
distancesare a, a, and a./2. Inthe Céz) structure, they

are a, a./2, and a./3. There are aso three types of
arrangement of cations in the nearest neighborhood of
the Aion in the case of the C;, symmetry.

In general, the A-ion displacements will be different
in magnitude if the symmetry of the nearest neighbor-

hood is G, but the chemical compositionis B,Bg_,, in
one case and Bg_,,B;, inanother (m=1, 2, 3).

Thus, it follows that the structure amplitude within
the accepted model will depend on 21 independent
parameters (A-ion displacements) if the anaysis is
restricted to only symmetry considerations. It isreason-
able to discuss this general result only in relation to a
specific experiment.

6. HYPOTHESIS OF THE DOMINANT ROLE
PLAYED BY EFFECTIVE PAIR INTERACTIONS

In this study, we restrict our analysis to calculating
the component of the scattering amplitude structure
associated with Pb-ion displacement under the assump-
tion that only effective pair interactions between ions
are of importance. In this case, thetotal structure ampli-
tude Fy depends on only one parameter r,, the dis-
placement of the A (Pb) ion along (111), if the nearest
neighborhood of thision contains one B' (or B) ion at
the site (a/2, a/2, a/2) and seven B (B') ions at the
other 1(b) sites, defined by Eqg. (5), in the nearest neigh-
borhood of the Pbion. Designating the Pb-ion displace-

ment along a fourfold axis as U, = ro/+/3, the contribu-
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Fig. 4. Dependence of the intensity of Bragg reflections
caused by a superposition of Pb displacements at x = 1/3

(up = 0.035a) on n? (see text for details).

tiontothetotal scattering amplitude that correspondsto
displaced A ions can be found to be

Fra(Cavi Cavi Coyi Cs; Cy|X)

= fa{8X(1=X) DX = (1=%)7 ¥ = (1-%)1]
x cos(hug) cos(kuy) cos(lug)
+4x°(1=x)°[X° + (1= x)*] [ cos(2huy,) + cos(2Kuy)
+ cos(2lu,) + cos(2hug) cos(2kug)
+ cos(2kup) cos(2lup) + cos(Zhup) cos(2lu,)] (8)

+ 2x4(1 - x)4[4cos(2hu0) cos(2ku,) cos(2lug)
+ cos(4hu,) + cos(4kug) + cos(41ug) ]

+ 16x3(1 - x)3[x2 +(1- x)2] cos(hu,) cos(kuy)
x cos(l uo)[ZCOSZ(hUO) + Zcosz(kuo)
+2c05 (Iug) — 3]} .

Thenotation F4(Cs,; Cy4; Coys Cs, C,) meansthat only
the nontrivial component of the structure amplitude is
given, which is due to the lead ions displaced from
positions 1(a). The point groups entering into Eq. (8) as
the argument of F,, describethe crystal-field symmetry
at the center of the cells in which the lead ion is dis-
placed from position 1(a). We recall that this model
includes only symmetry lowering due to nonuniform
distributions of B and B' ions over paositions 1(b) in the
perovskite structure on a scale comparable to the unit
cell size. For preliminary analysis of Eqg. (8), we
roughly assumethat x = 1/3 and U, = ry/3 = 0.035a, as
follows from the data obtained by averaging Pb dis-
placements over the various directions determined

using the “best” of the models considered in [25]. In
this case, Eq. (8) makes it possible to compare the
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intensities of even and odd Bragg reflections caused by
A-ion displacements at an arbitrary x-ray wavelength.
We have h =2m, k= 2n, and | = 2p for even reflections
andh=2m+1,k=2n+1,and| =2p+ 1for odd reflec-
tions (m, n, and p are integers). For qualitative compar-
ison with experiment [23], we set m=n = p and calcu-

late the reflection intensities in units of f,i as a func-

tion of the “continuous’ parameter n? ~ (sin6/A)?. The
result isshown in Fig. 4. We can see that the model pre-
dictsanonmonotonic behavior of theintensity, whichis
in qualitative agreement with the experimental data
from [22]. For quantitative comparison, modification of
the model is required to take into account the depen-
dence of the atomic scattering amplitudes on 6, on the
Debye-Waller factor, etc.

7. ANOTHER HYPOTHESIS

Based on the model at hand and taking into account
the giant electrostriction of many relaxors, we can
assume that the A-ion displacements according to the
crystal-field symmetry cause spontaneous polarization
and, hence, changes in the unit cell parameters. In the
accepted model, the unit cells should remain cubic.
Thus, remaining within the accepted model, we can
take into account only volume striction of the reduced
cells. In this case, at a given B-ion concentration in the

AB,B’ _, O; solid solution and under the assumption

that the crystal retains its integrity, according to exper-
iment, we can make the following two conclusions.

(1) The elastic energy arises only when cubic cells
differing in volume are in contact (according to the
accepted model, the crystal fields at the centers of these
cells differ in symmetry in this case). Hence, a disor-
dered single-crystal solid solution should contain
“large” (in comparison with the unit cell volume)
regionswith different | attice parameters (different sym-
metries of the crystal field at the unit cell center).

(2) Since the most probable symmetries of the crys-
tal field at the center of unit cellsarefinitein number at
a fixed concentration X, the experimentally determined
lattice parameters in a single-crystal solid solution
should take on discrete values. Certainly, this discrete-
nesswill be somewhat spread out by nonuniform defor-
mations at the contact surfaces of volumes each of
which consists of unit cells with the same crystal-field
symmetry.

The calculations carried out predict that the intensi-
ties of Bragg reflections at a given [3-ion concentration
x will depend on the values of the lattice parameters.
Therefore, the model at hand makesit possible to deter-
mine which lead ion displacements initiate a decrease
or, aternatively, anincreasein theinitial volume of the
reduced cells [11] of the perovskite structure in solid
solutions.

No. 3 2005
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Abstract—L ow-temperature (T = 7 K) time-resolved selectively photoexcited luminescence spectra (2—6 €V)
and luminescence excitation spectra (8-35 eV) of wide-bandgap chrysoberyl BeAl,O,, phenacite Be,SiO,, and
beryl Be;Al,SigO,5 crystals have been studied using time-resolved VUV spectroscopy. Both theintrinsic lumi-
nescence of the crystals and the luminescence associated with structural defects were assigned. Energy transfer
to impurity luminescence centersin alexandrite and emerald was investigated. L uminescence characteristics of
stable crystal lattice defects were probed by 3.6-MeV accelerated helium ion beams. © 2005 Pleiades Publish-

ing, Inc.

1. INTRODUCTION

Models of the relaxation of electronic excitationsin
inorganic dielectrics have been developed on the basis
of studies of the energy dissipation processes in akali
halide crystals (AHCs). Self-trapped excitons (STES),
which have been found to exist in AHCs and govern
basic relaxation processes, such as below-threshold
defect formation, are of fundamental interest in solid-
state physics. The ideas developed for AHCs underlie
the intense interest in the specific features of nonequi-
librium processesinvolving intrinsic and impurity elec-
tronic excitations in other classes of wide-bandgap
dielectrics, including binary and complex oxides.

STE luminescence is excited in AHCs both under
optical selective generation of excitons and, in the
interband transition region, in recombination of elec-
trons with low-mobility self-trapped holes. In oxide
crystals, the various states (configurations) of STES
appear in aternate mechanisms of electronic-excitation
relaxation, namely, free-exciton localization or the
recombination scenario giving rise to STE formation
through summation of the deformation potentials of
both carriers. The luminescence bands corresponding
to different STE configurations differ in terms of their
excitation spectra [1-4]. By properly analyzing the
luminescence and luminescence excitation spectra
obtained using time-resolved VUV spectroscopy and
the x-ray and cathodoluminescence spectra, one can
isolate intrinsic luminescence bands in the wide-band-
gap oxide crystals and determine their nature.

In oxides irradiated by beams of neutrons or accel-
erated ions, luminescence spectra exhibit additional
bands, which typically form when anion vacancies in
the crystal capture one (F* center) or two electrons
(F center). In these cases, information on defect forma-
tion can be gained by studying the optical characteris-

tics of neutron-irradiated crystals or by measuring the
ion luminescence spectracreated by accelerated ions[5].

Model objects for wide-bandgap oxides (E, > 9 eV)
with lowered crystal symmetry are binary oxides BeO,
a-Al,O5, and SiO,, which are of considerable impor-
tance for both fundamental and applied physics. Table 1
presents the positions of the maxima of STE intrinsic
luminescence bands (E,) for a number of crystals.
Bands of type | are produced by the excitonic mecha
nism of STE luminescence excitation, and bands of
type I, by the recombination mechanism.

The crystal lattices of the complex oxides BeAl,O,
(chrysoberyl), Be,SIO, (phenacite), and Be;Al,SigO;5
(beryl) exhibit motifs (weakly distorted BeO, and SiO,
tetrahedra and AlOg octahedra) that are typical of the
parent crystal-forming compounds, namely, beryllium,
aluminum, and silicon oxides. As aresult, the scenarios
of formation and the structure of the relaxed electronic
excitations (associated with local lattice fragments)
may turn out to be similar for binary and complex
oxides.

Table 1. Parameters of intrinsic luminescence bands in sev-
eral oxides

Band | Band I
Crystal €, e&V) | (E,eV) Ey €V | Reference
BeO 6.7 49 10.63 [4]
a-Al,Oq 75 38 94 [1]
a-SiO, 2.8 - 10.2 [6]
YAIO, 5.9 42 75 [1]
Y 3Al50:5 4.9 4.2 6.7 [1]

1063-7834/05/4703-0466$26.00 © 2005 Pleiades Publishing, Inc.
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Table 2. Band assignment in luminescence spectra of BeAl,O,4, Be,SiO,, and Be;Al,SigOqgrecorded at T =12 K

~Bandgap Defect luminescence Intrinsic luminescence bands of the crystal (E,, eV)
Crystal width (Eg, eV) bands (E,,, €V) _ _ — _
T=300K m exciton mechanism | recombination mechanism
BeAl,O, 9.0 Several bandsin the range 2.0-3.8 35,43 5.2
Be,SIO, 8.5 2.6,3.0,4.0 35 27,41
Be;AlLSigO4g 8.9 25,2931 35 42 (C||E);49(CUE)

Our preliminary studies of BeAl,O,, Be,SIO,, and
Be;AlL,SizO45 crystals [7-9] revealed complex intrinsic
luminescence bands characteristic of oxide crystals
with lowered lattice symmetry. An anaysis of the
reflectance and luminescence excitation spectra of
these crystals yielded an estimate of the bandgap width
at 300K (Table 2).

We report here on a coordinated study of low-tem-
perature (T = 7 K) time-resolved luminescence (2—
6 V) and luminescence excitation (4—-35 eV) spectra,
obtained with the use of VUV synchrotron radiation,
and of x-ray and ion luminescence spectra of BeAl,O,,
Be,SIO,, and BeAlLSizO5 crystals. The study was
aimed at identifying the origin of intrinsic lumines-
cence of the regular lattice and of stable defects. The
energy transfer to impurity luminescence centersin the
crystals of interest was investigated using time-
resolved luminescence spectroscopy of Cr3* impurity
ions, which serve as luminescence probes in alexan-
drite (BeAl,O,~Cr) and emerald (Be;Al,SigO,5—Cr).

2. CHARACTERIZATION OF SAMPLES

Chrysoberyl (BeAl,O,) has orthorhombic symme-
try (Pmnb) and contains 19.8 wt % BeO and 80.2 wt %
Al,O; [10]. Due to the small ionic radius of Be?*, the
crystal structure of chrysoberyl has a lower symmetry
than minerals of the spinel group with similar formulas.
This structure consists of oxygen ions which form a
hexagonal close-packed arrangement with four-coordi-
nated beryllium ions and six-coordinated aluminum
ions. The arrangement of the oxygen ionsin this hexag-
onal close-packed lattice accounts for the pseudohex-
agonal cell and the corresponding angles and twinning.

Crystals of phenacite (Be,SIO,) have trigonal sym-
metry (R3) and contain 45.5 wt % BeO and 54.5 wt %
SO, [1Q]. The lattice structure is formed by SiO, and
BeO, tetrahedra, with each oxygen ion being linked
with two beryllium ions and one silicon ion located at
the corners of an equilateral triangle. Phenacite crystals
have athreefold C; crystallographic axis.

Crystals of beryl (BeAl,SigO;5) have hexagona
symmetry (Pg/mmc) and contain 14.0 wt % BeO,
19.0 wt % Al,O;, and 67 wt % SiO, [10]. The basic
units of the structure are closed ring configurations of
SiO, tetrahedra. The layers of beryllium and aluminum
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ions are sandwiched between “silicate” rings. The four-
coordinated beryllium ion and the six-coordinated alu-
minum ion provide vertical and horizontal links with
these rings, respectively. The Cq axis of the beryl crys-
tal is perpendicular to the silicate ring plane.

Thus, the beryl and phenacite crystals have a pre-
ferred symmetry axis, which makesit possible to carry
out experiments with the samples properly oriented
with respect to the electric vector of the synchrotron
radiation (SR) field or the direction of the accelerated
ion beam.

The crystals used in the study were optically perfect
single crystals grown by V.A. Maslov at different times
at the Ingtitute of Geology and Geophysics, SD RAS
(Novosibirsk), and by L.l. Isaenko at the Institute of
Single Crystals, SD RAS.

3. EXPERIMENTAL TECHNIQUES

M easurements were performed using time-resolved
VUV spectroscopy at the SUPERLUMI station
(HASY LAB laboratory, DESY, Hamburg) [11]. Lumi-
nescence excitation in the 4- to 35-€V region was
effected with the use of a 2-m vacuum monochromator
withinterchangeable gratings (spectral resolution 3.2 A
or 25 x 103 eV for energies~10 eV). The luminescence
excitation spectra are normalized against equal num-
bers of photons striking the crystal by means of sodium
salicylate. The luminescence spectra measured in the
range 2.0-6.0-eV were analyzed with a B&M mono-
chromator in a Czerny—Turner configuration and an
R2059 PM tube (Hamamatsu). The luminescence and
luminescence excitation spectra were obtained both in
the time-integrated mode and in time windows (of
width A,) gated relative to the SR exciting pulse (with a
time delay 9, with respect to the SR signal onset). The
time window parameters (&t; = 2.1 ns, At; = 14.1 ns,
ot, = 46 ns, At, = 155.1 ns) were set in accordance with
the luminescence decay kinetics and allowed usto mea-
sure luminescence and luminescence excitation spectra
in the so-called fast and slow time windows. The
parameters of the fast luminescence decay kinetics
were calculated by deconvolution. The impurity lumi-
nescence spectra of chromium-doped crystals were
obtained with a resolution better than 1 A using a
cooled CCD camera and an ARC Spectro Pro-380i
monochromator.
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Fig. 1. Luminescence excitation spectra (Eqy, = 3.5 €V) of
(1) BezAl;SigOs5 (E || C), (2) BeAl,O,, and (3) Be,SiO,
(E || C) recorded at 9.6 K.
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Fig. 2. Luminescence spectra of BezAl,SigOqg (E || C)
recorded at T = 9.6 K at excitation energy Eg, . equal to

(1) 8.0and (2) 6.2 eV and their decomposition into Gauss-
ians.
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Fig. 3. Luminescence spectra of BesAl,SigO15 (E O C)
recorded at T = 9.6 K at excitation energy Eg, equal to

(1) 8.0and (2) 10.8 eV and their deconvolution into Gauss-
ians.

The ion luminescence and the defect formation at
80-300 K were studied on an R-7M cyclotron from the
Ural State Technical University in a beam of acceler-
ated He* ions (E = 3.6 MeV) [12]. The ion lumines-
cence spectra were measured continuously with an
Oriel Instruments 77441 spectrograph in the course of
crystal irradiation. The ion fluence was monitored with
a Faraday cylinder.

4. EXPERIMENTAL RESULTS

A combined analysis of time-resolved luminescence
and luminescence excitation spectra and of the lumi-
nescence decay kinetics in al the compounds studied
allowed us to isolate two luminescence band types for
each compound. The spectral luminescence excitation
profiles of BeAl,O, Be,SO, and BeAl,SizO5
(Fig. 1) agree well with the estimated bandgap widths
Ey derived earlier in [7]: E, =90, 85, and 89 eV a
300 K, respectively.

4.1. Beryl Be;Al,S¢Oq5

The luminescence spectra excited in the transmis-
sion region by photons with energy E,. < E, are domi-
nated by a complex band peaking at about 3.0 eV
(Fig. 2). Unfolding it into constituent Gaussians iso-
lates bands with maximaat 2.6 eV (FWHM = 0.55 eV)
and 3.1 eV (FWHM = 0.7 eV). Because these lumines-
cence bands are excited in the crystal transmission
region, their nature can be associated with radiative
decay of electronic excitations near native or impurity
defects. When excited near the fundamental absorption
edge, i.e., under selective creation of excitons, the max-
imum in the luminescence spectrum shifts toward
higher energies to yield E,, = 3.5 ¢V and FWHM =
0.9 eV. The luminescence spectra also exhibit a weak
shoulder at 4.2 eV. The luminescence decay kinetics
in beryl has a microsecond-range component. The
properties of the 3.5-eV luminescence are characteris-
tic, in particular, of STE luminescence in oxide crys-
tals; hence, this luminescence can be assumed to be
intrinsic.

The luminescence spectra of crystals excited in the
region of the fundamental absorption edgeintheE 00 C
geometry exhibit an additional band peaking at 4.9 eV
(curve 1in Fig. 3). The 3.5-eV band contains both fast
(t, ~6ns, T, ~ 52 ns) and slow (T > 1 us) components
in the decay kinetics. The 4.9-eV luminescence is
excited most efficiently in the electron-hole pair gener-
ation region, E,. = 10.8 eV (Figs. 3, 4); in these condi-
tions, the luminescence spectra have another distinct
band located at 4.2 eV (curve2inFig. 3), whichisseen
as aweak shoulder in the E || C geometry. The decay
kinetics of the 4.2- and 4.9-eV bands containsfast com-
ponents (T, ~3ns, T, ~ 64 ns) and aslow (T > 1 us) com-
ponent.
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The luminescence spectra obtained at 80-300 K
under irradiation of the crystal by heliumions are dom-
inated only by low-energy bands (their deconvolution
into Gaussians yields E,, = 2.5, 2.9, and 3.1 €V in
Fig. 5), which were assigned earlier to the lumines-
cence of lattice defects. Increasing the beryl irradiation
dose enhances the 2.5-eV band intensity, which can be
traced to a buildup of radiation-induced defects. The
decay kinetics of the 2.5-eV luminescence was estab-
lished to have only aslow component in the millisecond
range.

Thus, an analysis of low-temperature luminescence
spectra of pure beryl reveas groups of defect-associ-
ated bandsat E,,= 2.5, 2.9, and 3.1 eV and bands deriv-
ing fromintrinsic crystal luminescence at E,,= 3.5, 4.2,
and 4.9 eV, whose relative intensity depends on both
excitation energy and crystal orientation.

4.2. Chrysoberyl BeAl,O,

The luminescence spectra obtained under excitation
in the crystal transmission region (E,. = 4.6, 5.5,
8.2 eV) reveal only a2.6-eV band (FWHM = 0.6 €V)
dueto lattice defects. When excited in the region of the
fundamental absorption edge (Eg,. = 9.3 €V), the lumi-
nescence spectra become complex and consist of at
least two bands of comparabl e intensity with maximaat
3.5 and 4.3 eV and a weaker band located at 2.6 eV
(Fig. 6). The short-wavelength luminescence bands at
3.5and4.3eV (FWHM =0.85, 0.9 eV, respectively), as
well asthe similar luminescence bands of beryl, can be
assigned to the intrinsic crystal luminescence. The
decay kinetics of the 3.5- and 4.3-eV luminescence
contains a fast and a slow component (t; ~ 25 ns, 1, >
1 us), and that of the 2.6-eV luminescence contains a
slow component only (t > 1 us).

The ion luminescence spectrum of chrysoberyl at
80-300 K exhibits a number of bands in the range 2—
6 eV (Fig. 7). The short-wavelength part of the spec-
trum has bands at 5.2 and 4.3 eV, whose intensities fall
off with irradiation (i.e., with increasing dose). Note
that the 5.2-eV band is present, albeit as aweak shoul-
der, in the luminescence spectra excited near the funda-
mental absorption edge (Fig. 6), whereas this lumines-
cence is dominant in the low-temperature spectrum
obtained under selective core-level excitation in the
soft-x-ray domain (curve 4 in Fig. 7).

By contrast, the intensity of the long-wavelength
part of the spectra (the series of bandsin the range 2.0—
3.8 eV) grows with irradiation dose and is dominated
by the luminescence peaking at 3.5 eV. Although this
luminescence coincides in position with the lumines-
cence band excited near the fundamental absorption
edge, its hafwidth is substantialy smaller. This
becomes particularly evident when comparing spectra
obtained in different irradiation stages. Asthe dose and
the 3.5-€V luminescence intensity grow, the half-width
of this spectral band decreasesto FWHM =0.5eV. The

PHYSICS OF THE SOLID STATE Vol. 47 No. 3

2005

469

Intensity, arb. units

| |
8 12 16 20
Photon energy, eV

Fig. 4. Luminescence excitation spectrafor (1) E,=3.5and
(2) 4.9 eV of BesAl,SigO,g crystals (E O C) recorded at
T=96K.

Intensity, arb. units

Photon energy, eV

Fig. 5. lon luminescence spectra of BesAl,SigO15 (He
beam He 0 C) recorded at fluences of (1) 8.8 x 10 and
(2) 1.7x 10% cm™2. T=300K.

Intensity, arb. units

Photon energy, eV

Fig. 6. Luminescence spectra of BeAl,O, recorded under
excitation with (1) Eg = 5.5 and (2) 9.3 eV and their
deconvolution into Gaussians. T = 9.6 K.

same phenomenon is observed in ion luminescence
spectra under coolingto T=80 K intheinitial irradia-
tion stages. As awhole, these observations suggest that
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Intensity, arb. units

Photon energy, eV

Fig. 7. X-ray-induced luminescence of BeAl,O, recorded
under (1) integrated (3-60 keV) and (4) selective (Egy =
140 eV) excitation and compared with ion luminescence
spectra of BeAl,O, measured at fluences of (2) 4.0 x 10*

and (3) 1.8 x 10%° cm 2. Spectra 1-3 were measured at
300 K, and spectrum 4, at 12 K.

—
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Fig. 8. Luminescence spectra of Be,SiO, recorded under
excitation with (1) Eg = 8.1, (2) 6.2, and (3) 25.8 eV at
T=9.6K and (4) an x-ray-induced luminescence spectrum
measured at T = 300K (5, 6) constituent Gaussians of peak 1.
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Fig. 9. lon luminescence spectra of Be,SiO,4 recorded at a

fluence of (1) 1.1 x 10M and (2) 2.2 x 101° cm2 and (3) an
x-ray-induced |luminescence spectrum. T = 300 K.

two different centers radiate in the same luminescence
region of chrysoberyl. One center is excited in the
region of the fundamental absorption edge and is char-
acteristic of the regular lattice, while the other operates
for Ee < Eg and should be associated rather with alat-
tice defect. Note that a similar situation is realized in
one of the compounds that form chrysoberyl, namely,
a-Al,O5, where the luminescence near 3.8 eV isdueto

STEs[1] and F* centers[13].

The x-ray-induced luminescence spectra of
BeAl,O, crystals recorded at 300 K contain two bands
at3.5and4.3eV (curvelinFig. 7). At 80K, the 3.5-eV
luminescence is quenched but the luminescence at
5.2 eV appears, so the spectrum then has two bands, at
4.3and 5.2 eV.

Thus, the luminescence spectra of chrysoberyl
exhibit two groups of bands, more specifically, intrinsic
luminescence bands at 3.5, 4.3, and 5.2 €V and a num-
ber of bandsin therange 2.0-3.8 eV associated with the
relaxation of electronic excitations near defects.

4.3. Phenacite Be,S0,

Similar to beryl and chrysoberyl, the luminescence
spectra of phenacite are associated with two types of
luminescence centers (Fig. 8). A defect-associated
[uminescence band (E,,,= 3.0 eV, FWHM = 0.65 V) is
observed under excitation in the transmission region of
the crystal (E < 7 €V). The intrinsic luminescence
(E,,= 35, 4.1 eV and FWHM = 0.9, 0.8 eV, respec-
tively) is excited in the region where free excitons
(Eec = 8.1 eV) and isolated electron—hole pairs for
Ee > Ey are created (Figs. 1, 8). The decay kinetics of
the 3.5-eV luminescence contains fast components
(ty ~1ns, t,~15ns) and aslow (T3> 1 us) component.
Significantly, the band at E,, = 4.1 €V is more pro-
nounced in the luminescence spectra excited by pho-
tons in the region where secondary electron—hole pairs
are created (E, . = 25.8 €V) than in the luminescence
spectra excited near the fundamental absorption edge.
The luminescence band at 4.1 eV is observed simulta-
neously with the 2.7-eV band in the x-ray-induced
luminescence of phenacite.

The spectrum of ion luminescence of phenacite
(Fig. 9) resembles the luminescence spectrum mea
sured under high-energy photoexcitation (e.g., for
Eoc = 25.8 €V) and, in the initial stages of ion irradia-
tion, consists of bands located at 2.6, 3.0, and 4.1 eV.
The fraction of the low-energy bands in the spectrum
grows with increasing irradiation dose.

An analysis of the luminescence properties of
phenacite showed that its luminescence spectrum has
bands due to intrinsic luminescence with E,, = 2.7, 3.5,
and 4.1 eV and bands associated with native lattice
defectswith A, = 2.6 and 3.0 eV. The 3.5-€V lumines-
cenceisexcited primarily in the free-exciton generation
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ELECTRONIC EXCITATIONS

Intensity, arb. units
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Fig. 10. Luminescence excitation spectra of (1) BeAl,O4—
Cr, (20 BesAl,SigO15Cr, (3) BeAl,O, and
(4) BesAl,SigO4g recorded at (1, 2) Eqy, = 1.82 and (3, 4)
344eV.

region, whereas the bands at 2.7 and 4.1 eV are pro-
duced in the creation of electron—hole pairs.

4.4. Alexandrite (BeAl,O,—Cr) and Emerald
(BesAlS60,6Cr)

The Cr3* R-line luminescence excitation spectra of
alexandrite and emerald recorded at 300 K revea a
broad band peaking at about 6.8 eV, aswell asless pro-
nounced features in the region of the fundamental
absorption edge of the matrix (Fig. 10). The slight
broadening of the 6.8-eV band in Be;Al,SizO,5Cr
crystalsis due to the proximity of another band, which
isseen asashoulder at 7.8 eV and lies closer to the fun-
damental absorption edge of the crystal. A similar
shoulder in the luminescence excitation spectra of
BeAl,O,Cr is shifted, just as the fundamental absorp-
tion edge, toward higher energies and is observed at
about 9 eV.

The luminescence spectra of alexandrite (Fig. 11)
recorded in the temperature region 100-300 K reved a
well-resolved chromium R-line doublet. Both doublet
lines grow in intensity with crystal cooling and shift
toward higher energies. For T < 100 K, one of the lines
(at a higher energy) is not seen. The R-line doublet in
the luminescence spectra of a number of crystals is
known [14] to derive from crystal-field splitting of the
radiating ground-state level of the Cr3* ion substituting
for the auminum ion in the mirror-symmetry (C,)
plane. The fact that only one doublet lineis observed at
low temperatures is accounted for by the existence of
an energy barrier that prevents population of the higher
lying state. The origin of the lines in the range 1.75—
1.8 eV isstill asubject for debate. Their possible rela-
tion to chromium ions substituting for aluminum in the
inverse symmetry (C;) plane or to phonon replicas of
the R lines has been discussed [14]. At high chromium
ion concentrations and with noticeable exchange cou-
pling, the so-called N lines appear in this energy region
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Fig. 11. Luminescence spectra of BeAl,0,—Cr recorded at
Eec = 6.8 eV at different temperatures T: (1) 300, (2) 200,
(3) 100, (4) 17, and (5) 16 K.

[14]. There are also the so-called Sand B lines in this
region, which are associated with transitions to the *Ay,
ground state from states located higher in energy than
%Ey (R lines), namely, from the 2T, (Slines) and 2T,
states (B lines) [15].

5. DISCUSSION OF THE RESULTS

The crystals studied by usemit several characteristic
types of luminescence.

(1) All pure crystals produce luminescence excited
only in the region of or above the fundamental absorp-
tion edge, which forms the shorter-wavelength section
of the spectra. Luminescence of this type has been
described for wide-bandgap oxidesin terms of the STE
model [1-4]. The low symmetry of the crystal not only
accounts for the self-trapping of electronic excitations
themselves but also explains why they have various
configurations. For instance, in BeO, a-Al,Os;, YAIO;,
and Y,Al:O,,, two types of luminescence originating
from the radiative decay of STEs have been observed to
exist [1, 3]. This luminescence is characterized by a
large half-width and a large Stokes shift, as well as by
the absence of excitation bands in the transmission
region of the crystal. There are two aternate mecha-
nisms of STE formation. One of them is photoexcita-
tion of the exciton (the excitonic mechanism) followed
by its relaxation to the self-trapped state. The other
mechanism involves creation of the STE through relax-
ation of the electronic excitations in the recombination
of electron-hole pairs. The reasons underlying the for-
mation of different STE configurations in complex
oxides are connected with the pronounced nonunifor-
mity of the electronic valence-band structure. It is
known that low-symmetry crystal fields initiate com-
plete splitting of the oxygen 2p states forming the upper
valence band state[16]. The nonbonding (Te-type) orbit-
als form the top of the valence band. In the upper, nar-
row low-dispersion subband, the hole trandational
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mass is comparatively large, which favors hole self-
trapping. Self-trapping of holes in complex oxides
accounts for the formation of STEs by the recombina-
tion mechanism, in which an electron recombines with
a self-trapped hole. The lower valence-band subband
has a large width and dispersion, and the translational
mass of holes in this subband is small. It is this lower
subband that isinvolved in the creation of free excitons.
However, salf-trapping of the hole component of the
exciton is unlikely because of the small transational
mass. According to the STE level diagram proposed by
Sumi [17] and validated by experiments performed on
some oxides [1-4], in the case where an electron or a
hole cannot become self-trapped separately, the self-
trapped state can form when the lattice strains gener-
ated by the electron and the hole are added.

Because the exciton—phonon coupling in low-sym-
metry wide-bandgap oxides is stronger than that in
alkali halide crystals, free excitons usually do not man-
ifest themselves in optical spectra. They have a small
range and becomelocalized directly at the point of their
formation. Thus, a local fragment of the crystal struc-
ture plays an important role in the self-trapping pro-
cess. As already mentioned, crystal lattices of complex
oxides BeAl,O,, Be,SiO,, and Be;Al,Siz0,5 and of
binary oxides BeO, Al,O;, and SiO, contain identical
local lattice fragments; therefore, the exciton self-trap-
ping processesin the complex and binary oxides should
be similar. This gives us grounds to assert that the
intrinsic luminescence bands of the complex oxides
observed in the short-wavel ength region of the lumines-
cence spectraderive from radiative STE decay. Thetwo
bands observed in this luminescence may be dueto two
different mechanisms of formation of alocalized state
(of the exciton and recombination types) or be associ-
ated with the existence of different local lattice frag-
ments in the complex crystals. To substantiate the
above conclusions concerning the mechanisms of STE
formation, additional studies of the luminescence
excited directly in the region of the fundamenta
absorption edge and at shorter wavelengths where free
carriers are produced, as well as of thermally stimu-
lated luminescence, are needed.

(2) In crystalswith defects, luminescence associated
with the relaxation of electronic excitations near
defects is excited in the crystal transmission region.
lons and neutrons bombarding the binary oxides pro-
duce primarily anion vacancies, because the binding
energy of oxygenislessthanthat of acation. Therefore,
the main bands observed in these crystals that have a
distorted stoichiometry and are excited in the transmis-
sion region of the crystals are F-like centers (in partic-
ular, F and F* centers and their aggregates). Investiga-
tion of the dynamics of luminescence initiated by
helium ions suggests that similar lattice defects proba
bly form in complex oxides as well. These defects
account for the appearance and growth in intensity of
additiona bands in the long-wavelength region of the
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spectrum. The appearance of these bands is accompa-
nied by the observation of luminescence kinetics com-
ponents with decay timesin the millisecond range. This
situation is characteristic, in particular, of F-center gen-
eration in BeO [5]. Thus, the observed situation can be
assigned to the formation of stable F-likelattice defects
inour crystals.

The assignment of defect and intrinsic lumines-
cence bands of BeAl,O,, Be,SIO,, and Be;Al,SicO,gis
presented in Table 2.

(3) Chromium-activated crystals (alexandrite, emer-
ald) exhibit asimilar pattern of excitation of the impu-
rity luminescence. Figure 10 compares the lumines-
cence excitation spectra of pure and chromium-acti-
vated crystals. The fact that the dominant band in the
luminescence excitation spectra of both crystals hasthe
same position in the VUV region and a similar half-
width suggests that this band is associated with intrac-
enter chromium-ion excitation and that the nearest
neighbor environment of the impurity ion in both crys-
tals is the same. The specific features in the lumines-
cence excitation spectraat 7.8 eV (for emerald) and at
9.0 eV (for dexandrite), which are located afew tenths
of an electronvolt below the fundamental absorption
edge, are customarily interpreted as a manifestation of
impurity-bound large-radius excitons in wide-bandgap
oxides. Finally, chromium R lines can also appear by
the recombination mechanism when photons with
Eec > Eg produce free electron-hole pairs. This conclu-
sion is supported by the observed spectral composition
of the high-temperature peaks (T = 360, 550 K for
BeAl,O,and T =480 K for Be;Al,Sig0,5) of thermally
stimulated luminescence (TSL) in crystalsirradiated by
X rays. The TSL spectrum exhibits apesak at 1.8 eV in
the region of impurity chromium ion luminescence.
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Abstract—The absorption spectrum of thin films of anew compound, K,Cdl 4, was studied. It was established
that this compound belongs to direct-bandgap dielectrics and that its low-frequency electronic and excitonic
excitations are localized in Cdlf_ structural blocks of the crystal lattice. It was found that, in M,Cdl, com-
pounds (M = K, Rb, Cs), the bandgap width E; grows and the spin—orbit splitting of the valence band top
decreases with increasing ionic radius of the alkali metal. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Thermographic studies [1] suggest the formation of
a K,Cdlz compound with alow melting point (210°C)
inthe KI-Cdl, system, whereasin theisomorphic Rbl—
and Csl-Cdl, systems M,Cdl, (M = Rb, Cs) com-
pounds form with similar melting points (216°C for
Rb,Cdl, and 210°C for Cs,Cdl, [1]). X-ray diffraction
studies of melted powders of stoichiometric composi-
tion K,Cdlg [2] do not corroborate the formation of this
compound in the KI-Cdl, system. It appeared reason-
ablethat K,Cdl,, doesform in the KI-Cdl, system, asis
the case with Rbl- and Csl-Cdl,. Based on this
assumption, we synthesized a new compound, K,Cdl,.
Investigation of the absorption spectrum of this com-
pound promisesto throw light both on the formation of
excitonsin M,Cdl, and on possible ferroelastic proper-
ties of these compounds.

This communication reports on a study of the
absorption spectrum of K,Cdl, intherange 26 eV car-
ried out at 90 and 290 K.

2. EXPERIMENT

K,Cdl, thin films were prepared by vacuum deposi-
tion using the technique employed in [3, 4] to synthe-
size Rb,Cdl, and Cs,Cdl, films. A mixture of pure Kl
and Cdl, powders of the assumed stoichiometric com-
position was preliminarily melted in vacuum under a
screen. The liquid fraction of the melt was evaporated
onto the screen, and the crystalline sediment was
deposited at a higher temperature onto quartz substrates
heated to 100°C. The sample was anneal ed for one hour
at 120°C.

The films thus prepared are hygroscopic and, when
exposed to air and cooled to room temperature, exhibit
strong light scattering. To prevent this effect, while still
warm, the samples were transferred to a vacuum cry-

ostat, whose copper finger was preliminarily heated to
70°C. After evacuation of the cryostat and charging it
with nitrogen, the films remain transparent.

The film thickness was determined from transmis-
sion spectra (in the region of transparency) with due
account of light interference in the film as described in
[5]. The absorption spectrawere measured on an SF-46
spectrophotometer in the energy region 2—6 eV. The
parameters of the long-wavelength excitonic bands
(position E,,,, haf-width I, value of the imaginary part
of permittivity at the band maximum €, were deter-
mined [6] by fitting the experimenta relation with a
symmetric two-oscillator linear combination of a
Lorentzian and a Gaussian.

3. ABSORPTION SPECTRUM
OF THIN K,Cdl, FILMS

The absorption spectrum of the thin films under
study exhibits a strong long-wavelength band A, at
4.612 eV and a weaker band A, at 4.97 €V, a shorter
wavelength region contains bands C; (5.46 eV) and C,
(5.82 eV) (seefigure). As the temperature is increased,
the A bands shift to longer wavelengths, broaden, and
grow weaker, which suggests their relation to excitonic
excitations. We assign the broader, less temperature-
sensitive C bands to interband absorption.

The spectra position of the A, band (4.612 eV) as
plotted in the E,(X) coordinates, where x is the molar
concentration in the (2K1), _,(Cdysl), System, lieson a
straight line connecting the energies E,,, of the excitonic
peak for KI and of the X, peak for Cdl, at x = 2/3, which
shows the band to originate from the K,Cdl,, compound
(see inset to figure). The alternate compound K,Cdlg
(x= 0.5) would feature a long-wavelength peak at
4.88 eV. The assignment of the spectrum to K,Cdl, is

1063-7834/05/4703-0474$26.00 © 2005 Pleiades Publishing, Inc.
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supported by the proximity of the A, band to the corre-
sponding bands of Rb,Cdl, and Cs,Cdl, (see table).

The sharp long-wavel ength edge and the high inten-
sity of the A, band suggest that K,Cdl , belongsto direct
bandgap dielectrics.

For proper assignment of the main absorption bands
observed in the spectrum of thin K,Cdl, films, it isrea-
sonable to compare it with the spectra of the starting
binary components Cdl, and K1 (see figure) and of the
corresponding isostructural compounds Rb,Cdl, and
Cs,Cdl, [3, 4].

The absorption edge of Cdl, derives from indirect
transitions with a bandgap E, = 3.437 €V. The long-
wavelength bands X, and X, originate from direct tran-
sitions between the valence band formed by the | 5p
states and the conduction band arising from the Cd 4s
states [7]. The separation between the X; and X, bands
(AE=0.59 eV) isdetermined by the spin—orbit splitting
of the upper valence band in Cdl,.

Our measurements show the long-wavelength A
band in Kl to lieat 5.84 eV at 90 K (see figure), which
agrees with the datafrom [8].

The A, band in K,Cdl, occupies an intermediate
position between the X; band in Cdl, and the Aband in
KI. According to the concept put forward in[9] for mul-
ticomponent compounds, the linear variation in the
position of long-wavelength exciton bands in the KI,
K,Cdl,, and Cdl, series (see inset to figure) indicates
exciton creation in the volume of the crystal involving
both sublattices of the compound. Nevertheless, we
believe that excitonic excitations are localized in the

Cdi f_ structural blocks of the compound. This assump-
tion is argued for by the positions of the main absorp-
tion bands in the spectra of K,Cdl,, Rb,Cdl,, and
Cs,Cdl, being close together (see table), as well as by
some features in the absorption spectra of these com-
pounds, which will be discussed later.

If excitonic excitations are localized in Cdl f_ struc-

tural blocks of the K,Cdl, crystal lattice, then the A,
and A, bands originate from direct allowed transitions
from the top of the valence band arising from the | 5p
states to the conduction band deriving from the Cd 4s
states and the distance between these bands AE, = Ex; —

D

E, eV

Absorption spectrum of thin filmsof (1) Cdl, (T=90K, t=
60 nm), (2) K,Cdl, (T = 290 K, t = 145 nm), (3) K,Cdl,
(T=90K, t=145nm), and (4) KI (T = 90 K, t = 150 nm).
Inset: E, vs. molar concentration x for the
(2K1)1 - x(Cdp 5l)x System.

Epo IS determined by the spin—orbit splitting of the
upper valence band, asin Cdl,.

As aready mentioned, while the absorption spectra
of thin M,Cdl, films (M = K, Rb, Cs) are similar in
structure and in the position of the main absorption
bands, the absorption edge in the series K,Cdl,,
Rb,Cdl,, and Cs,Cdl, shifts dlightly shortward, with an
attendant increase in the bandgap E, (see table). In
K,Cdl,, the bandgap width E, was estimated from the
bend in the absorption edge after isolation of the A, and

A, bands; from the value Egl = 5.18 eV thus obtained,

Positions and splittings of the main absorption bands and the bandgap width

Compound | Epg, eV Eap, €V AE,, eV Ecy, eV Ec,, eV AEc, eV Ey eV ri, A
K,Cdl, 4.612 4.97 0.358 5.46 5.82 0.36 4.82 1.33 (K%
Rb,Cdl, 4.63 4.92 0.29 5.34 5.62 0.28 4.89 1.48 (Rb")
Cs,Cdl, 4.65 4.89 0.24 5.35 5.6 0.25 4.96 1.69 (Cs")
Cdl, 4.04 (Xy) 4.58 (X,) 0.54 (AEy)
Kl 5.84 6.33
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the distance between the subbands AE, should be sub-
tracted, whichyields E; = 4.82 eV.

The short-wavelength shift of the absorption edge
and the growth of E; is customarily assigned to the
higher ionicity of the compound [10]. However, in the
K,Cdl,, Rb,Cdl,, and Cs,Cdl, series, the ionicity
decreases, so the cause of the short-wavelength shift
should apparently be looked for in the specific features
of the crystal structure of these compounds.

The M,Cdl, lattice is built of Cdl>™ tetrahedra sur-
rounded by alkali metal ions M- forming a hendecagon
[11, 12]. Notethat the alkali-metal— odine bond lengths
greatly exceed d-y, (for instance, in Cs,Cdl,, we have
Oesy = 3.825-4.499 A, dey, = 2.76-2.91 A [12]). The
|attice parameters and the unit cell volumes are similar
(a=10.6,10.7A; b=84,846 A; c=149, 1485 A;
and Q = 1327, 1349 A3 for Rb,Cdl, and Cs,Cdl,,
respectively [4, 11, 12]). Theionic radius of alkali met-
alsr; increases in the series K-, Rb~, and Cs™ [13] (see
table), which, in view of the above data, apparently

gives rise to an increasing compression of the Cdl f’
tetrahedra in M,Cdl, by the akali-metal environment
and, accordingly, to the short-wavelength absorption
edge shift. According to [14], hydrostatic compression
of thin Cdl, films causes the absorption edge to shift to
shorter wavelengths. Because the shift coefficients are
different for the X; and X, bands, the separation
between the X, and X, bands decreases with increasing
pressure. The separation between the A;and A, bandsin
the M,Cdl, series (M = K, Rb, Cs) decreases (seetable),
which isin qualitative agreement with the results from
[14] in the case of excitonic excitations localized in

Cdi f‘ tetrahedra and substantiates the assumption that
the splitting of the A band in M,Cdl,, as in Cdl,, is
indeed caused by spin—orbit splitting of the upper
valence band. This assumption is further supported by
the splittings of the C bands, AE: = E, — E¢;, being
similar (seetable).

4. CONCLUSIONS
The above suggests that excitonic and electronic

excitations in K,Cdl, are localized in Cdlf_ structural
blocks of the crystal lattice. The absorption edge in
K,Cdl, derivesfrom direct allowed transitions from the
top of the valence band arising from | 5p states to the
conduction band deriving from Cd 4s states. The split-
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ting of the A and C bands is caused by the spin—orbit
splitting of the valence band top.

The smaller spin—orbit splitting in M,Cdl, as com-
pared to pure Cdl, should be attributed to the effect of

alkali meta ions on structural blocks of the Cdlf_ crys
tal lattice; indeed, as the ionic radius r; increases, the

compression of the Cdl i‘ tetrahedra by the alkali ion

environment increases, which gives rise to an increase
in the bandgap width E; and to a decrease in the spin—
orbit splitting of the upper valence band in the com-
pounds under study.
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Abstract—The evolution of a microstructure of metals (or aloys) under irradiation resulting in swelling of the
meaterial is considered for the case with the formation of Frenkel pairs. A closed system of equations describing
the evolution of the microstructure of the material exposed to irradiation is obtained, and relationships for the
swelling rate are derived. It is shown that the swelling rate varies linearly with time for a stationary source of
point defects (the number of Frenkel pairs per lattice site). An expression for the swelling rate is deduced for a
radiation source operating in amore realistic pulsed mode. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

It iswell known that prolonged exposure of crystal-
line solidstoirradiation by neutrons and ionswith ener-
gies high enough for pairs of point defects (“intertitial
atom-vacant lattice site” pairs) to be generated in the
crystal lattice leads to the evolution of the microstruc-
ture and, consequently, the physical and mechanical
properties of the material. The evolution of the micro-
structure is governed by the porosity and the disloca-
tion subsystem arising in the material. Of course, the
rate of formation of the microstructure depends on the
type of irradiation and its characteristics (such as the
energy and charge spectra, cross sections for nuclear
reactions, etc.). In turn, these characteristics determine
the rates of generation of vacancies and interstitial
atoms, i.e., Frenkel pairs, and impurities of different
types, including gaseous impurities.

When the materia is heated to temperatures above
the temperature at which point defects become mobile
(T = 0.3T,g0), their recombination is less pronounced
and the decompoasition of the supersaturated solid solu-
tion predominantly occurs through the nucleation and
growth of two- and three-dimensional complexes (such
asvacancy pores, precipitates of new phases, and dislo-
cation loops of the interstitial and vacancy types) and
the development of the already existing dislocation
structure. Eventually, these processes lead to the evolu-
tion of the microstructure of the material.

In this paper, we consider the types of irradiation of
amaterial that are responsible only for the formation of
Frenkel pairs per lattice site in a unit time (k = k, = k;,
where the subscripts V and i refer to the vacancies and
interstitial atoms, respectively). The evolution of the

microstructure of the material under irradiation results
inits swelling.

The physical reason for this phenomenon under the
given conditions is the difference between the sink
strengths of interstitial atoms and vacancies at the dis-
locations. In turn, this difference is determined by the
difference between the energies of interactions of point
defects (namely, vacancies V and interstitial atoms i)
with an elastic field of dislocations.

In this study, the evolution of a microstructure of
materials exposed to irradiation is analyzed by using
the example of a pure metal under conditions of pro-
longed formation and decompoasition of a two-compo-
nent solid solution of vacancies and interstitial atoms
with the formation of vacancy pores and dislocation
loops, as well as with the climb of elements of the
already existing dislocation system. We disregard the
difference between dislocation loops and elements of
the dislocation structure with different orientations.

The evolution of a microstructure of a pure metal is
examined at the stage preceding the coalescence (or
Ostwald ripening) stage under conditions of both con-
tinuous and pulsed irradiation.

2. THE BASIC SYSTEM OF EQUATIONS

Let us write a system of equations describing the
evolution of amicrostructure of amaterial under irradi-
ation. For this purpose, it is necessary to know the
fluxes of point defects incident on pores and disloca
tions. It is these fluxes that determine the rates of their
development. In order to calculate the fluxes under the
conditions of the formation of point defects, we useini-
tial equations, namely, non-steady-state diffusion equa-
tions that account for both the sources of point defects

1063-7834/05/4703-0477$26.00 © 2005 Pleiades Publishing, Inc.
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(in the bulk of the material) and sinks. In the system
under consideration, the surfaces of macrodefects act as
sinks. The annihilation (recombination) of point
defects in the bulk of the material is insignificant and,
as arule, can be ignored [1, 2]. In this exact formula-
tion, the problem is very complicated and has defied
analytical solution.

However, as a rule, the time required to attain a
quasi-steady state (or, in other words, the time taken to
adjust the spatial distribution of point defects to new
environmental conditions) is substantially shorter than
the characteristic time of change in the environmental
conditions. Taking into account this circumstance, the
above problem can be analytically solved with a high
degree of accuracy (of the order of the ratio between
these times as compared to unity) [1, 2]. In what fol-
lows, we will assume that this condition is satisfied.
The appropriate criterion will be formulated below,
because it is determined by the coefficients involved in
the equations under consideration. One important
remark needs to be made. Since we analyze the diffu-
sion processes occurring in an ensemble of macrode-
fects with sources of point defects, the flux of point
defects incident on a particular macrodefect should be
determined with due regard for the entire ensemble [1,
2]. It was shown earlier in [1, 2] that, at a sufficiently
small volume fraction of macrodefects (at a virtualy
arbitrary fraction), the many-particle problem can be
reduced to a single-particle problem. Therefore, each
macrodefect can be considered in an effective medium
that is determined by averaging over the positions of all
macrodefects, except for a specified “range of influ-
ence” outside the given macrodefect [1, 2].

3. FLUXES OF POINT DEFECTS INCIDENT
ON MACRODEFECTS

Aswas shown in [1, 2], the fluxes of vacancies and
interstitial atoms can be determined (with ahigh degree
of accuracy for calculating mean quantities) from the
following expressions:

o = Dugy o'
v = "RV RD
: | (1)
P = _Zilh 4+ 90
Ii = _R i RU
per unit area of a pore;
. - _2m
v = “AyDyhy, Ay = In(L/ry)’ )
D APA P = i
0= -ADBL A= e
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per unit length of a dislocation line of arectilinear dis-
location; and

Vv
D _ = _Opg % _  2m _
jv = —AVDV%xV+R—D . A= |n8RD~AV’
My
| 3
D R Opg 7 _ _2m _
i = —A.Di%siiRDD, A = 8RD~Ai

In—=
ri

per unit length of acircular dislocation loop.

In expressions (1)—3), Ay and A, are the supersatu-
rations of the material with vacancies and interstitial
atoms, respectively (Ay = ¢y — Cu. , A\ = G — C., ); Gy and
¢; are the concentrations of vacancies and intertitial

atoms, respectively; c;f and c., are the equilibrium
concentrations of vacancies and interstitial atoms at a
planar interface, respectively; Dy, and D; are the diffu-
sion coefficients of vacancies and interstitial atoms in
the material, respectively; Risthe poreradius; R; isthe
radius of the dislocation loop;

vo_ CVZL(D o = ¢ 20w
00 T ) 00 -I- 1
where o isthe surface tension, wisthe volume per atom
in the material, and T is the temperature expressed in
terms of energy; and

qY = Cvi wG n&)
b= ™ 2n(1-v)T a’
i _ ia G Rp

9o = Corpmvn)T " 2’

where a isthe lattice parameter of the material, G isthe
shear modulus of the lattice, and v is the Poisson ratio.

In the above expressions, the upper and lower signs
in parentheses refer to the vacancy and interstitial dis-
location loops, respectively; L isthelength of the dislo-
cation cell in the materia; ry is the radius of capture of
avacancy by adislocation; and r; is the radius of cap-
ture of an interstitial atom by adislocation (r; > ry).

In relationships (2) and (3), the radius of interaction
of point defects with didocations is replaced by the
effective radius of capture. This replacement is fairly
justified because of the weak logarithmic dependences
of all the quantities on the interaction radius. Relation-
ships (2) and (3) describe the well-known fluxes of
point defects incident on macrodefects (rectilinear dis-
locations, dislocation loops) in the absence of sources
of points defectsin the bulk of the material.

According to the results obtained in [1, 2], this
approximation is valid because the sources play an
important role in the balance of point defects and lead
only to small corrections to fluxes. In a zeroth-order
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approximation, these corrections can be ignored. The
recombination of point defects can be disregarded in
virtually al cases [1, 2], because the additional terms
that appear in the fluxes due to the recombination are
small ascompared to unity. Thesetermsare of the order

of the following quantities:

1n0Rpo
< 1 (where is the radius of influence
2[Ry ( Rov

of the pore: Ry, > R)

for pores,
L7t
% n aD <1
for rectilinear dislocations, and
ko(RV/1)

~OnLo o
. R\? E’nr\p <1
RVaFkO(rIIV)L:RDIn—

\%

for ring dislocations.
Here, k; isthe zeroth-order Bessel function of theimag-
inary argument. For this function, we can write

(R 2
d
RV Ko(TV)], _ o

where R\[,) = | istheradius of influence of dislocations

and |, is the length of screening of the diffusion field
(induced by point defects of a particular macrodefect)
by other macrodefects (el ements of the microstructure)
[1,2].

The balance equations for point defectsin materials
under irradiation have the form

00

dA v
—V = _ADAF+K— If 4R R
p

dt
(4)

i
da; _ ADAF+K+If 4rR?0ERT R,
dt .

Here,F=p+J‘:2T[Rf dR isthe perimeter of disloca-

tion lines per unit volume, p = 1/L? isthe density of dis-
locations capable of absorbing and emitting points
defects, P isthe radius distribution function of disloca
tion loops per unit volume (in cm™), f isthe size distri-
bution function of pores per unit volume (in cm™),
Ry’ _
DdtD

the fl ux of vacancies, K is the number of Frenkel pairs

generated in a unit time per lattice site, E%'E =

=y isthe changein the radius of apore dueto

+j, is
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the change in the radius of the pore due to the flux of
interstitial atoms, and

Ry _ .

dR’_dRy
DdtDp - (5)

—hvtii = Catl, ™~ Catll,’

A flux of point defects that is incident normal to the
pore surface is conventionally treated as positive.

In order to obtain a closed system of equations
describing the evolution of a microstructure of the
material under irradiation, the system of equations (1)—
(5) should be complemented by relationships for the
time evolution of the size distribution functions of an
ensemble of pores and dislocation loops and the rele-
vant initial data.

Our primary interest here is in the evolution of the
microstructure of the material at the stage of clearly
pronounced swelling when the dislocation subsystemis
stabilized and the number of pores variesrather slowly.
In this situation, the dislocation perimeter and the
slowly varying number of pores per unit volume can be
treated as quasi-steady-state to a good approximation.

Moreover, in the case where the inequality K >
(pDy)tor pDy > Kissatisfied, we assumethat Egs. (1)
and (2) on the time scale K= are quasi-steady-state
equations.

To put it differently, the quantities A, and A; have
managed to “follow” the dlow variation in the sinks and
the sources of point defects. Thisimpliesthat equations
of system (4) on thetime scale At > K~ can be consid-
ered quasi-steady-state equations:

[

— A,DyAF + K—pr4nRZE%E dR = 0,
0

o (6)
_ADAF +K +pr4nR25?E dR = 0.

By subtracting the second expression from the first
expression in this system and making allowance for the
equalities

2Ry’ o = a'’n
[foATR S R = 4TINRDV%3V——§—D,
0
z[ﬂR]i _ = a
[foATR A dR = —ATINRD; , +
0
we obtain
-AyF(DyAy —DiA(1+n))
_ 7
—4HNR[(DVAV D.A) - D*ZRG'ﬂ o
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where N is the number of pores per unit volume. Inthis
relationship, we took into account that A, = A,(1 + n),

0= G

< 1, and D* = Dyc. + Djc,.
1
Actualy, we have A, = AV

DAV(1+ n) and R =

N J’ fRdR, where R isthe mean pore size. By introduc-

ing the designations D*A* = DVAY — D'A' or A* =
VAV [N
DA DA AD: DA , relationship (7) can be rewritten in the

form

— AJFD*A* + A FD,A,n — 4TINRD* A*

8
+4TND* 229 = o, ©
T
From expression (6) for D; A;, we obtain
i
= a
— AD;AF + K —4nNRD; b, + EE =0. (9

Thefirst two termsin relationship (8) determine the
excess of interstitial atomsthat are captured by the dis-
location subsystem of the material in a unit time and
form additional atomic planes; in other words, these
terms describe the swelling of the material.

The second two terms in relationship (8) describe
the porosity that arises in a unit time per unit volume.
These terms are exactly equal to the first two terms.
This is evident because the porosity of the material is
governed by the additional lattice sites and, accord-
ingly, by the absence of sites from which atoms “pass”
into additional atomic planes.

The degree of swelling of the material is conve-
niently judged from its porosity. Thisis associated with
the fact that, in the dislocation subsystem, the growing
atomic planes merge together and form complete
atomic planeswith virtually no change in the perimeter
of didocations per unit volume in an already suffi-
ciently stabilized dislocation subsystem [3].

Asaresult, theswelling rate €;; can bewritteninthe
form

gl = —2nmA,FD*A* + 2A,FD,AN
p 200 _ (10)
€l = 4TNRD*A* —4nND* == = ¢,

where the prime sign indicates the derivative with

respect to time. After substituting the expression %

c' 2TLR into formula (9), the quantities D* A* and D; A,
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can be calculated from relationships (8) and (9) in the
following form:

20W
4TiND* £2%
oepr = _2TAFDA T
OTAF + 4TINR ' 2TAF + 4TINR
K —4TNRD,c, 229
DA, = TR (12)

AF +4TNR

4. SWELLING OF A MATERIAL EXPOSED
TO IRRADIATION

Upon substituting expressions (11) and (12) into

relationship (10), we obtain the following formula for
the swellingrate €}, = €} = €
A FATINR
g, = “ T - anNRD;c, 224y
p? tR
_ (13)
Ay FATINR L20W
P TR’

where P = A F + 4TINR isthe total perimeter of dislo-

cations and pores per unit volume ([P] = [cm™]).
Relationship (13) can be smplified as follows. Tak-

ing into account that, in this case, the inequalities

4TINR
P

obtain asimpler expression without regard for the small
term in parentheses, that is,

<1, Dic; < D*, and n < 1 are satisfied, we

- A\,F4;TNRK _AVF4nNRD*20_w (14)
P
P
or

A FATINR

ili = %[KH—PD* 20—00i| (15)
P TR

By introducing the designations A,F = a > 0,

ATNR = b >0, and P = a + b, we find that the factor

b < 1 ahead of the brackets in expression (15)
(a+b)’® 4

has a maximum value under the conditions0 < a < «
ab _1

(@+b)’lacy *
which is the maximum value taken by this function. It
is worth noting that this function slowly varies in the
vicinity of its maximum over a sufficiently prolonged
period of time.

and 0< b <. Asaresult, weobtain
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Let us consider in more detail the behavior of the
factor ahead of the bracketsin expression (15), namely,

A FATNR
(A/F + 4TINR)”

with due regard for the following.

The scenario of the evolution of the microstructure
can be divided, with a high accuracy, into three stages.

(2) Irradiation of the material initiates the onset of
the incubation stage. This stage involves slow nucle-
ation of an ensemble of vacancy pores. An increase in
the supersaturation of solid solutions formed by point
defects |eads to adrastic increase in the nucleation rate.
Thisis accompanied by arapid increase in the number
of vacancy pores per unit volume Ny (t) and a rather

slow increase in the mean pore size R. For cold-
deformed materials, we can write the following ine-
quality:
A F > ATINR(t).

It can be seen from expression (15) that, at the first
stage of the evolution of the microstructure, the power
4TINR
AF

(2) The onset of the second stage is specified by the
condition

Q of the “effective source” ( Kn ) increases.

A F O 4TINR(t).

The same condition determines the duration of the first
stage.

The evolution of the microstructure at the second
stage is characterized by a maximum power of the
effective source. This can be judged from the condition
specifying the onset of the second stage. The power of
the effective source at this stage is determined by the
relationship

1

(3) The onset of the third stage, during which the
power Q of the effective source decreases with time, is
governed by the condition

A F < ATINR(1).

This condition also determines the duration of the sec-
ond stage. Indeed, it follows from expression (15) that,
within the time intervals for which the inequality

ATINR (t) > A, F holds, we have
o AVF

(16)

AyF n
Siiz—_Kl’]tDt y
4TINR

n<l.
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Therefore, beginning from this stage, the swellingis
governed by the effective vacancy source decaying with

time [4], because the factor 4TNR increases with time.
It was shown earlier in [4] that, at sufficiently long

times, the relationship R [ t¥2 is satisfied not only in
the case where the total number of excess vacancies
(volume) or impurity atoms remains unchanged but
also under the condition where sources of these defects
exist. According to the results obtained in [4], the
sourcesresponsiblefor the appearance of an excessvol-
ume can be separated into three groups, namely, decay-
ing (n < 1), stationary (n = 1), and growing (1< n<a)
sources. The parameter a is determined by the mecha-
nism of mass transfer. The excess vacancies (or the
material) have had time to be absorbed by growing par-
ticles of the new phase. This processisaccompanied by
a decrease in the supersaturation of the system and,
accordingly, in the number of new-phase particles [4].

For decaying sources, weobtain N Jt"-%, R 0 t“3, and
&; U t", where n < 1. Moreover, we have NR [ t"~23;
that is,

n-1

NOt"Y, NRI "% (17)

It can be seen from relationships (16) that the self-
consistent source (g; O Nllf—{ O t" is characterized by

n =5/6 [5]. Asaconsequence, expressions (17) takethe
form

(18)

A FATINR

(A/F +4TINR)®
varies very slowly with time in the range of its maxi-
mum (achange in thetime interval by several orders of
magnitude leads to only an insignificant variation in
this factor). It is also evident that the exposure of the
material to irradiation over the period of time corre-
sponding to the most efficient operation of the source
makes the main contribution to the swelling.

Hence, it follows that the factor

Therefore, beginning from the instant at which
A, FATINR

(A/F + 4TINR)
sion (15) can be taken equal to its maximum value of
1/4. Hence, in this time interval, which is most impor-
tant for the swelling of the material, relationship (14)
can be represented in the very ssimple form

A F = 4TNR, the factor in expres-

2000] (19)

£, = 7| Kn - 8TND* 29
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As can be seen from relationship (19), the swelling rate
for astationary sourceislinear in time:

&ii

(20)

o, = 3] Kn - 8TND* 232

5. PULSED IRRADIATION

As was noted above, the quasi-steady-state approx-
imation can be used under the conditions of so-called
rapid adjustment when the concentration profiles of the
supersaturated solid solutions formed by vacancies and
interstitial atoms have had time to adjust to the varying
conditions of irradiation in a cycle. These conditions
are specified by the following relationships:

for an ensemble of vacancy pores,
i \%
Toore < Tpore < Aty, A,

V

(3/41'[)
) pore 0
: 4AN°D,,

_R.
D 1
for didocations

where

1 vy L
pD; %" pD,

Here, At isthe duration of irradiation in one cycle and
At, isthe pulse separation in one cycle.

The second type of conditions that offer the possi-
bility of averaging over cyclesin the framework of the
proposed approach can be formulated as follows: the
changes in the parameters of the ensembles of pores
and didocations for a time At, in one cycle should be
small. Quantitatively, these conditions can bewrittenin
the following form:

leg 0 —

for pores,
ﬁ3
> \ = eVv
At < 5 CVZO'OO_Tpore,
VHOOKT

for interstitial dislocation loops,

2R=2
InERO\)jRe(l V)KT N

=T ie
V] loop, i
Dy CywG

At, <

Here, TSX,E and Tﬁ,\ép’i are the times of evaporation of a
pore and a dislocation loop, respectively, with sizes
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averaged over the ensemble in the absence of irradia
tion.

For pulsed operation of the source K, when the
source operates for atime At; and does not operate for
atime At,, we have

20W

= ElKnAtl—ZTIND* (At + Atz)}
(21)

- *
2KNar v A 2P

- [1 Aty 2000}

where t = (At; + Aty)n is the duration of n cycles of
pulses from the point-defect source. Note that, in rela-
tionship (21), the term associated with the solid solu-
tion contributes to the swelling rate throughout the
source-operation period.

As follows from relationship (21), in order to
increase this term, it is necessary that the number of
nucleated pores at the nucleation stage for the given K
be as large as possible.

It should be remembered that relationship (21) was
derived from the expressions describing the fluxes of
vacancies incident on pores in the quasi-steady-state
approximation. This holds true for the inequality At, >

ﬁlev .Here, R isthe mean size of poresformedin the
course of the preceding cycles and D, is the diffusion
coefficient of vacancies.

Moreover, the condition for a small change in the

parameters of the system during one cycle of the source
operation should be satisfied; that is,

dR _Dvg on A o R R
dt R = 27 Dy v20W'
DVoo T

6. CONCLUSIONS

It should be noted that, when irradiation leads to
nuclear reactions with the formation of an atomic gas,
thisfactor provesto be very important for the source of
atoms per lattice site:

ri
1 1|nr—

- I_V
Igas>4r]K =12 LK'
In—=

v

This can be explained by the fact that the fluxes of
gas atoms incident on pores bring about separation of
the fluxes of point defects. In this case, vacancies pre-
dominantly passinto pores with the gas, whereas inter-
dtitial atoms are involved in the dislocation subsystem.

The mechanical load acting on the material results
in an asymmetric distribution of pores in the grain
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boundaries and thus substantialy affects the material
structure. Theinitial stage of the evolution of the micro-
structure (nucleation of pores filled with a gas under
irradiation) plays an important role in the swelling of
materials. All these problems will be considered in
future publications.
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Abstract—It isshown that aspatially localized collective excitation of the crystal lattice (soliton) can form and
propagate in a structuraly unstable crystal. This soliton is a structural defect consisting of two interphase
boundaries separated by another phase and can be considered a pulse of the elastic-strain field with a charac-
teristic length | = 10°-10~* cm and a duration T, = 107°-10~% 5. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In continuum mechanics, it is postulated that the
local topology of a medium does not change under
deformation, i.e., that the particleslocated in the imme-
diate vicinity of a material particle remain the same. In
other words, the structure and interparticle links are not
rearranged. Based on this smooth-manifold model, an
elegant phenomenological theory of elastic continuum
has been developed [1]. At the present time, however, it
has become clear that many phenomenaassociated with
structural phase transformations, the formation of
defects, plasticity, and fracture of crystals cannot be
treated in terms of amodel of amedium with invariable
local topology. Changes in the structure of real solids
must be taken into account.

In[2], it was proposed that, in acrystal subjected to
an external mechanical force, there appear structura
states of another lattice in the space of interstitial sites
in addition to the structural states of the original crystal
lattice. Therefore, in aloaded crystal lattice, the atoms
have additional degrees of freedom; the crystal trans-
fersto a state with low shear stability, and its behavior
becomes nonlinear.

In crystals undergoing a martensitic transformation
under an external influence, the low shear stability and
crystal lattice nonlinearity can be simply taken into
account using the model of double-well crystal poten-
tial for atoms and the pseudospin representation [3]. By
combining the ideas put forward in [2, 3], we assume
that, in a loaded crystal, the structural instability and,
hence, the double-well crystal potential for atoms arise
even at the nonlinear-elasticity stage.

In the course of loading a crystal, according to the
experimental stress-strain curve, the stage of linear
elastic strainsisfollowed by astage of nonlinear elastic
strains [1]. The latter stage is characterized by various
anomalous effects, e.g., an experimentally observed
increase in the velocity of sound [4]. At the nonlinear-
elasticity stage, nonlinear collective excitations appear
in the crystal lattice, which determine the nonlinear

behavior of the crystal. It is convenient to study local-
ized collective excitations in a crystal in terms of a
guantum system of pseudospins [3], which interacts
with pulses of the elastic-strain field.

A few recent experimental and theoretical studies
have been devoted to the interaction of an elastic-strain
field with matter [5-7]. Itisof particular interest to con-
sider the case where elastic-strain pulses are severa
oscillation periods long (ultrashort pulses). Lasers
make it possible to generate nanosecond and picosec-
ond pulses [6, 7]. Solutions for ultrashort pulses in the
form of unipolar (half-wave) solitons and dissipative
structures were found in [8, 9]. In a structurally unsta-
ble crystal, two energy levels interacting strongly with
the elastic-strain field are considered and treated as an
even and an odd state of an atom moving in a double-
well crystal potential. These states differ in energy due
to quantum tunneling of the atom between the two
wells of the crystal potential. The frequency separation
wy, between these statesin astructurally unstable crystal
is typically 10°-10*® s [3], which is a few orders of
magnitude less than the el ectron transition frequencies.
Therefore, at frequencies much lower than the optical
electron transition frequencies, an elastic-strain pulse
will interact predominantly with two energy levels of
an atomic system. The probability of optical transitions
between these levels will be small. In this paper, we
study theinteraction of an ultrashort elastic-strain pulse
with a structurally unstable crystal.

2. THE HAMILTONIAN
AND BASIC EQUATIONS

We write the Hamiltonian of the system in question
in asemiclassical approximation in which the structur-
aly unstable crystal is described quantum mechani-
caly and the dastic-strain field is treated classically.
The length of an ultrashort pulseis assumed to be | =
ct, = 10810 cm > a, where c is the velocity of

sound, T, = 1010 s is the pulse duration, and

1063-7834/05/4703-0484$26.00 © 2005 Pleiades Publishing, Inc.
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a = 10° cmisthe characteristic length scale of the dou-
ble-well potential. For the sake of ssimplicity, we usethe
molecular-field approximation (MFA) [10], in which
each atom is assumed to movein amean field produced
by the other atoms. This approximation makes it possi-
ble to describe a structural transition from theinitial to
the final phase via a pretransition state under an exter-
nal influence [3].

The Hamiltonian of a pseudospin quantum system
interacting with theinternal molecular field can bewrit-
teninthe MFA intheform

Ho = 7'y [0S~ 3o (BIS o (SS, ()

wheref isthe Planck constant; %y, isthe energy differ-
ence between the even and odd states of an atom; %J,
and #il, are the two- and three-particle interaction con-
stants of pseudospins, respectively, characterizing the
asymmetry of the double-well potential; the angular
brackets signify the quantum averaging; S¥, &, and $?
arethe Pauli operators; and summation over aiscarried
out over all atoms on the crystal lattice.

An eladtic-strain pulse is assumed to propagate
through athree-dimensional structurally unstable crys-
tal and cause a change in the asymmetry of the double-
well potential. This change is described by the Hamil-
tonian

Hint = _z z qusqu;, (2)

a pq

where €29 is the elastic-strain tensor of the crystal at
the atomic lattice site a, related to the atomic displace-

mentsU, = (U, U2, Y2) through the equation

el = (1/2)[0UL/dx, +0ULdxX,], 3)

and F, are the pseudospin—phonon coupling constants.

In addition to Hamiltonians (1) and (2), we use the
Hamiltonian of the elastic-strain field

Hp = J’[(l/Zp)ZPjZ
i (4)
+H(12) ¥ Aiklm(auj/axk)(au'/axm)}dr,

ik 1,m

where p is the average density of the crystal, P, (j = X,
Yy, 2) is the elastic-strain field momentum associated
with dynamic displacements, and Ajyr, is the elastic-
modulus tensor of the crystal [1]. Integration in Eq. (4)
isperformed over the entire volume of thecrystal. Here,
the semiclassical approximation is used in which the
pseudospin dynamics is described quantum mechani-
cally and the elagtic-strain field is treated classically.
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Thus, the total Hamiltonian of the system is
H = H0+Hint+th' (5)

In the semiclassical approximation, the evolution of the
spin operator is governed by the Heisenberg equation

i79S/at = [SS H], (6)

and the elastic-strain field is described by the classical
Hamilton equations for a continuum,

ouU‘/ot = 8[HOBP,, 0P /ot = —-3[HIdUY. (7)

With Egs. (7), the classical interaction Hamiltonian
[(H;,; Jcan be written as

H,,0= _I;thqqu(r)[Bz(r)Dw(r)dr. (8)

Here, n(r) = ) ,0(r —r,) isthe atomic density distri-
bution function and &(r —r,) isthe Dirac deltafunction.

Let alongitudinal—transverse elastic-strain pulse be
propagated in acubic crystal parallel to one of the four-
fold axes (taken to be the z axis). We consider the one-
dimensional case where all dynamic variables depend
only on zand t. The symmetry operations of the system
under study in this case are rotations through 90° about
the zaxis (X —= vy, y —= —X, Z — 2) and reflections
X — —X and y — —y. Taking into account that the
vector Sisaxid, i.e, that, under reversal of one of the
coordinate axes, the corresponding component of this
vector remains unchanged and the other two change
sign, the Hamiltonian H;,, can be rewritten as

Hix = =5 AlFie S+ Fa(ea S+ e S (9)

whereF, =F,and F,/l2=F,,=F,=F,=F,,
Under the above assumptions, the Hamiltonian Hy,
takes the form

Hen = (U2)[{[Py+ Py + Plp] +A12(0U,/02)° w0
+ A (0U,/02)° + (0U,102)°]} dr .

In Eg. (10), we use the Voigt notation for fourth-rank

tensors: Ayy = A and Ay = Ay, = Ay, From Egs. (7)—

(210), we obtain

0%, /ot° —aj0°,,107 = ~(Fy/p)d°RIOZ, (1)
0%, 10t° —a 0%, /07 = —(F,/2p)0°RI0Z, (12)
9%,,/0t" —a20%e,,107° = ~(F,/2p)0°RIOZ, (13)

where a = JAu/p, a5 = JAu/p, U =EOW=[§[
and R=[§,[]
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Taking the quantum average of the Heisenberg
equations (6), we obtain aset of equationsfor U, W, and
R. By putting the derivatives equal to zero in the left-
hand side of Eq. (6), wefind the equilibrium values U,,
W, = 0, and R,. Introducing the notation U = U, + u,
W=w, and R =R, + r, we obtain the following set of
equations for the deviations of the quantum values of
the components of the pseudospin S= (S, S, S) from
their equilibrium values in the case where the shear
component of the elastic-strain pulse Q = F,(g,, + €,;) is
nonzero and €, = 0O:

ou/ot = w,w+ (Q+ 3r)w, (14)
ow/ot = w,r —wu—-U,Q—(Q + 3r)u, (15)
or/ot = —ww. (16)

Here, @, = JgRy + 1R, wy = wy— Upd, and J = J, +
2l R,. The set of equations (14)—16) should be solved
in combination with Eq. (13) for the shear component
of the elastic-strain field, which can be rewritten in the
new notation in the form

0°Q/ot’ —c’9°Qlo = —(FiIp)d’rlaZ.  (17)

The set of equations (14)—17) is closed and self-
consistently describes the dynamics of both the struc-
turally unstable crystal and an elastic-strain pulse prop-
agating in it.

In general, the nonlinear set of equations (14)—(17)
is very difficult to analyze. Therefore, following [8, 9],
we consider the case where

W, T, > 1,
2
Wy = Wo(Wy—JoUp) = Wy,
2 2.2
w- = (JoRy + 14Ry) + wp(wy —JoUg—21,U,Ry)

2
= W] + WeW,.

(18)

Here, w, and w_ are the frequencies of the soft pseu-
dospin mode in the pretransition state and in the initial
(or final) phase, respectively. The spectral width of an

ultrashort pulseis Aw = T;l = 1012-10° s. Therefore,
for the low-frequency mode, we have w,T, > 1. Putting
w, = 10?-10° s, we obtain 1, > 10%-10°s,

Condition (18) is more stringent than the restriction
to low frequencies under which the MFA does not dis-
tort the real pattern of the interaction between an
ultrashort pulse and the structurally unstable crystal.
Under condition (18), the dynamic parameters of an
elastic-strain pulse vary fairly slowly, which indicates
that the interaction of the pulse with the crystal isweak
and the crystal is excited insignificantly. Therefore, we
can assume that the nonlinear effects in the process
under study are weak.
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3. SOLITON IN A CRYSTAL
IN THE PRETRANSITION STATE
In the pretransition state [3], the order parameter R,
is zero and U, = (1/2) tanh(wy/2kgT) ; therefore, we
have w, = 0 and w, # 0. By differentiating Eq. (16) with
reéstpect to time and substituting Eq. (15) into it, we
obtain

o’riot? = —WWy, + WUy + wp(Q + Jgr)u.  (19)

Using inequality (18), it can be found that the left-hand
side and the last term in the right-hand side of Eq. (19)
are of a higher order of smallness than the first two
terms in the right-hand side. Therefore, we can solve
Eg. (19) for r using an iterative method. Taking into
account the relation between r and Q, we reduce
Eq. (17) to aclose nonlinear equation for Q:

0°Q/at° —E%0°Q107" = (F3Uy/pwow’)d°107° 20
x {(1+w; JoU,) Q% + °Q/ot%

where
& = P (FiUy/pw,).

Theright-hand side of Eq. (20) contains a nonlinear
and adispersion term and, hence, is of ahigher order of
smallness than the terms in the left-hand side. There-
fore, we can use the approximation of unidirectional
propagation along the tunneling axis (parallel to the z
axis) in much the same manner aswasdonein[8, 9]. As
aresult, we obtain

2000Q/0z = (F2U /S pwyw))d/0T
x {(1+0;"3,U,)° Q% +9°Qlat% ,

where T = t — z/C. Equation (21) is a modified
Korteweg—de Vries equation,

0Q/9z—a,Q°0Q/91 —B,0°Q/ot° = 0,
where

(22)

A, = (FUy28%wowd)[ 1+ ;" U],

B, = FiU,2E%0uws.
A single-soliton solution to Eg. (22) has the form
Q = Q,sech[(t-2z/c,)T,], (23)
where

¢t =Tt =B, Q. =1, /BBJa..
Solution (23) describes a unipolar (half-wave) soliton.
Unlike the envelope soliton, this soliton does not con-
tain high-frequency oscillations. If the interaction of
the elastic-strain pulse with the crystal in the pretransi-
tion state stimul ates the appearance of the initial phase
& + €, >0 (or, aternatively, the final phaseg,, + €, <
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0), then the initial phase with r > 0 (or the final phase
with r < 0) arisesinside the soliton.

It followsfrom Eq. (23) that the velocity of this soli-
ton exceeds the phase velocity ¢ of a low-frequency
planewave. It should be stressed, however, that the con-
stitutive equations (14)—(16) do not include relaxation.
This approximation is valid with the proviso that

W, >T; >y, (24)

where y is a relaxation parameter characterizing the
soft-mode damping. To make an estimate, let us
assume that y = 108 s and is practically independent
of temperature for the structurally unstable crystal in
the pretransition state. Putting also w, = 108 s, w, =
wp(TH) 2T = T*Y2, T* = 107K, [T — T*| = 10 K, and
[T — T*)T* = 107, we find that w, = 102wy, = 3 x
10* st and inequality (24) is not satisfied for T;l =
10® s. Therefore, solitons 1023-10~° s long of the

type considered here are not excited at temperatures
close to the stability limits T=.

4. SOLITON IN THE INITIAL
OR FINAL PHASE OF THE CRYSTAL

Let us consider the crystal in the initial state with
R, > 0 (or thefinal state with R, < 0), where R, # 0 and,
hence, w, # 0. By differentiating Eq. (16) and substitut-
ing Eq. (15) into it, we find
2 2
0°r/ot ) 25)
= —WW, + Wew, U+ WU Q + wy(Q + Jr)u.

We solve Eq. (25) for r using an iterative method and
then, taking into account the relation betweenr and Q,
reduce Eq. (17) to aclose nonlinear equation for Q,

0°Q/ot° —E%9°Qlo7

= (FIUwy/plww, + 3] )d°/07°  (26)

x { @y(2 + (312) IU y005[ 00400, + 007] ) Q% + °Q/atH |
where
&% = ¢” = (F1Uqwo/p o0, + 037]).

Theright-hand side of Eqg. (26) containsanonlinear and
a dispersion term and, hence, is of a higher order of
smallness than the terms in the left-hand side. There-
fore, we can use the approximation of unidirectional
propagation along the tunneling axis parallel to the z
axis. Asaresult, we find

2800107 = (F2U,wy/E2p[wyt, + 007 13191
x{ (2 +(3/2) IUgwo[ o, + wi] )Q*  (27)

+9°Q/a1°},
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where T = t — Z/C. Equation (27) is the Korteweg—de
Vries eguation

0Q/0z—a_QaQ/ot-B.a°Qlat’ = 0,

where

(28)

a_ = (F2U oo/ p[ wow, + 007] )0y
X (2 + (3/2) IU g o, + 002] ),

B- = F7Uwy/Ep[ e, + wi] "
A single-soliton solution to Eg. (28) hasthe form

Q = Q_sech’[(t-2/C)/21,], (29)

where
¢t =T B, Q. =1,(3BMa).

The velocity of the soliton exceeds the phase veloc-
ity ¢ of alow-frequency plane wave, as is the case in
the pretransition state. If the crystal in the initial (or
final) state interacts with an elastic-strain pulse stimu-
lating the appearance of the final phasee,, + €, < 0 (or
theinitial phaseg,, + €,, > 0), then the fina phase with
r <0 (or the initial phase with r > Q) arises inside the
soliton.

In the immediate vicinity of the stability limits T+,
the soliton described by Eq. (29) cannot form due to
high damping of the soft mode. Indeed, at [T-T*|=1K
and [T—T*|/T*= 1072, wherethe critical-oscill ation fre-
quency is w_ = Jo(TH)™2T — T*|Y2 = 108 s, J, =
10*%s?, and T, = 10? K, the soliton with a duration of
less than 1, = 102 sis not excited. Therefore, solitons
103-10° slong of the type considered here cannot be
excited at temperatures close to the stability limits T*.

5. DISCUSSION OF THE RESULTS

From the results described above, we can draw the
important conclusion that a spatially localized collec-
tive excitation of the atomic lattice—a soliton—can be
excited and propagated in a structurally unstable crys-
tal. This soliton is, on the one hand, a structural defect
consisting of two interphase boundaries with another
phase between them and, on the other hand, an elastic-
strain pulse with a characteristic length | = 108
10 cm and a duration 1, = 103-10 s. The soliton
velocity dightly exceeds the velocity of a plane acous-
tic wave, which islikely the reason why the velocity of
sound is experimentally observed to increase at the
stage of nonlinear elastic strains[4].

It is reasonable to assume that the soliton found the-
oretically to arisein astructurally unstable crystal isthe
collective nonlinear excitation responsible for the
behavior of the lattice at the stage of nonlinear elastic
strains.
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The elastic-strain soliton can arise in a structurally
unstable crystal system only if a soft undamped mode
exists. However, as the crysta stability limit is
approached, the frequency of the corresponding soft
mode tends to zero, whereas the relaxation parameter y
remains practically unchanged. Therefore, in theimme-
diate vicinity of the stability limits T*, the soft modein
a structurally unstable crystal is generally overdamped
and the elastic-strain soliton cannot arise in this case.
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Abstract—The optical absorption spectra of single-crystal ferroborate GdFe;(BOs3), and GdFe, 1Gay o(BOs3)4
are measured and interpreted. It isfound that the absorption edge and the absorption bands A, B, and C observed
below the edge are close to those for FeBO;. A many-electron model of the band structure of GdFe;(BOs), is
suggested including strong electron correlations between the iron d states. It is shown that GdFe;(BO3), has a
charge-transfer dielectric gap. A risein pressure is predicted to result in a crossover between the high-spin and
low-spin states of the Fe>* ion, collapse of the magnetic moment, a weakening of Coulomb correlations, an
abrupt reduction in the energy gap, and an insul ator—semiconductor transition. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

For more than 30 years, studies of the rare-earth
oxiborates with the huntite structure RM3(BOs), have
been carried out in order to fabricate high-efficiency
functional materials for laser, piezoel ectric, and acous-
tic devices. These crystals, along with the high-temper-
ature superconductor cuprates and manganites exhibit-
ing colossal magnetoresistance, are examples of sys
tems with strong electron correlation (SEC). SEC
determines their electronic structure and magnetic,
optical, and electrical properties.

The rare-earth ferroborate GdFe;(BO;), has the

huntite structure belonging to space group R32( D;h ),

with Z = 3. The rare-earth Gd** ions have a prismatic
environment, and the Fe** ions have an octahedral envi-
ronment [1]. GdFey(BO;), isknown to be an easy-plane
antiferromagnet with a Néel temperature Ty = 38K [2,
3]. At 10K, al the sublattices are subjected to the spin-
flop reorientation transition into the easy-axis antiferro-
magnetic (AFM) phase. This material is an insulator at
room temperature.

Of the entire collection of oxiborates of transition
metals, FeBO; ferroborate is the most interesting and
most similar for comparison with the single-crystal
GdFe,(BO,), studied in the present work. This com-
pound has been studied for a long time, and its mag-
netic [4, 5], optical [6], and dielectric properties are
well known. Recently, optically induced disordering of
the magnetic order was observed to occur in this com-
pound under pulsed optical pumping [7]. At normal
pressure, this material is a charge-transfer insulator
with an optical gap of 2.9 eV [6, 8]. FeBO; isatypical
representative of the systems with SEC [9]. Recent
studies of this compound under high pressure have

shown dramatic changes in its magnetic and electrical
properties associated with the insul ator—semiconductor
transition [10-12].

Thiswork is devoted to the optical absorption spec-
tra and the electronic structure of GdFe;(BOs),, which
have not yet been studied. Section 2 describes the spec-
imens and experimental techniques used. In Section 3,
we present the measured optical absorption spectra of
GdFe;(BO,), and GdFe, ;Ga, (BO3),. In Section 4, the
optical propertiesare analyzed in theterms of the multi-
band model of the electronic structure of GdFey(BO;),
and are compared with those of FeBO;. Section 5 is
concerned with predictions of the influence of an
increase in pressure on the optical properties and elec-
tronic structure.

2. SPECIMENS AND EXPERIMENTAL
TECHNIQUE

GdFe,(BO,), and GdFe,Ga,4(BOs;), single crys
talswere grown from a solution in melt using the group
technique with aseed [13]. The obtained single crystals
were  dark green (GdFey(BOy),), green
(GdFe, ,Ga, o(BO3),), or transparent in the visible
region. To carry out optical measurements, specimens
from bulk isometric crystals were prepared in the form
of thin plates with their planes either parallel or normal
to the threefold axis C;. The thickness of the plates
intended for optical measurements was about 53 um for
the first crystallographic orientation of plates and about
42(37) pm for the second orientation, with the area of
plates in both cases being about 2 mm?. The spectra of
optical absorption D = In(ly/l) for both GdFe;(BO3),
and GdFe, ;Ga, 4(BO;), were obtained using a double-
beam spectrometer (designed at the I nstitute of Physics,

1063-7834/05/4703-0489$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Optical absorption spectra a¢ T = 300 K for
(a) GdFe(BO3)4 and (b) GdFe, 1Gag o(BO3),.

Siberian Division, Russian Academy of Sciences) in
the range 1000040000 cm (1.24-4.96 V) at 300 K.
The dit spectral width of the grating monochromator
used was 10 cm. The absorption was measured with
an accuracy of 3%.

3. OPTICAL ABSORPTION SPECTRA
OF GdFe,(BO,), AND GdFe,;Ga,4(BO,),

The measured optical absorption spectra of
GdFey(BO3), and GdFe, Ga,4(BO3), are shown in
Fig. 1. In the spectrum of GdFe,,Ga,4(BO3),4, the B
peak is clearly observed to split. In Fig. 2, the
GdFe;(BO;), absorption spectra for two directions of
the incident light beam with respect to the crystallo-
graphic C; axis are shown in comparison with the spec-
trum of the well-known compound FeBO; [6, 8].

B-O and Fe-O lengths and the energy gaps in FeBO; and
GdFez(BO;),

B-0,A Fe-0,A Eg &V
FeBO; 1.3790 2.028 29
GdFe;(BO3), 1.3676 2.029 31
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Fig. 2. Optical absorption spectra (g, b) of GdFe3(BO3), for
the c and a directions, respectively, and (c) of FeBOs.

The energy band gap, which determines the funda-
mental absorption edge in GdFey(BOs),, is equal to
E,= 3.1 eV, which is dlightly higher than the corre-
sponding value in FeBO; (E; = 2.9 eV). Three groups
of bands were observed (at E=1.4, 2.0, 2.8 V), which
were the same for both crystallographic orientations. It
was found that the bands in the spectra of GdFe;(BOs),
and FeBO; have similar energiesto within an accuracy
of several tenths of an electronvolt. Based on this simi-
larity, we assumed that the optical properties of FeBO,
and GdFe;(BO;), areidentical in the range 1.0-3.5 eV.

Theinfluence of the rare-earth Gd** ion on the opti-
cal spectrum was clarified by studying high-resolution
Fourier spectra. It was established that the Gd** ion
does not have any fundamental absorption bands up to
32264 cmr! (4 eV) [14]; therefore, the A, B, C bands
can be associated with absorption of Fe** ions. Thus, all

transitions are related to the Fe3* ion and its nearest
environment.

The difference between the local crystal structures
of GdFe;(BO3), and FeBO; is as follows: the single-
crystal GdrFe;(BOs),, unlike FeBO,, has a dightly dis-
torted coordination oxygen octahedron FeOg and three
pairsof equal Fe-O lengthsthat arefairly closein value
(the table shows the mean lengths for GdFe;(BO3),).
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Therefore, along with the cubic component, the crystal
field also has a low-symmetry component. However,
this component is small and we will neglect it in our
further discussion.

Thus, the band groups A, B, and C observed in
GdFe,y(BO,), (as well as in FeBO;; Fig. 2¢) can be
interpreted as d—d transitions from the ground state of
iron ionswith spin S= 5/2 to an excited state with spin
S= 3/2, more specifically, °A;4(°S) —= “T14(“G) for the
Agroup of bands, °A,4(°S) — “T,4(*G) for the B group,
and ®A(°S) —= Ay, “E4(*G) for the C group. Further-
more, the Fe-O and B-O lengths (see table) for
GdFey(BO3), and for FeBO; are virtualy identical,
which allows one to infer that the electronic structures
of these two crystals are similar in the energy range up
to 4 eV in thevicinity of the Fermi level.

4. ANALY SIS OF THE OPTICAL PROPERTIES
OF GdFe;(BOs), IN TERMS
OF A MULTIELECTRON MODEL OF THE BAND
STRUCTURE OF OXIBORATES:
COMPARISON WITH FeBO;,

This section contains an analysis of the properties of
GdFe;(BO,), in the terms of the multielectron model
used in[15] to cal cul ate the FeBO, band structure. This
model isalso valid for GdFe;(BOs), inthe energy range
upto4ev.

Ininsulator GdFey(BOs),, there are localized Fe** d
electrons in FeOg octahedra and localized Gd** f elec-
tronsin the GdOg triangl e prism. Within the BO; group,
strong sp hybridization occurs between the boron and
oxygen orbitals. According to caculations of the
FeBO; band structure, the hybridization of the Fe d
electrons with the sp el ectrons of the BO; group is neg-
ligibly small. The top of thefilled valence band E, and
the bottom of the empty conduction band E, are formed
by the sp orbitals of the BO; group, which, therefore,
determine the band gap E; = E. - E,.

According to one-electron first-principles calcula
tions, in the case where the Fe3* d° terms and Gd3* f7
terms are partly occupied, there will be partly filled
bands, which corresponds to the metal state. However,
owing to SEC, both the d and f electrons are in the
Mott—Hubbard insulator regime. Therefore, in order to
adequately describe the electronic structure and the
optical properties of GdFey(BO;),, the multielectron
approach should be used with inclusion of SEC. Since
the bond lengths within the BO; group are close to the
corresponding lengths in FeBO; (see table), we can
assume that the band gaps E, = E.— E, are aso similar
for these crystals. A certain decrease in the B—O bond
length in GdFe;(BO;), results in strengthening of the
B-O hybridization and in E; increasing to 3.1 eV as
compared to 29 €V in FeBO,;. The one-electron
scheme of the valence and conduction bands is super-
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imposed by one-particle d- and f-electron resonances at
energies

Qq = E(d"-E(d"), Q; = E(f""—E(f"),(1)

where E(d") and E(f") are the energies of the many-
electron terms of iron and gadolinium. These energies
are calculated with inclusion of SEC effects. Since Fe—
O and Gd-O hybridization is weak, the Q levels inter-
act with sp bands of the BO; group only weakly.

The absence of absorption for the Gd®* ion within
theenergy rangefiw< 4 eV indicatesthat thefilled level
Qq, = E(f") — E(f5) is very low, while the empty level
Q. = E(f8 — E(f") isvery high. Therefore, only iron d
statesfall into the band gap E4 and we can conclude that
the electronic structures of FeBO; and GdFe;(BO5), in
the energy range studied are similar. Moreover, because
the Fe-O lengths of the FeOg octahedra are similar in
FeBO; and in GdFe;(BOs),, we may also expect that
the same will be true for both the Racah parameters A,
B, and C and the cubic crystal-field component A =
€4(6y) — &4(tyg) for the iron ion. Taking SEC into
account, the energies of the fundamental terms of thed"
configurations can be expressed in terms of these
parameters as follows [15, 16]:

EC’E, d*) = 4e4+6A—21B—0.6A,
E(°A, d°) = 5e,+ 10A—35B, )
E(’T, d°) = 6g,+ 15A—21B—0.4A.

Here, g, isthe one-electron energy of ad electronin the
atom. Inthe cubic crystal field, thislevel splits: g4(ty,) =
€q—0.4A and g4(e,) = &4 + 0.6A. The Racah parameters
and the crystal field depend on the number of d elec-

tronsin the d" configuration; however, this dependence
is weak and we neglect it for the sake of simplicity. In
the GdFe;(BO3), compound, asin FeBO;, the d—d tran-

sitionsin Fe** with the energies
ea = E(TY-ECA), & = E(‘T)-ECA), a3
ec = E('E)) —E(°Ay)

determine the absorption spectrum at Aw < Ey. Using
the experimental energies of d—d transitions and the
Tanabe-Sugano diagrams, the Racah parameters are
determined to be B = 0.084 eV, C=0.39 eV, and A =
1.57 eV; these parameters are similar to the Racah
parameters for FeBO;. The parameter A and the one-
electron energies g4 are determined by the Fe** ion and
are taken to be the same asin FeEBO; [15], namely, A =
342eV and gy =-14.84 eV.

The high intensity of absorption band C in the spec-
trum of GdFe;(BO,), is explained, asin FeBOs, by the
superposition of an additional charge-transfer absorp-
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Fe4+ d4 Fe3+ dS F62+ d6

Fig. 3. Diagram of the Fe**, Fe3*, and Fe?* terms; the cross
indicates the ground term ®A;¢, which isfilled at T = 0.

NE) 1 Q, Q.

8V 8C
-14 0 2.8 3.1
E, eV

Fig. 4. Density of states of GdFe3(BO3)4. The Fermi level
lies above the valence band top €,

tion mechanism, i.e., by the p®d>+p°d® process. The cre-
ation of an excess electron due to the Fe** —~ Fe**
transition (Fig. 3) requires an energy

Q. = E(T, d") —ECA, d°). @

Similarly, the annihilation of an electron is associated
with the Fe** —» Fe** transition and requires an energy

Q, = E°A, d°) -ECE,, d". (5)

The levels Q. and Q, are expressed in terms of the
Racah parameters as

Q, = g4+ 5A+14B—0.4A, (6)

Q, = g4 +4A-14B + 0.6A; (7
and can be interpreted as the top and bottom Hubbard
subbands. The difference between them determines the
effective Hubbard parameter

Ug = Q.—Q, = A+28B-A = 42¢eV. (8)
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This value of Uy istypical of dionsin the middlie
of the 3d series. For example, this value of Uy can be
compared to the correlation energy kT* = 4.92 eV,
which was determined for crystal Fe, g,V 0sBO, from
the temperature dependence of resistance using the
Efros-Shklovskii law [17].

It should be noted that borates have different mag-
netic ordering temperatures (Ty; = 38 K for
GdFey(BO3), and Ty, = 348 K for FeBOs). The effect of
magnetic order on the optical propertiesis different in
the three temperature ranges. (i) below the magnetic
ordering temperature, T < Ty, the electronic structures
of both borates are qualitatively similar but differ quan-
titatively due to the splitting of the A, B, and C bandsin
the molecular field, because their temperatures Ty, dif-
fer by afactor of 10; (ii) intherange Ty; < T < Ty, the
electronic structures of borates should differ due to
their magnetic propertiesbeing different; (iii) and inthe
paramagnetic phase, namely, at T > Ty,, the electronic
structures of both borates are similar both qualitatively
and quantitatively. The last conclusion is valid if there
is no contribution from the Gd®* f electrons, which
appears only if the exciting energies are iw = 4 eV or
higher. For the same reason, substitution of neodymium
for gadolinium causes additional lines to appear in the
absorption spectrum and results in a more complicated
electronic structure of the substituted crystals
Gdl - dex Fe(«‘,(BO3)4-

Taking into account all these considerations and the
experimental data, we come to the model of the elec-
tronic structure of GdFe;(BO,), shownin Fig. 4.

5. PROPERTIES OF GdFe,(BO,),
UNDER HIGH PRESSURES PREDICTED
FROM THE MANY-ELECTRON MODEL

From the above discussion and calculations, as well
as from the similarity between the electronic structures
of GdFeBO;), and FeBO; it follows that
GdFe;(BO3), will exhibit the following behavior: a
crossover from the high-spin to low-spin state of the
Fe** ion, collapse of the magnetic moment, a weaken-
ing of Coulomb correlations, an abrupt reduction in the
energy gap, and an insulator—semiconductor transition.

According to [18], the effect of an increased pres-
sure on the electronic structure is mainly due to an
increase in the crystal field A:

A(P) = A(0) + aP. 9

Asaresult, as can be seen from the Tanabe-Sugano
diagrams for Fe** [19], the high-spin 6A,(S= 5/2) term
and the low-spin ?T,(S= 1/2) term approach each other
(Fig. 59).
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Fig. 5. (a) Fragment of the Tanabe-Sugano diagram for the
crossover from the high-spin 6Al(S = 5/2) to low-spin
2T,(S= 1/2) iron terms, (b) the probability of an Fe>* ion
being in the S=5/2 and 1/2 states, and (c) the collapse of
the magnetic moment.

Therefore, at P = P, the crossover can also occur in
GdFe;(BO,),, which results in a collapse of the mag-
netic moment (Fig. 5b):

[8T1= 5/2ng, + 1/2n,,, (10)

where ns;, and n,, are the probabilities of the Fe** ion
being inthe S=5/2 and S= 1/2 states, respectively. At
T = 0, we have ng;, = 1 up to the crossover point, and
then this probability becomes zero above P,; the prob-
abilityisny, =0atP<P,andn,,=1a P>P,.

For FeBO;, the critical pressure P, is about 47 GPa
[11]. For GdFey(BO3),, a similar crossover can be
expected and the critical pressure should have asimilar
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Ut = Qc— Q, = Eg(d”) + Eg(d®) — 2E(d”)

A

P<P, S§=2 S=2 S=5_
P>P, S=1S=0 S=1/2
Uett
4.2
------------- | 145
I
P, P

cr

Fig. 6. Crossovers of termsfor thed?, d°, and d® configura-
tions and the jJump in the effective Hubbard parameter.

QV €|F QC P <Pcr
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E :
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Energy, E

Fig. 7. GdFe3(BO3), density of states under low and high
pressure in the many-electron p—d model.

value, because the Fe—O length and the critical field A
are close to the respective values for FeEBO,;. Under
high pressure, the energies of the lower and the upper
edges of Hubbard bands change due to the crossover
[18]. We thus get for Fe?*

Q. = E(*A, d°) —E(°T,, d%), (12)

Q. = E(°T,, d°) —E(°T, d*). (12)

As a result, the Hubbard effective correlation
parameter decreases (Fig. 6), which means there is a
decrease in the gap between the Hubbard subbands:

Uy = Qc—Q, = A+9B-7C=145¢V. (13)
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A dramatic (almost threefold) decrease in SEC thus
occurs, and instead of the Mott—Hubbard insulator we
get the semiconductor state (Fig. 7).

A further increase in pressure can result in closure
of the semiconductor gap (due to the increase in the
small d-band width) and in the subsequent transition to
the metal state.

6. CONCLUSIONS

The optical properties of the grown single crystals
GdFe;(BO,), and GdFe, ;Ga,4(BO5), have been stud-
ied. It has been proved both theoretically and experi-
mentally that, in the paramagnetic phase, the electronic
structure and the optical spectra of GdFey(BO3), and
FeBO; are similar to each other in the energy range
below 4 eV inthevicinity of the Fermi energy. A many-
electron model of the band structure of GdFe;(BO3),
has been suggested taking into account SEC of iron d
states. It has been established that, under normal condi-
tions, GdFe;(BO,), is a charge-transfer insulator with
SEC. In terms of the many-electron model, an increase
in pressure was predicted to result in a crossover from
the high-spin to low-spin state of the Fe* ion in
GdFe;(BOs),, collapse of the magnetic moment, Cou-
lomb correlation weakening, an abrupt reduction in the
energy gap, and an insulator—semiconductor transition.
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Abstract—The magnetization curve and magnetization correlation function are calculated for aferromagnetic
chain of single-domain nanoparticles with arandomly oriented anisotropy axis for different ratios between the
exchange correlation and anisotropy energies. It is shown that the coercive force decreases as the exchange cor-
relationsincrease. For strong exchange correl ations, the magnetization curveis described by thefollowing three
successive magnetization processes as the applied field is increased: (i) nonuniform rotation of the magnetiza-
tion of stochastic domains, (ii) collapse of the magnetic solitons, and (iii) nonuniform rotation of exchange-cor-
related magnetization vectors of the nanoparticles. For high fields, the calculated correlation function of the
transverse magnetization components coincides with that predicted from linear theory. At low and zero fields,
the main parameters of the correlation function (the variance and correlation radius) tend to certain finite values
rather than diverge (asisthe case in linear theory). Theirreversible variation in the magnetization at low fields
(the hysteresisloop) and the hysteresis of the main parameters of the correl ation function are calculated. © 2005

Pleiades Publishing, Inc.

1. INTRODUCTION

The interest in simulating model systems with ran-
domly oriented magnetic anisotropy is related to gain-
ing a detailed understanding of the mechanisms of for-
mation of unique magnetic properties of amorphous
and nanocrystalline magnets. One of the main reasons
giving riseto these properties of amorphous and nanoc-
rystalline magnetic alloys is the randomly oriented
local magnetic anisotropy coexisting with a strong
exchange correlation of magnetic moments[1, 2]. Ori-
entational randomness of anisotropy in these materials
generates a specific magnetic microstructure, which
can be described as an ensembl e of stochastic magnetic
domains. It was found that the average self-consistent
characteristics of these domains (anisotropy and size)
determine the main integral properties (coercivity and
permeability) of amorphous and nanocrystalline mag-
nets [3]. The stochastic magnetic domain is defined as
follows. In [4], it was shown that a randomly oriented
local magnetic field destroys the long-range magnetic
order in adisordered ferromagnet. However, ferromag-
netic ordering (correlations) is still preserved on afinite
scale: due to exchange interaction, the magnetic order
extends over distancesthat arelargein comparison with
interatomic distances. This ferromagnetically ordered
region is a stochastic domain. To describe the magnetic
structure of such systemswith “intermediate” magnetic
order, it is necessary to study the magnetization corre-
lation function K(r) [5].

The correlation function K.(r) can be directly
reconstructed from experimental studies of small-angle
neutron scattering in nanostructured ferromagnets [6,

7]. One of the main parameters of this function, vari-
ance K,(0), can be determined from the magnetization
curve near saturation [8]. Recent studies have shown
that the correlation radius R,, can also be determined
from the magnetization curve [9, 10]. However, in the
low-field region, perturbation theory does not apply and
a linear analytical theory of the magnetization curve
cannot be developed. At the same time, this region has
been intensively studied experimentally and the interest
in applying simulation methods to the description of
nanomagnets has increased. We note a general fact: the
importance of simulation experimentsincreasesin con-
nection with the possible description of new physical
effects.

The published micromagnetic simulations deal with
some applied problems of magnetism [11-16] (numer-
ical studies of magnetization curves of a specific nar-
row class of materials) and some fundamental problems
[17-22]. Those studies have shown that both the shape
of the magnetization curve and the form of the magne-
tization correlation function are determined by the
grain size and the fundamental magnetic constants. We
believe that, in those studies, insufficient attention was
paid to establishing the relation of the magnetic struc-
ture in various fields and at different relative magni-
tudes of exchange correlations and anisotropy to the
magnetization curve of a model system, i.e., to work
aimed at solving the main problem in magnetic material
science of nanomagnets. Indeed, it has now become
clear that the form of the magnetization correlation
function K, (r) (which characterizes the spin structure)
isrelated to the shape of the magnetization curve, M(H)

1063-7834/05/4703-0495$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Dependence of the calculated total energy of the
chain on the number of iterations. The inset shows the
dependence of the number of iterationsrequired to attain the
energy minimum on the parameter R./3.

(which is a magnetic property of a nanomagnet). The
aim of this study is to investigate simultaneously both
the correlation function and the magnetization curve for
a simple model system, namely, a chain of exchange-
coupled nanoparticles with randomly oriented anisot-
ropy. Our simulation is intended to provide answers to
the following questions.

(1) How does the form of the magnetization curve
change in the intermediate regime between weak (rela-
tive to the exchange correlation energy) and strong
anisotropy?

(2) What are the features of the magnetization curve
at low fields in the case of weak anisotropy?

(3) What is the character of the behavior of the cor-
relation function of a nanostructured magnet at low
fields?

The model considered isaspecia case of the model
of a nanomagnet with one-dimensional inhomogene-
ities of magnetic anisotropy. However, it will be shown
that this model exhibits the general laws characterizing
nanomagnets. Furthermore, it is known that significant
research attention has been recently turned to a new
class of magnetic materials, one like magnetic nanow-
ires. It was found that these materials are most often in
the form of nanochains of exchange-bound nanoparti-
cles[23, 24]. Therefore, our model can also be applied
to describe experimenta results on the magnetization
of nanowires.
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(b) 2R /5 = 0.707

2R /8 =0.35

-1

Fig. 2. Magnetization curves calculated at different values
of the parameter 2R./.

2. METHOD AND MODEL

A discrete analog of our model isaone-dimensional
chain of spins s with random anisotropy at each site i
with a constant nearest neighbor exchange interaction
J. It is known that the energy of such a chain can be
written as a sum over the sites of the chain:

E=-3(ss.tK(sn) +Hs). (D

Likewise, for a nanochain of ferromagnetic grains,
we can write the energy as

E=-3 [g%(cos(ei ~8,,2) + cos(8,—6, 1))

@)
+Kcos' (8, -07) + HMcosei},
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Fig. 3. The coercive force as a function of the reduced cor-
relation radius of local anisotropy. The dashed line is the
function H, = kH,(2R/3)7°.

where the direction of the local magnetization vector is
characterized by the angle 6; measured from the direc-
tion of the field H; the distance between the neighbor-
ing sites is equal to the nanoparticle size 2R, (in this
case, R.isthe correlation radius of random anisotropy);
A = J(2R.)? is the exchange interaction constant; M, is
the saturation magnetization; K = H,M/2 is the local
magnetic anisotropy energy density, related to the
anisotropy field H,; 8" isthe angle of the easy magne-
tization axis (arandom function); and H is the external
magnetic field. Sinceweareinterested only in the states

corresponding to the minimum energy, it is convenient
towrite Eq. (2) as

£ =K 5 [3H50 (cos(@,6,.,) + cos(8, ~6,_)
o ©)

+cos (6, —07%) + 2hcosei},

where O/R; = A/A/KRCZ is a dimensionless parameter
characterizing the ratio between the exchange correla-
tion and anisotropy energies and h = H/H,. In our case
(the anisotropy israndom at each site), wehave R. = 1/2
(see, eg., [20]). We intentionally retained the quantity
R.in Egs. (2) and (3) in order to use, when interpreting
the results, the important concept of scaling (the direct
dependence of the minima of the total energy on the
dimensionless parameters o/R, and h) in systems with
random anisotropy.
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1.0

= 0.5

Fig. 4. Magnetization curve starting from the demagnetized
state of the nanochain for the case of R./6 = 0.28.

In this study, we disregard the contribution of
dipole—dipoleinteraction to the total energy for several
reasons. First, in earlier smulations of similar systems
[11, 12], it has been shown that the magnetic structure
and the magnetization curve of nanomagnets only
weakly depend on the magnetic dipole interactions, in
contrast to those of large-grain and single-crystal ferro-
magnets. This result is qualitatively clear, since only
exchange correl ations and magnetic anisotropy partici-
pate in the formation of the basic unit of the spin struc-
ture, the stochastic magnetic domain. Second, the
inclusion of long-range magnetic dipole forces

0.6

M =-0.0076"2 + 0.551

= 03

Fig. 5. Magnetization curve in the first field range
(R./0 = 0.28).
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Fig. 6. (a) Magnetic structure of afragment of the chain at
different values of the externa field in the second range.
(b) Dependence of magnetization on the number of mag-
netic solitons in the second field range.
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Fig. 7. Dependence of the correlation function for the trans-
verse magnetization components on the externa field (from
top to bottom: h=10, 0.1, 0.2, 0.3, 0.4) for 2R./6 = 0.35.

increases the amount of computational time required
(which is long even if we disregard these forces) by
orders of magnitude.

There are two different methods for solving our prob-
lem numerically: (i) numerical solution of the differ-
ential equation obtained by minimizing functional (2)
or (3) [18-20] and (ii) a straightforward choice of the
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spin distribution corresponding to the minimum of total
energy (2) or (3) (see, eg., [17]). The advantage of the
first method in the case of R./d < 1 (strong exchange
correlations, weak anisotropy) is that the computation
speed is high, in contrast to the second method, where
the computation time increases sharply with decreasing
ratio R./d (seeinset to Fig. 1). Inthe casewhere R./d is
of the order of unity or larger (strong anisotropy, weak
exchange correlations), the first method fails, since the
system becomes strongly nonlinear and divergences
appear when the differential equation is solved numer-
ically. Moreover, the solution to the differential equa-
tion is assumed to be unigue and, therefore, cannot be
used at low fields, where hysteresis arises. In this case,
the problem is solved using the second method.

A procedure for cal culating the magnetization curve
using the first method was suggested and described in
[18, 19]. With the second method, the magnetization
curve can be found as follows: for a certain field (e.g.,
H = 0), “relaxation” of the system is performed (by
choosing the magnetization distribution that corre-
sponds to the minimum energy), then the field is varied
dlightly and relaxation from the previous state is per-
formed. We assume that this procedure allows one to
reach the local energy minima responsible for hystere-
Sis.

Therelaxation is performed asfollows. Theangle 6,
at site i is changed by A, and the energy at this siteis
calculated. If the energy increases as compared to the
previous state, the stateis not stored in memory and the
angleis changed by —A; this procedure is repeated with
a subsequent decrease in the step to £0.0001 rad. This
procedure is performed successively for each site.

Due to the coupling between the nearest neighbors,
the state at site i is changed when minimizing the
energy at sitei + 1. Therefore, to minimize the energy,
we haveto come back and perform the relaxation at site
i again. By performing such iterations for the entire
chain, we found that the total energy first decreasesand
then ceases to vary at a certain stage (Fig. 1). We
assume that this state corresponds to the energy mini-
mum. We note that the choice of another sequence of
step-by-step spin relaxation can result in a different
random distribution of magnetization; however, for a
sufficiently long chain, the average characteristics do
not change. In the calculations, we used chains 1000- to
5000-spins long and periodic boundary conditions.
Since the energy of ananochain isinvariant under rota-
tions in the plane normal to the external field, we aver-
aged over the angle in this plane when averaging the
projection of the magnetization onto the field axis.

3. RESULTS AND DISCUSSION

Figure 2 shows the magnetization curves calculated
for different values of the parameter 2R./d characteriz-
ing the ratio between the anisotropy and exchange cor-
relation energies. The curve in Fig. 2a corresponds to
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Fig. 8. Field dependence of the magnetization correlation
radius R, on (a) a linear and (b) a logarithmic scale (for
2R./6 =0.35).

zero exchange correlation energy and reproduces the
classical result of Stoner and Wohlfarth for a system of
noninteracting single-domain particles (or very large
crystallites, with R, > ) with random easy-axis anisot-
ropy [25]. In this case, the coercivefiddish, = /2 (H. =
H./2) and the residual magnetization is M, = (L/2)M,
The coercive force decreases with decreasing 2R /9, i.e.,
as exchange correlations areincluded (Figs. 2b, 2c). The
dependence of H, on 2R./d obtained from the calcu-
lated magnetization curves is plotted in Fig. 3. In the
region of 2R./d < 1, the calculated dependence of the
coercive force becomes close to the analytical depen-
dence of the average anisotropy field of a one-dimen-
sional magnetic block (stochastic magnetic domain)
[18, 26, 27]:

H,0= H,(2R/8)>. (4)

By comparing the curvesin Fig. 3, we seethat H. asa
function of 2R./0 follows the same power law as does
[H,Cand that these quantities differ by a constant factor,
H, = klH,U In our case, k = 0.48. This correlation
between the dependences of H, and [H,[correspondsto
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Fig. 9. Field dependence of the magnetization variance
dy = Kiy(0) on (&) alinear and (b) alogarithmic scale (for
2R./5=0.35).

a model in which the magnetic structure of the
nanochain is considered a system of exchange-uncou-
pled magnetic blocks with randomly oriented anisot-
ropy axes averaged over each block.

For strong exchange correlations, a steplike feature
arises on the magnetization curve (Figs. 2c, 4). This
feature appears at 2R./d = 0.4 and becomes more pro-
nounced at stronger exchange correlations (2R./0 < 1).
In Fig. 4, we show the calculated magnetization curve
starting from the demagnetized state of the nanochain
for the case of 2R./d = 0.28. We see that this magneti-
zation curve can be divided into three parts, corre-
sponding to three field ranges.

In the first range, the magnetization increases with
field due to nonuniform rotation of the magnetizations
of stochastic domains. This interpretation is confirmed
by the fact that the M ~ H= dependence is satisfied in
this region (Fig. 5). We note that this dependence was
predicted and observed experimentaly in [10]. The
average anisotropy field [H,[Jof a block determined
from the Akulov low-field dependence agrees well with
the value of H,[calculated from Eq. (3).
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In the second field range of the M(h) curve, the mag-
netic structure proves to be an ensemble of magnetic
blocks with the average magnetizations oriented along
the field and an additional ensemble of localized
regions in which the magnetization is not reversed,
these regions are topological magnetic solitons whose
structure and size do not depend on the external field
within the second range (Fig. 6a). Asthefield increases,
the magnetization of magnetic solitonsisreversed in a
jumplike manner and the solitons decrease in number
and disappear in fields above H, (h > 1). Figure 6b
shows the dependence of the magnetization on the
number of magnetic solitons in the second field range.
The linear dependence indicates that the magnetization
reversal in each soliton provides an equal contribution
to the increase in magnetization. Since the solitons do
not differ in size or magnetization in the second range,
we may consider them as a sort of magnetization
quanta.

The magnetic structure of the nanochain in the third
field range of the reversible M(h) dependence is a sto-
chastic magnetic structure or “magnetization ripples’
(see, e.g., [28]). This structure is described well by the
one-dimensional linear theory of reversible processes
of inhomogeneous magnetization rotation [29].

We calculated the correlation function for the trans-
verse components of magnetization for each magnetic
state of the nanochain corresponding to a point on the
calculated hysteresis loop (for 2R./d = 0.35). Figure 7
shows the K, (r) dependence calculated for different
fields. The main parameters of the function K. (r) are
the variance d,,, = K,(0) and the correlation radius R,
We see that both the variance K,,(0) and the magnetic
correlation length 2R, decrease with increasing exter-
nal field. For our simple model, the field dependences
of d,, = K,,(0) and R(h) can be calculated in the entire
field range.

Figures 8 and 9 show the caculated field depen-
dences of the correlation radius R,(h) and the variance of
the transverse components of magnetization d.(h) plot-
ted on both linear and logarithmic scal es. We see that the
h dependences of the main parameters of the correlation
function K (r), aswell asthe M(h) dependence, are char-
acterized by aregion of reversible variation and aregion
of irreversible changes (hysteresis). Thereversible varia-
tionsin R,(h) and d.,(h) are the smplest to explain. At
high fields, the calculated R,, and d,,, are identical to
those predicted from linear theory (Figs. 8b, 9b).
Indeed, according to linear theory [29], in fields below

Hg = 2AMR?, we have R, = ,/2A/IMH = Y2 and

d,, = (@H)2HR""H™¥* = aR./8)h32. In fields above
Hg, R, tends to a constant value, which is approxi-
mately equal to the correlation radius of random mag-
netic anisotropy (R. = 1/2 in our case), and the variance
of magnetization behaves as d,, = (aH,)?H=2 = a’h™2. It
isseen in Figs. 8b and 9b that the calculated functions
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R.(h) and d,(h) exhibit ssimilar behavior. We note that
these results were obtained both by directly minimizing
thetotal energy (in the present work) and by solving the
corresponding differential equation (in [30]).

The irreversible variations in R(h) and d.(h) are
most difficult to explain. We see that, as the field
approaches zero, the quantities R, and d,, do not
diverge (contrary to the predictions from linear theory)
but rather tend to finite values. The variationsin R (h)
and d.,(h) with field are hysteretic. We point out specific
features of thishysteresis. First, we seethat R,(0) inthe
demagnetized state is smaller than R,(0) in the state
with residual magnetization (the opposite is true for
d(0)). Second, we see that there is afield range (close
to h=1) where R,(h) increaseswith H, in disagreement
with the prediction from linear theory. We note that this
field range coincides with the region where magnetic
solitons exist and a specific feature arises on the mag-
netization curve (the second range).

The behavior of R(h) and d,(h) in the field range
h<1(H < H,) allows us to assert that the quantitative
characteristics of astochastic domain (its size and aver-
age anisotropy) are fairly arbitrary in many respects (at
least, in the one-dimensional case). Therefore, these
guantities can only be evaluated by order of magnitude.

Thus, in our simulation we succeeded in providing
answersto all three questions stated in Section 1.
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Abstract—The influence of variable valence on NSR spectra of >3Cr nuclei in ferromagnetic CuCr, _,Sb,S,
(x=0,0.02,0.07) at T= 77 K isconsidered. For quadrupole nuclei in locally anisotropic positions, the effects
of variable valence result in averaging of not only the resonance frequency but also of the quadrupol e and mag-
netic anisotropy constants. The significant difference between the experimental and calculated values of these
constantsindicatestheimportant role of theintrinsic electronic contribution to the anisotropy of hyperfinefields
of compounds containing Cr** ions. Additional lines caused by intrinsic and induced defectsin the structure are
observed in the spectra of doped and undoped compounds. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Ferromagnets based on chromium chalcogenide
spinels ACr,X, (where A = Cd, Hg, Cu, and others; X =
S, Se, Te) form an important class of magnetically
ordered materials. Most of them are semiconductors.
Of these compounds, copper spinels CuCr,X, stand out
due to their metal conductivity and high temperatures
of magnetic ordering [1]. When analyzing the physical
properties of these compounds, it isimportant to deter-
mine the cation valence state. This can be done using
the NSR method.

In magnetically ordered materials, the NSR fre-
guency is controlled by the local hyperfine field at
nucleus sites [2]. This field is directly proportional to
theion magnetic moment. A changein the valence state
results in achanged magnetic moment, so the hyperfine
field, to afirst approximation, isdirectly proportional to
the number of unpaired electrons.

The variable-valence effect consists in the ion
valencethat fluctuatesin timetaking on one of two pos-
sible values. These fluctuations in a paramagnetic
nuclear-spin system result in a switching between two
frequencies, an effect well-known in the theory of elec-
tron spin resonance (ESR) [3, 4]. If the fluctuation fre-
guency is lower than the difference between the reso-
nance frequencies in each state (dow switching), the
magnetic resonance spectrum is a superposition of
spectral lines. In the case of rapid switching, a single
line at an averaged frequency is observed.

The influence of variable valence on the NSR spec-
traof 53Cr nuclei in ferromagnetic CuCr,S, was exper-
imentally observed in [5, 6]. An analysis of the fre-
guency position of spectral lines showed that both tri-
and tetravalent chromium ions coexist at low tempera-
tures. As the temperature increases, an additional line
appears whose frequency position corresponds to a
state with fractional valence Cr3%*, A further tempera-
ture increase strengthensthisline, and, at T =77 K, the

chromium ions are observed to be predominantly in the
Cr35* gtate.

Chromium ions in the spinel structure occupy tetra-

hedral sites with local symmetry 3m. In this case, the
anisotropy of the local magnetic field and the electric
guadrupole interactions have a significant effect on the
spectral line shape. However, the spectra line shape
was not discussed in [5, 6]. However, analysis of the
NSR line shape yields information on the influence of
vacancies and different-valence impurities on the phys-
ical properties of these compounds. As a rule, actual
samples are nonstoichiometric and contain anion
vacancies. In contrast to oxygen spinels, anion vacan-
cies in chalcogenide spinels do not cause a change in
the interatomic distances. For example, the CuCr,S, _,
structure remains homogeneous over therange0<y <
0.17[1].

When studying copper NSR in CuCr,S,, quadrupole
broadening of spectral lineswas established in[7] from
the existence of multiphoton spin-echo signals, despite
the fact that copper ions occupy tetrahedral sites, at
which there should be no electric field gradient. This
indicates local distortions of tetrahedral sites.

Impurity ions, as well as anion vacancies, have a
significant effect on the physical properties of chalco-
genide spinels. For example, when studying the mag-
netic properties of CuCr,_,Sb,S,, the transition to the
spin-glass phase was observed in [8] at high dopant
concentrations, which indicates the strong influence of
these impurities on exchange interactions.

This study is devoted to the influence of the variable
valence, anion vacancies, and doping with antimony on
the 33Cr NSR line shape in copper sulfochromite.

1063-7834/05/4703-0502$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Experimental and calculated 53Cr NSR spectra (solid
and dashed curves, respectively) in CuCr, -, S, S, a T =
77 K.

2. EXPERIMENTAL

NSR signals were studied using a pulsed incoherent
NSR spectrometer. NSR spectra were measured from
the dependence of the amplitude V of the two-pulsed
echo signal on the oscillation frequency of the ac mag-
netic field of exciting pulses. Polycrystalline
CuCr, _,Sb, S, samples with various degrees of Sh sub-
dtitution (x = 0, 0.02, 0.07) at T = 77 K were studied.
The %3Cr NSR spectra of these samples are shown in
Fig. 1 (solid curves).

It was experimentally found that the NSR spectrum
of an undoped compound depends on the time interval
between exciting pulses and consists of a main portion
and an additional line at afrequency of 33 MHz, which
is observed only at short (10-30 ps) intervals between
exciting pulses. In doped compounds (Fig. 1), thisline
disappears and another additional, fast-relaxing line
arises at high-frequencies, with its maximum being at
approximately 41.5 MHz.

We assumed that the low-frequency line in the
undoped compound is caused by chromium ions
arranged near anion vacancies. To verify this assump-
tion, asample was annealed in chal cogen (sulfur) vapor
(in a preliminarily evacuated quartz cell) for 9 h at
600°C. The masses of the sample and of the added sul-
fur were 585 and 50 mg, respectively. Figure 2 shows
the 53Cr NSR spectra for the sample before (curve 1)
and after annealing (curve 2). We can seethat annealing
in sulfur vapor does indeed entail the disappearance of
the additional spectral line.

3. DISCUSSION
OF THE EXPERIMENTAL RESULTS

3.1. Main Portion of the Spectrum

When analyzing the main portion of the spectrum,
we assume uniaxial local symmetry of B positions. The
53Cr nucleusisaquadrupolewith spin| = 3/2. The NSR
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Fig. 2. 33Cr NSR spectrum (1) before and (2) after sample
annealing.

spectrum of this nucleusis atriplet consisting of acen-
tral line (corresponding to the magnetic spectroscopic
transition £1/2 =— F1/2) and two quadrupole satel-
lites. The resonance frequency v depends on the angle
0 between the electronic magnetization vector and the
[111crystallographic direction. The NSR frequency is
given by

v = vo+(VAJ_rvq)(3c0526—1+r]sin26c032¢), (1)

where v is an isotropic constant, v, is the anisotropy
constant, v, is the quadrupole constant, and n is the
asymmetry parameter. This formula defines the reso-
nance frequencies of the quadrupole satellites. For the
central line, we have Vq=0.

In[9], it was assumed that the angle 6 takes on two
fixed values (0O, 172) and the numerical constant values
weretaken asv, = 38.47 MHz, v, =0.34 MHz, and v, =
0.6 MHz. Inthiscase, major disagreement between the-
ory and experiment is observed at low frequencies; this
part of the spectrum was not observed in [9].

When analyzing the inhomogeneously broadened
spectral line, we assume that the angle 6 takes on any
value with equal probability. In this case, a powder
spectrum is observed [10] and the spectral line for a
guadrupole nucleus with spin | = 3/2 can be described
by a model spectrum consisting of three peaks,

0.() = =
) 21 dq) (2)
;[J(S—n c0s2¢)(1—ncos2¢ + (vo—V)/Av)

in the range vy — 2Av < v < v, + Av(1 — ncos2¢) and
0,(v) = 0 at other frequenciesv. For the central line and
quadrupole satellites, Av is equal to v, and v, * Vg,
respectively. We also assume that the inhomogeneous
broadening of the spectral line at a fixed angle 0 is
described by a Gaussian with standard deviation o,
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Table 1. Fitting constants for echo spectra of 53Cr nuclei

BERZHANSKII et al.

X Vo, MHz Va, MHZ Vg MHz n o
0 37.95+0.01 154+0.01 045+ 0.01 0 0.04£0.01
0.02 37.80+0.01 152+ 0.01 0.45+0.01 0.095 £ 0.005 0.06 £ 0.01
40.32 + 0.01* 0.30 + 0.05*
0.07 38.10+0.01 1.30+£0.01 0.46 + 0.01 0.200 + 0.005 0.46 £ 0.01
40.64 + 0.01* 0.46 + 0.05*

* The values correspond to the high-frequency line at 41.5 MHz.

N2

1 o(v=v)n
ex . 3

The observed line shape g(v) can be written as [11]

9(v-V) =

00

g(v) = Igl(v')gz(V—V')dV'- (4)

Expression (4) was used for numerical approximation
of the main portion of the experimental spectra. Con-
Stants vy, Va, Vg, and n were varied so asto minimize the
root-mean-square deviation between calculated and
experimental data. The high-frequency lines in doped
samples were a so fitted by Eq. (4). The fits are shown
in Fig. 1 by dashed curves, and the corresponding
parameters are listed in Table 1.

As follows from Table 1, doping with antimony
increases the inhomogeneous broadening o, which is
typical of NSR in magnetically ordered materials.
Moreover, the asymmetry parameter n also increases.
Thisis dueto the fact that both the anisotropy and qua-
drupole constants are sensitive to the charges and mag-
netic moments localized at | attice sites. Theincreasein
the asymmetry parameter is indicative of a decreasein

1.6 i T T T ° | T ]
14 - CuCr284 -
1.2F i
T 1.0 ]
S N i
—= 0.8 R
=) 0.6 :\p =3 g HgCr,S, HgCrZS{
. \ o CdCI‘?S4‘
04 - CdCr2S4 T
- H=2Hg N

0.2F . | I | 1

8.0 8.5 9.0 9.5

a’

100 105 11.0

Fig. 3. Calculated lattice contribution to the anisotropy con-
Stant.
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the local neighborhood symmetry caused by antimony
ions substituted for chromium ions.

3.2. Anisotropy Constant

The anisotropy constant includes intrinsic and lat-
tice contributions. To estimate the |attice contribution,
we use the model of point magnetic dipoles, within
which the fields exerted on nuclei by the magnetic
moments of lattice ions are calculated.

In the case of chromium chalcogenide spinels, it is
sufficient to consider only the magnetic moments of
chromium ions. We assume that the magnetic moments
of al ions are oriented along the same crystallographic
direction due to exchange coupling. Since the dipole
field decreasesrather dowly with distance, calculations
cannot be restricted to only the first coordination shell;
the contributions of more distant ions should also be
included, which improves the field calculation accu-
racy. Calculations show that, with inclusion of ions sep-
arated from a given ion by adistance no longer than six
cell parameters (14460 ions), the dipole field is calcu-
lated with an accuracy of better than 0.5%.

In Fig. 3, the solid curves correspond to the lattice
contributions to the anisotropy constant calculated as a
function of the cell parameter at various values of the
magnetic moments of ions occupying B positionsin the
spinel structure.

Itis of interest to compare the calculated and exper-
imental data for a number of chalcogenide spinels. In
Fig. 3, open circles are experimental values of the
anisotropy constant at T = 4.2 K, taken from [12]. The
numerical values of the unit cell parameter are taken
from[1]. In these compounds, chromiumisin thetriva-
lent state and we can assume with good accuracy that
there are three Bohr magnetons per ion. As follows
from Fig. 3, the lattice contribution is insufficient for
describing the experimenta values and, therefore, the
contribution from the electron shell of an ion to the
anisotropy of thelocal magneticfield exerted onitsown
nucleus should be included. Most likely, this contribu-
tion isfrom covalent effects, which result in an electron
density transfer to the g, orbital of the chromium ion.

The closed circlein Fig. 3 corresponds to the exper-
imental value of the anisotropy constant in CuCr,S, cal-
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culated using Eq. (1). The CuCr,S, cell parameter is
also taken from [1]. Asfollows from Fig. 3, the devia-
tion of the experimental value from the value cal culated
within the model of point dipoles for copper spinel is
significantly higher than that calculated for cadmium
and mercury spinels. Thisdifferenceisexplained by the
chromium valence state in CuCr.,S,.

Indeed, at T =77 K, chromium can bein the Cr3* and
Cr#* states with equal probability. The Cr#* state exhib-
its strong spin—orbit coupling, which is indicative of a
significant deviation of the electron shell symmetry
from spherical; therefore, the contribution from this
electron shell to the anisotropy constant is substantial.

Based on the experimental value of the anisotropy
constant in CuCr,S,, we can estimate this constant for
the Cr** state. Since rapid exchange takes place in the
case under consideration, the experimental value of the
anisotropy constant in CuCr,S, is its average over the
Cr3 and Cr* dtates:

VA(Cr*™Y) = [va(Cr¥) + v, (Cr)] /2. (5)

Assuming that the anisotropy constant of the Cr*ionin
CuCr,S, is of the same order of magnitude as in other
chalcogenide spinels, namely, v,(Cr3*) = 0.5-0.6 MHz,
we obtain v,(Cr#) = 2.3-2.4 MHz.

Substitution of Sb* for chromium ions in spinel
octahedral sites should decrease the fraction of tetrava-
lent chromium ions, which, in turn, should vary the
anisotropy constant away from thevalue of v,(Cr*). As
followsfrom Table 1, an increase in the dopant concen-
tration indeed causes v, to decrease.

3.3. Quadrupole Constant

The quadrupole constant v, in a uniaxial crystallo-
graphic position is defined by the nucleus quadrupole
moment Q and the electric field gradient (EFG) V,, a
the nucleus site: v, = eQV,,/4h (in the case of spin | =
3/2). The EFG tensor component V,, can be written as

the sum of the lattice contribution V'ZZ and theintrinsic

(or valence) contribution V3, [13]:

Vi = (1-Y.)Vy, + (1-R)Vy, (6)

where Rand y,, arethe screening and antiscreening con-
stants, respectively.

The lattice contribution can be estimated in terms of
the moddl in which every ion is a point charge of a cor-
responding value. Moreover, the local symmetry of the
anion positions in the spinel structure alows the exist-
ence of an electric dipole moment; therefore, the dipole
contribution to the quadrupol e constant can be more sig-
nificant than the contribution of only point charges[14].

The necessity of considering electric dipole
moments of anions entails a two-stage calculation of
the quadrupole constant; we calculate the dipole
moments first and then the lattice contribution itself.
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Table 2. Electric field gradient at the chromium nucleus sites

Vg MHz

Cell | Anion calculation =

Com- parame- | parame- T

pound |M oA |Tiery | model | modd of | E

’ of point |point charges| &

charges | and dipoles | 3

CdCr,S, | 10.240 | 0.3901 | 0.047 0594 |0.95
CdCr,Se, | 10.755 | 0.3894 | 0.027 0.568 |0.98
CuCr,S, 9.814 | 0.3841 |-0.09 0.740 0.45
CuCr,Se, | 10.334 | 0.38 |-0.149 0.589 |0.097
HgCr,S, | 10.237 | 0.391 | 0.067 0649 |0.95
HgCr,Se, | 10.753 | 0.389 0.019 0.568 0.99
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The dipole moments are calculated using an iterative
procedure. Initialy, the electric field at the anion siteis
assumed to be due to only the point electric charges (of
both cations and anions). Based on the calculated field,
the electric dipole moments of the anions are calcu-
lated, and then the procedure is repeated again with
inclusion of the dipolefields of the anions. The calcula-
tion is complete when the new value of the dipole
moment is identical to the preceding value to within a
specified accuracy.

The lattice contribution v('q is calculated with an
accuracy of better than 1% for a number of chromium
chalcogenide spinels with inclusion of ions within a
sphere six cell parameters in radius. The results are
shown in Table 2. The numerical values of the anion
polarizahilities are taken from [15], and the structural
data are taken from [1].

In contrast to the anisotropy constant, the calcul ated

guadrupole constants v; cannot be used for direct com-
parison with the experimental values, because the
experimentally observed value of v, differs from the

calculated value of vl] by afactor of 1-vy., wherey,, is
the antiscreening factor [13].

Table 2 lists the experimental values of the quadru-
pole constant for cadmium and mercury spinels taken
from [12]. In these compounds, the chromium ionisin
the Cr¥* state at 4.2 K. Assuming the Cr3* electron shell
to be spherically symmetric to afirst approximation, we
disregard the contribution from the valence electrons to
the field gradient at the nucleus site. Then, by compar-
ing the calculated and experimental values of the qua-
drupole constant, we find that 1 —v,, = 1.46-1.73. Toa
first approximation, due to the rather narrow range of
numerical values of thefactor 1 —v,,, we can restrict our
consideration to only thelattice contribution in the case
of Cr3*ions.

In copper sulfochromite, the Cr¥* =— Cr#

exchange frequency is higher than the difference
between the quadrupol e splittings of the NSR spectrain
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Fig. 4. Anion vacancy—based impurity center.

Fig. 5. Antimony ion arrangement in the spinel structure.

each state. Therefore, we can calculate v; for copper
sulfochromite under the assumption that the copper ion
is monovalent and that the chromium valence is +3.5
(Table 2). When comparing the calculated and experi-
mental results, we assume that the experimentally
observed value of the quadrupol e constant isequal toits
average over the Cr3* and Cr** states,

Vo(Crr®) = [vg(Cr¥) +vg(Cri] /2

Moreover, we assume that “defreezing” of the orbital
angular momentum for the Cr#* ion is so small that the
contribution from the valence electronsto thefield gra-
dient at the nucleus site can be neglected to a first
approximation. In this case, we obtain 1 —vy,, = 2.87-
3.14 for Cr**. This value of the antiscreening factor for
tetravalent chromium is larger than that for trivalent
chromium, which isin good agreement with the lower-
ing of the electron shell symmetry in the Cr#** state and
with the results obtained for the anisotropy constant.
The rather close antiscreening factors for the Cr®* and
Cr# ions result in the fact that doping with antimony
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does not have a significant effect on the quadrupole
splitting of the NSR spectrum (Table 1).

3.4. Additional Spectral Lines

In the low-frequency region of the 3Cr NSR spec-
trum, an additional fast-relaxing line is observed in
undoped spinel. We assume that this line is caused by
anion vacanciesin CuCr,S,. It isknown that the forma-
tion of anion vacancies in chromium chalcogenide
spinelsresultsin only local distortionsin the lattice and
does not changethe general symmetry or cell parameter
of CuCr,S,_yintherange0<y<0.17.

Chromium ions occupy octahedral sitesinthe spinel
structure. The nearest neighbors to the chromium ion
are six anions. The lines connecting a chromium ion
with its nearest neighbor anions are paralel to the
[100=type directions of the spinel crystal structure. If
an anion vacancy arises in the nearest neighborhood,
then one of the [100tirections becomes symmetrically
distinguished and the angle 8 in Eq. (1) is measured
from this axis (Fig. 4).

The anion vacancy charge at the impurity center is
compensated due to a decrease in the chromium
valence (2Cr* — 2Cr®)). The anion vacancy in the
nearest neighborhood of a chromium ion weakens the
electron density transfer to the chromium ion. It seems
that the decrease in the electron density transfer results
in the local electron magnetization vector being fixed
along a[111GEtype direction. Inthis case, theangle 6 in
Eq. (1) takes on the “magic” value at which the spec-
trum degenerates into asingle line. The decreasein the
transferred electron density also weakens the hyperfine
magnetic field at the chromium nucleus site, which is
observed experimentally.

Faster relaxation of the additional line in undoped
CuCr,S, also agrees well with the proposed mecha-
nism, since the vacancy formation provides an addi-
tional channel for coupling between the nuclear-spin
system and the lattice, which acts as a thermodynamic
reservoir in relaxation processes.

Doping with antimony (even in small amounts)
causes the additional low-frequency line to disappear.
Apparently, in the presence of Sb°>* ions, whose positive
charge is higher than that of major chromium ions,
anion defects disappear.

We assume that the influence of the antimony impu-
rity on the chromium NSR spectrais similar to that of
anion vacancies, namely, the direction from the chro-
mium ion to the nearest neighbor antimony ion (one of
the [1100directions) becomes symmetricaly distin-
guished (Fig. 5). However, the Sb> impurity defect
does not fix the direction of the electron magnetization
vector, so we assume that the angle 6 can take on any
value with equal probahility, just asis the case for the
main portion of the spectrum (Table 1).
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When chromium ions are substituted for by anti-
mony ions, the cation subl attice valence is compensated
due to an increase in the number of Cr®* ions at the
impurity center (with the result that, e.g., a x = 0.5,
only Cr¥ remains in the compound). Therefore, the
impurity line frequency is observed in the high-fre-
guency rangein this case.

The presence of ahigh-frequency linein doped sam-
ples indicates the appearance of chromium ions (or
their clusters) with high spin densities. In other words,
substituting for Cr#* ions with ions of a higher valence
(Sb®) resultsin the formation of complexesthat consist
of two Cr® ions and one Cr** ion, between which fast
electron exchange takes place. Since the magnetic
moment of chromium ionsis dictated by the number of
unpaired 3d electrons, a complex of three crystallo-
graphically equivaent ions (Cr¥* == Cr* == Cr%)
exchanging through one 3d electron will have a mag-
netic moment of (8/3)ug per ion. The frequency posi-
tion of the high-frequency line (Table 1) correspondsto
ions of these complexes.

4. CONCLUSIONS

An analysis of the %Cr NSR spectra in
CuCr,_,Sb,S, a T = 77 K has shown that the effects
of variable valence of quadrupole nuclei in locally
anisotropic positions result in averaging of not only the
resonance frequency but also of the quadrupole and
magnetic anisotropy constants.

The equilibrium concentration of anion vacancies
causes the formation of an additional low-frequency
line in the 53Cr NSR spectrum. This indicates weaken-
ing of exchange coupling of Cr ions at defect centers
based on anion vacancies.

Sb>*-based impurity centers yield an additional
spectral line in the high-frequency region. The forma-
tion of thisline is associated with a change in the ratio
of the Cr¥ to Cr# ion concentration due to valence
compensation.

The lattice model for calculating the dipole mag-
netic and electric fieldsis not capable of explaining the
experimental values of the anisotropy of these fields.
This necessitates inclusion of the contribution from the
electron shell of ions. The determined values of the
anisotropic and quadrupol e constants of the Cr#* ion are
significantly higher than those for the Cr3* ion due to
the electronic configuration of the Cr#* ion. The asym-
metry of the electron cloud of the Cr#* ion is caused by
the spin—orbit coupling, which is much stronger for
Cr# ions than for Cr3* ionsin CdCr,S,.
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Abstract—The structural morphology and magnetic properties of thin FeTaN films with a high Ta content
(10 wt %) prepared by annealing compounds deposited by reactive rf magnetron sputtering in an Ar + N gas
mixture are studied. The dependence of the properties of FeTaN films on their nitrogen content and annealing
temperature were established. The deposition and thermal treatment regimes favoring the preparation of thin
nanostructural FeTaN films with high soft magnetic characteristics [B;= 1.6 T, H, = 0.2 Oe, and p, (1 MHz) =
3400] were determined. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Thin ferrite films are currently attracting intense
research interest because they offer considerable appli-
cation potential for use, for instance, in high-density
magnetic-recording media, magnetic sensors, micro-
wave applications, etc. [1-3]. The advantages of fer-
ritesin the form of thin filmsliein therich diversity of
their magnetic and electrical properties, high chemical
stability, and mechanical strength. An important appli-
cation of magnetic films is associated with devices
developed for superhigh-density information recording
and reading. Indeed, films of Ba-M-type hexagonal fer-
rites are very promising as carriers in this case due to
their high coercivity. In turn, the use of such informa-
tion carriers imposes stringent requirements on record-
ing devices. To achieve superdense information record-
ing on such carriers, the saturation field in the core of a
write head should be as high as ~20 kG or even higher
[4, 5]. Nanostructural FeXN films, where X = Hf, Nb,
Zr, Si, B, or Al, satisfy these requirements (see, e.g., [6]
and references therein). However, each of these ions
introduced as athird element affects the magnetic prop-
erties of the synthesized material differently. It was
suggested in [7] that doping with Ta could substantially
improve the soft magnetic characteristics of Fe—N films
due to the relatively strong interaction of Tawith nitro-
gen ions [8], which enhances the solubility of N atoms
in FeTaN films and improves their soft magnetic prop-
erties. FeTaN films 0.6 um thick and with a high
(12.5wt %) tantalum content were prepared [9] and
found to be amorphous after deposition. Annealing of
amorphous FeTaN compounds deposited at a nitrogen
partial pressure of 7.5% yielded films with sufficient
soft magnetic characteristics[9]. It wasrevealed in[10]
that the magnetic properties of FeTaN films have the
best thermal stability. The technology of preparation of

FeTaN filmswith fairly high soft magnetic characteris-
ticsis described in [11].

As is evident from available publications, there is
still much to refine in the technology of preparation of
magnetic films with preset properties. Thin magnetic
films are prepared using a variety of methods, among
them sol-gel technology, magnetron sputtering, laser
ablation, molecular beam epitaxy, etc. (see, e.g., [11—
13]). Theratio of componentsin the compound and the
technological regime employed (sputtering conditions,
gas pressure at sputtering, substrate temperature) affect
the properties of FeXN films very strongly. Annealing
of deposited compounds is a process essentia to the
formation of these properties. The annealing tempera-
ture can be varied within abroad range, which makesit
possible to purposefully control the film properties.
Hence, film annealing requires thorough study. This
communication reports on a study of the effect of the
preparation conditions and concentration of N ions on
the microstructure and magnetic properties of thin
(~1000 nm) FexXN filmsfor X = Ta.

2. EXPERIMENTAL CONDITIONS

Thin FeTaN filmswere prepared by rf reactive mag-
netron sputtering from a composite target in a mixture
of Ar and N, gases onto glass plate substrates. The com-
posite targetswere pureiron platel ets, with part of them
screened by afoil of highly purified Ta. The content of
Taionsin sputtered films can be controlled by properly
varying the area of the Fe plate screened by a Ta fail.
Experiments showed that, by screening 20% of theiron
plate areaby aTafoil, an FeTaN compound can be pre-
pared in which 10 wt % of Fe ions are replaced by Ta
ions. The number of N ionsin FeTaN was determined
by the partial pressure of nitrogen in the Ar + N, gas

1063-7834/05/4703-0508$26.00 © 2005 Pleiades Publishing, Inc.
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mixture in the sputtering chamber during the film dep-
osition. The conditions of FeTaN film preparation are
listed in the table. The films were annealed in avacuum
furnace at a pressure of ~1 x 10-° Torr.

Structural characterization of the films was carried
out with an x-ray diffractometer. Phase analysis was
performed by x-ray diffractometry and M d&ssbauer
spectroscopy (MS) with detection of conversion and
Auger electrons (conversion electron MS). The film
morphology was studied using electron transmission
and atomic-force microscopy (AFM). The saturation
magnetization Mg and the coercivity H. of films were
measured with a high-sensitivity (10~ emu) vibrating-
sample magnetometer. The anisotropy energy was
derived from B—H hysteresisloops as described in [14].

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure la presents x-ray diffraction patterns
obtained after deposition of FeTaN films at different
partial nitrogen pressures P(N,) by sputtering in an
Ar + N, gas mixture. As follows from the diffracto-
grams in Fig. 1a, nitrogen-free FeTa films consist of
o-Fe crystallites in which the interplanar spacing
d(110) = 2.073 A exceedsthat for pure a-Fe (2.026 A).
This suggests that Ta ions substitute for Fe ions in the
o-Fe lattice to form an a-Fe(Ta) substitutional solid

Substrate Fe(110) (a)
7%
5% \\
~ 3%
Py =0 ).

TaN(200) Fe(110) (b)

Ta;N5(410)
N Substrate
| 10%

Intensity, arb. units
T

1 1 1 1
20 25 30 35 40 45 50
20, deg

Fig. 1. X-ray diffractograms (a) of as-deposited films and
(b) after their annealing at 450°C plotted vs. partia nitrogen
pressure P(N,) in the sputtering chamber.

PHYSICS OF THE SOLID STATE Vol. 47 No. 3

509

Conditions of FeTaN film preparation
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Pressure in chamber 5x 10~ Torr
Pressure at sputtering 2 x 1073 Torr
Partial nitrogen pressure 0-10%
inthe Ar + N mixture

RF sputtering voltage 2.8kV
Substrate temperature 20°C
Film thickness 400 nm
Deposition rate 20-28 nm/min

solution. The (110) diffraction line of the a-Fe state
broadens with increasing partial pressure P(N,) and
shifts toward smaller angles. These changes can be
explained by assuming that nitrogen atoms enter the
o-Felatticeinterstitially and stretch it. Films deposited
at pressures P(N,) = 3% do not have a crystalline struc-
ture; i.e., they are practically amorphous. This conclu-
sion is corroborated by direct measurements (below
room temperature) of the magnetic characteristics of
films deposited at P(N,) = 5% (Fig. 2). If afilm wereto
consist only of nanosized a-Fe crystallites, the coercivity
H. would be lower than its room-temperature value or
remain constant, because H, depends on the exchange
coupling between grains and should be inversely propor-
tiona to the magnetization M [15]. However, asis evi-
dent from Fig. 2, both Mg and H, grow monotonically as
the temperature decreasesto —173°C.

Figure 3 displays the dependence of the saturation
induction By and coercivity H, of as-deposited filmson
the partial nitrogen pressure. As seen from Fig. 3, unan-
nealed films do not have the properties needed for the
development of magnetoresistive heads. As shown in
[15], the main condition for the formation of the
required soft magnetic characteristicsin such materials

1.9 T T T T T 45
m/
o> 40
18k
135
h 3
Sk 130T
125
16k
1 1 1 1 1 20
2200 -150 -100 -50 0
T,°C

Fig. 2. (1) Saturation induction Bg and (2) coercivity H,
(measured below room temperature) of films deposited at
P(N) = 5%.



510
1.8+
80
1.5+
1.2+ 60
~ S
mu; 0.9 I~ 40 :a
0.6+
20
0.3+
0 0

Fig. 3. (1, 2) Saturation induction Bgand (3, 4) coercivity H
measured (2, 4) after deposition of the films and (1, 3) fol-
lowing their annealing at 450°C and plotted vs. partial nitro-
gen pressure P(N).

isasmall or very low magnetic anisotropy (afew joules
per cubic meter). In a-Fe with grains of the order of
10 nm in size, the magnetic anisotropy is a few joules
per cubic meter because the nanosized a-Fe crystallites
are coupled by exchange interaction. In polycrystalline
nitrogen-free films, the size of the a-Fe particles
exceeds the exchange coupling length between them. In
this case, the magnetization process depends on the
magnetocrystalline anisotropy of these grains, asisthe
case with bulk iron samples (H; = ~50 Oeg).

As already mentioned, the most efficient method of
preparing nanostructural aloysinvolvesthermally con-
trolled crystallization of amorphous compounds.
Therefore, we studied the dependence of the magnetic
characteristics on the annealing temperature Tg,, on
films deposited at P(N,) = 5%. The experimenta data
thus obtained are presented in Fig. 4. For filmsannealed
at low temperatures, the saturation induction B, is seen
to be low, whereas the coercivity H. is high and coin-
cides with that measured on amorphous films. Increas-
ing the annealing temperature brings about a mono-
tonic increase in the saturation induction B, and a
smooth falloff of the coercivity H.. The quantities B
and H, are observed to undergo sharp changes in the
temperature range T,,, = 350400°C. As the annealing
temperature is increased still further, B and H, do not
change, which indicates termination of the crystaliza-
tion of a-Fe nanoparticles in the film. Thus, the opti-
mum temperature for film crystallization lies in the
region 400-450°C. This is why the deposited amor-
phous compounds were annealed in a vacuum furnace
at 450°C.

Figure 1b shows x-ray diffractograms of filmstaken
after annealing for different partial nitrogen pressures
P(N,). The diffractograms in Fig. 1b taken before and
after annealing do not exhibit any pronounced differ-
ences for films deposited at pressures P(N,) < 3%.
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Fig. 4. (1) Saturation induction Bg and (2) coercivity H, of
films deposited at P(N,) = 5% as a function of annealing
temperature T

However, deposition at pressures P(N,) = 3% produces
nanosized crystallites, which become embedded in the
amorphous matrix. The products of crystallization in
films deposited at different P(N,) are different.

Figure 3 plots the saturation induction B and coer-
civity H, of annealed films asafunction of partial nitro-
gen pressure P(N,). It can be seen that annealing
increases the saturation induction By of the films, with
the enhancement of B, being the largest in films depos-
ited at high pressures P(N,). In films deposited at pres-
sures P(N,) < 5%, the value of B remains practically
unchanged. Films prepared at P(N,) = 5% exhibit a
monotonic decrease in B,. The dependence of the film
coercivity H. on P(N,) is somewhat different, asis evi-
dent from Fig. 3. As P(N,) increases, H, decreases rap-
idly to reach itslowest value at P(N,) = 5%, after which
it grows smoothly. Such changesin magnetic properties
can be assigned to the crystalli zation of compoundsthat
differently affect the coercivity of the films. Indeed, in
films deposited at pressures P(N,) < 5%, the enhance-
ment of B, should be ascribed to annealing-induced
crystallization of predominantly nanosized a-Fe parti-
cles. Annealing of films deposited at pressures P(N,) >
5% initiates simultaneous crystallization of a-Fe nano-
particles and of the TaN compound. Figure 5 shows
M 6sshauer spectra of films deposited at a partial nitro-
gen pressure P(N,) = 5% (Fig. 5a) and subsequently
annealed at 450°C (Fig. 5b), aswell as of afilm depos-
ited at P(N,) = 7% and annealed at 450°C (Fig. 5¢). The
spectrum of the film deposited at P(N,) = 5% (Fig. 5a)
does not have a Zeeman line structure and consists of
broad lines, which indicates that this compound is
amorphous.

The M 6ssbauer spectraof filmsdeposited at P(N,) =
5% and annealed at 450°C (Fig. 5b) demonstrate aZee-
man sextuplet with linewidths of 0.30 = 0.03 mm/s and
an effective magnetic field at the iron-ion nucleus sites
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of 333.8 + 0.4 kOe. The areas of the Zeeman sextuplet
linesareintheratio3:4:1:1:4: 3. Thismeansthat
the magnetic moments of iron ions in the film are per-
pendicular to the wave vector of they radiation striking
the film surface along the normal. Therefore, the mag-
netic moments of iron ions are confined to the film
plane. In the region of zero velocity of the M ésshauer
source, the spectrum exhibits lines suggesting that the
films have asmall amount of acompound in whichiron
isin the paramagnetic state. The parabolic shape of the
background spectral line al'so implies the presence of a
small amount of iron in the amorphous state. Atomic
force microscopy of afilm obtained at P(N,) = 5% and
Tan = 450°C reveds a-Fe grains ~5-10 nm in size,
which is less than the ferromagnetic-exchange length.
The fraction of nanocrystallites in the volume of these
films is the largest. Thus, AFM, x-ray diffraction
(Fig. 1b), and Mdsshbauer spectroscopy measurements
(Fig. 5b) suggest that annealing of films deposited at
P(N,) = 5% causes primarily a-Fe nanoparticles to
crystallize in the amorphous matrix, with the (110)
plane of these a-Fe grains being oriented predomi-
nantly parallel to the film surface.

As seen from Fig. 5c, the M6ssbauer spectrum of a
film deposited at P(N,) = 7% and then annealed at
450°C consists of broad lines (~2 mm/s) of the Zeeman
sextuplet. An analysis of this spectrum reveded it to be
actually a superposition of lines belonging to the a-Fe
state and Ta,N,-type compounds. Thetotal sextuplet line
aress are approximately intheratio3:4:1:1:4: 3,
which indicates that the magnetic moments of the iron
ions are confined to the film plane. In the region of zero
velocity, the spectrum contains lines indicating the
presence of a small amount of iron compounds in the
paramagnetic state in the films. Hence, the data
obtained using M@ssbauer spectroscopy may be con-
sidered direct evidence supporting the validity of the
results obtained in AFM and x-ray diffraction studies,
which suggest simultaneous annealing-induced crystal-
lization of a-Fe nanoparticles and compounds of the
TaN typein films deposited at pressures P(N,) > 5%.

It was conjectured in [16] that, if a segregated TaN
compound is dense enough, it blocks the exchange cou-
pling between a-Fe particles, thus destroying the soft
magnetic properties of the films. This conjecture is
borne out by measurements of the magnetic character-
istics of these films, which are presented in Fig. 3.

Films in which only nanosized a-Fe particles crys-
tallize have high soft magnetic characteristics, because
the effective anisotropy in this caseis substantially sup-
pressed by exchange coupling among the a-Fe nano-
particles [14]. Note that, as follows from experiments,
annealing of films deposited at P(N,) = 5% brings
about the formation primarily of a-Fe nanoparticles
crystallizing in the amorphous matrix, with the (110)
plane of these a-Fe grains being oriented predomi-
nantly parallel to the film surface.
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Fig. 5. Conversion electron Mdssbauer spectra of films
(8) deposited at P(N,) = 5%, (b) deposited at P(N,) = 5% and
then annealed at 450°C, and (c) deposited at P(N,) = 7% and
annealed at 450°C.

4. CONCLUSIONS

Our studies have established the conditions favor-
able for the preparation of thin soft magnetic FeTaN
films with atantalum content of 10 wt % by using con-
trolled crystallization of deposited amorphous com-
pounds. The dependences of the microstructure and
magnetic properties on partial nitrogen pressure in the
sputtering chamber have been determined. It was
shown that Taions in nitrogen-free films substitute for
Fe ions in the a-Fe lattice to form a crystallizable a-
Fe(Ta) solid solution. The films deposited at higher par-
tial nitrogen pressures are practically amorphous in
structure. Annealing gives rise to the formation of
nanocrystalline a-Fe and other TaN-type phases, which
are embedded in the amorphous matrix of the films. It
was established that films deposited at a partial nitrogen
pressure P(N,) = 5% have high soft magnetic character-
istics. This is accounted for by the fact that the films
thus prepared are made up primarily of nanosized a-Fe
crystallites distributed over an amorphous matrix, with
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the a-Fe grainsbeing lessthan 10 nmin size. Thefilms
have a cluster structure and possess induced uniaxial
anisotropy, which originates from N ions occupying
octahedral positionsin the a-Fe lattice.
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Abstract—Analytical expressions are derived for the rates of longitudinal and transverse nuclear spin relax-
ation under conditions of fast modulation of the magnitude and direction of a hyperfine field induced by
unpaired electrons of an ion. The results obtained are used to explain the data available in the literature on the
S5Mn spin relaxation in the ferromagnetic metallic phase of doped perovskites, in which the modulation of
the hyperfine field is caused by the hopping of g, electrons between M n®* and Mn** ions. It is demonstrated
that, within thismodel, the rates of longitudinal and transverse relaxation are characterized by the same tem-
perature dependence and their ratio is independent of temperature, which is in agreement with the experi-

mental data. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

In recent years, increased interest has been expressed
by researchers in manganites of the general formula
La, _,AMNO;(A=Ca, S, Pb). Thisisexplained by the
fact that these materials exhibit unusual magnetic and
transport properties, which are controlled primarily by
the content x of Mn** ions. According to the model of
double exchange, which was proposed by Zener [1], the
g, electrons can easlly execute hoppings (with a fre-
quency fiy,) from Mn3* to Mn** ions, provided the spins
at both sites have parallel orientations. Consequently,
ferromagnetic ordering of manganites has often been
accompanied (especially in the case of doping at alevel
x = 0.3) by the formation of a ferromagnetic metallic
phase with adrastically decreased electrical resistance.

Manganite compounds have been intensively stud-
ied using nuclear magnetic resonance (NMR) and, in
particular, ®*Mn NMR [2-7]. Owing to the hyperfine
interaction, the frequency fyur of ®*Mn NMR depends
on the charge state of the ion; hence, at temperatures
above the ordering temperature, the NMR lines of Mn3*
and Mn** ions are recorded individually. However, at
temperatures below T, a which the manganite under-
goes a transition from the paramagnetic insulating
phase to the ferromagnetic metallic phase, these lines
merge into a single line, because, in this temperature
range, the hopping frequency exceeds the NMR fre-
quency: fro, > fumr [2-7]. Savosta et al. [3-5] investi-
gated the temperature dependences of the rates of lon-
gitudinal (T;") and transverse (T,") 5Mn nuclear spin
relaxation for this averaged spectrum. It was found that

the temperature dependences of the relaxation rates T[l
and T," are identical to each other and that the ratio

T,/T, falsintherangefrom 10 to 60 and does not depend
on temperature. Thisbehavior is observed not only inthe
ferromagnetic metallic phase but, sometimes, also inthe
ferromagneticinsulating phase (dp/dT < O, wherep isthe
electrical resigtivity), whichindicatesthe presence of fer-
romagnetic metalic clustersin this phase [5].

The aforementioned similarity between the temper-
ature dependences of the rates of longitudinal and
transverse nuclear spin relaxation was qualitatively
explained in [3]. The purpose of this work was to per-
form an analytical investigation of the >Mn nuclear
spin relaxation occurring in samples with mobile carri-
ers through the mechanism proposed in [3].

2. ANALYTICAL TREATMENT

Manganese ions in doped manganites are located in
acrystal field, whichisusually treated asthe sum of the
basic term of cubic symmetry and a small addition of
crystal fields of lower symmetry. Following Section 3
in the paper by Kubo et al. [8], we will restrict our con-
sideration to the specific case in which a Mn* ion
resides in an octahedral cubic crystal field and a Mn3*
ion additionally experiences arelatively weak tetrago-
nal crystal field due to the Jahn-Teller distortion; i.e.,
we will disregard crystal fields of lower (for example,
orthorhombic) symmetry.

Let us consider nuclear spin relaxation in a zero
external magnetic field. InaMn* ion, theMn nucleus
with agyromagnetic ratio y,, undergoes a contact hyper-
fine interaction with the electron shell. For aferromag-
netic phase with a preferred direction z (the easy mag-

1063-7834/05/4703-0513$26.00 © 2005 Pleiades Publishing, Inc.
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netization axis), the effective nuclear spin Hamiltonian
can be written in the form

Ho(Mn™) = —y. AHE 17 = —y AHE MY, (D)

where H ,i” isthe effective contact hyperfinefield in the
Mn** ion in ferromagnetic manganite. Thisfield differs
from the effective hyperfine field in a free ion, which
can be calculated, for example, by the Hartree—Fock
method [9].

The symmetry of the environment of the nuclear
spinin Mn® ionsislower than cubic symmetry; in this
case, the tensor describing the el ectron—nuclear interac-
tion is not reduced to a scalar [10]. In [8], the ®*Mn
nuclear Hamiltonian for a Mn® ion with a tetragonal
distortion of the environment was calculated in the fol-
lowing form:

Ho(Mn™) = —y. A{[HZ + (1/2)(3cos’0 - 1)H"I”
+1%(3/4)H'sin28}

= —yfi{ Hioe(Mn™)1" + Hie(Mn*)1%

2
where 0 is the angle between the direction z and the tet-
ragonal axis Z, the x axisliesin the plane containing the
axes zand Z, and H' is the parameter of the dipole field
induced by an g, electron at the site of the nucleus
removed over adistancer and averaged over the d wave
functions. The absolute value of this parameter for afree
Mn3* ion can be determined from the expression [8]

H1 = (4/7)|ug| G0
where g is the Bohr magneton. For the compounds

under consideration, Hy', HZ', and H' are adjustable
parameters.

The Hamiltonian of Mn nuclei in manganites
doped at alevel x, whichis averaged by €, electron hop-
pings and corresponds to a single NMR line, has the
form

Ho(X) = XHo(MN™) + (1= x)Ho(Mn™)

Z 1Z, 4% (3)
= _ynﬁ{ |_|Ioc| + Hlxoclx} .
Here, the averaging is performed over the distribution

of Mn® and Mn* ions in accordance with the doping
level:

Hi = (L=X)Hpe(Mn™) + xHE (Mn™),

Hie = XHE + (1=x)Hg'
+(1-x)H'(1/2)(3cos’6 — 1),

HX = (1—x)H'(3/4)sin26.

It follows from expression (3) that the M n nucleus, on
average, “sees’ the field aligned along the direction

(4)

FOKINA, ELIZBARASHVILI

deviated from the electronic quantization axis z
namely, it is quantized in the system of coordinates (&,
n, ¢), which is related to the system of coordinates (X,
Y, 2) through the transformation

I = 1,c08@ + 1,50,
I = —1gsin® +1,cos0, I =1,
where tan®© = IXOC/;ZOC In the system of coordinates
(& n, Q), we have

FHo(x) = —hwgly, 5)

2 2

cw =T Fo. ®
According to the mechanism proposed in [3], the
relaxation of a nuclear system with Hamiltonian (5) is
associated with the fluctuations of thelocal fieldson the
nucleus due to hoppings of the e, electrons between
Mn3* and Mn** ions; i.e., in the terminology used by
Abragam [10], the first-order relaxation takes place. In

the system of coordinates (X, vy, 2), the interaction
responsible for the relaxation can be represented as

(1) = ~yli{ 1'8Hic(t) + "SHie (D}, (7)

8Hice (1) = Hige (t) = Hicg.- €S)
In the “nuclear” system of coordinates (€, n, {), the
relaxation Hamiltonian (7) takes the form

H(t) = Yt 1OH (1) + 1 BHE(D},  (9)
SHS (1) = SHZ (t)cos® + 8H/ (1) sin®, 10

SHE (1) = —8HZ (t)sin® + 8H,.(t) cosO.

By analogy with the case of chemical exchange
[10], the correlation function of the zcomponent of the
local field with respect to the hopping electron spinsis
taken to be an exponential function [3],

SHie(t)OHpe = (SHG) exp(-tl/T).  (11)

The time dependence dH,.. (t) aso includes a fast
exponentia function describing the precession of the g,
electron with a frequency w, in the exchange field of a
ferromagnetic metal:!

(BH)” = X(1-X)[HE(MN™) - HE(M*)]%. (12

PHYSICS OF THE SOLID STATE Vol. 47

1 In the case when the estimates are made using an exchange field
of 81.2 T in manganite [4] and taking into account that the corre-
lation times 1, calculated in [3] should be multiplied by the coef-
ficient [4x(1 — X)]™L > 1 (see, below, expression (19)), the fre-
guency of the fast exponential function, according to the data pre-
sented in [3, Fig. 8], exceeds the rate of hopping of an ey electron

at atemperature T > 200 K. Then, thetermswith E')Hf;C (t) canbe
disregarded.
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The correlation time corresponding to hoppings of
electron holesis given by the expression

T, = T.eXp(E/ksT),

where E is the hopping activation energy.

Then, we use the expressions derived by Moriya
[11] (seea so the monograph by Turov and Petrov [12])
for the rates of nuclear spin relaxation due to fluctua-
tions of the local fields at the nucleus under consider-
ation:

(13)

[

Ti = (Val2) Idtt{éH&(t)éHi& Ceos(@grt), (14)

[

;! = (1/2)T;1+y§jth{6Hfoc(t)5Hfoa}D (15)
0

It should be noted that expressions (14) and (15)
hold in the approximation of small correlation times,
i.e., times that are shorter than the inverse root-mean-
square fluctuation of the local field in frequency units;
the braces in these expressions designate the symme-
trized product.

Upon substituting the fluctuations of the local fields
described by formula (10) into expressions (14) and
(15), we abtain the following relationships for the rates
of the longitudinal and transverse *Mn nuclear relax-
ation:

1

- I:l z .
;" = VoTO(8Hp,) [cos’® + (1/2) sin’ @]

. (16)

+ (BHG) L + w2t s’ + (12)c0SE)] O

O

- D z .
Tl1 = yiredéHloc)zsnze
0

(17)

i} 0
+(BHE) 1+ wit] oo
O

By assuming that oogr,f > 1, replacing the corre-
sponding designations, and changing over from the
first-order relaxation to the second-order relaxation
[10], relationships (16) and (17) can be transformed in
such away that they become consistent with the results
obtained by Moriya [11] (expressions (2.26), (2.27)),
who also assumed that the nuclear quantization axis
deviates from the electronic quantization axis.

Let us now consider the temperature range in which

the inequality winf > 1 holds true. If the anisotropic

contribution to the electron—nuclear interaction is alto-
gether absent or is considerably smaller than theisotro-
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pic contribution, it can be assumed that sin® = 0 and
cos@ = 1. Taking into account that, in this case,

2 2 2, N2
Vn(ﬂ4)(3:+05 ©-1) (':) 2 (18)
=[Wgr(MN™) =g (Mn )],

we obtain thefollowing relationshipsfor therates of the
longitudinal and transverse **Mn nuclear relaxation:

T ' =0and

T, = X(1 = X) T ey (Mn®") — 0 (Mn*)] ", (19)

As could be expected, expression (19) at x = 1/2 is
transformed into the Anderson formulafor the effect of
narrowing due to fast motion (see, for example, expres-
sion (21) in the paper by Mizoguchi and Inoue [13]).

For localized Mn®* ions that are characterized by a
nonzero orbital moment and serve as relaxation centers
with a strongly anisotropic fluctuation spectrum, in the

limiting case, we have ® — 172 and, hence, TIl =
2T," . Note that this relationship was not observed for
doped perovskites [6].

In the intermediate case of the relationship between

the parameters He', HZ", and H', the ratio of the rate
of transverserelaxation to the rate of longitudinal relax-

ation is given by the formula

cos’® + (1/2)sin’®
sn‘®

In order to estimate ratio (20), it can be averaged over

the angle 6 with due regard for relationships (4). As a
result, we obtain the expression

T = (20)

([XHE + (L=x)HE/H") +0.35

T O =3

(21)

By assuming that He~ = HZ" and using the esti-
mates obtained by Papavassiliou et al. [7], we find

T,YT{" ~ 30, which is in agreement with the experi-
mental data [3, 5, 6]. It is necessary to note that the
experimental temperature dependences of the relax-

ation rates TIl and T;l turn out to be entirely similar to
each other (this similarity is described by expression
(20)) and that these ratesincrease exponentially with an
increase in the temperature T [3, 5]. Savosta et al. [3]
explained this behavior in terms of the quadratic tem-
perature dependence of the activation energy, which is
characteristic of spin polarons. It should also be noted
that, if the nuclear relaxation were to be associated with
the scattering of conduction electrons by nuclear spins
(i.e., with the Korringa mechanism), its temperature
dependence, with any form of electron—nucleusinterac-
tion, would be linear [12]. Hence, there is good reason
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to believe [3] that the ferromagnetic metallic phase of
doped manganites is not acommon metal.

Note that some researchers [4, 14] have observed
two different ferromagnetic metallic phases in manga-
nites. In particular, Savostaand Novak [4] reveal ed that
the coexistence of these two phases manifests itself in
asymmetry of the Mn NMR line, which can be
decomposed into two lines. According to the assump-
tion made in [4], the broader line (the correlation time
T, is longer) corresponds to more insulating regions,
whereas the narrower line (the correlation time 1, is
shorter) is attributed to more metallic regions. Heffner
et al. [14] noted spatially inhomogeneous spin-attice
relaxation in ferromagnetic metallic phase samples of
doped manganites, which can also be explained by the
coexistence of two different ferromagnetic metallic
phases.

3. CONCLUSIONS

Thus, we derived analytical expressionsfor therates
of longitudinal and transverse ®Mn nuclear spin relax-
ation under conditions of fast thermally activated
motion of charge carriers (holes), which modulate the
hyperfine interaction in the Mn¥*-Mn* system. These
formulas are consistent with the experimental data
obtained earlier in [3, 5, 6] for the ferromagnetic metal -
lic phase of manganites of different compositions.
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Abstract—The magnetic structure of single-crystal TbFe;; _,Co,Ti compounds has been studied over a broad
temperature range and in strong magnetic fields (up to 14 T). Measurements of magnetization and magnetostric-
tion and a study of the domain structure revealed that spin-reorientation transitions (SRTS) in TbFe;; _,Co,Ti sin-
gle crystals depend substantially on the cobalt concentration. It was established that the SRT temperatures and
threshold magnetic fields are governed by theinterplay between the magnetic anisotropies of the 3d and terbium
sublattices. It is shown that, in these compounds, the low-temperature phase with planar anisotropy is separated in
temperature from the high-temperature phase with uniaxial anisotropy by an intermediate metastable phase con-
taining domains of the uniaxial or planar phase. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The materials used to fabricate modern high-effi-
ciency permanent magnets include intermetallic com-
pounds of 3d and 4f metals. Rare-earth (RE) 4f metals
provide a high saturation magnetization and giant
anisotropy, while 3d elements (iron or cobalt) account
for the high values of the magnetic-ordering tempera-
ture and coercivity, aswell asfor the high remanent and
saturation magnetizations [1]. Among these com-
pounds is Nd,Fe;,B, which has recently been enjoying
wide application. Magnetic materials based on RE
intermetallic compounds, R(Fe,Co),,Ti, with the
ThMn,, crystal structure are al'so promising [2—8].

The magnetic sublattices of the RE and 3d transition
metals in these intermetallics are coupled by strong
exchange interaction. The interplay between the mag-
netic anisotropies of the 3d and RE sublattices gives
riseto spin-reorientation phasetransitions (SRTs). Sub-
dtitution of cobalt for iron on the 3d sublattice in
RFe;; Ti compounds has a significant effect on the
structure of the 3d band, which makes R(Fe,Co),, Ti RE
intermetallic compounds particularly interesting for
investigating the effect the electronic structure exerts
on the magnetic properties, phase transitions, and
exchange coupling [9-12].

The present communi cation reports on astudy of the
effect of substitution (of cobalt for iron) on the 3d sub-
lattice on the character of exchange coupling, magnetic
ordering, and domain structure in Th(Fe,Co),;Ti inter-
metallic compounds with the ThMn,, tetragonal crystal

structure. Coordinated experimental investigations of
the magnetic properties and domain structure of single
crystalsof ThFe;; _,Co,Ti compounds were carried out
over abroad range of temperatures and magnetic fields.

2. EXPERIMENTAL TECHNIQUES
AND SAMPLES

The TbFe;; _,Co,Ti aloys to be studied were pre-
pared by rf melting in aundum crucibles in an argon
environment on a Donets-1-type setup. The alloy com-
ponents were high-purity metals Tb and Ti, as well as
99.9%-pure Fe. The aloys thus prepared were sub-
jected to high-temperature annealing in an SShVL-type
resistance furnace. To improve homogeneity, the ingots
were crushed again and remelted in vacuum. The sin-
gle-phase state of the alloys was established from x-ray
diffraction patterns of powder samples of the com-
pounds. All of the TbFey; _,Co,Ti compoundsthus pre-
pared (x=0, 1, 2, 3, 4, 5) crystallize in the ThMn,, tet-
ragona structure (space group 14/mmm). It was found
that heating of the alloys to 1800 K followed by rapid
cooling to 1500 K with subsequent slow cooling to
1400 K over 3-8 h produces single crystals of the main
phase in the form of (110) plates and [001]-oriented
needles. Single crystals of the TbFe;; _,Co,Ti com-
pounds were prepared from theseingots. The quality of
the single crystals was checked by Laue diffraction.

The temperature and field dependences of the mag-
netization of the TbFey; _,Co, Ti compoundswere mea-
sured (i) in magnetic fields of upto 3 T at temperatures

1063-7834/05/4703-0517$26.00 © 2005 Pleiades Publishing, Inc.



518

o, emu/g

O |
300 400

|
600 700
T,.K

500 800 900 1000

Fig. 1. Temperature dependence of magnetization of
TbFe;;, - «Co,Ti compounds plotted for different cobalt
concentrations.

from 300 K to the Curie point with a vibrating sample
magnetometer, (ii) within the temperature range 77—
300 K infieldsof upto 1.2 T with a pendulum magne-
tometer, and (iii) at temperatures ranging from 4.2 to
250K and in magnetic fields of up to 14 T with a capac-
itor magnetometer in a superconducting coil at the
International Laboratory of Strong Magnetic Fieldsand
Low Temperatures (Wroc¢law, Poland). The Curie tem-
peratures (T¢) of the compounds were derived from the
temperature dependences of the magnetization mea-
sured in afield yoH = 5 x 102 T. The domain structure
of ThFey; _,Co,Ti single crystals on differently ori-
ented surfaces and in a broad temperature range, 4.2—
370 K, was studied using the magnetooptical Kerr
method at the Max Planck Institute of Physics (Stut-
tgart, Germany).

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Magnetic Properties

The Curie temperature of the TbFe;; _,Co, Ti com-
pounds was defined as the point of fast falloff of the
specific magnetization measured in a field of 500 Oe
(Fig. 1). Our studies showed that substitution of cobalt
for iron in the TbFe;; _,Co,Ti system gives rise to a
monotonic growth of the Curie temperature T (Fig. 1).
Asthe cobalt concentration increases, T varies at arate
of ~90 K/atomin therangefromx=1to 2 and at arate
of 20 K/atom in therange fromx =41to 5 (Fig. 2). The
Curie temperature is determined primarily by the
exchange coupling on the 3d sublattice, which contains
atoms of iron and cobalt. As follows from neutron dif-
fraction measurements [13], Co atoms in compounds
with the ThMn,, structure occupy primarily the 8f and
8j positions, where the distance between Fe atoms is
less than a critical value of ~0.24 nm and the exchange
coupling integral between Fe atoms is negative. Co
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Fig. 2. Concentration dependences of the critical magnetic
field and Curie temperature for TbFe;; - CoyTi single
crystals.

atoms have a positive exchange integral ; therefore, sub-
gtitution of Co for Fe enhances the positive exchange
coupling on the 3d sublattice, with the result that the
Curie temperature also increases. It should be pointed
out that the difference in the Curie temperatures
between the TbFe;; _,Co,Ti and YFe;; _,Co,Ti com-
pounds (the Y magnetic moment is zero) does not
exceed 10%.

As the Co concentration increases, the saturation
magnetization og for ThFey; _,Co,Ti single crystals
first grows weakly to reach a small maximum at x = 2
and then decreases, which correlates with the behavior
of magnetization in other RE intermetallic compounds
under substitution of Co for Fe, as well as in Fe-Co
binary aloys. This phenomenon can be explained in
terms of the band theory of magnetism as a result of
successivefilling of the 3d bands with positive and neg-
ative spin orientation under replacement of iron with
cobalt (the number of 3d electrons per atom in Co is
larger by one than that in Fe) [14].

The magnetization isotherms o(H) of single-crystal
TbFe;; _,Co,Ti have a complex pattern indicating the
occurrence of spin-reorientation phase transitions in
these compositions, with the temperature and character
of the transitions depending substantially on the cobalt
concentration. It is of particular interest that sharp
jumps are observed to occur in o(H) curves of
TbFe;; _,Co,Ti single crystals at critical values of the
magnetic field H,,. Let us consider the magnetic prop-
erties of the TbFeyCo,Ti compound in more detail. Fig-
ure 3 presents magnetization isotherms along the [001],
[110], and [100] crystallographic directions of a
TbFeyCo,Ti single crystal measured at 4.2 K in mag-
netic fields of up to 140 kOe. We see that the [100] axis,
along which the magnetization rapidly reaches satura-
tion, isthe easy magnetization axis (EMA) and that the
[001] axis, where the magnetization field is the stron-
gest, isthe hard magnetization axis (HMA). Hence, the
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basal planeisan easy planeat T = 4.2 K. Figure 4 dis-
plays magnetization isotherms measured aong the
[001] axis of aThFe,Co,Ti single crystal in the temper-
ature interval 80-300 K and at magnetic fields of up to
12 kQOe. In the low-temperature region, the a(H) curves
follow a practically linear course typical of the case
where [001] isthe hard magnetization axis. Asthe tem-
peratureincreases, ajump appearsin the a(H) curvesat
acritical magnetic field H = H,, after which the curve
rapidly reaches saturation. At high temperatures, T >
275 K, the [001] axis becomes an easy axis, thus sug-
gesting spin reorientation in the TbFeyCo,Ti com-
pound. Near the spin-reorientation transition tempera-
ture (T = 275 K), characteristic breaks take place in
the magnetization isotherms (Fig. 4). This behavior of
magnetization is evidence of a first-order magnetiza-
tion process (FOMP), which is induced by a magnetic
field. These phase transitions are associated with the
spontaneous magnetization vector |4 transferring from
one minimum of magnetocrystalline anisotropy (MCA)
to another [15]. Hence, at low temperatures, T < Tgg,
TbFe,Co,Ti has planar anisotropy and becomes a
uniaxial ferrimagnet at high temperatures. These two
states are separated in temperature by an intermediate
phase, which is metastable, because, as will be shown
below, uniaxial-phase and planar-phase domains coex-
ist in this state. In the a(H) curves (Figs. 3, 4), we
clearly see that, in the vicinity of the FOMP, thereis a

field where 8°0/dH” is maximum and positive (H =

Hy,) and afield where 8°0/dH? is maximum in mag-
nitude and negative (H = H,,). Thefield interval Hg—
H, definesthe FOMP phase transition region. Thereis
practically no hysteresis in this region. Figure 5 plots
the temperature dependence of the average value of H,,
for a TbFeyCo,Ti single crystal. The average value of
H,, was derived from the maximum of the first deriva-
tive of o(H), which corresponds to the inflection point
in the magnetization curves. The critical field H
decreases with increasing temperature for all cobalt
concentrations, with the H,(T) curves becoming practi-
cally linear at high temperatures. Figure 2 shows the
concentration dependence of H,, obtained at T = 4.2 K
for TbFe;; _,Co,Ti single crystals. The maximum of
thiscurveisseento lieat x = 2.

An external magnetic field decreases the spin-reori-
entation transition temperature.

The SRT noticeably influences the dependences of
magnetostriction on temperature and external magnetic
field. Indeed, the temperature dependence of longitudi-
nal magnetostriction A\(T) measured aong the [001]
axisof aThFeyCo,Ti singlecrystal in magnetic fields of
up to 12 kOe reveals aclearly pronounced maximum at
T =269 K, atemperature closeto T (Fig. 6). Decreas-
ing the magnetic field shifts the maximum in the A(T)

PHYSICS OF THE SOLID STATE Vol. 47 No. 3

2005

80
[100]
60
g
=
[110]
£ 40
S
20
[001]
1 1 1 1
0 30 60 90 120

H, kOe

Fig. 3. Magnetization isotherms of a ThFeyCo,Ti single
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crystallographic axes.
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Fig. 7. Domain structure of the ThFeyCo,Ti intermetallic
compoundinthe EMA + EPintermediatestateat T=295K.

curve toward lower temperatures; for instance, at H =
3.5 kOeg, the maximum isseenat T = 251 K.

The observed behavior of A|(T) can beinterpretedin
the following way. For T > T, magnetostriction along
the[001] axis should befairly small, because this effect
has even parity and displacements of boundaries of
antiparallel domains do not contribute to magnetostric-
tion; furthermore, there is no rotation-induced magne-
tostriction, asthe vector Mgdoesnot rotateinafield H ||
[001]. When cooled below T, the vector Ng rotates
through an angle 6, relative to the [001] axis, while the
application of amagnetic field restores Mgto align with
[001]; therefore, rotation-induced magnetostriction
takes place. The observed effect will be A = A, —
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A.C0s%0,, where A, isthe magnetostriction constant and
0, is the angle between the magnetization vector and
the c axis.

3.2. Domain Structure

The domain structure (DS) of TbFe;;, _,Co,Ti single
crystals was studied on differently oriented surfaces
and over a broad temperature range, 4.2-370 K, by the
magnetooptic Kerr method with a Polywar Met metal -
lographic microscope (Reichner-Jung, Germany), on
which a cryostat with the sample was mounted. The
technique employed in these low-temperature studies
was described in considerable detail in [16-18]. The
DS transformation occurring during a spin-reorienta:
tion transition in TbFe;;_,Co,Ti compounds was
observed for two compositions, TbFe;Ti and
TbFeyCo,Ti. In ThFey; _,Co,Ti compounds, the mag-
netostriction is high (A ~ 10%) and the magnetoel astic
contribution to magnetocrystalline anisotropy is quite
large. Therefore, these compounds enable oneto follow
the effect of both substitution and the uniaxial magnetic
anisotropy induced by the magnetoel astic contribution
on the DS rearrangement pattern. Two cases were con-
sidered in this work: (i) transition from the magneti-
cally uniaxial to amagnetically biaxial state (with easy-
plane anisotropy) in ThFe;; Ti and (ii) transition from
the magnetically uniaxial to amagnetically biaxial state
(with easy-plane anisotropy and the preferred easy axis
induced by the magnetoelastic contribution) in
TbhFe,Co,Ti.

At high temperatures, the TbFe;; Ti compound is
magnetically uniaxial. Asthe temperatureis|owered to
T = 310K, the anisotropy type changesfrom the easy-
axis to easy-plane MCA and an EMA-EP metastable
state sets in. After this, a crossover to the easy-plane
anisotropy takes place at Ty, = 290 K, which is
observed in the DS patterns.

The extreme case of the effect of stresses on the pat-
tern of DS variation in the course of spin reorientation
was studied on TbFey,Co, Ti. The magnetoel astic contri-
bution to MCA in compounds of the Tb(Fe,Co),, Ti sys-
tem is large. Therefore, in the easy-plane anisotropy
region, Tb(Fe,Co),;Ti compounds quite frequently
show a situation where one of the [110]-type EMASis
made preferred by the stresses present in the sample as
the easiest axis of magnetization. This crystal is aso
magnetically quasi-uniaxial in the low-temperature
region, where easy-plane anisotropy prevails. The mag-
netic phase diagram of Th(Fe,Co),,Ti compounds was
shown in [8] to have a transition region within which
the energies of the high-temperature (I) and low-tem-
perature (1) phases turn out to be equal. In thisregion,
the ThFe,Co,Ti compound exhibits two DS systems
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Fig. 8. DS rearrangement in a ThFeyCo,Ti single crystal
during the phase transition from (a) the EMA to (d-f) an EP
state with a preferred EMA. The sample temperature is
(8 370, (b) 326, (c) 293, (d) 220, () 200, and (f) 80 K.

corresponding to the low- and high-temperature phases
(Fig. 7).

Phase | has a stripe DS. In the case exemplified in
Fig. 7, the phase with such domains lies directly under
the plane of observation. The EMA of thisdomain sys-
tem, which coincides with the [110] crystallographic
axis of the tetragonal |attice, makes an angle of approx-
imately 60° with the sample surface. Domain system I,
representing a magnetic phase with EMA-type anisot-
ropy, islocated under phase-I1 domains. These are 180°
stripe domains with the magnetization aligned with the
[001] axis. DS | magnetizes system 11, thus causing a
periodic variation of domain width in the star system.
Figure 8illustratesthe DS variation for the TbFeyCo,Ti
compound in the temperatureinterval corresponding to
the crossover from the EMA to EP anisotropy with a
preferred, easiest magnetization axis. Note that, in this
case, phases| and Il coexist in the temperature interval
220-360 K.
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4. CONCLUSIONS

Spin-reorientation transitions in TbFe;; _,Co,Ti
compounds are driven by magnetocrystalline interac-
tions with two major contributions.

In the low-temperature region, FOMP-type SRTs
are driven primarily by the interplay between different
crystal-field parameters that determine the anisotropy
on the RE sublattice. The MCA energy reaches a mini-
mum as a result of the MCA constants of the first and
higher orders having opposite signs. Asthetemperature
increases, mutual compensation of the MCA s of the 3d
and 4f sublattices plays a substantial role. Single-ion
MCA of terbium ions with a negative Stevens coeffi-
cient favors planar anisotropy, whereas that of Fe ions
is favorable for uniaxial anisotropy. Substitution of
cobalt for iron reduces the 3d-sublattice MCA, because
the single-ion MCA constants of iron and cobalt have
opposite signs. As a result, the SRT temperature
decreases substantially with increasing cobalt concen-
tration. In thevicinity of the MCA compensation point,
a spontaneous SRT transition occurs, which is associ-
ated with the magnetization vector switching from the
basal plane to the ¢ axis. The coexistence of domains
with auniaxia and aplanar phasein the SRT proximity
substantiates the presence of a metastable phase in the
transition region.
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Abstract—The angular dependence of the magnetic birefringence of sound in hematite is experimentally
investigated as afunction of the direction of amagnetic field applied in the basal plane of the hematite crystal.
It is found that, at room temperature, the curve of magnetoacoustic oscillations in the magnetic field, i.e., the
oscillatory dependence of the amplitude of an acoustic wave transmitted through the crystal on the magnetic
field strength, is characterized by hexagonal and uniaxial anisotropy. It is shown that the hexagonal anisotropy
isgoverned by the basal -plane anisotropy of higher orders. The appearance of the uniaxial magnetic anisotropy
in the basal plane of the crystal is explained by the mechanical stresses arising in the sample when piezoel ectric
transducers are glued to the sample ends. This assumption is confirmed by the observed change in the direction
of the uniaxial anisotropy axis under variations in the boundary conditions. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Magnetic birefringence of a transverse acoustic
wave propagating along the hard magnetization axis C
in the easy-plane antiferromagnet a-Fe,O; was
observed experimentally in our recent work [1]. In
accordance with the inferences made from the theory of
birefringence [2], we revealed that the amplitude of an
acoustic wave transmitted through the sample exhibits
oscillations dependent on the magnetic field strength H
(magnetoacoustic oscillations) and that the polarization
of the acoustic wave changes from linear at the entry
into the sample to eliptic at the exit from the sample.
The nature of this phenomenon is associated with the
lifting of the degeneracy in the spectrum of transverse
acoustic waves with wave vector k || C;due to the mag-
netoelastic interaction [3]. During propagation of the
acoustic wave along the C; axis, only one of the two
normal modes of transverse vibrations efficiently inter-
acts with the magnetic subsystem, specifically with
vibrations of the antiferromagnetic vector L inthe basal
plane of the crystal. These vibrations correspond to the
low-frequency quasi-ferromagnetic branch of the spec-
trum of spin wavesin two-sublattice easy-plane antifer-
romagnets, including hematite a-Fe,0O; [2, 3]. Owing
to the renormalization of the elastic moduli resulting
from the magnetoelastic coupling, the velocity of the
interacting mode (magnetoel astic mode) becomes dif-
ferent from that of the noninteracting mode and
depends onthe magnetic field H (dueto the dependence
of the antiferromagnetic resonance frequency wx, on
the magnetic field H). This leads to a phase shift
between the normal modes of transverse vibrations

Ad(H), whose magnitude at the exit from the sample of
length d in the direction of propagation of the acoustic
wave is determined by the expression Ad(H) = Akd/2,
where Ak(H) isthe difference between the wave vectors
of the normal modes of transverse vibrations. There-
fore, the amplitude of the resultant wave at the exit from
the sampleisan oscillating function that depends on the
magnetic field strength [1, 2]. Investigation into the
angular dependence of the birefringence has revealed
that the curves of magnetoacoustic oscillations in a
magnetic field substantialy depend on the direction of
the magnetic field in the basal plane of the crystal [1].
In particular, we observed a60° periodic dependence of
the amplitude of an acoustic wave on the magnetic field
strength. This dependence can be explained in terms of
the fields of the fourth- and sixth-order basal-plane
anisotropy. It isworth noting that the hexagonal depen-
dence overlaps with a 180° periodic dependence. The
latter dependence indicates a strong uniaxial magnetic
anisotropy in the basal plane of the crystal. However,
this anisotropy has defied explanation in terms of crys-
talline or magnetic anisotropy [4] and can be associated
with the generation of additional magnetostriction
fields [5, 6]. In our experiments, there are two most
probable factors responsible for the generation of these
fields: (i) residual stresses in unannealed samples,
which were sawed from a single-crystal boule grown
along one of the twofold axes in the basal plane of the
crystal sample, and (ii) mechanical stresses arising in
the sample when piezoel ectric transducers are glued to
the sample ends parallel to the basal plane of the sample
[5, 6]. According to [5, 6], the inhomogeneous strains

1063-7834/05/4703-0523$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Oscillations of the amplitude of the transmitted
acoustic wave as afunction of the magnetic field H (¢4 C0)
at angles & 030° (¢ 030°) (solid line) and & [01120° (¢pg U
120°) (crossed line).
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Fig. 2. Angular dependences of the magnetic field strength
(corresponding to the maximum in the curve of magnetoa-
coustic oscillations) in the basal plane of the crystal at
angles (a) & 030° and (b) & 0120°. The solid line indicates
the approximation by functions of form (2).

induced by these stresses can be comparable in magni-
tude to the spontaneous striction in hematite [7]. The
main objective of this work was to elucidate the origin
of the periodicity inthe angular dependence of the mag-
netic birefringence of sound. For this purpose, we car-
ried out new experiments with annealed hematite sam-
ples. The results of these experiments are discussed in
this paper.

2. EXPERIMENTAL TECHNIQUE

We measured the amplitude of a transverse ultra-
sonic wave (at a frequency f 91 MHZz) transmitted
through a hematite sample (k || C5) asafunction of the
strength and direction of the magnetic field applied in
the basal plane perpendicular to the C; axis of the crys-
tal. The measurement procedure and requirements for
samples were described in detail in [1]. We note only
that the ellipticity of the acoustic wave at the exit from
the crystal sample allows one to specify the directions
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of polarization of the emitting and receiving piezoelec-
tric transducers arranged at the plane-parallel ends of
the sample at any angle to each other. It is most conve-
nient (first of al, for comparison with theory) to
arrange them either paralel or perpendicular to each
other [1]. Below, wewill present the results of measure-
ments performed for their orthogonal orientation and
two directions of polarization of the input piezoelectric
transducer (emitter). In the first case, the direction of
polarization of the emitter made an angle & = 30° with
the preferred twofold axis C, (the growth axis of the
single-crystal boule). In the second case, the angle ¢
was equal to 120°. The receiving piezoelectric trans-
ducers were glued accordingly.

The measurementswere carried out at room temper-
ature in magnetic fields 3 < H < 20 kOe, which were
applied in the basal easy-magnetic plane of the sample.
The sample was rotated in a magnetic field. The direc-
tion of the magnetic field in the basal plane of the crys-
tal was specified by an angle ¢, measured from the
same preferred twofold axis C,. The single crystals
were annealed in air according to the standard proce-
dure: the samples were uniformly heated to an anneal-
ing temperature of 1100°C for 3 h and were then
annealed at this temperature for 6 h. After annealing,
the samples were cooled in the furnace to room temper-
ature over aperiod of 20 h.

3. EXPERIMENTAL RESULTS

Figure 1 shows the experimental curves of magne-
toacoustic oscillations of the amplitude of the trans-
verse ultrasonic wave A4(H) for these samples at an
angle ¢, = O for orientations of the transducers at
angles & 130° (solid line) and & [1120° (crossed line).
Figure 2 depicts the dependences of the magnetic field
strength AH™ (0) = H (9,) — H (0), which cor-
respondsto the nth maximum in the curve A(H), onthe

field direction for both orientations of the emitter. It can
be seen from Fig. 2 that the magnetic field strength

AH® (4, in both cases (i.e., a & = 30° and 120°) isa
periodic function with a period of 60°. In turn, this
function overlapswith a180° periodic function indicat-
ing an anisotropy with a considerable amplitude. A
comparison of Figs. 2aand 2b (points) clearly demon-
strates that the axis of this anisotropy isrotated through
an angle of 90°. It should be noted that the results of the
experiments performed with annealed samples for ori-
entation of the emitter at an angle & [130° differ very
insignificantly from the results obtained for unannealed
samples under the same conditions[1]; hence, the latter
results are not presented in these figures to avoid over-
crowding. Therefore, we can assume that the residual
strain associated with the single-crystal growth is small
as compared to the strain caused by spontaneous stric-
tion and that the observed uniaxial anisotropy in the
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basal plane of the crystal sampleisrelated to the bound-
ary conditions [6].

4. DISCUSSION

The experimentally observed magnetoacoustic
oscillations (Fig. 1) can be described by the expression
obtained in [2] (in relative units):

As(H) = Jsn’(209)sin’(Ak(H)d2), (1)

where ¢, is the angle between the direction of polariza-
tion of the excited wave and the direction of polariza-
tion of the normal (transverse) magnetoelastic mode.
Expression (1) allows us to obtain only qualitative
agreement with the experimental data; however, thereis
a significant quantitative discrepancy between theory
and experiment. A similar situation occurs with other
easy-plane antiferromagnets, such as MnCO; [8] and
FeBO; [9]. The possible reasons for the absence of a
close quantitative agreement between theory and exper-
iment were discussed in detail in [10]. One of the theo-
retical models that provides a good fit of the calculated
data to the experimental dependence of the amplitude
of the transverse ultrasonic wave A on the magnetic
field strength H was considered in [6].

The experimental angular dependence of the mag-
neticfild AH™ (9,) = H (,,) — H™ (0), which cor-
responds to the nth maximum in the curve A;(H) (this
is aso true for any other point in the curve of magne-

toacoustic oscillations), is approximated well by the
function

AHS(91)
= AHY OBcos2(2 —a) + X cos(60,,).

This function can be interpreted as follows. According
to expression (1), the amplitude of the acoustic wave at
the exit from the sample islargest under the condition

Ak(HYY = mzn+1)/2, HP=HD(04). 3

In the case of the sufficiently strong fields used in the
experiment, for which the inequality Ak/k < 1is satis-

fied, the difference between the wave vectors Ak(H r(T:‘ ) )
can be represented by the approximate expression [2]

)

2
B(H) =k—2, o = Del2B)
wio(Hm') MoCa = (4)
k = 2nf/V,, V, = Culp,

whereV,, isthevelocity of the noninteracting mode, Cyy
isthe elastic modulus, p isthe density of the crystal, By,
is the component of the tensor of the magnetoelastic
coupling, He is the exchange magnetic field, and Mg is
the equilibrium magnetization of the sublattices. By
assuming the uniaxial anisotropy and taking into
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account the fourth- and sixth-order basal-plane anisot-
ropy, the antiferromagnetic resonance frequency of the
quasi-ferromagnetic mode wy has the form [5, 11]

Wro(HE) = yH{HD(HE + Hp) + 2HHS
+2HgH,cos2(0 - ¢,y) + 36HH,c0s6¢,} .

It follows from expressions (4) and (5) that the mag-

netic field strength H"” | at which condition (3) is sat-
isfied, isa composite periodic function of the angle ¢ .
Relationship (5) includes the following magnetic
fields: Hp, is the Dzyaloshinski field, H'® istheisotro-
pic part of thefield of spontaneous magnetostriction, H,
is the effective field of the basal-plane anisotropy of
higher orders [4], and H, is the magnetostriction field
induced by strains arising under the action of an arbi-
trary external force applied in the basal plane of the
crystal at an angle 0 to the preferred twofold axis C, [5,
11]. An example of thisforceis pressure applied in the
basal plane of the crystal, whose effect on the antiferro-
magnetic resonance frequency wx, was thoroughly
investigated earlier. Following the conclusions drawn
in [6], we can assume that, in the case under consider-
ation, the nonzero additional magnetostriction field H,,
induced in the basal plane of the crystal is determined
by the mechanical boundary conditions. These condi-
tions are created when piezoel ectric transducers with a
strong anisotropy of the thermal expansion coefficient
(the X cut of lithium niobate) are glued to the sample
ends parallel to the basal plane of the crystal. Harden-
ing of the glued area (epoxy resin) is accompanied by
the heat release. As aresult, the transducer plate expe-
riences strong tension in the preferred direction in the
plane of the cut. In turn, this tension gives rise to inho-
mogeneous mechanical stresses at the sample ends.
These stresses, like the magnetostriction fields induced
by them, should possess axial symmetry. Apparently,
the direction of the axis of this symmetry is determined
by the direction of the maximum extension of the
piezoelectric transducer. In our opinion, this assump-
tion is confirmed by the experimentally observed
change in the phase of the uniaxial anisotropy by an
angle of 90° upon regluing of both piezoelectric trans-
ducers with a 90° rotation of the polarization vectors.

From the above consideration, it follows that the
parameters a, 3, and x, which are involved in expres-

sion (2) for the approximating function AHr(T:1 ) , are
determined by the following factors:. the parameter 3 is
determined by the magnetostriction field H, of external
stresses, the angle a is governed by the orientation of
the X axis in the cut plane of the piezoelectric trans-
ducer with respect to the C, axis of the crystal in the
basal plane, and the parameter X depends on the mag-
netic field of the hexagonal basal-plane anisotropy H,.
The experimental angular dependences of the magnetic
field strength corresponding to the maximum in the

)
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curve of magnetoacoustic oscillations (Fig. 2) are
approximated by functions of form (2) with the follow-
ing parameters: 3 0.5, x 0.8, and a [117° in Fig. 2a
and 3 005 x 00.8, and a [0105° in Fig. 2b (solid
lines). As can be seen from Fig. 2b, the approximating
function describes the experimental curve satisfacto-
rily. Moreover, this function entirely correspondsto the
change in the anisotropy axis by an angle of 90° under
variations in the boundary conditions and describes
well the general trend of the observed dependence.
Based on the experimental data, the exchange-strength-
ened values of these fields can be estimated as

[36HcH, = 4.6 kOe and /2H.H, = 1.8 kOe. The

basal-plane anisotropy field is comparable in magni-
tude to the published data [4].

5. CONCLUSIONS

The observed angular dependence of the magnetic
birefringence of the transverse acoustic wave in easy-
plane antiferromagnets is determined by the distribu-
tion of relatively weak magnetic fields in the basal
plane of the crystal. This demonstrates a high sensitiv-
ity of the ultrasonic methods, which can be efficiently
used to investigate not only the elastic and magne-
toelastic properties of strong magnets but aso their
purely magnetic properties.
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Abstract—The electronic structure and magnetic properties of the crystalline and fullerene-like forms of nickel
dichloride NiCl, areinvestigated in the framework of the local spin density functional theory. It isdemonstrated
that the band gap can be reproduced in the energy band spectrum of the NiCl, compound with inclusion of the
magnetic ordering in the calculation of the band structure. The metamagnetic nature of the NiCl, dichloride
(i.e., the transition from an antiferromagnetic phase to a ferromagnetic phase in a weak magnetic field) is
explained interms of asmall difference (0.025 eV/cell) between the total energies of the ferromagnetic and anti-
ferromagnetic phases. Polyhedral three-shell nanoparticles of the NiCl, compound exhibit magnetic properties
(the magnetic moment of nickel lies in the range 2.0-2.3 pg). For isostructural nanoparticles of the FeCl,
dichloride, the magnetic moment of iron is larger and falls in the range 4.2-4.5 pig, whereas nanoparticles of
the CdCl,, dichloride are found to be nonmagnetic. Theresults of analyzing the interatomic interactionsindicate
that the composition of fullerene-like nanoparticles of the dichlorides under investigation can deviate from the

1: 2 stoichiometric composition. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Among the magnetic materials suitable for a wide
range of practical applications, quasi-two-dimensional
metamagnetic systems are of particular interest. The
best known representatives of these systems are nickel
dichloride NiCl, and isostructural d metal dihalides of
the CdCl, type. Inthe ground state, the NiCl,, dichloride
is an antiferromagnetic material. The NiCl, compound
in the antiferromagnetic phase has a structure consist-
ing of nickel ferromagnetic layersin which the adjacent
layers are antiferromagnetically ordered [1, 2]. The
NiCl, dichloride undergoes a transition from the anti-
ferromagnetic phase to the ferromagnetic phase in
weak magnetic fields.

The mechanism responsible for the formation of a
band gap in the energy band spectrum of the NiCl,
dichloride and anumber of other crystalline nickel-con-
taining compounds has been a matter of great discus-
sion between different groups of researchers[3]. In par-
ticular, the one-electron spin-restricted calculations
performed by Ackerman et al. [4] predicted that the
NiCl, dichloride should possess metallic conductivity.
However, Ronda et al. [3] carried out experimental
investigations of the photoconductivity in nickel
dichloride and revealed that the energy band spectrum
of this compound is characterized by a band gap of
~4.6 eV. Antoci and Minich [5] and Zaanen et al. [6]
assumed that the formation of a band gap in the band
spectrum of nickel dichloride can be caused by transi-
tionsfrom aNi 3d—Cl 3p occupied band to aNi d empty
energy band rather than by transitions between d—d

states of nickel; i.e., the band gap in the band spectrum
of this compound is associated with charge-transfer
transitions and is not a Mott—Hubbard gap, in contrast
to the case with nickel oxide NiO. The question regard-
ing the role played by magnetism in the formation of a
band gap in the energy band spectrum of the NiCl,
dichloride remains open.

Quite recently, Hacohen et al. [7] synthesized
unique quasi-one-dimensional and quasi-zero-dimen-
sional nanostructures of nickel dichloride (namely, nan-
otubes and polyhedral fullerene-like nanoparticles,
respectively) through reactive laser ablation [7]. More-
over, Hacohen et al. [8] and Popovitz-Biro et al. [9]
prepared a number of fullerene-like nanoparticles from
related metal dihalides, such as Cdl,, CdCl,, and FeCl,.
However, there are no reliable data on the electronic
and magnetic properties of these low-dimensional sys-
tems.

In this work, the electronic structure and magnetic
states of the crystaline (two-dimensiona) and
fullerene-like (zero-dimensional) forms of the NiCl,
dichloride were thoroughly investigated within the
local spin density functional theory formalism for the
first time. Moreover, we examined the magnetic prop-
erties of FeCl, and CdCl, fullerene-like nanoparticles.

2. COMPUTATIONAL TECHNIQUE, RESULTS,
AND DISCUSSION

Nickel dichloride NiCl, has a layered structure
(space groupR3m) consisting of molecular layers,

1063-7834/05/4703-0527$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Atomic structures of afragment of the NiCl, molecular layer (a; and a, aretranslational vectors) and apolyhedral (fullerene-

like) nanoparticle of the composition (NiCl,)4g.

each composed of three CI-Ni—Cl atomic networks
(Fig. 1). The band structure of the NiCl,, crystal was cal-
culated using the linearized muffin-tin orbital method
[10] for three phases, namely, the nonmagnetic, ferro-
magnetic, and real antiferromagnetic phases. The anti-
ferromagnetic phase has a structure composed of nickel

10F Total
0 1 1 L /
10f
Ni spin-up states
;
S "
4] Ni spin-down states
ol
B L
G
>
% 0 ,_J'\—\L ! !
7 Cl
4l
0 1 1 A | __L-/
-6 -4 -2 0 2 4

Energy, eV

Fig. 2. Total and partial densities of statesfor the NiCl, fer-
romagnetic phase according to the linearized muffin-tin
orbital calculations.
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ferromagnetic layers in which the adjacent layers are
antiferromagnetically ordered [1, 2]. For the nonmag-
netic phase of the NiCl, compound, the energy at the
Fermi level E coincideswith the maximum of the den-
sity of nickel d states. Owing to the ferromagnetic
ordering, the total energy of the system decreases by
~0.31 eV and the energy band spectrum is character-
ized by aband gap of ~0.35 eV (Fig. 2). Thus, the com-
parison of the results obtained for the nonmagnetic and
ferromagnetic phases of the NiCl, dichloride shows
that the band gap can be reproduced in the energy band
spectrum of this compound with inclusion of the in-
plane magnetic ordering in the band structure calcula
tion performed in the framework of the local spin den-
sity functional theory.

In the NiCl, compound, Ni?* ions have a 3d® config-
uration in which six electrons occupy the t,, bands and
two electrons are locaized in the g, bands. In the ferro-
magnetic phase of the NiCl, compound, electrons
occupy the ty, spin-up states, the e, spin-up states, and
the t,, spin-down states. The top of the valence band is
formed by the g, bands overlapping with the CI 3p
states; i.e., the formation of the band gap is associated

with transitions between the egT hybridized states and

the eg unoccupied states (Fig. 2). The magnetic
moment of nickel is equal to 1.3 pg.

The inclusion of the antiferromagnetic ordering
between the nickel ferromagnetic layersleadsto alow-

ering of the e; occupied band and to an increase in the
band gap to 0.42 eV. It should be particularly empha
sized that the total energy of the antiferromagnetic
phaseis0.025 eV lower than thetotal energy of the fer-
romagnetic phase. In this case, the band structures of
the antiferromagnetic and ferromagnetic phases differ
insignificantly. Therefore, the electronic properties of
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the NiCl, dichloride are only dlightly affected by the
antiferromagnetic ordering and the metamagnetic
nature of this compound (i.e., the transition from the
antiferromagnetic phase to the ferromagnetic phaseina
weak magnetic field) can be explained in terms of the
very small difference between the total energies of the
ferromagnetic and antiferromagnetic phases.

Atomic models of thelow-dimensional structures of
the NiCl, compound were constructed on the basis of a
CI-Ni—Cl molecular layer. This layer can be described
by the primitive trandlational vectors a; and a, (Fig. 1).
Models of the chira and achiral nanotubes were
obtained by rolling “ribbons’ cut from alayer of width
Ic] = na; + ma, [7, 11]. Fullerene-like nanoparticles
were modeled with the use of NiCl, layer fragments
serving as nanoparticle faces. In order to provide alter-
nation of the Ni—Cl bonds, vertices of these fullerene-
like nanoparticles, unlike carbon fullerenes, must be
occupied by even numbers of atoms. With due regard
for thisrequirement, it is possible to construct only one
type of polyhedral particlesin which the face walls are
built of NiClg octahedra shared by edges and each ver-
tex isformed by two octahedra shared by faces (Fig. 1).
In order to ensure the stoichiometric composition
NiCl,, it is necessary to remove two chlorine atoms, for
example, from two vertices of the fullerene-like nano-
particles (Fig. 1). Such fullerenes of the stoichiometric
composition NiCl, are three-shell nanoparticles of the
cage type in which the outer and inner shells are com-
posed of chlorine atoms and the middle shell consists of
nickel atoms. These nanoparticles have octahedral mor-
phology, which was experimentally observed by Haco-
hen et al. [7].

The electronic and magnetic properties of NiCl,,
FeCl,, and CdCl, fullerene-like nanoparticles were
investigated using the example of polyhedral nanopar-
ticles of the composition (MeCl,) . The particle geom-
etry was optimized by the MM+ molecular mechanics
method with alowance made for dipole interactions.
The calculations were performed using the spin-polar-
ized discrete-variational method [12]. The model den-
sities of states are presented in Fig. 3. The Cl 3p states
are localized in the energy range 8-2 eV below the
Fermi level E. The near-Fermi states predominantly
involve the Ni 3d orbitals. Fullerene-like nanoparticles
of the composition (NiCl,),s are characterized by a
metal-like band spectrum. A similar band spectrum is
obtained for (FeCl,),s nanoparticles. For (CdCl,),g
nanoparticles, the upper valence band is primarily
formed by the Cl 3p states and the lowest free energy
states are of the mixed Cd 5s—Cl 3p type. The band gap
is approximately equal to 0.5 eV. The atomic magnetic
moments of the (NiCl,),s, (FeCl,),s and (CdCl,),g
fullerene-like nanoparticles were calculated from the
populations of the atomic spin orbitals. According to
these calculations, the atomic magnetic moments are
equal to 2.0-2.3 pg for the (NiCl,),g nanoparticles and
4245 pg for the (FeCl,),s nanoparticles. The
(CdCl,) g nanoparticles are found to be nonmagnetic.
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Fig. 3. Model densities of d states of metal atoms in
(a) (NiCly)g, (b) (FeCly)4g, and (c) (CdCly),g fullerene-
like nanoparticles according to the spin-polarized discrete-
variational calculations. The vertical line indicates the edge
of the occupied band.

The calculations of the overlap integrals and the
effective atomic charges Q demonstrated that the Cou-
lomb interactions play a dominant rolein the stabiliza-
tion of the (NiCl,),g and (FeCl,),g fullerene-like nano-
particles, whereas the covalent component of the bond
is small (the overlap integral is less than 0.1 €). The
degree of ionicity of the bond is estimated from the
Pauling formula and is approximately equal to 75%.
The atomic charges of the metallic shell of the nanopar-
ticlesfall intherange +(0.33-0.41) for nickel and inthe
range +(0.35-0.46) for iron. Two groups of atoms can
be clearly distinguished among the nonequivalent chlo-
rine atoms involved in the outer and inner shells of the
fullerene-like nanoparticles. For atoms of the first
group, the effective atomic charges Q lie in the range
—(0.19-0.36) for the (NiCl,), nanoparticles and in the
range —(0.25-0.30) for the (FeCl.) s nanoparticles. For
atoms of the second group, the effective charges Q are
considerably smaller and equal to ~-0.07 for the
(NiCl,),s nanoparticles and —(0.01-0.10) for the
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(FeCl,),s nanoparticles. This implies that chlorine
atoms of the latter group are weakly bonded to metals
atoms and can easily |eave the nanoparticle cage. This
group contains 36 chlorine atoms located in the inner
shell of the nanoparticle. Therefore, the 1 : 2 stoichio-
metric composition of the fullerene-like nanoparticle can
changeto 1: 1.25. Thisratio isin good agreement with
the results obtained in [7-9], according to which the
composition of the dichloride fullerene-like nanoparti-
cles synthesized is characterized by aratio of 1: 1.2 (or
less).

3. CONCLUSIONS

Thus, the electronic structure and magnetic states of
the crystalline and fullerene-like forms of the NiCl,
dichloride were investigated using the linearized muf-
fin-tin orbital and discrete-variational methods in the
framework of thelocal spin density functional theory. It
was demonstrated that the band gap can be reproduced
in the energy band spectrum of the NiCl, crystal with
inclusion of the magnetic ordering in the cal culation of
the band structure. The calculations of the total energies
for three phases, namely, the nonmagnetic, ferromag-
netic, and antiferromagnetic phases, showed that the
antiferromagnetic phase is more stable. The metamag-
netic nature of the NiCl, dichloride and the transition
from the antiferromagnetic phase to the ferromagnetic
phase in aweak magnetic field were explained in terms
of the small difference between the total energies of the
ferromagnetic and antiferromagnetic phases.

It was established that NiCl, polyhedral three-shell
(fullerene-like) nanoparticles possess magnetic prop-
erties (the magnetic moment of nickel isequal to 2.0—
2.3 Ug). For isostructural fullerene-like nanoparticles of
the FeCl, dichloride, the magnetic moment of iron is
larger and fallsin the range 4.2—4.5 [, whereas nano-
particles of the CdCl, dichloride are found to be non-
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magnetic. The results of anayzing the interatomic
interactions indicate that the composition of dichloride
fullerene-like nanoparticles can deviate fromthe 1 : 2
stoichiometric composition.
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Abstract— The Raman spectraand el astic moduli of KPb,Cl 5 crystalswere studied experimentally. Theresults
are interpreted using a parameter-free model of the crystal lattice dynamics with inclusion of the multipole
moments of the electron shells of ions. The calculated and experimental results are in good agreement. It is
shown that not only the halogen ions but also the heavy cations make a significant contribution to the eigenvec-
tors of high-frequency lattice vibration modes, which accounts for the relatively low frequencies of these

modes. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The current development of solid-state systems of
infrared nonlinear optics and photonics has stimulated
asearch for and the creation of new materials that have
a broad spectral window in the IR region (the low-fre-
guency boundary is 30 um). Because of this trend,
interest has recently arisen in studying the optical and
spectral properties of complex halides containing
heavy cations, which have a relatively short phonon
spectrum in contrast to traditional oxide systems.

Crystals of the Me*Ph,Hal; family (where Me*isan
alkali metal and Hal is a halogen) have the abovemen-
tioned spectral window in the IR region, and there exist
techniques for growing relatively large single crystals
of these compositions [1]. Unlike many other complex
halides, these crystals are sufficiently resistant to the
atmosphere. A rather loose packing of ions having large
radii in the lattice opens up wide possihilities for vary-
ing the compositions and properties of these crystals
and for their use as active laser media[2]. However, the
physical properties of these crystals have not been stud-
ied in detail.

In this work, we study the vibrational spectrum and
elastic properties of KPb,Cl; crystals, which belong to
this family. In this study, we intend to elucidate the
nature of formation of the low-frequency boundary of
the spectral window of the crystal and determine the
structural blocks and interactions that control its posi-
tion. This study also allows us to obtain information on
the relation between the crystal structure and the crystal
elastic moduli, which are of interest from both the
standpoint of materials-science characterization of the
material and its possible applications in acoustooptical
IR devices.

To interpret the vibrational spectrum and to estab-
lish arelation between the lattice vibration frequencies
and the lattice structure, we use the first-principles
approach developed recently in [3-5]. It should be
noted that, in the case of low-symmetry structures with
alarge number of atomsin aunit cell, the use of empir-
ica methods (see, e.g., [6, 7]), which are traditionally
employed for this purpose, requires a large number of
fitting parameters, which cannot be determined using a
limited amount of experimental data. Therefore, the
application of parameter-free methods becomes very
important.

2. EXPERIMENTAL

KPh,Cl; crystals belong to the monoclinic space
group P2;/c and have a = 8.854(2) A, b = 7.927(2) A,
c=12.485(3) A, B = 90.05(3), V = 876.3(4) A3, Z = 4,
and a density of 4.781 g/cm?. The coordinates of the
atoms are given in Table 1, and the projection of the
structure on the bc planeis shown in Fig. 1 [8].

To fabricate optical-grade single crystals, the starting
PbCl, and KCI reagents were repeatedly purified by
resolidification. KPb,Cl; crystals were grown using the
Bridgman crystal growth technique in a two-zone fur-
nace. The linear temperature gradient in the growth
region of the furnace was about 20 K/cm, and the veloc-
ity of ampoule motion to the cold zone was 2—4 mm/day.
The technique is described in more detail in [9]. The
crystal structure was determined at room temperature
using a STOE STADI4 single-crystal diffractometer
and MoK, radiation (26, = 80°). The samples chosen
had no inclusions or defects visible under a polarizing
microscope and were subjected to a mechanical treat-

1063-7834/05/4703-0531$26.00 © 2005 Pleiades Publishing, Inc.
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Table 1. Atomic coordinates (x10%) in crystal KPb,Cls

X Y z
K(1) 5002(5) 514(6) 1696(4)
Pb(1) 65(1) 58(1) 1742(1)
Pb(2) 2547(1) 4359(1) 9937(1)
Ccl(1) 9585(4) 1655(5) 4023(3)
Cl(2) 2218(4) 405(4) 9986(3)
cl(3) 5401(5) 1798(6) 4186(4)
Cl(4) 2355(5) 3117(5) 2204(3)
Cl(5) 7702(6) 3449(5) 1885(3)

ment followed by polishing in a solution of hydrochlo-
ric acid.

Raman spectrawere excited with polarized 514.5-nm
radiation from a 500-mW Ar* laser. The spectra were
recorded on a U-1000 spectrometer (1.S.A. JobinY von,
France). For experiments, we used 2 x 2 x 4-mm sam-
ples, with the edges orientated along the crystallo-
graphic axes.

The elastic moduli C,, were determined by measur-
ing the velocities of bulk acoustic waves (BAWS) fol-

Fig. 1. Projection of the KPh,Clg structure on the bc plane.
The pseudohexagonal packing of the channels that contain
metal cations and are extended aong the a direction is
shown. Numerals are the ion numbers (identical to thosein
Fig. 4).
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lowed by solving the inverse problem of crystal acous-
tics.

The BAW velocities were measured using four sin-
gle-crystal samples in the form of a rectangular paral-
lelepiped with linear dimensions of about 6 mm. The
faces of the first sample were normal to the [100],
[010], and [001] crystallographic axes. The faces of the
other three sampleswere normal to the axes of the coor-
dinate system that is obtained by rotating theinitial sys-
tem through 45° about one of the following three axes:

axis X, ([100], [oii}, [o%i} directions), X,

2.2 N2
1.1 -1.1 N
([72072} [010], [TZOTZ} directions), or Xg

11 -11 o .
——O} [——O} , [001] directions). Using the
( 5750/ | 750 (oo ). Using
crystal symmetry and this set of directions, we can per-
form two independent measurements in different crys-
tallographic directions for each velocity to be mea-
sured. X-ray orientations of the samples were carried
out to an accuracy of better than +5'. The opposite faces
of the sampleswere parallel to each other with an accu-
racy of better than £2 um/m.

The velocities of longitudinal and shear BAWSs were
measured using a pulse ultrasound method [10]; the
block diagram of the setup employed is shown in Fig. 2.
The operation of the setup is based on measuring the
time of propagation of an ultrasound pulse in a sample.
A short (10-ns) video pulse from generator 1 issupplied
to piezoelectric transducer 2 (the BAW velocities are
measured with piezoel ectric transducers based on lith-
ium niobate with aresonance frequency of 29.5 MHz);
after multiple reflections in sample 3, a pulse train is
preliminarily amplified by amplifier 4 and thenis visu-
ally recorded by oscilloscope 5. The main pulsetrain of
time-interval counter 6 activates generator 1, and the
delayed-pulse train synchronizes the sweep of oscillo-

ul|

W
|

Co

Fig. 2. Block diagram of the ultrasound experimental setup:
(1) G5-11 video-pulse generator, (2) piezoelectric trans-
ducer, (3) sample, (4) U2-5 resonance amplifier (30 MHz),
(5) S7-9 sampling oscilloscope, (6) 12-26 time-interval
counter, (7) diode limiter of the probe-pulse amplitude, and
(8) ATsP 1 analog-to-digital converter.
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scope 5. The experimental procedure consists in mea-
suring the time interval between two sequentialy
reflected radio pulses on the oscilloscope screen. This
scheme gives an accuracy of 102 and 10~%% for abso-
lute and relative measurements of the BAW velocities,
respectively.

3. RESULTS AND DISCUSSION
3.1. Vibrational Spectrum

The vibrational representation is reduced to the fol-
lowing irreducible representations at the center of the
Brillouin zone:

r = 24Ag(xx, VY, ZZ, Xy, YX)
+24By(XZ, 2X, yZ, zy) + 24A, + 24B,,

where the parentheses contain the Raman tensor com-
ponents for which the corresponding lattice vibrations
are active. Note that, because of the low symmetry and
the complex crystal structure, it isimpossible to sepa-
rate vibration modes related by individual atomic sub-
|attices using group-theoretical considerations.

The experimental Raman spectra of KPb,Cl; crys-
tals recorded at room temperature are shown in Fig. 3.
As expected, the spectra are restricted to low frequen-
cies; indeed, all thelines are below 250 c. The spec-
tra are strongly anisotropic, and the spectral lines are
highly polarized. The number of well-resolved peaksis
dlightly smaller than the number of modes determined
from Eq. (1); therefore, their interpretation requires
comparison of the peaks with the results of model cal-
culations.

The vibrational spectrum of the KPb,Cl; crystal |at-
ticewas calculated in terms of the generalized Gordon—
Kim model [3, 4], in which distortions of the electron
densities of ions are included. Taking these distortions
into account is especially important for low-symmetry
structures, since the interactions of multipole moments
of ions in them contribute substantially to the total |at-
tice energy and the crystal vibration frequencies.

Following [3, 4], we calculated the el ectron-density
distribution of each ion in the presence of an external
field of the corresponding symmetry:

v® = rVp (cosh), )

where P, (cosB) are Legendre polynomials. The spheri-
cally symmetrical component of an external potential
was taken to be the Watson sphere potential

(D

_ O Ziw/Rw, r<Ry

= 3
E,—Zion/r, r>Ry. )

w

In the calculations, we took into account dipole (I = 1)
and quadrupole (I = 2) electron-density distortions.

The radii of the Watson spheres for each ion were
determined by minimizing the total crystal energy

PHYSICS OF THE SOLID STATE Vol. 47 No. 3

2005

533

25F

Raman intensity, rel. units

1
0 100
Raman shift, cm™

Fig. 3. Polarized Raman spectra of crystal KPb,Cls.

(Table 2). Table 2 dso contains the dipole (a) and qua:
drupole (ag) ion polarizabilities calculated using a
modified Steinheimer equation [3, 4]. The corre-
sponding values of induced dipole (P) and quadrupole
(Q) moments were found by minimizing the total
crystal energy with respect to the corresponding
moment: dE/0P, = 0 and dE/0Q,sz = 0. The expres-
sions used to calculate the total crystal energy, dipole
and quadrupole moments, and the dynamical matrix
can befoundin [4, 5].

The equilibrium values of the lattice parameters
were refined by minimizing the total crystal energy asa
function of these parameters. For this purpose, we used
the experimentally determined atomic coordinates in
the unit cell (Table 1). The values obtained (a = 8.7 A,
b=7.6A,c=125A) agree well with the experimental
data.

The eigenvectors obtained by diagonalizing the
dynamical matrix were subjected to symmetry analysis.
We constructed the compl ete vibrational representation

Table 2. Calculated parameters of the interionic interactions
in crystal KPb,Cl5

Parameter K* Pb%* cl-
Ry A 1.85 1.85 1.16
ag, A3 0.7 1.6 33
0 AS 0.9 15 5.8
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Table 3. Experimental and calculated frequencies of
Raman-active lattice vibration modesin crystal KPb,Clg

ALEKSANDROV et al.

Table4. BAW velocitiesin a KPb,Clg single crystal (exper-
iment)

Ag w et By, @ cm™
calculation | experiment || calculation | experiment

34 38i

26i 28i

25i 6

21 18 28 33
34 27 39 40?
41 35 45 42
45 43 46 48
53 50 57 57
57 56 64

58 67

60 62 71

67 74 75
73 73 80 85
76 84

86 85 0 88
91 95 95
92 100

101 103 108
106 108 107 119
110 120 115 132
123 124 120 144
129 127 129 158
134 132 140 173
159 200? 161 202

P(g) of the crystal space group, which was used to cal-
culate the projection operators [11]:

"o = NELY X (), @

goG

where N(p) is the dimension of the representation p of
point symmetry operation, N(g) is the dimension of the
symmetry group, X,(9) isthe character of the matrix of
the irreducible repr%entatlon p, I () isthe vibrational
representation of the symmetry operation of the irre-
ducible representation p of group G, and I, is the pro-
jection operator. Summation is taken over aII symme-
try-group operations. A vibration eigenvector f istrans-
formed according to the irreducible representation p of
group G if it satisfies the criterion [11]

N(g)
" NG ©
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Propagation | Wave S Velocity,
No. direction type Polarization m/s

1] [ooy QL [001] 2766.2

2 ss [010] 1520.8

3 Qs [100] 1532.6

s | L Lo | a 11 3027.4

J2 2 2 ﬁ
5 Qss 1131 14425
2 f2

6 Qs [001] 1529.1

7| [o10] L [010] 27178

8 & [001] 17313

9 ss [100] 1521.0

0]|Loll | a 1oLl | 280
J2 2 J2 2

11 Qss | |Lol| | 14646
J2 2

12 & [010] 1610.2

13 | [100] QL [100] 3010.3

14 0ss [001] 1532.8

15 & [010] 1730.6

16 {0 1 i} QL {0 1 1} 2778.9
J2 42 J2 2

17 0SS o=x 1| | 14715
J2 2

18 QSF [100] 1637.7

This algorithm of expansion of the eigenvectors of the
dynamical matrix in terms of irreducible representa-
tions was realized using the Mathematica 4.2 software
package.

The experimental and calculated frequencies of the
Raman spectrum are given in Table 3. Note that these
experimental and calculated frequencies agree well in
the middle portion of the spectrum. For the lowest fre-
quencies (below 20 cm™), the calculated frequencies
depend strongly on small changesin the atomic coordi-
nates; their variation within the experimental error can
result in significant (up to 100%) changes in the vibra-
tion frequencies.

Figure 4 shows the relative contributions of the
atomic displacements to the eigenvectors of the corre-
sponding modes (the renormalization to ionic masses
was taken into account). To check the correctness of the
procedure, we calculated the atomic displacements for
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Fig. 4. Relative ion-vibration amplitudes of (a) the acoustic mode, (b) high-frequency mode, and (c) low-frequency mode. (d) The
relative ion-vibration amplitude of a middle-range Raman-active mode. (€) The relative ion-vibration amplitude of a Raman-inac-

tive polar mode.

the acoustic mode. The results support the correctness
and are shown in Fig. 4a. Figure 4b shows the atomic
displacements for the highest frequency spectrum
mode, which corresponds to the spectral-window
boundary of the crystal. It is seen that, athough the
maximum displacements correspond to chlorine ions,
the contribution of heavy metal ions to the eigenvector
of this vibration remains significant, which is likely to
account for the relatively low value of the correspond-
ing frequency (as compared, e.g., to the frequenciesin
high-symmetry perovskite-like chloride systems[15]).

Asis seen in Figs. 4c4e, the low symmetry of the
structure leads to a strong interaction between the
vibrations of atomic sublatticesinvirtualy all vibration
modes; in particular, even the lowest frequency modes
contain a significant contribution from the displace-
ments of light chlorineions.
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3.2. Elastic Moduli

The problem of determining the elastic moduli C,,
by measuring the BAW velocitiesfor monoclinic media
was solved in [12] and discussed in detail in [13]. Inthe
chosen crystallographic setting, the elastic-modulus
matrix of the crystal has the form [14]

Ecn Cp2Ci3 0 Cyps
0C;, C» Cy 0 Cyx
0Ci3C;sCs 0 Css
0 0O O Cyu O Cyu
CisCx5Css 0 Ci5 O
0 0O 0 Cyu 0 Cg

o O O
o o |

(6)

(.

0

([
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Table 5. Experimental and calculated elastic moduli of crystal KPb,Cls (in units of 101° N/m?)
Elasticmodulus| Cy; | Cp | Ci3 | Cis | Co | C | G | Cx3 | Co5 | Cag | Cgs | Css | Ceo
Experiment 434 | 193 | 1.77 |-055| 353 | 152 | 005 | 362 | 006 | 1.11 | 0.03 | 1.10 | 143
Calculation 400 | 1.30 | 1.37 |-003| 387 | 142 | 001 | 347 | 001 | .30 | 003 | 1.30 | 1.24

The independent elastic moduli were separately deter-
mined using the method of special directions [12, 13].
The measured BAW vel ocities and the main BAW char-
acterigticsaregiven in Table 4. The experimental error in
determining the BAW velocitieswas lessthan 0.5 m/s.

The elastic moduli C,, are caculated from the
known eigenvalues pv? of tﬁe Green—Christoffel tensor
[13] T"qy = Cog, yaNeNs by solving the Green—Christoffel
equations (I o, — Pv2d,,)Us = 0 for each crystallographic
direction. Here, p = 4.780 g/cm? is the density of the
crystal under study; v is the velocity of BAW with
polarization Us; n, arethe direction cosines of thewave
normal; and Ceg ,5is the elastic-modul us tensor, whose
components are related to the elastic-modulus matrix
Cy. by the well-known Voigt transformation [14].

The elastic moduli of the single crystal are calcu-
lated using the procedure described in [12, 13] and are
given (in unitsof 10'° N/m?) in Table 5, which also pre-
sents the elastic moduli calculated in the Gordon—Kim
model. For centrosymmetric crystals, the elastic moduli
are related to the dynamical matrix of a crystal by the
expressions 6]

Cap.ys = [aB,Y9] +[yB, ad] —[ay,Bd],

Na
1
[aB,y9] = 2V z vmkmk-DZf-,ag,

k k=1

(7)

whereV istheunit cell volume, kand k' aretheionindi-
ces, N, is the number of ionsin the unit cell, m, is the
ion mass, and

are the coefficients of expansion of the dynamical
matrix D in powers of thewave vector q for the second-
order term.

A comparison of the experimental and calculated
values shows that they agree well with each other.

4. CONCLUSIONS
We have recorded the polarized Raman spectra of
KPb,Cl; crystals and interpreted them using a parame-
ter-free model with inclusion of the higher multipole
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moments of ions of the crystal lattice. The model devel-
oped has been shown to provide good agreement
between the cal culated and experimental frequencies of
the vibrational spectrum of the low-symmetry ionic
crystal with a complex structure. The eigenvectors of
|attice vibrations were determined and analyzed. It was
found that the frequencies of the phonon spectrum are
low due to the significant (although small) contribution
of heavy cations even to the eigenvectors of the highest
frequency vibration modes.

Using the same approach, we have experimentally
and theoretically determined the elastic moduli of the
crystal and achieved good agreement between the
experimental and cal culated values.
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Abstr act—Polarized Raman spectraof single-crystal LiCuVO, containing quasi-one-dimensional cuprate chains
are measured. The force constants of the valence force field are calculated for the phonon modes at the center of
the Brillouin zone with an accuracy sufficient to describe the experiment. From theresults, it followsthat the crys-
tal containsrigid Cu—-O-V—-Cu-O-V dgtructura ringswith acharge distributed along their bonds. © 2005 Pleiades

Publishing, Inc.

1. INTRODUCTION

Low-dimensional spin systems are attracting the
attention of scientists because simple models with a
small number of parameters can used to describe them
over awide temperature range. These systems are also
highly topical because of their implications for high-
temperature superconductivity.

TheLiCuvOQ, crystal isaone-dimensional spin sys-
tem with a distinctive geometric pattern of Cu?* ions
(spin 1/2), which are placed mainly along one axis[1].
Consequently, the intrachain interaction dominates
over the interchain interaction [2—4]. NMR measure-
ments of $Cu and 5V [5] show that the magnetic prop-
erties of the LiCuvOQ, crystal are mainly determined by
bivalent copper; however, vanadium, which is suppos-
edly pentavaent, aso carries a small magnetic
moment. According to magnetic measurements, the
susceptibility hasawide maximum at Ty, =28 K and its
temperature dependence is described well by the Bon-
ner—Fisher model of a one-dimensional antiferromag-
netic chain with spin 1/2 [4]. At Ty ~ 4 K, the suscepti-
bility has a narrow peak accompanying the antiferro-
magnetic transition, which isdueto interaction in other
dimensions[6, 7].

In the present paper, we report on Raman spectra
measurements of the LiCuvO, single crystal in the
range 50-1000 cm for different scattering geometries
at room temperature. Based on these measurements and
the IR data from [8], we develop a dynamic model of
the phonon subsystem at the center of the Brillouin
zone.

2. LiCuvO, CRYSTAL STRUCTURE
The LiCuvO, crystal has space symmetry group
Imma(Dgﬁ no. 72) with two formulaunits per unit cell.

The orthorhombic cell has the following parameters at
room temperature: a = 5.662 A, b =5.809 A, and ¢ =
8.758 A [1]. Atoms occupy the following positions: Cu
(4a) at (0, 0, 0), Li (4d) at (1/4, 1/4, 3/4),V (de) at (O,
1/4, 0.386), O1 (8h) at (0, 0.0164, 0.2748), and O2 (8i)
at (0.2352, 1/4, 0.9993). The crystal structure is shown
in Fig. 1. Atoms O1 and O2 are numbered as 7-10 and
11-14, respectively. Theoriginin Fig. 1 isdisplaced by
(0, 1/2, 0) relative to the standard position for the Imma
group from the International Tables. The Cu—O2 chains
along the b axis formed by copper atoms 1 and 2 and
oxygen atoms O2 (11-14) areseenin Fig. 1. Each of the
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Fig. 1. LiCuVOy crystal lattice. Atoms are numbered as fol-
lows: (1, 2) Cu, (3,4) Li, (5, 6) V, (7-10) O1, and (11-14) O2.
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Fig. 2. Raman spectra of the LiCuVQ, crystal for the diag-
onal scattering geometry corresponding to the A, modes.
Points are experimental data, and the solid line i's a least
squaresfit by the additive-oscillator model. The star denotes
the laser spontaneous emission line.

four Cu-Ointervalsin the chainisequal to 1.97 A. The
oxygen atoms of two adjacent copper chains belong
simultaneously to two vertices of VO, tetrahedra,
which interlink chains and form Cu-V layersin the ab
plane. The two other oxygen atoms O1 in the VO, tet-
rahedra (numbers 7-10in Fig. 1) are bonded to the cop-
per atoms of adjacent Cu-V layers. The length of this
Cu-O bond is 2.41 A, which is 0.4 A longer than the
Cu—O bond inside a chain. Chains formed by Li atoms
3 and 4 and oxygen atoms O1 (7, 9 and 8, 10) are situ-
ated along the a axis (Fig. 1). The Li—O bonds in the
chains are 2.11-A long and are shorter than the Li-O
bonds along the ¢ axis, which are 2.18-A long. Li
atoms, which arein adightly distorted octahedral envi-
ronment, link Cu-V layers. Cu and Li atoms are situ-
ated in the inversion centers.

3. EXPERIMENTAL RESULTS

Raman spectra of single-crystal LiCuvO, were
excited by an argon laser (A = 515.5 nm) and recorded

Table 1. Vibrations of the LiCuvVO, crysta

Symmetry Frequency, cm™ Note
5Ay (R) | 152 306 450 740 872

2B, (R) | 229353

4B, (R) | 186249 402 735

4By (R) | 152213305848

6By, (IR) | 113 182 236 325 466 872 8]
6B, (IR) | 259 326 393 486 624 733 El
4A, 110 303 388 591 Calculated
8B4, (IR) | 101 178 301 362 463 513 817 904 |Calculated

PHYSICS OF THE SOLID STATE Vol. 47

SHIROKOV et al.

229
353

Intensity, arb. units

100 200 300 400 500 600 700 800 900 1000

Wave number, cm™!

Fig. 3. Raman spectra of the LiCuVO, crystal correspond-
ing to the B,y modes. Points are experimental data, and the
solid line is a least sguares fit by the additive-oscillator
model.

using a Jobin Yvon T64000 spectrometer in the back-
scattering geometry. Polarized Raman spectra were
measured using samples precisely oriented relative to
the crystallographic axes of the orthorhombic cell. We
used samplesin the form of 4 x 1 x 1 mm prisms. The
data obtained are shown in Figs. 2 and 3.

According to group theory analysis, the LiCuvO,
crystal has the following set of phonon modes [8].

15 Raman-active modes, 5A; + 2B, + 4B, + 4B,
20 |R-active modes, 8B, + 6B,, + 6B5,; and
4 inactive modes, 4A,,.

Three acoustic modes (By,, By, By,) are excluded
from thelist.

IR reflection spectra of the LiCuvVO, single crystal
for the B,, and By, phonons were measured and studied
in[8], and the results are listed in Table 1.

The number of experimentally observed linesin the
Raman spectra of the crystal exceeds the number of
phonon modes at the Brillouin zone center given by the
factor-group analysis. This discrepancy is especialy
evident in the high-frequency range (above 650 cm™2).
In this range, we expect stretching modes v, and v; of
the distorted VO, groups (the notation for the VO,-tet-
rahedron modes is taken from [8]). Triply degenerate
vibration v; is split into three modes: Ay, Bogs and Bsg:
Vibration v, is not degenerate and transforms into the
A, mode in the crystal. Hence, in the high-frequency
range, there should be four linesin the Raman spectrum
(2Ag + Byy + Byy) and four lines in the IR spectrum
(2B, + By, + By). Inthe IR spectrum, the B,, line corre-
sponding to the stretching vibration V-O1 (r = 1.67 A)
has a frequency of 872 cm™ and the By, line corre-
sponding to the V—O2 vibration (r = 1.8 /&) has a fre-
quency of 733 cm™ [8]. Studies of the dynamical
matrix of each of the V-O1 and V-O2 vibrations show

No. 3 2005



VIBRATION SPECTRA AND THE VALENCE FORCE FIELD OF THE LiCuvO, CRYSTAL

that the stretching V—OL1 vibration contributes to spec-
traof A, By, By, and By, symmetries and that the V-
O2 vibration contributesto Ay, B,g, By, and By,.. There-
fore, these vibrations correspond to lines 872 and
740 et in the A spectrum, 735 cmr in the By, spec-
trum, and 848 cmr? in the By, spectrum (the most
intense line in this region after exclusion of A,type
lines) (Figs. 2, 3). This identification is based on the
assumption that the 733 cm™ line of the IR spectrum
corresponds to the stretching V—O2 vibration. How-
ever, noticeable line 835 cm™ in the (bb) scattering
geometry is certainly related to the stretching V-O
mode and the appearance of thismode (837 cm™) inthe
B,y symmetry does not contradict the correlation anal-
ysis. The line frequencies assumed as the basis for the
calculations below are set off in bold in Figs. 2 and 3.

4. DYNAMIC MODEL

We studied asimple dynamic model of lattice vibra-
tions at wave vector k =0 in aLiCuVO, crystal within
the harmonic approximation. The unit cell of the
LiCuvQ, crystal is made up of 14 atoms. The dynami-
cal matrix is a42 x 42 matrix. The symmetry permits
149 second-order invariants based on atom displace-
ments. Hence, in general, the potential energy includes
149 constants. The requirement that the potential
energy be invariant under infinitesimal trandations
reduces the number of constants by 23. Actualy, this
condition is equivalent to the requirement that the fre-
quencies of acoustic modes be zero. The remaining 126
constants are independent. They completely determine
the quadratic part of the energy. The phonon frequen-
cies are found by diagonalizing the dynamical matrix.
In our case, there are 39 frequencies. We assume that
there is no accidental degeneracy of frequencies of the
same symmetry. Then, according to the genera theory
of stability for parameter-dependent matrices [9], in
order for the solution to the crystal dynamics problem
to be stable near the given (experimental) frequenciesit
is sufficient to take into account 39 interaction con-
stants. This means that there are 39 interaction con-
stants that can be adjusted in such away that they will
produce dynamical-matrix frequencies that approxi-
mate experimental values with any predetermined
accuracy.

Let us write the potential energy of the vibrating
crystal intheform

oV = Z fi G0 +C riro00; +hy rogg. (1)

Here, g, and q; are variations in the bond coordinates

and bond angles, respectively [10], and r; = ,/r; 4f; 2,
wherer; ; andr; , are the equilibrium distances used to
determine the angle coordinate. Equation (1) is used
only to introduce the force constants. After substituting
the expressions for g; and a; according to [10] into
Eq.(1), calculations are performed in the real coordi-
nate space. The dynamical matrix is reduced to the
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guasi-diagonal form determined by the crystal symmetry
by using the symmetry coordinatesintroduced in [8].

We estimate the upper bound of the V-O bond—
stretching constant in the LiCuvVO, crystal using the
expression 4f = mw?, where the frequency is w =
872 cm™, misthe vanadium mass, and the factor 4 char-
acterizes the tetrahedral environment: f = 5.7 mdyr/A.
An anal ogous estimation for the octahedral Cu—O bond
using the frequency w = 633 cm?, taken from [11] for
the CuO crystal, gives f = 2.5 mdyn/A.

In order to obtain the force constants of the VO,
group in a zero approximation, we performed calcula-
tions based on Eqg. (1) and experimental values of the
eigenfrequencies of the [VO,]3 complex. The internal-
vibration frequencies of [VO,]* are taken from [12]:

Wy, =818 cmrt, e =319 em™, w_, =780 cm™, and
w_. = 368 cm. Here, the subscript denotes the sym-

metry of the corresponding vibration under the assump-
tion that the equilibrium configuration of the [VO,]*
complex has the symmetry of an ideal tetrahedron. As
a result of the calculations, we obtained the following
values. f;; = 4.86, f;, = 0.76, ¢;; = 0.75, and ¢, = 0.19
inunitsof mdyn/A. Here, f,; isthe bond-stretching con-
stant for V-0, f;, isthe bond-bond interaction constant
for (V-0,)(V-0,), ¢,; isthe bond-bending constant for
O-V-0, and ¢,, isthe angle-angl e interaction constant
for two angles with a common V-0 bond. It is worth
noting that the values of the constants f,, and ¢,; char-
acterizing the extent of bond covalence are large.

The values of the force constants shown above are
used as zero-approximation parameters, which are
identical for both VO, groups contained in the unit cell
of the LiCuVO, crystal. The values of the constants for
cuprate chain are taken from [11]: the bond-stretching
constant for Cu—O is 1.28 mdyn/A, and the bond-bend-
ing constant for O—Cu-O is 0.32 mdyn/A. The initial
value for the Li—O bond is 0.4 mdyn/A. The calcula-
tions are carried out using a perturbation theory algo-
rithm [13] and the Maple 6 software package. All fre-
guencies in Table 1 obtained from the Raman (Figs. 1,
2) and IR [8] experiments are fitted except for the A,
and B,, symmetries. The resulting values of the force
constants are shown in Table 2. The variations of the
constants shown in the table are those caused by a
change in any frequency from thefull list (including A,
and B,,) by 1 cm™. We note that the calculations are
performed to the third or even fourth decimal place.
This sensitivity of the constants is due to the strong
nonlinearity of the secular equations for frequenciesin
the dynamic problem for the crystal under consider-
ation. The calculations are performed until a precision
|y — W ey, = 0.01% is achieved. The ion displace-
ments for the calculated norma modes are shown in
Fig. 4.
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Table 2. Bond coordinates and calculated force constants, with their variations corresponding to a 1-cm shift of any of the

frequencieslisted in Table 1

SHIROKOV et al.

Con- . Atom numbers according Bond length, A Constant value,
No. stant Atoms Interaction to Fig. 1 Angle, deg mdyrn/A
1 | f1 vV-01 (9p)? 57 1.67 5.48 + 0.01
2 | f2 V-02 (9p)? 5-11 1.80 4.488 + 0.006
3 | f3 Cu-02 (0)? 1-1 1.97 1.355 + 0.003
4 | f4 Li-O1 (a)? 37 211 0.329 + 0.001
5 | f5 Li-O2 (0s)? 31 2.18 0.5139 + 0.0005
6 | f6 Cu-01 (0e)? 1-7 241 0.146 + 0.006
7 |cl 01-v-01 (ay)? 7-5-8 108.7 0.273+0.003
8 |c2 01-vV-02 (ay)? 7-5-11 108.9 0.162 + 0.001
9 c3 02-V-02 (ag)? 1-5-12 112.3 0.708 + 0.005
10 | c4 02-Cu-02 (ay)? 11-1-12 85.0 0.131 + 0.001
11 | c5 02-Cu-02 (ag)? 11-1-13 95.0 0.313+ 0.002
12 c6 02-Cu-01 (ag)? 1-1-7 91.5 0.407 + 0.007
13 | c7 02-Cu-01 (a;)? 14-1-7 88.5 0.488 + 0.004
14 c8 Cu-01-V (ag)? 1-7-5 127.9 -0.076 + 0.001
15 | ccl a0 (7-5-11)/(7-5-12) —0.178 + 0.001
16 | cc2 a,0, (7-5-11)/(8-5-11) 0.136 + 0.001
17 | cc3 a,ds (11-1-12)/(11-1-13) 0.418 + 0.001
18 | cc4 as0 (11-1-13)/(12-1-14) 0.033 + 0.002
19 cc5 0,40 (11-1-12)/(13-1-14) 0.343 + 0.001
20 | cc6 a,0, (7-5-11)/(9-6-14) —0.040 + 0.001
21 cc7 0,05 (7-5-11)/(9-6-13) —-0.014 + 0.001
22 | ffl tha; (5-7)/(5-8) 0.15+0.01
23 | ff2 b (5-7)/(5-11) 0.794 + 0.005
24 | ff3 o0, (5-11)/(5-12) 1.585 + 0.006
25 | ff4 0305 (1-13)/(1-11) 0.235+ 0.003
26 | ff5 0305 (1-13)/(1-12) 0.111 + 0.003
27 | ff6 0305 (1-13)/(1-14) —0.286 + 0.003
28 | ff7 tha; (5-7)/(6-9) 0.05+0.01
29 | ff8 00, (5-11)/(6-13) —0.235 + 0.006
30 | ff9 005 (5-11)/(1-13) —0.349 + 0.003
31 | ff10 005 (5-11)/(1-11) 0.927 + 0.003
32 | ff11 Qs (3-10)/(4-12) 0.0497 + 0.0003
33 | ff12 Os0s (3-11)/(4-12) —0.3374 + 0.0005
34 | ff13 0305 (1-13)/(2-11) —0.320 + 0.003
35 | ff14 (VRN (1-13)/(2-9) 0.087 + 0.001
36 | ff15 00y (5-11)/(3-7) 0.518 + 0.003
37 | ff16 005 (5-11)/(4-13) 0.460 + 0.001
38 | ff17 Qs (3-7/(3-11) —0.0380 + 0.0003
39 | ff18 Qa0 (3-9)/(4-9) 0.092 + 0.001
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463 cm™!
101 cm™!
B,, %
872 cm™! 466 cm™! 325 cm™! 236 cm™!
182 cm™! 113 cm™!
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Fig. 4. lon displacements in the normal phonon modes of the LiCuVO, crystal. Insert shows enlarged view of the |attice part used
for graphical representation of the modes. Atoms are numbered according to Fig. 1.
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591 cm™! 388 cm! 303 cm™! 110 cm™!

Fig. 4. (Contd.)

As mentioned previoudy, the solution to the the problem. However, before proceeding to this part,
dynamic problem in the nondegenerate case is single-  we should identify the spectrum, set the dimensionality
valued and stablein some vicinity of the obtained solu-  of the problem, and choose the interaction constants.
tion. Thisis true in regard to the mathematical part of The possibilities for spectrum identification were dis-
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cussed above. The full dynamic problem for the center
of the Brillouin zone of the LiCuvO, crystal should
contain 39 frequencies except the acoustic modes.

The introduction of symmetry coordinates makes it
possible to exclude four more equations for the A,
vibrations and eight equations for the B, vibrations,
since their frequencies are unknown. However, this
makes the full dynamic problem unstable.

Without constraints, the frequencies of the A, and
B,, symmetries become complex values. For this rea-
son, we constrained them in the following way: the
lowest frequencies of the A, and B,, modes should not
be any smaller than 100 cm, and the highest frequency
of the B,,, mode cannot exceed the maximum observed
frequency in the spectrum range of stretching vibra-
tions of the VO, group (904 cm™). According to the
correlation analysis[8], the high-frequency linesv, and
v, of the VO, group do not contribute to the A, spec-
trum. Therefore, the upper bound of A, frequencies
should be determined by the maximum frequency of
the Cu—O subsystem; i.e., it cannot exceed 630 cm.

5. RESULTS AND DISCUSSION

First, let us verify our identification of the Raman
spectra. As noted above, there is obvious ambiguity
concerning lines 740 and 835 cm! of the A, symmetry
and lines 735 and 837 cm™ of the B,, symmetry. If the
force constants are calculated using frequency pair 835
and 837 cm for the given symmetries instead of 740
and 735 cm?, the constant f3 for the Cu—-O bond in
chains is reduced to the values typical for the Li-O
bond. Therefore, we conclude that these frequenciesin
the Raman spectra are due to a structural transforma-
tion of the surface layer caused by the substitution of
Cu by Li in cuprate chains. There are two reasons for
this transformation. One reason is the high mobility of
Li [14] and the way in which the Li—Cu sublattices are
ordered during the crystal growth; indeed, highly
mobile Li atoms predominantly fill vacancies at the sur-
face. The other reason isthe substitution of Cu?* ionsby
Li* facilitated by hydrogen, which is readily adsorbed
on the surface of the LiCuvVQ, crystal during its storage
because the crystal contains oxygen.

L et us discuss the calculation results shown in Table
2. The difference between the constantsfor V-O1 (f 1 =
5.48 mdyn/A) and V-02 (f 2 = 4.488 mdyn/A) is due to
the difference in the bond lengths, 1.67 and 1.8 A,
respectively; the value n in the expression f1/f2 =
(r2/rhMisabout 2.66. The values of the bond-stretching
constants f2 for the V—O bond and f3 and f6 for the
Cu-0 bond are smaller than the upper boundaries esti-
mated above. This fact suggests that there is a charge
between these atoms, which screens the interaction
between the ions. For the Cu atom, the constant f6 =
0.146 mdyn/A isalmost an order of magnitude smaller
than the constant f 3 = 1.355 mdyn/A in acuprate chain.
The constant f 6, together with the constant f5 of the
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Li—O2 bond, determines the coupling of Cu-V layers.
The small values of the constants arein agreement with
the layered structure of the crystal along the c axis. The
small value of the constant f 6, together with the large
values of the bond-bending constants c¢7 and ¢8, is due
to the distributed charge above the Cu chain.

The force constant ff 3 has an unexpectedly large
value, 1.585 mdyn/A (Table 2). This constant deter-
mines the variation in the potential energy associated
with a simultaneous change in the length of two V—-02
bonds between atoms 5-11 and 5-12. In conjunction
with the large value of the bond-bending constant for
these atoms, this fact means that there is alarge charge
between V atoms belonging to adjacent tetrahedra
(atoms 5, 6 in Fig. 1) and along the appropriate V-02
bonds. Taking into account the large value of the bond-
bending constant ¢5 between atoms 11-1-13 of a Cu
chain (see also the values of constants c6, c7), we can
say that thereis arigid structura ring Cu—O-V-0O-Cu
formed by atoms1 — 11 —5-—> 12— 1 —
14 — 6 — 13 — 1 and that a significant electron
chargeis distributed along this ring.

The 740 and 735 cm lines differ from all other
lines of the spectrum in that they have alarger width. A
possible reason for the broadening of the lines could be
coupling to the magnetic subsystem of the crystal [8].
The magnetic atom Cu does not take part in the g-type
vibrations because it resides at the inversion center.
However, displacements of the adjacent oxygen atoms
change the angle of the Cu—02—Cu bond in the chain,
thus modifying the exchange constant [15] and the
ground state of the phonon subsystem. In addition, cou-
pling is possible through the exchange interaction with
the distributed charge of the Cu—O-V-O-Cu ring.
Because of the large values of the constants ff 3 and ff 2,
the variation in the V-02 distance due to the displace-
ment of oxygen atoms of the Cu chain causes a signifi-
cant change in the potential energy, which cannot but
modify the exchange constant (in the adiabatic approx-
imation, the potential energy is the ground-state energy
of the electron subsystem).

In concluding, let us indicate the possible reasons
for the appearance of the extra lines. The LiCuvQO,
crystal isopaguein visible light; therefore, the penetra-
tion depth of the laser beam is small and the chance of
interference from surface effects is high. One of the
effectsis modification of the surface-layer structure due
to the atoms being implanted from air. Another surface
effect is the change in the crystal symmetry due to the
boundary, which leads to modification of the selection
rules. This modification includes both aviolation of the
trandational symmetry close to the surface (along the
surface normal) and disappearance of the reflection
plane parald to the surface. Due to the latter, lines
from the IR spectrum and lines that are absent in the
Raman spectra of bulk samples appear in the Raman
spectra. The larger beam penetration depth, the smaller
these effects. The high concentration of radiation power
during micro-Raman measurements in absorbing crys-
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tals can lead to significant local heating of the measure-
ment area. Due to the superionic properties of the
LiCuvO, crystal [14], this can cause a depletion of Li
in the measurement area. In addition, nonlinear effects
due to many-phonon processes are possible. This is
supported by the B, spectrum shown in Fig. 3, where
lines in the region of the stretching vibrations of the
VO, group are present on the background of awide dif-
fusion band. Finally, one more reason for the appear-
ance of extralinesisthe presence of magnetic atomsin
the lattice. In this case, additional lines can appear in
the region of the phonon excitation spectrum dueto the
magnon—magnon [16] and magnon—phonon [17] inter-
actions in the paramagnetic phase. In order to confirm
any of the reasons for the appearance of extralinesin
the spectrum, further investigations are necessary.

6. CONCLUSIONS

For thefirst time, the polarized Raman spectra of the
LiCuvQ, crystal at room temperature have been mea-
sured. Full information about the components of the
polarizability tensor a;; isreported, and symmetry iden-
tification of the lines is performed. Comparison of the
experimental spectraand predictions based on afactor-
group analysis demonstrates good correlation, which

confirms the Imma—Dgﬁ (no. 72) symmetry group for
the structure of the LiCuVO, crystal.

The interaction constants are determined precisely
in the framework of the valence force field model by
numerical calculations. The constants describe well the
Raman spectra from the present work and the IR spec-
traobtained earlier in [8]. Theanalysis of theforcefield
constants leads to the conclusion that the LiCuvO,
crystal lattice contains arigid structure ring Cu—-O-V—
Cu-O-V with acharge distributed over its bonds.
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Abstract—~Polarized spectraof reflectance R(v) and transmittance Tr(v) of single-crystal CdTiO5; sampleshave
been obtained in the frequency range 7 < v < 1000 cm™ and for temperatures from 5 to 300 K using IR Fourier
spectroscopy and submillimeter-range techniques. Dispersion analysis was carried out in terms of the additive-
oscillator model, and dielectric responses €'(v) and €"(v) were calculated. The polar modes were assigned to
particular symmetry types, and their oscillator parameters (dielectric contributions, normal frequencies, damp-
ing constants) were determined. The numerical values of the components of the static permittivity tensor, €44
and £33, are shown to be almost fully determined by the total dielectric contributions due to the By, and By,
phonons, respectively. In thelow-frequency domain, lines showing anomal ous behavior of the oscillator param-
eters, which is characteristic of soft ferroelectric modes, were observed. It isshown that, in CdTiOs at cryogenic
temperatures, there exist several different polar states with switching in the direction of the spontaneous polar-

ization vector. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The continuing interest in perovskite-type com-
pounds stems from the rich variety of their properties
(dielectric, optical, magnetic, etc.), which can be used
to advantage in many applications [1]. In recent years,
some doped and nonstoichiometric perovskite compo-
sitions have revealed new phenomena and characteris-
tics, for instance, relaxor states[2], colossal magnetore-
sistance [3], and electrostriction [4]. This gives one
grounds to consider the perovskite structural typeto be
one of the most promising in applied materials science,
and investigating the properties of materials of this
structural type is a problem of current, major signifi-
cance.

The anomalous properties of the perovskites can be
traced predominantly to the various instabilities in their
crystal lattice, which give rise to structura distortions.
One of the most widely encountered types of structural
distortion of a perfect cubic perovskite (space group
Pm3m) is associated with the lattice being unstable to
two types of comparatively small tilts of the octahedra,
namely, inphase and antiphasetiltsfor conjugate octahe-
dra, which correspond to phonon modes at the Brillouin
zone edge [5]. As aresult of these dynamic instabilities,
their interplay, and a sequence of structural phase trans-
formations, the lattice symmetry lowersto orthorhombic
[5], which corresponds to one of the most representative
structura types (GdFeO; structural type) among dis-
torted perovskites [6]. The perovskite minera proper,
CaTiO;, belongs to this structural type below approxi-

mately 1380 K [7]. Similar distortions are al so character-
istic of cadmium titanate CdTiO; [5, §].

Ferroelectricity in CdTiO; below 50 K was discov-
ered by Smolenskii [9]. The anomalous dielectric and
optical behavior was later established to exist over a
substantially broader temperature interval both in
ceramic and single crystal samples[10-14] prepared by
avariety of technologies.

X-ray studies of CdTiO; carried out on single crys-
tals [8] at room temperature have shown this represen-
tative of the perovskite family to have a centrosymmet-
ric structure belonging to space group Pnma. Structural
measurements performed at cryogenic temperatures
have recently been published [15]. It has been estab-
lished that the CdTiO; structure at 20 K can be satisfac-
torily described in terms of the P2;ma polar space
group, with the Ti atoms displaced toward the face cen-
ter of the TiO, octahedron. Actually, thisisinconsistent
with the previous conclusion reached by the same
authors [10, 11] that the CdTiO; symmetry is Pn2,a
below about 88 K.

In view of the abovementioned structural uncertain-
ties and of the lack of detailed spectroscopic studies of
the lattice dynamics (with the exception of rather frag-
mentary remarks madein [10, 16]), we present here the
results of investigating spectra of reflectance R(v) and
transmittance Tr(v) measured by uson a CdTiOg single
crystal in the frequency range v = 7-1000 cm™ and
within thetemperatureinterval 5< T < 300 K. Notethat
the Raman measurements reported in [10] did not

1063-7834/05/4703-0547$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Spectra(a) of IR reflectance R(v) and (b) of thereal,
€'(v), and (c) imaginary, €"(v), parts of the permittivity of a
CdTiO3 single crystal obtained at 100 K in the E || a geom-
etry (Bz, modes). Points are experiment, and solid lines are

fittings with the model of additive oscillators. The figures
above the peaks in the dielectric loss spectrum €"(v) are
numerical values of the normal frequencies of the Bgy,

phonon modes.

reveal any spectral anomalies associated with a phase
transition and that the spectral IR studies reported in
[16] were made only above the phase transition point.

2. EXPERIMENT

The CdTiO; samples on which submillimeter-range
transmittance spectrain the frequency region 7-32 cm
and IR reflectance spectra in the range 30-1000 cm™
were obtained were very thin plates of high optical
quality measuring approximately 3 x 4 mm (for the
growth technique used and characterization of the crys-
tals, see [17]). The transmittance and reflectance spec-
tra were measured with a BWT-based, |aboratory-type
Epsilon spectrometer [18] and a Bruker-113v IR Fou-
rier spectrometer, respectively.

Quantitative information on the phonon-mode
parameters was extracted from dispersion analysis
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Fig. 2. Spectra (a) of reflectance R(v) and (b) of the real,
€'(v), and (c) imaginary, €"(v), parts of the permittivity of a
CdTiOg3 single crystal obtained at 100 K in the E || c geom-
etry (By, modes). Points are experiment, and solid lines are

fittings with the model of additive oscillators. The figures
above the peaks in the dielectric loss spectrum €"(v) are
numerical values of the normal frequencies of the By,
phonon modes.

made in terms of an additive-oscillator model [18] in
which

Ag(T)vi(T)
Vi(T) =V +iy,(T)v'

eV, T) = £,(T) + z
JE(WV, T) -1
JEWV, T)+1

Here, €, is the high-frequency dielectric contribution,
v, isanormal frequency, y; isthe damping constant, and
Ag; isthe dielectric contribution for the ith mode.

)

R(v,T) = 2. 2

3. EXPERIMENTAL
Since CdTiO; has a centrosymmetric structure at
room temperature, one may expect that the IR spectra
will exhibit 25 polar phonon modes of three symmetry
types[17]:
rvib = 9Blu + 7BZu + 9B3u- (3)
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All light-reflectance measurements were carried out on
40-um-thick single-crystal plates with the unit cell axis
b perpendicular to the sample plane. Because of this
geometric constraint, only the By, (E || ¢) and By, (E ||
a) phonon modes could be observed. Figures 1 and 2
display CdTiO; IR reflectance spectra obtained at T =
100 K for two orientations of the vector E of the excit-
ing electromagnetic wave with respect to the unit cell
basis. Both spectraarewell polarized and correspond to
the B,, (Fig. 1) and B, (Fig. 2) phonon modes. The
E ||a spectrum (B, modes) clearly exhibits six lines
(Fig. 1), whereas for E || ¢ (B,, modes) the number of
observed resonance features (Fig. 1) is twice as large,
exceeding the number of modes expected from Eq. (3).
Note, however, that some lines are very weak. Because
the normal mode frequencies in the two spectra are
numerically different (see table), we believe that these
very weak featuresin the E || ¢ spectrum may actualy
be manifestations of the B,,, modes (not studied directly
in our experiment), which could be observed due to the
presence of small regions with domain structure in the
sample resulting in acertain depolarization of the spec-
trum.

Below room temperature, the spectral resonances
become narrower and their frequencies shift mostly
toward higher values. Some of the low-frequency lines,
however, exhibit a noticeable decrease in the normal fre-
guency with decreasing temperature. These visual obser-
vations were corroborated by anumerical anaysis.

Least squares fitting of Egs. (1) and (2) to experi-
mental spectra yields the numerical values of the
dielectric contribution Ag;, normal frequency v;, and
damping constant y; for each mode. The solid lines in
Figs. 1 and 2 show the model reflectance spectra
obtained using this procedure. The oscillator parame-
ters for each mode are shown in the table. The model
spectrum is seen to approximate the experimental one
very well. Slight discrepancies are seen only close to
the weak features, which have amost no influence on

Polar-phonon parametersin CdTiOz at T = 100 K
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Fig. 3. Temperature dependence of the low-frequency part of
the dielectric loss spectrum £"(v) obtained on CdTiO3 in the
E || a geometry (B3, modes). The strong line at 40-80 cmt

corresponds to a soft mode whose condensation drives the
ferroelectric state with Py || a and polar-phase symmetry

P21ma—C§ v - The two higher frequency lines soften insig-
nificantly.

the numerical values of the oscillator parametersfor the
main resonances.

We used the parameters obtained for each oscillator
to reconstruct the dielectric functions €'(v) and £"(v)
from Egs. (1) and (2). Figures 1 and 2 show these func-
tionsat 100K for theorientationsE ||aand E || c. These
spectra clearly reveal the main difference between the
low- and high-frequency modes; namely, the former

B5, modes (g, = 5.74) B,, modes (g, = 5.74) B,, modes (g, = 5.74) B,, modes (g, = 5.74)
A |vi,emty,em?t | oA (v, em? |y, em™ iy v;, cm™ |y, emt Y v;,cm™ |y, em
593.9 43.8 8.45 0.70 3215 3.76
396.6 60.6 7.08 0.09 349.5 4.81
55.1 95.5 5.77 04 95.8 0.50 0.57 3834 9.23
56.4 111.4 2.83 0.95 387.1 11.99
144 143.2 2.27 0.07 458.0 10.34
15 164.8 3.09 0.22 | 4833 9.90
7.2 177.1 243 12 511.0 7.18
1.7 2253 6.05 0.84 525.5 9.61
0.26 | 2839 3.23 0.01 579.7 33.32 0.02 582.3 21.6
0.34 | 305.9 5.95
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Fig. 4. Temperature dependence of the low-frequency part
of the dielectric loss spectrum €"(v) obtained in the E || c
geometry (By, modes). The strong low-frequency line
exhibits only quasi-soft behavior. The existence and con-
densation of this critical soft mode could bring about the

formation of apolar phase of the an21—CZ v Symmetry.

modes are substantially stronger than the latter and,
hence, provide the dominant contribution to the static
permittivity. Furthermore, it is primarily the low-fre-
guency resonances that exhibit a marked enough varia-
tion in their oscillator parameters with temperature.
Figures 3 and 4 illustrate the temperature-induced evo-
lution of the spectraof theimaginary part of the permit-
tivity in the low-frequency domain. The lowest fre-
guency linesin both spectraundergo substantial soften-
ing down to about 80 K; below 50 K, however, the
frequencies of these resonances start to grow. Note that
the lowest frequency B, mode (Fig. 3) resembles a soft
ferroelectric mode in many respects, whereas the anal-
ogous B,,, mode is markedly harder (Fig. 4).

The temperature dependence of the oscillator
parameters of al modes obtained by fitting them to the
IR reflectance spectra is displayed in Fig. 5. Above
200 cm™, the modes are seen to undergo only barely
noticeable frequency shifts. Figure 5b also shows the
temperature dependences of the total (Z;Ag;) dielectric
contributions due to all modes of all symmetry types
and of the contributions due to the lowest frequency
modes only (Ag,). We clearly see that it is the lowest
frequency modes that determine the behavior of these
dependences. To make this conclusion still more
revealing, Fig. 5¢c compares the inverse dielectric con-
tribution [Ag,(T)]™ due to the lowest frequency B, soft
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Fig. 5. Temperature dependences of the oscillator parame-
ters of phonon modesin CdTiO3 obtained from adispersion
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dences of normal phonon mode frequencies: open symbols
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By, modes; (b) temperature dependences of the total
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contributions due to the Bg, and B, phonon modes; and
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of the soft B3, mode (squares and the dashed line) and the
inverse of the dielectric contribution from this mode, (Asl)‘l
(circles and dashed line).

PHYSICS OF THE SOLID STATE Vol. 47 No.3 2005



POLAR PHONONS AND SPECIFIC FEATURES OF THE FERROELECTRIC STATES 551
0.30 ! ' T T T T T T
r'=300K 0.16- T=170K
025 Ellc 014l Ella |
d=14 um d=14 um
0.20F 0.121 |
0.10F
0151 70.08}- .
0.10F 0.06 i
0.04F
0.05F i
= 0.02}
S
2 0 0
R 0 s 30
g 0.8
=
0.85 0.7+ ]
0.6F
oo 05F i
0.4 i
0.4}
02
0 | Verean ok ..'.!ﬂ"’ R
20 25 30 35 a0

Wave number, cm™

5 10 15 20 25 30 35
1

Fig. 6. Submillimeter-range transmittance spectra of a CdTiO3 single-crystal plane-parallel plate (circles) d = 14 um thick (along
the unit cell b axis) obtained at different temperatures. In the E || a geometry, the B3, modes are active, and in the E || c geometry,
the By, modes are active. Spectral fitting (solid lines) was performed using the Fresnel relationsfor adielectric layer with the values
of € and €" taken from Figs. 1 and 2. Note that the scalesin all four panels are different.

mode and its normal frequency squared, vf (T). The

almost exact coincidence of the two graphs suggests
that the temperature dependence of the dielectric con-
tribution is governed exclusively by the variation in the
normal frequency of the mode rather than inits oscilla-

tor strength (which is f, = Asivi2 ). In concluding the
description of the FIR reflectance spectra, we stressthat
the behavior of the soft modes in the temperature inter-
val 50-100 K was not determined to sufficient accu-
racy, because their frequencies dropped below the
instrumental capabilities of the Bruker-113v Fourier
spectrometer. This is why the temperature dependence
graphsin Fig. 5 exhibit breaks.

More reliable quantitative information on the
dynamic behavior of the soft mode in CdTiO; was
derived from submillimeter-range transmittance spec-

PHYSICS OF THE SOLID STATE Vol. 47 No. 3
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tra Tr(v) measured at frequencies of 7to 32cm™ on a
very thin (d = 14 ym) plane-paralel plate. Figure 6
demonstratestypical spectraobtained for the two polar-
ization directions that isolate By, and B,, modes. The
positions of the Tr(v) transmittance peaks on the fre-
guency scale and their separations are determined by
the refractive index n(v), and the peak values of Tr(v)
are determined by the extinction coefficient k(v) (the
imaginary part of the refractive index).

The solid linesin Fig. 6 are fits to the experimental
Tr(v) dependence obtained using the Fresnel relations
for the transmittance of a plane dielectric layer. Thisfit-
ting procedure allows one to derive the real and imagi-
nary parts of the refractive index, n(v, T) and k(v, T);
the real and imaginary parts of the permittivity, €'(v, T)
and £"(v, T); and the reflectance R(v, T) [18].
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Fig. 7. Temperature dependences of the total (Z;Ag;) dielectric contributions in the frequency range 7-32 cm ™t and of the frequen-
cies of the lowest frequency normal phonon modesin CdTiOs obtained by dispersion analysis of the submillimeter-range transmit-
tance spectra. In the E || a geometry, the Bg, modes are active, and in the E || c geometry, the By, modes are active. The By, mode
is seen to be only quasi-soft, with the values of its frequency and dielectric contribution being consistent with the respective values
derived from reflectance spectra. The B3, mode exhibits atemperature dependence typical of asoft ferroelectric modein the vicinity

of afirst-order phase transition. Note that the frequency of this mode decreases to less than 20 cm™ even at 90 K. We have not
succeeded in approaching the Curie point closer because of the very strong absorption of radiation in the sample.

Figure 7 plots the temperature dependences of the
normal mode frequencies and dielectric contributions
obtained using the above procedure for submillimeter-
range spectra in the E || ¢ and E || a geometries.
Although the low-temperature dielectric contribution
for E || a, as estimated from the submillimeter-range
spectra, is slightly larger than that derived from asimi-
lar estimate of the reflectance spectra (Z; Ag; = 1000 as
obtained from the submillimeter-range spectra at 5 K
and Z;Ag; = 800 as obtained from the reflectance mea-
surements), they are clearly consistent if we take into
account the large error involved in the derivation of the
normal mode frequencies by extrapolating the reflec-
tancetails to the low-frequency domain. Thisalows us
to propose that there is an absence of *subphonon”
excitations (central peaks or relaxations) in CdTiOs
spectra within the temperature and spectral regions
covered.

PHYSICS OF THE SOLID STATE Vol. 47

4. COMBINED EXPERIMENTAL RESULTS
AND DISCUSSION

Recent IR spectroscopic studies of calcium titanate
CaTiO; and calculations of its lattice dynamics [19]
have established that the lowest frequency spectral lines
arethethreelineswith symmetries B,, B,,, and By, that
originate from the polar, threefold-degenerate F,,
phonon at the Brillouin zone center of the cubic modi-
fication. Considering the close structural similarity
between CaTiO; and CdTiO; [8], it appears only natu-
ral to assume that the situation should be the same for
CdTiOs.

If cadmium titanate undergoes phase transitions to
polar states, then the IR active By, B,,, and Bs, modes
should also become Raman active. This does occur in
the CdTiO; crystal [17], in contrast to the conclusions
drawn earlier in [10].
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Fig. 8. Compilation of IR and Raman [17] data on the tem-
perature dependence of the frequencies of the lowest fre-
quency normal phonon modesin CdTiOs. Dashed line plots

the hypothetical temperature dependence of the frequency
of the B, soft mode not studied here. Different symbols

specify the type of experiment from which the data were
derived. The broad stripes bound the maximum errorsin the
determination of the mode frequency for all experiments. At
low temperatures, the IR and Raman modes reveal corre-
lated behavior (within experimental error). Vertical dashed
straight lines identify the temperatures at which the phonon
modes exhibit singular behavior. The mode symmetry at

5K corresponds to the CSV group of this polar phase.

Figure 8 combines data on the low-temperature
dependence of soft mode frequenciesin Raman and IR
spectra. The low-frequency IR spectra were found to
havetwo lines corresponding to B,,, and B, modeswith
an anomalous temperature dependence, while the
Raman spectra have three such lines. We assume that
these lines originate from the threefold-degenerate,
lowest frequency F,,, polar mode of the cubic phase. All
the lines undergo an anomalous temperature depen-
dence in the range 50-80 K, where anomalies in the
behavior of the optical and dielectric constants of
CdTiO; have also been observed [10-14]. We attribute
these anomalies to structural phase transitions to polar
states with an attendant decreasein symmetry to at |east
the C,, crystal class. Now the polar modes become
Raman active, as is evident from the corresponding
spectra [17]. The dlight differences (5 cm™ at most)
between the frequencies of the 30 cm™ line in the yz
and zy spectra (Fig. 8) observed at temperatures below
50 K are probably due to the complex domain structure
of the ferroelectric phases, to the sample not being sin-
gle phase, or again to the manifestation of polariton
effects. Dueto purely geometric constraints on the sam-
ple shape (thin plates), we did not succeed in studying
B,, phonons in IR spectra. As follows convincingly
from dielectric measurements[11], however, one of the
phonon modes of this symmetry should be soft. The
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critical. The chosen arrangement of the paths correspondsto
the situation where the B,, mode is the first to condense.

dashed line in Fig. 8 specifies its tentative behavior in
the Pnma phase.

To make our arguments more revealing, we con-
ducted an analysis of the dielectric measurements
reported in [11]. Figure 9 displays the temperature
dependences of €(T) and £7(T) taken from [11]. First,
weimmediately seetheinverse permittivity along the b

axis, s[_ollo] (T), to follow the Curie-Weiss law in the

range 88-200 K. Second, the £(;04(T) and €0y (T) per-

mittivities along the a and c directions follow a more
complex course (the Curie-Weiss law is satisfied only
within a very narrow temperature interval), with the

minimum in the € (T) relation shifted by approxi-

[101]
mately 5-6 K toward lower temperatures as compared

. -1 .

tothat in €4 (T). Third, both the €;45;(T) and 5[101](T)
graphs exhibit a sharp break at about 60 K. This last
observation correlates with Raman studies [17], which
likewise revealed two singular points in this tempera
tureinterval. The fact that the positions of these singu-
lar points in our measurements and those derived from
dielectric studies[11] differ somewhat can be attributed
to the different technologies of crysta growth
employed. Thus, the available experimental data sug-
gest (see also [12, 13]) a multistage character of the
trangition to different polar states in CdTiOs.

Because the B,, mode softens very little indeed
(Fig. 8), it may be considered noncritical. On the other
hand, the B,,and B;, modes should be treated as critical
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degrees of freedom that are associated with phase tran-
sitions to polar states. In this case, local singularities
near ferroelectric phase transitions in CdTiO; can be
viewed in terms of models with two single-component
order parameters. Condensation of the B,, polar mode
brings about a lowering of crystal symmetry down to

the Cgv group with an attendant onset of spontaneous
polarization P, (Ps || b), whereas B;;-mode condensa-

tion should providethe C;, symmetry of theferroelec-

tric phase with P, (P, || @). The effective Landau poten-
tia in this case can be written as

®, = &P} +a,P, + a;P| + b,P; @
+b,Py + bsPy, + yP; P,

Here, g, b;,, and y are renormalized constants of the true
multicomponent potential of the cubic perovskite
phase, whose properties will be considered in a later
paper. By introducing sixth-order polarization termsin
Eq. (4), we alow for the possibility of first-order phase
transitions, which follows from both spectroscopic data
[17] and dielectric measurements [11].

We refer the reader to [20] for amore detailed anal-
ysis of model (4) and display one of the phase diagrams
applicable to our situation in Fig. 10. There are two
waysto lower the crystal symmetry by transforming the

orthorhombic Dzlﬁ phase into a phase with a changed
direction of the polarization vector. Aswe go along the
thermodynamic path t' shown in Fig. 10, the B,,and By,
modes are softened simultaneously and a first-order
phase transition occurs at T, (set by our data at about

78 K); as aresult, the Cg,, phase (P, # 0) arises under
condensation of displacements associated with the B,,

mode. Next, due to a cascade of two first-order phase
transitions at T, and T3 with an intermediate mono-

clinic phase of symmetry Cs2 (Pyxy # 0; here, both modes
condense), the spontaneous polarization vector changes

to P, ||ainthe C;, phase (P, # 0). Alternately, P, can
switch to P, directly along the thermodynamic path t"
at thefirst-order phase transition point T,; inthiscase,
there is a fairly large region where both polar states

(Cgv and Cs,,) coexist. Along the thermodynamic

paths inclined to the coordinate axes in the phase dia-
gram, both modes become soft, with the B,, mode con-
densing first (this mode is softer than the By, mode).

Obviously enough, this model is consistent with al
the experimental data available [11, 17], including the
“contradictory” information derived from x-ray mea
surements [10, 15]. However, in order to unambigu-
ously identify which of thet' and t" pathsisreaizedin
CdTiO;, a more comprehensive investigation of the
temperature interval 50-90 K is certainly needed.

No. 3 2005



POLAR PHONONS AND SPECIFIC FEATURES OF THE FERROELECTRIC STATES

5. CONCLUSIONS

(1) First measurements of polarized IR spectra of
crystalline CdTiO; made in the range 5-300 K have
been performed. Symmetry assignment of the lines has
been made in good agreement with factor group theory
predictions and Raman spectra [17] assuming the
ana—Dzlﬁ spacegroup. Thissymmetry is suggested to
hold for CdTiO; in the temperature range from 78 to
300 K.

(2) Dispersion analysis was employed to determine
the oscillator parameters (dielectric contributions, fre-
guencies, damping constants) for al experimentally
observed polar modes, and their temperature depen-
dence was established.

(3) IR spectroscopic study of the dynamic behavior
of the CdTiO; crystal intherange 5-300 K hasrevealed
a quantitative correlation with quasi-static measure-
ments of (v, T) in the kilohertz-frequency range [11—
13], which substantiates the conclusion that there are
no subphonon low-frequency excitations (central peak)
inthis crystal.

(4) Low-temperature studies of IR spectra revealed
asoft By, mode whose condensation should resultinthe

C§,, polar state. This finding correlates with x-ray dif-

fraction data [15] and, when considered together with
Raman data [17] and dielectric measurements [11],
suggests a multistage transformation of the CdTiO4

structure into different polar states with Pna21—C§V

and Pmczl—Cg,, symmetriesinvolving switching inthe
direction of the spontaneous polarization vector.

(5) The temperature region between 50 and 90 K
requires additional comprehensive investigation
because there is an indirect evidence for complex
dynamic behavior of CdTiOj; in this temperature inter-
val. At any rate, our preliminary analysis of experimen-
tal dataconducted in terms of the model of two interact-
ing polar modes allows the existence of one more inter-

mediate polar phase of monoclinic symmetry Pb—CS2

between the Pna21—C§V and Pmc21—C§V phasesinthis
narrow temperature interval.
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Abstract—Phase transformationsin a Ni, 14,Mng g1Fey gsGa aloy in different structural states are studied from
the temperature dependences of its electrical resistivity. The dependences obtained indicate that, in the coarse-
grained state, this alloy undergoes two structural phase transformations: intermartensitic modulation transfor-
mation and martensite—austenite transformation. In the nanocrystalline state, these transformations are absent.
The recrystallization of a nanocrystalline sample at 773 K for 30 min results in the martensite—austenite trans-
formation; however, the phase transformation related to a change in the martensite modul ation period does not
occur in this state. The resistivity is shown to depend on the structural state of the alloy. © 2005 Pleiades Pub-

lishing, Inc.

1. INTRODUCTION

The unique combination of the physical properties
of Ni,MnGa aloys, which exhibit a shape-memory
effect (SME) [1], has recently attracted considerable
research interest. This circumstance stemsfrom the fact
that the thermoelastic martensitic transformation
inducing an SME in these aloys occurs in their ferro-
magnetic state and that the temperature of this struc-
tural phasetransition is sensitive to an applied magnetic
field [2], mechanical stresses [3], the introduction of
impurity atoms, and a deviation from the stoichiometric
composition [4-6]. For example, the substitution of Ni
for Mn atoms results in an increase in the martensite—
austenite transition temperatures and in a decrease in
the Curie temperature [5]. Phase transitions in alloys
are known to be accompanied by changesin their phys-
ical properties. One of the properties that are most sen-
sitive to these processes is the electrical resistivity,
whose variation allows one to exactly establish the tem-
peratures of the onset and completion of a structural
phase transition.

The formation of a nanocrystalline (NC) state in
materials substantially changes their physical proper-
ties [7]. However, there are no systematic data on the
effect of the structural state of Ni,MnGaalloys on their
physical properties and the character of phase transi-
tions in them. Therefore, in this work, we studied the
temperature dependences of the resistivity of a
Ni, 1My giFey0sGa aloy in its different structural
states.

2. EXPERIMENTAL

A polycrystalline Ni,,Mny g FeysGa aloy was
fabricated using a technique described in [2]. The NC
state was formed by severe plastic deformation (SPD).
To this end, flat 0.5-mm-thick disks 6 mm in diameter
were cut from the initial polycrystaline ingots. The
disks were subjected to shear deformation in Bridgman
anvils at a pressure of 7 GPa by rotation through an
angle of 101 at room temperature. An intermediate
structural state was produced by annealing NC samples
in vacuum at a pressure of 10° Paat 773 K for 30 min.
The resistivities of the samples were measured using
the four-point probe method.

The microstructure of a coarse-grained sample was
examined on an AXIOVERT 100A optical microscope
equipped with a digital video camera and a computer.
The microstructures of the NC dates of the
Ni, 1M Ny g, Fey 0sGa alloy were examined on a JEM-
2000EX transmission electron microscope.

3. RESULTS AND DISCUSSION

The microstructure of the coarse-grained sample at
283 K (low-temperature phase) shown in Fig. 1 demon-
strates that this sample is polycrystalline with a mean
grain size of about 0.5 mm. The grains contain charac-
teristic martensite plates. The disorientation of the mar-
tensite plates in different grains indicates that the grain
boundaries are high-angle boundaries. The grain
boundaries contain pronounced cracks, which obvi-
ously lead to high brittleness of the coarse-grained sam-
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ple; the cracks appear after several austenite-marten-
site—austenite cycles.

Figure 2 shows that an NC sample consists of very
small crystallites without clear boundaries between
them. The mean grain size of the crystallites is esti-
mated to be 10 nm. The electron diffraction pattern of
the sample is a set of diffraction rings consisting of
reflections that are strongly diffused in the azimuthal
direction. This feature indicates the presence of both
significant internal stresses and high-angle misorienta-
tions of the crystallographic axes of various crystallites
with respect to each other. The structure of the NC sam-
ple changes significantly after annealing at 773 K
(Fig. 3). Clear boundaries form between crystallites,
whose mean size is 200 nm. Some grains have bound-
aries with a typical fringe contrast, which indicates
recrystallization. The color contrast between the grains
demonstrates their misorientation. The electron diffrac-
tion pattern taken from an area of 0.5 um? contains
clear undiffused reflections, which indicate that the
internal stresses have relaxed.

Figure 4 shows the temperature dependences of the
resistivity p for three structural states. The measured
values of theresistivity p for the three states are seen to
differ substantially. The resitivity is maximum in the
NC state (Fig. 4c); this should be caused by the small
crystallite sizes, a high defect density, and disordering
of the alloy. These assumptions are supported by the
fact that p is minimum in the coarse-grained state
(Fig. 4a) and has intermediate values in the annealed
state (Fig. 4b).

The p(T) dependence for the coarse-grained state is
rather complex. Upon heating from 80 to 268 K, the
resistivity increases almost linearly. In the range from
270 to 273 K, it increases sharply by 0.15 uQ m and
then again increases linearly up to 294 K. In the range
from 294 to 297 K, the resistivity decreases jumpwise
by 0.7 uQ m. At higher temperatures, the resistivity
increases smaoothly; however, near the Curie point, the
curve has aweak discontinuity in slope. Upon cooling,
p behaves similarly; in the range 294-297 K, p varies
virtually reversibly, but the change in it that was
observed in therange 270-273 K isrepeated only in the
range 222-242 K.

This complex character of the p(T) dependence is
obviously due to the fact that a number of different
phase transformations occur in the coarse-grained sam-
ple. For example, the sharp increasein p at 270 K upon
heating should be caused by a changein the modulation
period of the martensite [8-11], which in turn beginsto
transform at 294 K into the high-temperature cubic
phase (austenite). The latter transformation induces the
jumpwise decrease in resistivity observed at this tem-
perature. Indeed, the austenite phase has a higher crys-
tallographic symmetry as compared to the martensite
and, hence, should have a lower resistivity. This trans-
formation ends at 297 K. Upon cooling, thereverse aus-
tenite-martensite transformation proceeds amost

PHYSICS OF THE SOLID STATE Vol. 47 No.3 2005

Fig. 1. Microstructure of a coarse-grained sample (the mar-
tensite phase).

Fig. 2. Microstructure and an electron diffraction pattern of
an NC sample.
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Fig. 3. Microstructure and an electron diffraction pattern of
arecrystallized sample (the austenite phase).

reversibly. The transformation related to martensite
modulation is significantly delayed and occurs over a
wider temperature range.

An analysis of the p(T) dependence of the sample
with an NC structure showsthat, over the entiretemper-
ature range, the variation in p upon heating and cooling
is smooth and reversible, which indicates the absence
of structural phase transformations in this state. This
feature should be due to both the small crystallite sizes
and possible disordering of the compound caused by
SPD. The fact that ordering compounds can be disor-
dered during SPD was established in [12-14]. The fol-
lowing circumstance is important here. In the range
260-360 K, p remains virtually unchanged, although it
increases relatively rapidly at lower temperatures. The
character of the p(T) dependence is determined by the
scattering of free carriers by phonons, lattice defects,
and magnetic inhomogeneities. Earlier, we found that,
in the NC state, the alloy under study has no ferromag-
netic properties [15] and is in a superparamagnetic
state. Apparently, the observed p(T) dependence is
related to a transition from the superparamagnetic to
paramagnetic state at about 260 K.

In contrast to the coarse-grained state, the structure
forming after annealing at 773 K exhibits only one
rather sharp change in p during both heating and cool-
ing (Fig. 4b); this change takes place in the range 260—
290 K. This specific feature in the p(T) dependence is
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more pronounced upon cooling of the sample and is
related to the austenite-martensite phase transforma:
tion, which is accompanied, as in the coarse-grained
state, by an increasein p. However, the intermartensitic
modulation transformation is absent in this case. The
occurrence of the martensite transition in the recrystal-
lized sample is caused not only by the increased crys-
tallite size and a decreased defect density but also by
possible ordering of the Ni,, ;,Mn, g;Fe; ;sGacompound
during annealing. In [16], it was reported that the mar-

No. 3 2005



MARTENSITIC TRANSFORMATION AND ELECTRICAL PROPERTIES

tensitic-transformation temperature of stoichiometric
and near-stoichiometric Ni,MnGa alloys increases in
proportion to the long-range order parameter squared.
However, the structural-transformation temperature
should also depend on the grain size. The martensitic
transformation is known to occur via the motion of
transformation dislocations, which are atomic marten-
site steps in interphase boundaries. Therefore, the mar-
tensitic-transformation temperature depends on the
grain size, since grain boundaries are barriersfor dislo-
cation motion and, hence, restrict the mean path length
of dislocations[17]. The absence of theintermartensitic
modulation transformation is likely due to the fact that
both the increased degree of ordering of the compound
and the increased crystallite size reached under the
annealing conditions are insufficient for this phase
transformation to occur. The broadening of the temper-
ature range of the structural transformation is explained
by the fact that the grain sizesin the recrystallized state
vary from 100 to 300 nm and, hence, the martensitic
transformation begins at different temperatures
throughout the bulk of the sample.
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Abstract—On the basis of the microscopic theory of lattice dynamics, simulation of the electric potentials cre-
ated by optical phononsin semiconductor superlattices is performed. It is shown that the spatial distribution of
the amplitudes of electric potentials differs from that in a dielectric continuum predicted by the conventional
macroscopic model without dispersion. A modified macroscopic continuum theory is proposed that takes into
account the dispersion of short-range interatomic forces and allows one to obtain analytical expressionsfor the
potentials of electron—phonon interaction. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Polar optical vibrations in semiconductor nano-
structures are a source of strong el ectron—phonon inter-
action and, therefore, areimportant for the study of car-
rier transport. Displacements of the ions participating
in optical vibrations create an electric polarization in
the crystal. In the absence of free charges, the electric
displacement arising in this case satisfies the condition
U(eE) = 0. In a nonuniform medium like a nanostruc-
ture, the permittivity € depends on spatia coordinates
and the calculated electric fields E and the related
potentials appear to be different from those in a bulk
material due to quantum confinement of phonons. Inan
elementary version of the theory (the so-called dielec-
tric continuum model [1]), the frequency dependence
of the permittivity €(w) of aseparatelayer of the hetero-
structure is assumed to be the same as in the corre-
sponding bulk material, where it is determined by the
phonon spectrum of the material. The calculated poten-
tials for each separate layer are matched using the con-
tinuity condition at the heterointerfaces. The solutions
obtained are divided into two types. Potentials of the
first type arerelated to bulk phonons confined to alayer.
These potentials are also confined to the active layer
and vanish at the heterointerfaces. Potentials of the sec-
ond type are localized near the heterointerfaces and are
associated with interface vibrations.

A fundamental difficulty in the diel ectric continuum
model [1] is given by the incompatibility of the bound-
ary conditions for electric and mechanical components
of the envel ope function of the phonon field at the inter-
faces. The amplitudes of mechanical displacements for
the confined bulk phonons appear to be discontinuous
in this model. The electrostatic contribution is only
~10% of the phonon energy, which makes the predic-
tions from the diel ectric continuum model doubtful to a
certain degree [2]. On the other hand, the requirement

of continuity of the mechanical component leadsto dis-
continuity of the potentials and to the absence of inter-
face potentials [3]. Attempts to resolve this problem by
including the dispersion of short-range interatomic
forcesin the dielectric continuum model [3, 4] resultin
an unjustified complication of the theory. For this rea
son, most of the studies of transport processes have
been performed using the dielectric continuum model
[5] with dispersionless short-range interatomic forces.

2. MICROSCOPIC CALCULATION
OF THE POTENTIALS OF ELECTRON-PHONON
INTERACTION IN AN AlAs,GaAs,, [001]
SUPERLATTICE

In [6], it was demonstrated that phonon electric
fields can be directly calculated on the basis of micro-
scopic theory.

We cal culated the phonon spectrum of the superlat-
tice (Fig. 1) using the phenomenological bond charge
model [7]. The AlAs,GaAs,, [001] structure belongs to

the D5, symmetry group if n + m= 2p and to the D3,
group if n+m=2p + 1. The symmetry classification of
long-wavelength vibrations depends on the total num-
ber of monolayers in the superlattice unit cell. The
decomposition of the vibrational representation at thel”
point can contain one-dimensional fully symmetric I';
representations, one-dimensional I'; representations
(which transform as the z component of a vector), and
two-dimensional I representations (which transform
as the x, and y components). The number of different
irreducible representations is determined by the total
number of monolayers in the unit cell of the specific
superlattice.

Calculations show that, in the AlAs,GaAs,, [001]
structure, the ion displacements corresponding to opti-
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Fig. 1. Frequencies of AlAs-like phononsin the (AlAs)g(GaAs);, [001] superlattice in two symmetry directions, Z(0, 0, T/D) and
M = (174, 0, 0). D = 10a isthe superlattice period, and a is the zinc blende | attice constant. In the central part (F-I"), the frequencies
of long-wavelength phonons (g — 0) are plotted as functions of the angle 8 (0 < 8 < 172) between the wave vector and the super-
lattice growth axis (z axis). The left-hand panel corresponds to the microscopic bond charge model, and the right-hand panel shows
the calculation in the modified continuum model including dispersion of short-range forces. The irreducible representations at the

center of the Brillouin zone are also indicated.

cal vibrations are localized in separate (AlAs), or
(GaAs),, sublayers (subcells) and that the phonon fre-
guenciesfor different sublayers correspond to different
energies. The number of representations according to
which the long-wavelength phonons in the active sub-
cell transform is determined by the number N, of mono-
layersin the subcell. If N, = 2m, the decomposition for
phonons of thislayer isT =m(I"'; + T3+ 2I5). If N, =
2m+ 1, the decomposition for phonons of this sublayer
hastheform =ml; + (m+ 1) ;3 + (2m+ 1)I5). Cal-
culations [6] show that the vector §" = p,M,u" varies
smoothly with the ion number n and is an envelope
function for optical vibrations. Here, p, = Z/Z" is the
sign of theion charge (Z" = |2"| is the magnitude of the
charge) and M,, isthe ion mass.

The envelope of ion optical displacements for 'y
phonons has only a component parallel to the growth
axis of the superlattice (the z axis) and is an odd func-
tion with respect to the center of the active sublayer. For
I"5 phonons, the displacement envelope also contains
only az component and s" is an even function. For the
two-dimensional I; representation, the displacements
lie in the xy plane (normal to the growth axis) and can
be divided into two types: I 5, With even displacements
" and I'5, with odd displacements.

PHYSICS OF THE SOLID STATE Vol. 47 No. 3
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The frequencies of I, vibrational modes are inde-
pendent of the direction of the vector q in the long-
wavelength limit.

For any direction of the wave vector, I'; phonons
create potentials whose amplitudes are periodic func-
tions (with the period of the superlattice) and even with
respect to the center of the active layer (AlAs, in
Fig. 2). They do not create macroscopic fields.

In the long-wavelength limit, the frequencies of 5
vibrational modes have a strongly pronounced depen-
dence on the direction of the wave vector, whichisanal-
ogous to that for the longitudinal—transverse (L-T)
splitting of optical modes in cubic crystals. The poten-
tials created by I'; phonons are odd functions with
respect to the center of the active layer (Fig. 2) and
exhibit a substantial (nonanalytic) dependence on the
direction of the wave vector. When propagating in the
direction q O z, these phonons are transverse, I 5y, and
create periodic potentials with the superlattice period
(local fields).

When propagating in the q || zdirection, I ; phonons
are longitudinal, I 5, and produce both local and mac-
roscopic fields. The macroscopic electric field E, o0 IS
directed along the z axis.

Intheq ||z direction, all I's phonons are transverse,
their frequencies are doubly degenerate, and these
phonons do not create electric fields. For long-wave-
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macroscopic component is also shown (dash-dotted lines).

length I'5 phonons with q O z, the L-T splitting
M5 — Dsg + Tsr occurs. Longitudinal Iy g
phonons create a macroscopic field E, . (in the xy
plane) directed along the vector g O z In the long-
wavelength limit, the potentials created by these
phonons do not depend on I"5,, phonons remain degen-
erate and, like sy phonons, do not create electric
fields.

The average potential created by long-wavelength
I3 and M5 ) phonons depends on the wave vector as
g. The average potential produced by I'; phononsisa
constant dependent on the phonon frequency.

We see in Fig. 2 that the form of the potentials of
long-wavelength phonons differs substantially from
that obtained in the dispersionless continuum model
[1-3]. Above dll, this is true for the potentials of T4
phonons. In contrast to the potentials of the model
developed in [1-3], they are finite at the heterointer-
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face. The phonons whose displacements are localized
in one of the layers (AlAsin Fig. 2) also create signifi-
cant potentials in the inactive layer (GaAs in Fig. 2),
where there are no ion displacements for these modes.
The potentials of I'; phonons are localized in their
active layer; however, they aso have nonzero values at
the heterointerface.

In the long-wavelength limit, there are no surface
vibrations; they appear only at finite values of the
phonon wave vector.

Figure 3 shows the amplitudes of the potentials for
two short-wavelength AlAs-like phonons in the same
superlattice with a wave vector q = (201)1YD (where
D is the superlattice period) and frequencies w9 (q) =
376.6 cm™* and w®(q) = 372.2 cm generated by the
long-wavelength I3 and I'5 phonons, respectively. We
seein Fig. 3 that, for g # 0O, the interface vibrations are
hybridized with bulk modes. As g increases, the ampli-

No. 3 2005
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tudes of the potentials decrease and, at q = 1v/a (where
a is the lattice constant of the bulk material), are an
order of magnitude smaller than at the center of the
Brillouin zone.

Straightforward application of the simulation results
to transport processes is nonproductive, since it
requires significant computational effort. However, in
our microscopic calculations, the potentials of the elec-
tron—phonon interaction exhibit important features that
cannot be explained in terms of simplified macroscopic
models, such as that considered in [1-3].

In the following section, we suggest a different mac-
roscopic approach, which explains these features and is
not hampered by the problem of incompatibility of the
boundary conditions. Thismethod is applied to calculate
the electric potentials created by phonons with an arbi-
trary wavelength in a superlattice of the AlAs,GaAs,,

[001] type.

3. ELECTROSTATIC POTENTIALS
OF POLAR VIBRATIONS IN CRYSTALS
WITH A LARGE UNIT CELL:
MACROSCOPIC THEORY

Phenomenologically, the energy of avibrating crys-
tal latticein the presence of an electric field can be writ-
ten in the form [6]

W = %Z U" Doyt — z”u”J'fgn(r)E(r, t)dr
nn' n (1)
—SirJE(r, E°(r, r)E(r', t)drdr'.

Here, u" isthe ion displacement at site n of the crystal
lattice, Z"istheion charge, E(r, t) istheelectric field at

the point r, EZ’B (r, r') is the high-frequency dielectric
tensor, ®,,, o iS the force matrix of the short-range
forces, a and B are Cartesian indices, and the quantity

ana UgQqp(r) determines the B component of the

dipole moment density created by the displacement of
ion n. As noted above, for structures with alarge num-
ber of particlesin a unit cell, the quantity s" = p,M,u"
varies smoothly with the number n and acts as an enve-
lope function for optical vibrations.

The ion displacements " are functions of the dis-
crete variable r,, whereas the fields are assumed to
depend continuously onr. Therefore, aproblem regard-
ing transition to the continuum limit arises [8], which
can be solved as follows. We introduce a set of func-
tions { f,(r)} localized within a unit cell and satisfying
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Wave vector (201)T/D
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Fig. 3. Periodic part of the amplitude of the electric poten-
tials of two short-wavelength AlAs-like phonons with q =
(201)17D. Dashed lines correspond to macroscopic calcula-
tions, and solid lines, to the modified continuum mode!.

the following orthonormalization condition on a dis-
crete set of points:

Qa Zof;k(rn)fj(rn) = 6ijv
2

No

Qaz f;k(rn) 1:i(rn') = 6rm'-

Here, r, is the equilibrium ion position; n, is the num-
ber of ionsin the unit cell; Q, is the volume per atom;
andi,j=1, ..., n,. We assume that the transition to the
continuum limit for the phonon polarization field
implies that the number of atoms in the unit cell n,
tends to infinity, whereas the volume of the unit cell
remains constant, V., = const; therefore, formally, the
volume per atom vanishes, Q, — 0. We aso assume
that r,, varies quasi-continuously and replace summa-
n,—1

nO: 0

—

tion by integration according to the rule Z

Q;l {V dr . Furthermore, we assume that the functions

{fi(r)} can be chosen so that, in this continuum limit,
the following relations are satisfied:

No

J @) =25y, > i) =8 -r). 3
V, i
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It is convenient to introduce functions of the Wannier
type (“standard vibrational modes”)

Fio) = No”" S exp(igL) fi(r=L).  (4)

Here, the vector q is restricted to the first Brillouin
zone, L is a vector of the direct lattice, and N, is the
number of unit cells in the crystal. Using Eqg. (2), we
write the ionic displacements as an expansion:

Uz = /QaPn S Fia(ra) T (@)See(@)/Mn, (5)

where

Si(@ = 3w (@F(r)s:. ()

The matrix T;:(q) is related to the positively defined
mass matrix

Hi(a) = Q5 FlarMy Fig(r) — (7)

by the relation i (q) = T (q)T" (q).

The derivative -OW/du, determines the a compo-
nent of the force acting on ion n. We define the electric
displacement at the point r asthe variational derivative
D(r, t) = —4TtAMOE(r, t). For atomic displacements
and fields, we assume a harmonic time dependence of
the form exp(iwt) with afrequency w. The electric field
and the electric displacement are written in the form of
an expansion in terms of functions (4), which are con-
sidered a basis with a continuous variable. In this case,
the condition 0OD = O connects the expansion coeffi-
cients of the ionic displacements and fields.

The classical equations of motion for ionic displace-
ments can be reduced to the form

eai' W(xi' (m)
Z( 6(A) + Wai 51(a))S57(q) @©

= Wiy (A)S(),
where the matrix

Oui oir(Q) = QaZTij(q)
! ©
x Z Fj*q(rn) pnqjggl' pn'Fj'q(rn‘)T;i'(q)

is determined by the short-range forces.

TYUTEREV

Using Eg. (3), we can write the contribution of
IVong-range forces as

W(q) = 4m(a)V(a)(1+k(@)V(q) " (). (10)
Here,

a]q(r)Fajq(r )

4rJ Ir=r

ZuiuT(q)
=./Q zr.,(q)F (o) PoZ' [ Qo (1) Firg(r )l

Vuj,a‘j'(q) dr dr" (11)

(12)

The matrix i (q) describes the high-frequency polar-
ization

Kaj,ot'j'(q)
= [Fla(eae (1 1) Fjq(r)drdr’ = 8eq. 3.

The quantities Fgq(r) in Eqg. (11) are defined as
(r) = oF, (r)/ar Equation (8) is an eigenvalue
pro(i)Iem for the lattice vibration frequencies wyy,(d).
For longitudinal fields, disregarding the retardation
effects, wehave E(r, t) =—¢ (r,t), wherethe potential
isgiven by

o(r, t)_4rJ |E(r t)d

After performing the standard quantization procedure
for atomic displacements (5), the potentias in Eq. (14)
produced by these displacements can be found to be

(13)

(14)

-1/2

Bt = No™ 3 0" (1) (Bng(t) + Bng(1),  (15)
gm

(m) _ (m)
by (r) = Imz(Pa.(rlCI)S: (a). (1)

Here, &, (t) and &, (t) are the phonon creation and
annihilation operators, respectively, and S™(q) are the
eigenvectors of Eqg. (8) corresponding to wy(d). In
Eqg. (16), the potential created by a phonon with fre-
quency wyy(d) is expanded in terms of certain “stan-
dard” potentials @, (r|q). These potentials are created
by “standard modes’ (in which the atomic displace-
ments are directed along the a axis and their magni-
tudes are given by the functions Fiy(r))) and are deter-
mined by

(pon(rlq) - ZI |[3]q(r)

BR'ji'v (17)
x (1+R(Q)V(a))p 515 ai(0)-
PHYSICS OF THE SOLID STATE Vol. 47 No. 3 2005



INTERACTION OF ELECTRONS WITH POLAR OPTICAL PHONONS

4. POLAR VIBRATIONS IN SEMICONDUCTOR
BINARY SUPERSTRUCTURES

We assume that the unit cell of a superstructure con-
sists of subcells made up of different materials, which
we denote by index c. For binary compounds, each of
the subcells is assumed to contain 2N, atoms, so n, =

23 N

If the frequencies @, and @, of long-wavelength
transverse optical phonons in the bulk materias are
substantially different, e.g., as is the case with GaAs
and AlAs, then the optical vibrations in isolated sub-
cells of the superlattice can be considered indepen-
dently, whichisalso confirmed by simulations. The cri-
terion for the applicability of this approximation is

4nz? (e°Q . |&° — @3 [t < 1. Here, p, and Z, are the
reduced mass and the magnitude of the ionic chargein
subcell ¢, respectively.

In this case, it is convenient to choose the functions
fi(r) so that set (3) is aunion of bases, ZDC{ foc(r)},
for which each of the functionsf,,(r) isnonzero only in
its own subcell c.

The model THr. N

Zuc)\,a‘c)\'(q) = (QaUC)_]JZZcé)\)\'équ'l and SZOB (r’ r') =
€70,p0(r — r') corresponds to the nonpolarizable-ion
approximation and to a superstructure fabricated from
materials of the zinc blende type with close values of
the dielectric constant €, e.g., a GaAS/AlAs super-
structure. In this model,

in which 1y o(q) =

anz?

Worc)\,a'c)\'(q) = oo—V

auc

orc)\,a'c)\'(q)- (18)

5. PLANAR GEOMETRY

In the continuum approximation, a superlattice is a
periodic repetition of a bilayer of thicknessD (0<z<
D) consisting of two layers (subcells) made up of
binary compoundswithc=1(0<z<d;)andc=2(d; <
z< D). The z axis is perpendicular to the layer planes.
It is convenient to choose basis (2) in the form f,(r) =
S2exp(i K p)Wen(2), where the vectors K and p liein
the layer planes (i.e,, K, p [0 2) and Sis the area of a
layer inthe plane normal to the zaxis. Accordingly, A =
(n, K) becomes a composite index. The Brillouin zone
is one-dimensional; therefore, the wave vector is writ-
tenasq = (K, k), where its zcomponent k varies in the
limits—1v/D < k < 17D.

Next, we use an approximation in which vibrations
in different layers are independent. To be specific, we
consider the layer withc=1 (0 < z< d,). Passing to the
next layer with ¢ = 2, it sufficesto properly displace the
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origin, z. = z—d,, and to make the substitution d, —
d, = D —d,. Therefore, the arguments do not depend on
the subcell index, and we write z. and d, without the
layer index in the subsequent formulas where this does
not give rise to any misunderstanding.

In the “active” subcell withc=1(0<z<d),itis
convenient to choose functions Y,(2) that vanish out-
side this sublayer and have the form

W,(z) = J2/dsin(tinz/d) (29)
within this sublayer. In Eq. (19), n=1, ..., N, where

2N, isthe number of atomic monolayers in the subcell.
It is convenient to direct one of the coordinate axes,
e.g., the y axis, aong the vector K. Then, it follows
from Eq. (11) that Vynpnk+(K, K) = 0, whereas for a,
B =y, z the matrix elements are nonzero only if K' =
K"= K; we denote them by Vi (K, K) =
Ves(nn'|K, K). The calculation of matrix elements (11)
reduces to evaluating the expression

0 d
Vs (mn| (K, K)) = ——1—5 Z 'kLDJ'dzw;“*(z, K)
L=-0 0

; (20)

x Idz'e‘K‘z‘Z"LD‘wg(z', K).

Here, K = [K|, L isan integer, Wy (z, K) = iKy(2), and
W’ (z, K) = dy(2)/dz The calculated matrix elements
(20) arelisted in Appendix 1.

Standard potentials (16) in the planar geometry can
be written in the Bloch form

Wank (r19) = S exp(iK p)exp(ikz)
x ?1 U (Z(K, k).
(& +n’)

(21)

Here, & = Kd/tand ¢,

4rz
= 2% 2dJQ., ; the func-
€

tions Uf,”) (zIK, K) are calculated using Eg. (17) and
givenin Appendix 2.

To calculate the contribution of short-range forces

(9), weintroduce a3 x 3 matrix Ac (Q) whose eigenval-
ues reproduce the spectrum of optical phonons in the
bulk binary compound corresponding to ¢ = 1 without
the polar component, i.e., as if the phonons were non-
polar. This spectrum of “nonpolar” phonons can be
obtained using the data from microscopic theory; the
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corresponding technique is described in [6]. In this
case, the short-range-force matrix can be written as

c
q)a[}(rnv My

_ 1 : |
) - NO% He pnAGB(QXl va Qz) Pn (22)

X exp(iQ(rn_rn'))v

where Q varies within the Brillouin zone of the bulk
binary crystal. Matrix elements (9) include the quantity

‘ n _idk
exp(-ik2) W (2)dz = J2d = ( De’)
'c[ ((kd)®—(1m)?)

As k — +1m/d, the contribution of integral (23) to

matrix elements (9) is maximum and equal to i./d/2.
Keeping only these leading termsin Eqg. (9), we obtain

(23)

0 TU
eanK,u'n'K'zéKK'énn'gﬂga' X Kyv —d_rE
(24)
+0%5 K, K, B g
aa’ d D
In this approximation, the matrix elements are indepen-
dent of the longitudinal component k of the wave vector.

6. EXACT SOLUTION
IN THE DIELECTRIC-CONTINUUM MODEL

If we disregard the dispersion of short-range forces,
matrix (24) becomes

Ounk, k(K. K) = Wk Bunuas  (25)
where c‘oﬁ isthe frequency of transverse phononsin the

bulk material corresponding to layer c.

In the continuum limit, Egs. (8) form an infinite sys-
tem whose solution can be found exactly. The details of
the solution are not trivial; the calculations were per-
formed using the Maple language in the Scientific
Notebook shell and cannot be reproduced in detail in
the framework of a journal article. We give only the
final result.

The potentia's are written in the Bloch form
dq"(r) = S exp(iK p)exp(ik2) ™ (Z|(K, K)), 55,

where ¢™(z+ DLIK, K) = ™M(z|K, k) and L isan inte—
ger. For phonons whose optical displacements Sa (q)
areconfined to the activelayer c=1 (0 < z< d), the peri-
odic part extends over theentireunit cell 0<sz< D. The
periodic part of the potentid ¢@™(z|K, k) for these
phonons s given below.

TYUTEREV

The solutions are written as ¢@™(z|K, K)
01 [2/200m)(K, K)]Y2x™(z|K, k). Weintroduce the nota-
tionn =KD, & =kD, 0 = Kd/2,

ul = Jax Ho/J/HZ + B2)/2,

_ _sinhnsinh20
q = CON20 coshn — cosé’
_ sinésinh2o
9 coshn —cosé’
Thefunction©(z,d) =1if0<sz<dand ©(z d) =0for
all other values of z.

(1) For agiven layer, there aretwo solutions, labeled
m = (£), which depend on the phonon propagation
directionq = (K, K):

H (27)

W (K, k)
_ e 2T 2nZ; 2, A/cosh(n—Zo)—cosED (28)
We"Q, coshn —cos¢ U
(%) — 1 _~/Sinh20/(20)
X (2K, k) = e IkZ)2(coshr]—cosé)
xﬁuff)cosh(Kz—n—o)
|£U( )smh(Kz— —o)}
'k i
29)
[U( )cosh(Kz 0)+|mu( )smh(Kz—o)}D

+ %exp(—i kz)O(z d)sinh(Kz-20)

E!J()(otanho) +'N u{?(tanha/o)” %

As K and k increase, functions (29) are more and more
strongly localized near the interface and are the poten-
tials of interface vibrations.

(2) Longitudina optical ion displacements corre-
spond to the direction-independent polar solutions
Wi = @ +4TZ7 (1,£°Q,) with infinite degeneracy:
m=1, ..., ». The potentials created by these vibrations

arenonzero only inthe active layer (thelayerc=1,i.e,
0<z<d), andinthislayer they are

X ™(z|K, k) = i0(z d)
X exp(=ikz) ———— sin(rmz/d). (30)
2 2
m +3
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(3) Transverse optical ion displacements correspond to
direction-independent nonpolar solutions ootz(m) = G)i

with infinite degeneracy: m=1, ..., . Thesevibrations
do not create electric fields.

For phonons whoseionic displacements are concen-
trated in the second layer, c =2 (d <z< D), the solutions
have a smilar form. They can be obtained from
Egs. (28)—(30) by shifting the origin, Z —» z—d, with
the subsequent replacement d — D — d and substitu-

tion of the parameters (7)3 , (5, and |, of the bulk phonon
spectrum corresponding to this layer.

The fields calculated from Egs. (28)—(30) and the
ionic displacements given in Appendix 3 fully agree
with the pattern of the interface vibrations and their
potentials (29) and with the confined bulk vibrations
and their fields (30) obtained numerically in the contin-
uum model in [1-4]. We note that, as far as we know,
the solution in the continuum model has not been pre-
viously obtained in an analytical form. An analysis of
the solutions obtained shows that potentias (29) are
nonanalytic functions at ¢ — 0. In this long-wave-
length limit, fields (29) are macroscopic and extend
over the entire superlattice if k > K; in the case of k <
K, these fields are loca and have the superlattice
period. In the limiting cased — D — o, EQs. (28)—
(30) reduce to the well-known expression [9] for scat-
tering potentials produced by long-wavelength polar
phononsin abulk cubic crystal. Potentials (29) and (30)
are continuous at the interfaces. However, calculations
based on Eq. (5) show that the optical ionic displace-
ments are discontinuous for even m, in accordance with
the conclusion that the boundary conditions for
mechanical and electrodynamic components of optical
vibrations are incompatible in the dispersionless con-
tinuum model [2]. To achieve simultaneous continuity
of fields and ionic displacements, it is necessary to take
into account dispersion of short-range forces [2, 3].

7. DIELECTRIC-CONTINUUM MODEL
MODIFIED BY INCLUDING DISPERSION
OF SHORT-RANGE FORCES

To calculate the spectrum with alowance for the

crystal symmetry, we take the matrix A (Q) in Eq. (22)
in the form

Dy (Q) = @i(1+ A(K)K; + B(K)(k; + k7)),

Dy (Q) = @(1+ A(K)ky + B(K)(Ky +k;)),

£5(Q) = @i(1+B(K)(K; + kj) + A(K)K?),
Ngs(Q) = 20;G(K)koks, O %P,

Here, A(K) = X; + X;k? + X3k4, B(K) = X, + Xgk? + Xgk?,
G(K) = X, + Xgk? + Xok* and k = Qa./2m, where a  isthe
lattice constant of the material of the layer c. Since

(31)
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Parameters of the short-range force matrix A for bulk materials
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Parameter AlAs GaAs
®, cm™ 364.39 271.36
X1 —-0.5637 -0.5441
X5 0.2689 0.2110
X3 —-0.0256 —0.0097
X4 —-0.8293 -0.5771
Xs 0.7346 0.5385
Xs -0.2001 -0.1535
X7 -0.1514 -0.1672
Xs 0.1785 0.0369
X —0.0518 0.0199

there are 3N, degrees of freedom for optical vibrations
in the layer c, Eqg. (8) involves 3N, x 3N, matrices. The
parameters of the bulk AlAs and GaAs spectra are cho-
sen by comparing them with the spectra calculated in

the bond charge model [6, 7] (Z, = Z, = O.65«/s_°° €,
e°= 12, a = a, = 565 A, My = 26.98M,, Mg, =
69.72M,,, Mss = 74.92M,) and are listed in the table.

The basis functions in the form of Eq. (19) do not
take into account the short-range interaction of (AlAS),
and (GaAs),, sublayers. The agreement with micro-
scopic calculations is improved if we alow for the
interaction between the subcells phenomenologically
by introducing an effective thickness of the active layer
dss = d + d into the formulas in Appendix 2. For
(AlAS9)(GaAs),, [001] superlattices with any values of
n and m such that n + m= 20, the results agree equally
well with the simulation resultsif we take 6 to be equal
to the thickness of one monolayer.

Figure 1 shows the spectrum of AlAs-like optical
phononsin the (AlAS)g(GaAs),, [001] superlattice (D =
56.5 A, dy; = 37.67 A) calculated using the microscopic
bond charge model (to the left) and the macroscopic
model based on Egs. (8), (24), and (31) (to theright).

We seein Fig. 1 that, in theregion |q| < 217D, which
isimportant for charge carrier scattering, the agreement
is quite good. The deviations near the Brillouin zone
boundary |q| ~ 21va are more significant and have aqual-
itative character; this is not surprising, since Egs. (31)
correctly take into account the symmetry of the spec-
trum of bulk phonons only in the long-wavelength
limit.

In the presence of dispersion of short-range forces,
bulk modes (30) and interface modes (29) are mixed.
As a result of hybridization, both the potentials and
optical ionic displacements are now continuous.
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The results obtained are illustrated in Figs. 2 and 3
through the example of AlAslike phonons in the
(AlAS)g(GaAs),, [001] structure. The potentialsare cal-
culated using Egs. (16) and (21) (see also the formulas
in Appendix 2). Solid lines show the local components
of the potentials:

O (2K, k) = ¢™(zK, k) -9™(K, k),

D
—(m) — Rl M (32)
¢ (K,k) =D J’cp (7K, k)dz.

0

For "3, phonons, there also exists a macroscopic com-

ponent of the potential, @™ (z k) = izke™ (0, k),
shown by the dash-dotted line in Fig. 2. The results
shown in Figs. 2 and 3 are typical. We see that the
agreement between the two models is quite good. The
reasons for the quantitative disagreement are related to
the fact that, in the microscopic bond charge model, the
high-frequency polarizability of the medium is effec-
tively taken into account, whereas in the macroscopic
model we used the rigid-ion approximation.

The agreement between the microscopic calcula-
tions and our version of the continuum model for
(AlA9),(GaAs),, [001] superlattices isthe same for any
values of n and m (for both even and odd n and m such
that n + m= 20) up to (AlAs),(GaAs),g [001].

8. CONCLUSIONS

Numerical analysis performed in terms of arealistic
model of interatomic interaction has shown that the
spatial distribution of the amplitudes of interaction
potentials between electrons and optical phononsin a
superlattice differs substantially from that predicted by
the simple macroscopic dispersionless dielectric con-
tinuum model [1-3]. The physical reason for this dis-
agreement is the fact that the simple macroscopic
model includes only the long-range component of
interatomic forces. The modified macroscopic model
developed in this study agrees with the simulation
resultsonly if dispersion of the short-range interatomic
interaction is taken into account.

The advantage of our modified macroscopic model
over our numerical microscopic calculationsis that the
potentials of electron—phonon interaction are obtained
analytically in a form more convenient for calculating
scattering probabilities, thus simplifying the analysis of
transport processes.

It should be noted that the above features of the
behavior of the potentials are important in considering
the electron scattering between minibands. For scatter-
ing processes inside a miniband, the differences
between our model and the dispersionless continuum
model are not of crucial importance, since the matrix
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elements of the potentials of I' ; phonons do not make a
contribution because of the symmetry and the values of
the potentials of I'; phonons at the heterointerface are
small, as seen in Fig. 2. Nevertheless, in this case, the
use of analytical expressionsfor electron—phonon inter-
action potentials also |eads to an appreciable reduction
in the amount of calculations.

APPENDIX 1

MATRIX Vgqij(K, K)
IN THE PLANAR GEOMETRY

We write out only the nonzero intralayer matrix ele-
mentsfor c = 1.

Vach',BcnK"(q) = VaB(man! k)éKK'éKK"-
Vyy(manv k) = frlfwn(smntr:Rg]_iaman)
+8,,9°/(9° +m?),

Vo (mNn[K, K) = 1 (=Sante Ry + 18 Bq)

+8,,m/(9°+m),

Vyz(manl k) = _frlfm(smntr:Bq + iamchT)
—(1-8,,,)4imnd%a,, /(9 + m?)|m*—n7].

Here, Vya(Mn|K, K) = Vg(MN|K, K). In addition to the
previous notation, we set

f5 = 2mn9/[m( 9 + m’) (9 + n%)],
tS = (cosh2o — (-1)™)/sinh20,
S = (D)™ +(-1)"/2, Ry = Hq+(-1)",

am = ((-1)"=(-1)")/2.

The matrix Vqg(mn|K, K) is Hermitian, which can be
verified by straightforward calculation.

APPENDIX 2

PHONON POTENTIALS
IN THE PLANAR GEOMETRY

In the calculation, we used the formulas from
Appendix 4. In the chosen coordinate system, we
obtain

U™ (z|K, k) =0,

nS,(o)
2(coshn —cosg)

x (Co(Kz—0—n) —€°C,(Kz-0))
+i0(z, d){ (-1)"nsinh(Kz-20) -9 sin(ntnz/d)} ,

U (zIK, k) = i
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nS,(o)
2(coshn — cosg)
x(S,(Kz—0-n)-e"S,(Kz-0))
—0(z d){(~1)"ncosh(Kz—-20) + ncos(tnz/d)} .

Here, S(X) = (€ — (-1)"e®)/2 and C,(x) = (& +
(-1)"e)/2.

U (z|K, k) =

APPENDIX 3

SOLUTION TO EQ. (8) IN THE DISPERSIONLESS
DIELECTRIC CONTINUUM MODEL

In the calculation, we used the formulas from
Appendix 4. We write out the eigenvectors S (q) =
S (K, K3k

For the direction-dependent frequencies (28), we
have S (nfa) = 2nr (MK, K./t /m©2 + M),

where the quantities r((f) (n|K, K) are different for even

) @) () Y
and odd r,” (2mlq) = iUg", r;” (2mla) = Fig Uq,
r @m+ 1) = $-|§U§, and r;” (2m + 1ja) = -Ug”.

K
For the chosen coordinate axes, we have r ii) (n|K, k) =0.

For the direction-independent polar solutions wf(m) :
the eigenvectors are

SP(N[K, K) = 8 /M’ + 92,
S (K, k)
= (1=38,,,)4imna,,/[(m° —n®)/m’ + 7.
For the nonpolar solutions cof(m) , we have

™ (n|K, K)
= —(1-38,,)4imna,, /[(m° —n’)J/m’ + 97,

S™(N|K, K) = §pd/m’ +9°.

APPENDIX 4
RELATIONS USED IN THE CALCULATIONS
3 @n)’I(8” + (2%’
n=1
= m(2coth(T19/2) + 19 — Tdcoth’(1H2))/169,
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 (2n+1)°/(8"+ (2n+ 1)%°

= 1(2tanh(118/2) + 18— nﬁtanhz( 92))/163,

[

Y (@n+1)7[((2n+1)° = (2m)) (9" + (2n+1)*)]

= T9tanh(T18/2)/4(9° + (2m)?),

Y (@0)°/[((2n)° ~(2m+ 1)) (8" + (2n)")]

= mt9coth(Tt9/2)/4(9% + (2m+ 1)),

3 (2n+1)°/[((2n+1)" - (2m)")

n=0

x ((2n+1)*=(2k)*)] = 8,,T°/186,

3 (20)°/[((2n)" - (2m)")

x ((2n)° = (2k + 1)%)] = 8, C/16.

For 0< z< d, thefollowing relations are valid:

S nsin(2rnz/d)/((2n)° + 9

= misinh( Tt(d — 22)/2d)/8sinh(19/2),

S (2n+1)sin(m(2n + 1)z/d)/((2n + 1)°+ 9%
n=0
= ttcosh( td(d —22)/2d)/4cosh(119/2).
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LOW-DIMENSIONAL SYSTEMS

AND SURFACE PHYSICS

Energy Spectra and Lifetimes of Quasiparticles
in an Open Quantum Dot Surrounded by Identical Barriers
in a Cylindrical Quantum Wire
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Chernovtsy National University, Chernovtsy, 58012 Ukraine
e-mail: theormyk@chnu.cv.ua
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Abstract—A theory of quasi-stationary states and lifetimes of electrons, holes, and excitonsin an open cylin-
drical semiconductor quantum wire contai ning aquantum dot surrounded by two identical antidots (with poten-
tial barriers of finite height) is developed using the scattering matrix method. The energy spectraand lifetimes
of electrons, holes, and excitonsin a B-HgS/B-CdS/B-HgS/B-CdS/B-HgS nanoheterosystem are cal culated and
analyzed as functions of the geometric parameters of the quantum dot involved. It is demonstrated that an
increase in the height of the quantum dot leads to a decrease in the energy of quasi-stationary exciton states of
the Breit-Wigner type and to an increase in their lifetimes. The lifetime of exciton states is long enough for
these states to be observed in the experiment. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Considerable advances have been made in the study
of low-dimensional semiconductor systems since the
advent of new techniques for growing nanocrystals.
The use of these techniques has opened up strong pos-
sibilitiesfor designing and fabricating agreat variety of
nanoheterosystems (two-dimensional quantum wells,
one-dimensional quantum wires, zero-dimensional
guantum dots) and their combinations[1, 2].

Virtually al theoretical and experimental investiga-
tions of nanoheterosystems have dealt with so-called
closed systems, i.e., systemsfor which the environment
isconsidered amaximum potential barrier for quasipar-
ticles (electrons, holes, excitons). In these systems,
states with quasiparticle energies lower than the poten-
tial of the environment are always stationary. Excited
guasiparticles (for example, excitons) can lose energy
only due to interaction either with other quasiparticles
or with fields.

The particular interest expressed by researchers in
open nanoheterosystemsis explained by thefact that, in
open systems, unlike closed systems, quasiparticlescan
always penetrate through the potential barrier into the
environment [3]. Thisprovides an additional channel of
energy relaxation for excited quasiparticles in a quan-
tum well. This specific feature of open systems can be
of great importance in designing lag-free high-speed
detectors.

The existing theory of quasi-stationary states of
electrons and holes in composite spherical quantum
dots and cylindrical quantum wires was developed
using the scattering matrix method by Buczko and Bas-
sani [4] and in our previous studies [5, 6]. In those

works, the energy spectra and lifetimes of quasiparti-
cles in specific nanoheterosystems were calculated as
functions of the geometric parameters of the nanosys-
tems and the dynamical characteristicsof quasiparticles
(for example, the longitudinal quasi-momentum in the
case of quantum wires).

Unfortunately, no satisfactory theory of quasi-sta-
tionary states of electron, holes, and excitons in open
combined nanoheterosystems has been offered to date.
Inthisrespect, it is of interest to investigate the specific
features in the behavior of quasi-stationary states even
if only in relatively simple systems. One of these sys-
tems, which can be fabricated using modern experi-
mental techniques, is a semiconductor quantum wire
that contains a quantum dot separated from the other
part of the quantum wire by two identical quantum anti-
dots with potential barriers of finite height (Fig. 1).

For this system, two different problems arise
depending on the position of the spatial point at which
aquasiparticleisinitially formed in the nanoheterosys-
tem. The first problem is associated with scattering. It
is assumed that a specific physical process occurring in
one part of the quantum wire brings about the formation
of a free quasiparticle (electron, hole, exciton). This
guasiparticle has an energy and a quasi-momentum and

hy ho hy

R II 'I ’I 'I II
| ME"Eor | Hi"E | MG €0t | Hi"E ) MG €l
\ AY \ AY \

Fig. 1. Schematic drawing of the nanoheterosystem.

1063-7834/05/4703-0571$26.00 © 2005 Pleiades Publishing, Inc.
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Material parameters of the system under investigation

He Lo | UM Ho |US eV UNev| a A | & |Egev
Cds | 0.2 0.7 3.8 6.3 |5818| 55 25
HgS | 0.036| 0.044| 5.15 | 5.65 |5.851|11.36| 05

moves to another part of the quantum wire through the
guantum antidots and the quantum dot. It is necessary
to determine the coefficients of transmission and reflec-
tion for the “quantum antidot—quantum dot—gquantum
antidot” system. The second problem deals with quasi-
stationary states of a quasiparticle that is originally
located within the quantum dot. It isassumed that, upon
the initial excitation, the quasiparticle located in the
guantum dot will penetrate through the potential barri-
ersinto the quantum wire (completely isolated from the
environment). It is necessary to determine the energies
and lifetimes of the relevant quasi-stationary states. Itis
this problem that is solved in the present study.

2. HAMILTONIAN AND THE SCATTERING
MATRIX OF AN ELECTRON (HOLE)
IN A COMPOSITE CYLINDRICAL QUANTUM
WIRE WITH AN OPEN QUANTUM DOT

L et us consider acomposite semiconductor cylindri-
cal quantum wire that contains a quantum dot sur-
rounded by two identical quantum antidots. The
nanowire, the quantum dot, and both quantum antidots
have the same radius R. The heights of the quantum dot
and the quantum antidots are equal to h, and h;, respec-
tively (Fig. 1). From symmetry considerations, the ori-
gin of the cylindrical coordinate systemis conveniently
chosen at the center of the quantum dot with the OZ
axis aligned paralléel to the principal axis of the system.
It is assume that the materias of the quantum wire and
the quantum dot possess identical physical characteris-
tics (effective masses, permittivities), whereas the
material of two quantum antidots in the general case
has other physical characteristics. The composite quan-
tum wire isin an environment that provides an infinite
potential barrier for any quasiparticlesin this system.

It isassumed that, at someinstant of time, a specific
physical action (for example, exposure to an electro-
magnetic field) brings about the formation of quasipar-
ticles (excitons) located in the quantum dot. Since the
height and width of the potential barriers of both quan-
tum antidots are finite, the quantum dot is an open sys-
tem. As a consequence, excitons can penetrate through
the potential barriers; hence, their states become quasi-
stationary and have afinite lifetime.

In this paper, the quasi-stationary spectrum and life-
times of the exciton states generated in an open cylin-
drical quantum dot located in a quantum wire and sep-
arated from the wire by two quantum antidots will be
investigated as functions of the geometric parameters
of the system.
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Before analyzing the spectrum and lifetimes of the
exciton states, it is necessary to investigate the quantum
states of electrons and holes in the nanosystem under
consideration.

Hereinafter, the geometric sizes of the nanohetero-
system components are assumed to be such that the
effective-mass approximation will be valid for elec-
trons (holes) and that the interaction between an elec-
tron and a hole will be determined by the Coulomb
potential with permittivities of the corresponding mas-
sive materials.

Therefore, the effective masses of electrons (holes)
are considered to be known and equal to the effective
masses of these quasiparticles in massive analogs of
nanocrystals:

", zy<lds<z
. h 0
u*'(z) = Eui’“, z<ld<z, 1)
(e)’h! ZZS|Z|<OO'

We also assume that the lattice constants of the well
material a, (subscript 0) and the barrier material a;
(subscript 1) are very close in magnitude. In particular,
the lattice constants of the B-HgS and B-CdS com-
pounds used in the nanosystem studied in thiswork are
taken to be such (seetable) that (a; — ay)/ag < 1%. Asa
result, the interfaces between the subsystems are suffi-
ciently abrupt. This makesit possibleto use the approx-
imation of rectangular potential energy barriers for
electrons and holes; that is,

TUs", zi<ld<z

]
Ue'“(p,¢,z)=5wf“, 2,<ld<2, @)
Ug", z<l7 <o,

where ug“l‘) are the potentia energies of the electron
and the hole in the corresponding materials with
respect to vacuum. For p > R, we have U®(p, ¢, 2) =
U"(p, 9, 2) = co.

Since the theories of the quasi-stationary spectrum
of electrons and holesin the system under investigation

are equivalent, we consider the theory for electronsand
temporarily omit the index e.

In order to determine the quantum states of elec-
trons, it is necessary to solve the Schrodinger equation

Hy(r) = Ey(r) ©)

with the Hamiltonian

~ R 1
= -5 Vo5V + U 0.2, (4)
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By virtue of the symmetry of the problem, the wave
function (r) is conveniently sought in the following
form[7]:

-1/2
l'I',npm(r) = (_T[RZ'Jm—l(anm)‘]m+ 1(anm))

_ )
x ng(r?mp%e'm"’q)(z),
wherem=0, £1, £2, ... isthe magnetic quantum num-

ber, J.( pxnpm/ R) isthe Bessel function of integer order,

and Xnm are the zeros of the Bessdl function (n, isthe
radial quantum number, which determines the ordinal

number of the zero of the Bessel function at a fixed
magnetic quantum number m).

After substituting the wave function defined by
expression (5) into the Schrodinger equation, we sepa-
rate the variables and obtain the following equation for
the zth component of the wave function:

2

¢(z)+¢(z)[2“(z)(E U(p, §,2)) —

} 0. (6)

Sincethe potential energy of the electronis symmet-
ric with respect to the variable z, Eq. (6) is invariant
with respect to the transformation z — —z Therefore,
we can restrict our consideration to the range of the
variable z from O to . It should be noted that, in this
case, the solutions to Eq. (6) are divided into even (+)
and odd (-) solutions [8]:

£ _ Sy (oky + i 15 Ko) expl (Ky — ko) Z] — (MoK, — i Ko) exp[—(K; +iKo)Z,]

573
$°(2)
[ﬂ)o(z) — A( |koz |koz)' O<ZSZl (7)
= Etbl(z) = B*(e " +Se"), z<z22
%l) (Z) - ct (elkoz Steikoz), 2,<7< .

Here, kg = 216/i%E — Xo 1 /RE, Ki = 2,/A%(U — E) +

xipm /R?, U =U,—U,, and S* isthe scattering matrix (S

matrix). The energy is reckoned from the top of the
potential well (material 0).

Then, by using the continuity conditions for the
wave function and the probability density flux at all the
interfaces,

¢O(Z)|z= 7, = ¢1(Z)|z= 7!
1.
E%(Z)Iz:zl

¢l(z)|z= z, = ¢2(Z)|z= z,!

1.
|J-_1¢1(2) |z: A (8)

1,. 1.
_ Z)|,=, — Z)| =2
ul<I>1( ) u0¢2( )
and the normalization conditions for the wave function
I¢ZO*(Z)¢§0(Z)dZ = (ko —ky), 9)
0

it is possible to derive analytical relationships for the
coefficients A*, B*, and C* and the scattering matrix in
the form

= . . . : , 10
(Hoka * THako) @PI—(ks —Tko) 23] — Sy(Hoks — THzko) P (K, * ko) 2] 1o
where
[cos(koz )D Osin(koz )D
exp(— 2k121)[k1UoD : o1 '
. n(ko 1)D cos(ko Zl)D
S = (11)
fcos(ky Zl)D Dsm(kozl)D
KMo . + Koy [0
osin (kozl)D Dcos(kozl)D
In this study, we do not analyze the specific features E - E —ir /2 (12)
of thewave functionsfor quasi-stationary states of elec- oMMz Mpmmn, — 17 Npmn,

tron and holes. Therefore, we can omit rather cumber-
some analytical expressions for the coefficients A*, B,
and C* and restrict our consideration to a theoretical
treatment and calculation of the scattering matrix.

According to the general theory [3], the real and
imaginary parts of the poles of the scattering matrix in
the complex energy plane
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and the half-widths
[ ymn, of the quasi-stationary states, respectively. The
guantum number n, numbers the poles of the scattering

matrix at fixed values of the quantum numbers n, and
m. The half-width of the level and the lifetime of elec-

determine the energies E, .,
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trons and holes in the states [n,mn,lare related by the
expression

(p =n,mn,). (13)

p

Therefore, relationships (10)—(13) describe the
energy spectrum and the lifetimes of exciton electrons
and exciton holesin quasi-stationary statesthat are gen-
erated in an open cylindrical quantum dot located in a
cylindrical quantum wire.

3. ENERGY SPECTRUM AND LIFETIMES
OF QUASI-STATIONARY STATES OF EXCITONS
IN AN OPEN CYLINDRICAL QUANTUM DOT
LOCATED IN A CYLINDRICAL QUANTUM WIRE

In order to solve the problem of the quasi-stationary
spectrum of an exciton produced in acylindrical quan-
tum dot separated from the cylindrical quantum wire by
two quantum antidots, we need to solve the
Schrodinger equation

|:|P)<(re1 rh)wex(rei rh) =

with the Hamiltonian

Eequex(re! rh) (14)

|:|eX(re, ry = |:|e(re) + I:|h(rh) +U(|re—ry|) + Ego. (15)
Here, Ey, is the band gap of the quantum dot material,
H, , are the Hamiltonians of noninteracting electrons
and holes, which are determined by formula (4) for
each quasiparticle; and

2
e

8(rea Irh)lre_rhl

is the electron-hole interaction potential, in which the
permittivity £(r, r,) isacomposite function of the elec-
tron and hole positions in the nanosystem.

Equation (14) cannot be solved exactly. In this
respect, the quasi-stationary states of excitons will be
examined using the results obtained in the previous sec-
tion and the perturbation theory approach.

U(r

e—Ti) = (16)

The lifetimes Tsh and the energy spectrum Egh of

excitons in the quasi-stationary states can be calculated
under the assumption that the el ectron-hole interaction
energy islessthan the difference between the quantum-
confinement energies (the validity of this assumption
will be confirmed by numerical calculations). Sincethe
electron-hole interaction is relatively weak, the life-
times of exciton states can be determined from therela
tionship [9]

1

Pe
Pn

1,1
T T

(17)

T
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However, the quantity A Egh cannot be calculated from

the wave functions qJﬁ'prrlmz of the quasi-stationary states
for the open nanosystem, because their components
¢§;“(ze, n) are normalized to the & function (9) rather

than to unity. Nonetheless, the quantity AEE: can be

calculated with agood accuracy if it isremembered that
the electron and hole energy levels expressed through
the poles of the scattering matrix [formula (10)] for the
open quantum dot and those found by solving the
Schrddinger equation for the closed quantum dot (when
the barrier antidots are extended over the entire length
of the quantum wire) are very close to each other. This
means that the el ectron—hol e binding energy can be cal-
culated as the diagonal matrix element:

()|
Us(re, ro)r h—rhld «n

where the wave functions of the stationary states of the
exciton

(18)

We(Fe Th) = Wo(re)Wp (1n) (19)

are determined by the wave functions of the stationary
states of the electron and the holein the closed quantum
dot; that is,

2
Lpns,hme,hn;,h(re’ h) = (—T[R \]me,h_l(xns,hme,h)

eh _eh
"

-1/2
mee'h+1(Xn§’hme'h)) Jme’hD R pe’ﬁj

(20)

im*"9gp , st
xe™ "0 (Zen).

Here, the axial wavefunctions ¢ zf, » (Ze, ) Of the station-

ary (s) states of the electron and the hole are derived
from the corresponding Schrodinger equations with the
Hamiltonian for the closed nanosystem. These equa
tions are solved in atrivial way. As aresult, we have

0% (2Ze)

[c OS(koZe )

exp(Ky(zp =26 1)0(Z n— zo)) sn(kez. )
OZehD (21)

[cos” (KoZo)
O O

2koZy + SiN(2koZo) , Dsin” (koZo)l
4k, 2k,

where 6(z,, , — ) is the Heaviside theta function.
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The quantity AEg: is calculated in the cylindrical
coordinate system taking into account that the permit-
tivity as a composite function of the variablesr, and r,
can be approximately represented in the form

0 1
1 _1_Pon, P
E(re,ry) € € €

(22)

where 03;,1ph arethe probabilities of finding theexcitonin

the quantum dot (index 0) and in both antidots (index 1),
respectively.
Therefore, the relationship describing the quantity

AEE: takes the form

2121
A,y = [ [dz.dz[ [dpedps [ [ d.dd,
00 00 00
B2 (PeX o JR)IZ,(PnX 1 o/ R)PePrn (20 b (20)
X P P

£(Ze—2)° + P2+ PL — 200 COS(Go— B1)

In relationship (23), two integrals are taken in the gen-
eral form and the last four integral s are cal culated using
acomputer at specified parameters of the systems.

00 00 00 00

(23)

4. ANALY SIS AND DISCUSSION
OF THE RESULTS

Before proceeding to an analysis of the energy spec-
trum and the lifetimes of exciton states in the nanohet-
erosystem asfunctions of its geometric parameters, itis
necessary to investigate the corresponding characteris-
ticsfor electrons and holes that form excitons.

The energies Eﬁ;',lmz and the lifetimes T,f;'ﬁmz of elec-
trons (e) and holes (h) as functions of the height h, of
the cylindrical quantum dot at afixed value of itsradius
(R=10ay,4s) and afixed height of the quantum antidots
(hy = 4acys) were calculated in terms of the theory
described in the preceding sections. The material
parameters of the system are listed in the table. The
results of the calculations are presented in Fig. 2.

It isevident that the energy spectraand the lifetimes
of electrons and holes exhibit qualitatively identical
behavior and that the quantitative differences are asso-
ciated only with the differences in their effective
masses and potential energies. Consequently, we can
restrict our consideration to an analysis of the spectrum
and the lifetimes of electronic states.

As can be seen from Fig. 2, an increase in the height
h, of the cylindrical quantum dot brings about a shift of

al the quantum energy levels Ey ., to the low-energy

range and an increasein the lifetimes T, ., in the corre-
sponding states. The spectral levels form groups in
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Fig. 2. Dependences of (a) the energy E

e .
nomn, of an electron on the quantum dot height hg

for the quantum antidot height h; = 4acyg and the quantum
dot radius R = 10a4s.

and (b) the

lifetime 1

which levels have the same quantum number n,. These
groups consist of subgroups composed of levelswith the
same quantum number m. In turn, the subgroupsinclude
levelswith different quantum numbersn,. Anincreasein
any one of the three quantum numbers (n,, m, n,) results
in an increase in the energy of the corresponding state
and a decrease in the lifetime. Therefore, the group of
levels with the quantum number n, = 1 corresponds to
thelowest energies. In thisgroup, the subgroups of levels
with the quantum numbersm=0, 1, 2, ... arelocated on
the energy scale in order of increasing energy from bot-
tom to top. These subgroups each involve levelswith the
quantum numbersn, = 1, 2, 3, .... The groups of levels
with the quantum numbers n, = 2, 3, ... lie at higher
energies. These groups contain their own subgroups with
the quantum numbers mand n,.

The analysis demonstrates that all the electronic
states are doubly degenerate with respect to the quan-
tum number m (except for m = 0). Furthermore, it can
be seen from Fig. 2athat there is an accidental degen-
eracy of different states, because the levels of al the
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z

Fig. 3. Dependences of (a) the binding energy AE?ST " ,

n,

(b) the excitation energy E:(”)T " () the time T?ST of
flight of an exciton along the quantum dot, and (d) the life-

nymn
time 1,5, ~ of theexciton on the quantum dot height hq for

the quantum antidot height h; = 4acy4s and the quantum dot
radius R = 8aygs.

groups and subgroups (except for the levels of the same
subgroup) intersect each other with a change in the
height h, or the radius p, of the quantum dot. Note that,
when the levels of different subgroups within the same

group intersect each other (Enpmnz = Enpm.n.z), the ine-
quality Toomn, > Tnomn, holdsfor m> m'’ at the intersec-

tion points. If the levels of the different subgroups
belonging to different groups cross each other (E;, i, =

Enmn ), the inequality T, mn > Ty e, IS satisfied at

n, > n;) . Physically, this hierarchy of lifetimesis asso-
ciated with the fact that, at equal energies, quasiparti-
clesin the states in which they are more smeared in the
plane perpendicular to the direction of motion along the
principal axis penetrate through the potential barrier
harder.

The calculated dependences of the binding energy
AE:(‘;T " the excitation energy EIST " and the lifetime

T:ST " of an exciton on the quantum dot height h, are

plotted in Figs. 3a, 3b, and 3d, respectively. For com-
parison, Fig. 3¢ shows the dependences of the time

f:g;n " of flight of the exciton along the quantum dot on
the quantum dot height h,. The latter dependences were
calculated under the assumption that the exciton, which
is a quasiparticle formed by an electron and a hole,
moves at amean velocity estimated as v, = 1/2(v, + V).
As aresult, we have

npm'n; 2h0
Tnpmnz - e h
Vnpmnz Vn'pm'n'z
-1
h
= En mnl]
— /\/ého npmnz_l_ npmnzD .
Me my O

The calculations were performed for the states in
which the hole in the ground state |101C0interacts with
the electron residing in several quantum states [n,mn,Ll

It can be seen from Fig. 3 that a decrease in the
guantum dot height h, leads to an increase in the mag-
nitude of the exciton binding energy for al the states,
because this favors a spatial approach of the exciton
electron and the exciton hole.

For fixed sizes of the quantum dot, the specified
quasi-stationary state |10100of the hole, and the quan-
tum numbers n, and mof the electron, anincreaseinthe
guantum number n, of the electron is accompanied by a
decreasein the binding energy. Thiscan be explained as
follows: the holeretainsits position in the quantum dot,
the electron penetrates into the barrier with a higher
probability, and, hence, the mean distance between the
electron and the hole increases.

Anincreasein the quantum dot height hy resultsina
decrease in the energies of the exciton in all the states
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(Fig. 3b), because the shifts of the corresponding
energy levels of the electron and the hole are more sig-
nificant than the decrease in the magnitude of the bind-
ing energy of these quasiparticles.

The increase in the exciton lifetime T:OPT " with an
increasein the quantum dot height h, (Fig. 3d) isdueto

the af orementioned dependences of the lifetimes Tf,pmnz
and r,?pmnz on the quantum dot height h, and their total

contribution to the time T:sr:nn in accordance with rela
tionship (17).

A comparison of the times TEST " of exciton flight

along the quantum dot (Fig. 3c) and the lifetimes T:ST "
of the exciton in the same states (Fig. 3d) demonstrates
that the latter times are severa orders of magnitude
longer than the former times. This implies that al the
states under investigation are resonance quasi-station-
ary states of the Breit—Wigner type. Therefore, the exci-
ton states are fairly well localized within the quantum
dot and their lifetimes are long enough to be observed
experimentally.

In conclusion, we should note that the theory devel-
oped in this study is also applicable to analyzing the
energy spectra and the lifetimes of excitons in other
similar heterosystems composed of different semicon-
ductor materials.
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Abstract—The effect of the equilibrium magnetic configuration on the conditions for transmission of an elas-
tic-wave through a finite magnetic superlattice consisting of ferromagnetic and superconducting layersis stud-
ied within an effective-medium approximation with correct inclusion of the dynamic coupling between the spin
and elastic subsystems. The superlattice is assumed to be sandwiched between nonmagnetic media. © 2005 Ple-

iades Publishing, Inc.

1. INTRODUCTION

Currently, analysis of the specific features of trans-
mission of abulk elastic wave through an acoustic mul-
ticomponent coupled system exhibiting one-, two-, or
three-dimensional ordering (phononic crystal) is of par-
ticular interest in view of the potential practical appli-
cations of these composite materials [1, 2]. In this
respect, studying the elastic dynamics of phononic
crystals containing magnetic components (magnetic
photonic crystals [3, 4]) is of importance, because the
dimensionless linear dynamic magnetoelastic coupling
constant & can be varied within awiderange (0 < < 1)
by varying an external magnetic field or the tempera-
ture. Up to now, however, phononic crystals consisting
of nonmagnetic components have been primarily stud-
ied. One simple example of a one-dimensional mag-
netic phononic—photonic crystal is a two-component
magnetic superlattice consisting of alternate, equidis-
tant, acoustically coupled magnetic and nonmagnetic
layers. If the nonmagnetic medium in this superlattice
isanidea diamagnet, e.g., a superconductor (2A/t —
0, where A is the London penetration depth, t is the
thickness of the superconducting layer), then this struc-
ture can be considered a one-dimensional magnetic
phononic crystal, because the acoustic interlayer cou-
pling is the only mechanism that forms the spectrum of
collective excitations in this case. To describe the
dynamics of this crystal consistently, the magnetoel as-
tic and magnetic dipole—dipole interactions should be
taken into account simultaneously. However, inthe case
of an acoustic superlattice of the ferromagnet—super-
conductor type, calculating the spectrum of normal
elastic SH waves by the transfer-matrix method
involves matrices with minimum dimensions of 4 x 4
[5]. If we restrict ourselves to the case of sufficiently
small wavenumbers (thin-layer superlattice), the spec-

trum of collective excitations of a finite acoustic mag-
netic superlattice can be found using the effective-
medium approximation [6]. We note that the elastic
dynamicsof an infinite, uniform, magnetized ferromag-
net exhibitsthe following important property: an elastic
shear SH wave with wave vector k not directed along
the equilibrium magnetization vector M can propagate
only if k 0 M || u (where u is the elastic atomic dis-
placement of the lattice). However, the effect of gyrot-
ropy on the reflection and refraction of a bulk elastic
shear wave incident on the surface of a finite acoustic
superlattice of the easy-axis ferromagnet—ideal dia-
magnet type has not yet been studied.

In this paper, we consider the influence of the mag-
netoelastic interaction on the reflection and transmis-
sion of an elastic SH wave incident on afinite, acoustic,
thin-layer superlattice of the easy-axis ferromagnet—
ideal superconductor type.

2. BASIC RELATIONS

We consider a magnetic superlattice consisting of
equidistant ferromagnetic (medium 1) layers with a
thickness of d; each that are acoustically coupled via
identical superconducting layers of an ideal supercon-
ductor (medium 2) with a thickness of d, each. There-
fore, in each superconducting layer, the London pene-
tration depth satisfies the condition 2\ < d,. It is well
known that a shear surface acoustic wave (SAW) of the
SH type can propagate near the surface of an easy-axis
ferromagnet if the atomic-displacement vector u in this
wave with wave vector k; satisfies the conditionn O u ||
M Ok (M isthe equilibrium magnetization of the fer-

romagnet) [7].

We assume that medium 1 of the superlattice is a
single-sublattice easy-axis ferromagnet [7] (with the

1063-7834/05/4703-0578$26.00 © 2005 Pleiades Publishing, Inc.
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easy axisalong the zaxis) and that the elastic properties
of both magnetic and nonmagnetic media are isotropic.
In this case, the energy density W of the single-sublat-
tice uniaxial ferromagnet (medium 1), including the
interaction energy between the spin and elastic sub-
systems, is given by [7]

W = —0.5bm; —mhy, + ymmyuy, + A;us + pauf, (1)

where b is the uniaxial-anisotropy constant, y is the
magnetoelastic (isotropic) interaction constant, A, and
l, are the Lamé coefficients of the magnetic medium,
U, is the elastic strain tensor, and h,, is the magnetic
dipolefield. The dynamics of the nonmagnetic medium
(medium 2, with Lamé coefficients A,, |,) is described
by the basic equation of elasticity theory. For the mag-
netic medium, this equation is supplemented by the
Landau-Lifshitz equations and the magnetostatics
equations. The requirement that the superlattice be
acoustically continuous at the interfaces between the
magnetic and nonmagnetic layers|eadsto the equations

U = Uy, & =d;+N(d;+d;); N(d;+dy), (2
o7 = o .
¢ = d;+N(d;+dy); N(d;+dy),

whereN=0, 1, ...; & isthe coordinate along the inter-
faces between the magnetic and nonmagnetic layers;
0, is the elagtic stress tensor; and labels 1 and 2 indi-
cate the medium which the corresponding quantity
describes. Since the superconducting medium is
assumed to be an ideal diamagnet, the electromagnetic
boundary conditions at the interfaces between the mag-
netic and nonmagnetic layers have the form

B,n =0, &=d;+N(d;+d;); N(d;+d;). (4)

Thus, the only mechanism that forms the spectrum of
collective excitations in the superlattice is the indirect
interaction between the layers via phonons; that is, this
superlattice is a magnetic phononic crystal.

As mentioned above, an elastic shear wave can
propagate through an infinite easy-axis ferromagnet
described by Eg. (1) only if its wave vector is perpen-
dicular totheeasy axisand u ||M || z[7]. Therefore, in
what follows, we assumethat (i) k O xy, (ii) the equilib-
rium magnetization points along the same direction in
all magnetic layers of the easy-axis (z axis) ferromag-
net—superconductor superlattice and is perpendicular to
the normal n to the interfaces, and (iii) n || x (without
loss of generality, because the magnetic medium is
assumed to be isotropic in the xy plane).

In the absence of an externa magnetic field, two
essentially different types of equilibrium magnetic con-
figurations can exist in the superlattice at hand, namely,
with parallel (configuration A) and antiparallel (config-
uration B) orientation of the magnetizations of any pair
of adjacent ferromagnetic layers. Intermsof transation
symmetry, these two structures are different. Indeed, in
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configuration A, the period of the magnetic superlattice
(D,) consists of two layers (a magnetic layer of thick-
ness d; and a superconducting layer of thickness d,);
that is, we have D, = d; + d,. In configuration B, the
superlattice period (Dg) consists of four layers: two fer-
romagnetic layers with a thickness of d, each and two
superconducting layers of thickness d, acoustically
coupled with the former; that is, Dg = 2D,. As aready
mentioned, we restrict our consideration to the ranges
of frequencies w and wave vectors k for which the
superlattice can be considered to be thin-layered [6].
Therefore, the wave-vector component (k; paralel to
the normal to the superlattice surface for the elastic
shear wave in the magnetic (k;, ;) and superconducting
(ky; 2) layers of the building block of the superlattice is
much less than the inverse thickness of the respective

layer (d,, d,):

k”Y ldl < 1, k”Y 2d2 < l (5)
Thus, for both configurations A and B, the acoustic
superlattice can be considered a spatially uniform
effective medium characterized by the components of
the elastic stress tensor ([0;0) and elastic strain tensor
(Qw; Oy averaged over the superlattice period D, or Dg =
2D, for configurations A and B, respectively. Introduc-
ing the relative thicknesses of the magnetic (medium 1)
and nonmagnetic (medium 2) layers

_ 4 _ 4
fy = d+d, 2 dy+dy ©

we can write any physical quantity P averaged over the
superlattice period in the form

PO= f,P,+f,P, (7
for configuration A and
PO = 0.5[ f1(Py+ P3) + f,(P,+ Py)] (8)

for configuration B.

In Eqg. (8), labels 1 and 3 correspond to neighboring
ferromagnetic layers (each with a thickness of d,)
whose magnetizations are opposite in direction and
labels 2 and 4 correspond to two identical nonmagnetic
layers (each with athickness of d,) that, together with
the two magnetic layers, make up one building block of
the acoustic magnetic superlattice of thickness Dg =
2(d; + d,) = 2D,.

Therelation between the averaged elastic stress ten-
sor [0, [land the elastic strain tensor [, [is determined
by the effective elastic moduli ¢, and can be found by
taking into account that g;, and u are continuous at the
interfaces between neighboring layers. In the case of
K, = U, = 1 and for the chosen geometry of propagation
of the elastic SH wave (M ||u ||z, k O xy, n || X), the
effective moduli associated with the tensor components
[0, Cand [W; Cof interest to us have the form
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W5 — W’
~ _ _ 2
Cos/ll = ¢ = ——,
l_(k)
W5 — W
- _ W~
Culh = Cp = 5, 9)
001—()0
) f,ow,
Calll = € = S—2
w; —W
for configuration A and
0 —
— _ _ 2
Cos/W = G = wz 0)2’
. —
I (10)
_ _ _ W —
Cull = Cp =
(.02—00

for configuration B. Here, oo§ = (W — W)

2 2 2 2 2

Wie F1fo, W1 = Wy —Fl0Wme, W = Wy — WYLy, and
oof = wé — W1 + ) + wiefl. For any values of
ko, f1, and f,, we have w, > w; > w, and w; > W, > w,.

Thus, in contrast to the effective elastic moduli C,,,
Css, and Cy5 Of aninfinite ferromagnet (with M || 2) cal-
culated neglecting the magnetic dipole—dipole interac-
tion and given by

2
000((*)0 B (*)me) —W

Cull = Ce/p = N ,
. (11)
. . W Whe
Cys/l = —Cgy/l = 20)'“ >
Wy — W

the effective moduli of the acoustic magnetic superlat-
ticein Egs. (9) and (10) not only exhibit time dispersion
but also depend strongly on the relative thicknesses of
the magnetic and nonmagnetic layers. It should be par-
ticularly emphasized that, although the acoustic mag-
netic superlattice at hand contains gyrotropic (ferro-
magnetic) layers, the effective uniform elastic medium
characterized by moduli (9) or (10) may either possess
(in configuration A, Cs, = —Css # 0) OF NOt possess (in
configuration B, €5, = C,s = 0) gyrotropic properties.

It iseasy to verify that, in the case of y — O (where
there is no magnetoelastic interaction), the effective
elastic moduli in Egs. (9) and (10) coincide with the
respective elastic moduli of a nonmagnetic bilayer
superlattice [6].

In Egs. (9) and (10), in accordance with the notation
used in [7], Wme = 9Hmes 1S the magnetoel astic band gap,
Wy = g(Ha + Hyer) is the FMR frequency, H, is the
uniaxial magnetic anisotropy field, H,., is the magne-
toelagticfield, and g isthe gyromagnetic ratio. Sincewe
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are studying the elastic dynamics of a magnet—ideal
diamagnet acoustic superlattice using the effective-
field method, conditions (4) are satisfied in the bulk of
each magnetic layer. For this reason, in the wavenum-
ber range under study, the inclusion of the magnetic
dipole—dipole interaction does not lead to additional
(other than magnetoe astic) mechanisms of time disper-
sion of the elastic moduli given by Egs. (9) and (10). In
the k [ xy and u || zgeometry, this interaction reduces
to renormalization of the uniaxial magnetic anisotropy
constant f —= 3 —47t In what follows, we also assume
that the densities of the magnetic (p,) and nonmagnetic
(p,) media of the superlattice are equal, p; = p, =p. In
this case, for an eastic SH wave propagating through
an infinite acoustic superlattice of the easy-axis ferro-
magnet—ideal superconductor type with k O xy, n || X,
and u || z (considered in the effective-medium approxi-
mation with inclusion of the magnetoelastic and mag-
netic dipole-dipole interactions), the frequency spec-
trum for both magnetic configurationsis given by

W = §(Caky + k), (12)

where s[2 = wp. It follows from Egs. (9)<(12) that, in
the presence of magnetoelastic and magnetic dipole
interactions, the elastic shear wave is a single-compo-
nent excitation of the type

fu 1= Aexp(ikx)exp(ikgy —iowt) (13)

for both configurations A and B. The case of k|2| >0 cor-
responds to a propagating bulk (trigonometric) elastic
SH wave, whereas at k; < 0 (ki = —a’k?) the only
wave that can propagate along the surface of the mag-

netic superlattice at hand is a hyperbolic elastic shear
wave, for which

DJZD—>O1 X—»—OO,

(14)

if the superlattice occupies the lower half-space, x < 0.

It is known that the conditions for reflection and
transmission of a wave incident on a medium are
closely related to the topology of the isofrequency sur-
face of the corresponding type of normal vibrations[8].
For the infinite acoustic superlattice under study,
according to Eq. (12), the structure of the cross section
of the isofrequency surface of the normal elastic SH
wave by the plane of incidence remains qualitatively
unchanged with avariation in the equilibrium magnetic
configuration but depends critically on the sign of the
quantities ¢; and ¢y (Figs. 1-3). In order to determine
the conditions for transmission of an elastic shear wave
through a finite layer of this effective magnetic
medium, it is necessary to investigate the reflection of
the SH wave in the case where this wave is incident
from a semi-infinite nonmagnetic medium onto the
acoustically continuous interface between this medium
and a semi-infinite superlattice of the type under study.

No. 3 2005
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Fig. 1. Cross section of the isofrequency surface of Eq. (12)
by the xy planefor abulk elastic SH wave propagating in an
easy-axis ferromagnet—ideal superconductor superlattice
with the A or B configuration in the case where k5 ||y, u || z,

nllx ¢ <0 adcy>0; fy =k je/|c) and ay =

+0Ko/ (5;,/C) -

3. SPECIFIC FEATURES OF THE REFLECTION
OF A BULK ELASTIC SH WAVE
FROM A SEMI-INFINITE ACOUSTIC
SUPERLATTICE
OF THE MAGNET-SUPERCONDUCTOR TYPE

Within the effective-medium approximation, the
conditions at the acoustically continuous interface (x =
0) between a semi-infinite ferromagnetic superlattice
(x < 0) and a semi-infinite superconductor (x > 0) have
the form

op = oyd u =m0 x=0 (15)
Here and henceforth, the superscript plus sign denotes
quantities related to the upper half-space. By carrying
out a standard calculation [8] and using Egs. (9)—13)
and (15), it can be shown that, for a bulk transverse SH
wave that is incident from the nonmagnetic medium
onto the boundary of the semi-infinite acoustic mag-
netic superlattice and is polarized perpendicular to the
plane of incidence (u || M || z, k O xy), the reflection
coefficient R for two types of equilibrium magnetic
configuration (A, B) is given by

Ras - (A-S configuration),
ky— K
Rgs = oK (B-Sconfiguration),  (17)
aky + ¢k,

where ki = (w’/s’ —K3)/g, ki = (w'/s) — c)/cy, and
a= W, /u. Here and henceforth, A-S and B-S indicate
the interface between the semi-infinite superconductor
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Fig. 2. Cross section of the isofrequency surface of Eq. (12)
by the xy plane for abulk elastic SH wave propagating in an
easy-axis ferromagnet—ideal superconductor superlattice
with the B configuration in the casewherek ||y, u ||z n || X,

¢ >0 and cg < O fy = #kg,f|c/cy and by =

6K/ (3,,/c))

(S) and the semi-infinite magnetic superlattice for the
case of the A and B equilibrium magnetic configura-
tions, respectively.

It follows from Egs. (16) and (17) that, if both ine-

qualities k! > 0and kj > 0 are simultaneously true, the
bulk elastic SH wave can pass through the interface
between the nonmagnetic and magnetic half-spaces at
x = 0 without reflection in the case of the B configura-
tion (Rgs = 0). For the A configuration, due to acoustic
gyrotropy, thereisno angle of incidence at which trans-
mission of the wave is possible without reflection (0 <

ki

b,

Fig. 3. Cross section of theisofrequency surface of Eq. (12)
by the xy plane for abulk elastic SH wave propagating in an
easy-axis ferromagnet—ideal superconductor superlattice
with the A or B configuration in the casewherek ||y, u || z,

n||x, c||>0, and c;> 0.
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Fig. 4. Region | corresponds to the total internal reflection
of abulk elastic SH wave [Eq. (16) with ki =—a’k?, a?>

0 incident from outside onto an easy-axis ferromagnet—
ideal superconductor superlattice with the A configuration
inthecaseof kg ||y, u ||z and n || X; w4 isdetermined from

Egs. (9) and (12) for ky = 0, and k; is defined by the con-
dition w, = wp_.

|Ras| < 1). Both the transmitted and refl ected bulk shear
waves undergo a phase shift (@, and Y,, respectively)
with respect to the bulk e astic SH wave incident on the
superlattice surface:

IMR,g

ReR,s’
IMm(1+ Rpg)

Wa = 577 m
Re(1+ Ras)

tan@, =
(18)
tan

It should be noted that, for the A configuration and
given values of w and k;, the phase shifts @, and W, cal-
culated from Egs. (18), in combination with Egs. (9)
and (16), are nonreciprocal with respect to the replace-
ment k; — —Kg.

For the values of w and |ky| a which the inequality

k' < O(kj > 0) is true (Figs. 4, 5), the bulk SH wave
incident on the interface is totally reflected for both
magnetic configurations of the magnetic superlattice,
with the reflected shear wave undergoing an additional
phase shift ¢ (R = expiq). For the A configuration and
given values of w and kg, the additional phase shift is
nonreciprocal with the replacement k; — —k; and
depends, according to Eg. (16), not only on the gyrotro-
pic properties of the superlattice but also on the rela
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Fig. 5. Region | corresponds to the total internal reflection
of abulk elastic SH wave [Eq. (17) with k; =-a’k3, a?>

0] incident from outside onto an easy-axis ferromagnet—
ideal superconductor superlattice with the B configuration
inthe casewherekp ||y, u ||z, and n || x; wgs is determined

from Egs. (10) and (12) for k= 0.

tionship between the acoustic parameters of the two
media:
(cxo—cya) k_D

tan(@/2) = 3 Ky

0 = kifkd, (19)

where ki =—a’k?.
It follows from Egs. (16) and (17) that R = -1 for

k; = 0. Therefore, inthe case where a # 0, the bulk uni-
form shear SH wave cannot propagate along the acous-
tically continuous interface (x = 0) between the mag-
netic superlattice and a superconductor. For the B con-
figuration, this effect isindependent of the frequency w
and wavenumber k- of the bulk shear wave. As for the
A configuration, it can be seen from Eq. (16) that R=1
along theline

C0 = Cx0OKy (20)

in the w-k- plane. Therefore, the bulk uniform shear

wave with k; = 0 can propagate in the nonmagnetic
half-space along the acoustically continuous interface
between this half-space and the magnetic superlattice
with the A configuration. This effect isalso due entirely
to acoustic gyrotropy (c# 0).

The reflection coefficient R given by Egs. (16) and
(17) with substitutions k; — iaky and kj —= igk; can
have a pole in the w-k- plane, which, according to the
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general theory of wave processes [8], corresponds to
the dispersion law Q4(k-) of the SH SAW propagating
in the geometry in question (n || x, u || z kg || y) aong
the acoustically continuous [satisfying Egs. (15)] inter-
face between a superconductor and a superlattice with
configuration A or B.

For the shear SAW propagating along the interface
x =0, we have

K2 = (co—ca’)s] ™,

_ aq(m+ ow)(w-ow,) -0

a b

W, -’ (21)
1/2
~ |:llrfo‘)rzne — f10L)me
ow, = D—E—E + W + =,
Ma‘q 0  2aq
for the A configuration and
kK = w[(co—co?)s]

O [(co—ca)s] 22)

o = —aq(oof—wz)/(wg—coz) >0

for the B configuration. In both cases, 2 = 1— w#/s-k’ >0,

sf = Ww/p, a= /Y, and Yy = 1y, = U # W, It follows
from Egs. (21) that the dispersion law of the SH SAW
propagating along the interface (x = 0) between a super-
conductor and a superlattice with the A configurationis
nonreciprocal under reversal of the direction of wave
propagation, w(k-) # w(—kp).

For the branch of spectrum (21) with o = -1, we
have w > w,. However, this branch can have not only
the long-wavelength but also a short-wavelength limit-
ing point, for which the wave number can be deter-
mined from Eq. (21) by putting @ = G_ (0. > w,).
Therefore, following the terminology accepted in
polariton dynamics [9], this SH SAW is avirtual shear
SAW or ashear SAW of the second type. In the case of
o =1, it follows from Egs. (21) that at a # 0 the struc-
ture of the spectrum of the SAW in question depends
critically ontheratiosof @, (0., < 0y) to w, and w; (w,
< wy). Analysis of Egs. (21) shows that, in the case
where o = 1 and wherethe interfaceisacoustically con-
tinuous, the SAW in question has only one branch; its
long-wavelength limiting point can be determined from
Eq. (21) atq=0. If &, > w,, thedispersion curve of the
SH SAW described by Eq. (21) is defined for w > w,.
Beginning at the g = 0 ling, this curve asymptotically
approaches the frequency Q. as the wavenumber
increases (for d; > d,). In the elastostatic limit
w/sky —= 0(q— 1), inthecasewherea# 1 (1, = U
M, = W), thisfrequency is given by

~ Wie

Q. = wy-p7=. (23)
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In the specific case where a = 1 and d; > d,, we have

Q_ = wy—0.50.

If w, <w<w;ando=1,thendispersionrelation (21)
also hasalong-wavelength limiting point [which can be
found from Eq. (21) at g = 0] and the spectrum liesin
the range w > w,. However, now, the spectrum has a
short-wavelength limiting point; its wavenumber can
be found from the relation

05— @Y
2 2,2 —_
W, = ski——s.

0,
Therefore, this branch corresponds to a shear SAW of
the second type, whereas at @, > wj this branch is
found to correspond to a SAW of the first type.

Findly, at w, > &, and o = 1, it follows from
Egs. (21) that the dispersion curve of the shear SAW
liesin the range w < w, for all values of k; and the fre-
quency w = @, is the long-wavelength limiting point.
In the elastostatic limit, this dispersion curve
approaches the frequency Q. given by Eq. (23).

(24)

Thus, at 0 =1 and —1 and w, < W, < ws, dispersion
relation (21) correspondsto ashear SAW of the second
type. Otherwise, the dispersion relation hasonly along-
wavelength limiting point, which istypical of SAWSs of
thefirst type.

By comparing Egs. (21) and (22), it can be seen that
the distinctive feature of the collective shear SAW
propagating in the magnetic superlattice with the B
configuration, described by Eq. (22), is the reciprocity
of its spectrum under reversal of the direction of wave
propagation, w(k;) = w(—k-), despite the fact that the
superlattice contains magnetic layers that exhibit
acoustic gyrotropy in the geometry in question. The
spectrum of this wave has both a long-wavelength (at
g = 0) and a short-wavelength limiting point (w7= wy,

kf =w? chtz; that is, thiswaveisavirtual shear SAW.

The specific features of the reflection of the bulk
elastic SH wave from the interface between the mag-
netic superlattice and a superconductor have a signifi-
cant effect on the conditions of transmission of this
wave through an acoustically continuous structure,
such as a superconductor—magnetic superl attice—super-
conductor (S-A-S or S-B-S) sandwich.

4. SPECIFIC FEATURES OF THE REFLECTION
OF A BULK ELASTIC SH WAVE
FROM THE SURFACE OF A FINITE ACOUSTIC
SUPERLATTICE OF THE MAGNET-
SUPERCONDUCTOR TYPE

We consider a finite magnetic superlattice made up
of layers of an easy-axis ferromagnet (medium 1) and
of an ideal superconductor (medium 2). The superlat-
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tice hasathickness 2d (—d < x < d) and is embedded in
an infinite superconducting medium. We assume that
Egs. (2)—(4) are satisfied at the interfaces of this sand-
wich; therefore, the sandwich is an acoustically contin-
uous structure. Using the effective-medium approxima:
tion and the energy density given by Eq. (1), the bound-
ary conditions at the outer surfaces of the finite
superlattice x = £d can be written in the form

o, = ,0 u =0 x-=d,
o, = b0 u = WO x=-d.

(25)

Inthiscase, for abulk elastic shear wave (with u ||zand
k O xy) incident from the upper half-space onto the
magnetic superlattice-superconductor interface x = d,
the reflection coefficient V is given by

— Vg + Vi (1+ V3 + V) exp(idkd)

\% . ,
1 - V23V21 eXp(I 4k”d)

(26)

where

_ Gk riceokg—ak
¢k —ic. Ok + ak

V23

K —icx oky—ak,
Ck +icyaky+ak)

Vy = (27)

Ky — ¢k + icx Ok
V32 — a~|| C” ” |C*G 0

for the S-A-S configuration and

Ciiky— ak;

Vg = Vy = -V = C||k||+ak||

(28)

for the S-B-S configuration.

Here, in the notation introduced in [8], V; is the
reflection coefficient for the bulk single-component SH
wave incident from the ith medium onto the interface
between the ith and jth media, subscript 3 corresponds
to the medium in the region x > d, subscript 2 corre-
sponds to the superlattice (—d < x < d), and subscript 1
corresponds to the medium in the region x < —d. At
d — oo, Eq. (26) for V reduces to Egs. (16) and (17)
for the reflection coefficient of the elastic shear SH
wave incident on the acoustically continuous interface
between the magnetic superlattice and a semi-infinite
superconductor with the A-S (V = Ryg) and B-S (V =
Rgs) configurations, respectively. The poles of expres-
sions (26)—28) for the reflection coefficients with the
substitution ik, —= tokp (ik; — *0kp) in the w-k;
plane give the spectrum of the SH SAW propagating
along afinite acoustic magnetic superlattice of the easy
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ferromagnet—ideal superconductor typethat isin acous-
tic contact at x = +d with a nonmagnetic medium:

2 2
Cx —(cja +aq)
2

= exp(—2qd)

¢ —(c 0 —aq) (29)
(S-A-S configuration),
qa+aq _ —ad
c0 —aq texp(-ad) (30)

(S-B-S configuration).

By analyzing the magnitude of the reflection coeffi-
cient V given by Egs. (26)—(28), it can be verified that
the el astic SH wave can pass through the finite superlat-
tice without reflection (V| = 0) for both the A and B
configurations if the superlattice is a half-wave plate

[8]: 2kyd = mm, wherem=1, 2, ... (ki > 0). Further-
more, transmission of the bulk eastic wave without
reflection is also possible if

Vs, = 0. (31)

For this condition to be satisfied, the finite magnetic
superlattice must be nongyrotropic; i.e., its magnetic
configuration must be of the B type, for which Eq. (28)
takes place. Equation (31) coincides with the condition
that the acoustically continuous interface between a
semi-infinite magnetic superlattice and a semi-infinite
superconductor be reflectionless. It should be stressed
that condition (31) cannot be satisfied for the superlat-
tice with the A configuration because it exhibits acous-
tic gyrotropy.

The situation for the S-A-S and S-B-S magnetic
sandwich structures under study issimilar to that for the
interface between two semi-infinite media considered
above; namely, the uniform (k; = 0) bulk SH wave can
propagate through the nonmagnetic medium only for
the S-A-S configuration and only if ¢k, —icrpk; =0

(K <0).

In the case where kﬁ < 0, transmission without
reflection, as well as the total reflection, is impossible

for the elastic bulk wave (kﬁ > 0) incident on the finite
(—d < x < d) magnetic superlattice, 0 < |V| < 1. Further-
more, it follows from Egs. (26)—(28) that the reflected
and transmitted bulk elastic SH waves undergo a phase
shift with respect to the incident wave.

In the case where the superlattice (with the A or B
configuration) occupies the lower (x < —d) and upper
(x> d) half-spaces between which a superconducting
layer (—d < x < d) is sandwiched and tightly bound to
them, the reflection coefficient of the bulk elastic SH
wave incident on the surface of the layer vanishes as
d — 0. We note that, under certain conditions, the

bulk SH wave (k| > 0) can also pass without reflection
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(IV] = 0) through the acoustic superlattice in questionin

the casewhere a?> 0 (kﬁ <0). Let usconsider the case
where the antiferromagnet—ideal superconductor
superlattice (—d < x < d) istightly bound (e.g., at x = d)
to an elastically isotropic nonmagnetic layer (with
thickness t and elastic parameters [, py) and this
bilayer structureisin acoustic contact (at x=—dand x =
d + t) with semi-infinite identical ideal diamagnetic
media (x = d + t and x < —d) with elastic parameters .,
and p,. The elastic parameters of the magnetic superlat-
tice (Mg =Hz = W, P1= P2 =P, § = W/p) are assumed to
be such that

S <So = HolPo- (32
Calculations show that, in this case, the reflection coef-

ficient of the bulk elastic SH wave (ki >0, u ||z||M,
n || X) incident from the upper half-space onto the sur-
face x = d + t of this structure with the A or B equilib-
rium magnetic configuration is given by (see also [8])

W = Zin—Z,
- Z++Zin,
_ LeZ2=2.20pP —1Z(Zp+ Zop)

Zin .
Z0Z-Z°pp—iZ.(Zop+ Zpy)

> (33
Z0 = (inkO! Z+ = IU+R||, Z) = ILJ.(C”k”—IC*GkD)

)= tan(k2d), p) = tan(ket), ko) = w/s)—ki >

Inthelimitasd — O, Eq. (33) reducesto Eq. (26) for
the reflection coefficient V of the acoustically continu-
ous structure consisting of a finite magnetic 2t-thick
superlattice sandwiched between two semi-infinite
identical nonmagnetic media.

It followsfrom Eqg. (33) that the bulk SH Wave(kﬁ >
0) passes without reflection (JW| = 0) through thisfinite
acoustic superlattice with a nonmagnetic coating on
onesideif

Z=-Zy, P=p (34)
(g5 =—k’k, >0, a2 > 0). Note that the first of equa-
tions (34) can be satisfied only for ¢, < 0 and givesthe
spectrum of the shear SAW (at a2 > 0, w < SK) propa-
gating along the acoustically continuous interface
between the semi-infinite superlattice in question and a
semi-infinite elastically isotropic ideal diamagnet (with
shear modulus |1, and density p,). Therefore, the trans-
mission of the bulk shear wave without reflection (W =
0) isinthis case resonant in nature and is accompanied
by excitation of ashear SAW near the superlattice-non-
magnetic coating interface. Naturally, in the case of the
superlattice with the A magnetic configuration, which
exhibits acoustic gyrotropy, the total-transmission
effect and the spectrum of the shear SAW will be non-
reciprocal in nature.
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It should be noted that, if the excited shear SAW is
of the first type, resonant transmission under condi-
tions (34) occurs at any angle of incidence of the bulk

(kﬁ > 0) SH wave. In the case where a virtual shear
SAW is generated under conditions (34), the condition

for resonant transmission of the bulk SH wave (kﬁ >0)

without reflection is more restrictive, because the vir-
tual shear SAW propagates along the interface between
the semi-infinite superlattice and its nonmagnetic coat-
ing. In addition to Egs. (34), in this case, the condition
ko = kgmust be satisfied, where kpis the short-wave-

length limiting point of the spectrum, a(wr) = 0, of the
excited virtual SH SAW.

So far, we have considered the transmission of a
bulk shear elastic wave through afinite magnetic super-
lattice (—d < x < d) in acoustic contact with nonmag-
netic media on both sides, x > d and x < —d, with equal
elastic parameters. It isalso of practical interest to ana-
lyze the transmission of the bulk SH wave through this
acoustically continuous structure in the case where the
elastic parameters of the nonmagnetic media in the
regionsx >d and x <—d aredifferent (u,, p, a x>dand
L, p_at x <—d, where u, # U, p, # p_). Caculations
anal ogous to those described above show that transmis-
sion without reflection is possible only in the case of the
superlattice with the B configuration and a thickness
satisfying the condition 4k d=T1tv(v =1, 2, ...); further-
more, the surface impedances of the outer media must
satisfy the condition

2’ =22,

Z+ = iH+k||+, k|2|+ = ®2/Sf—k§|>0, X>da (35)
—-d<x<d,

Z = gk,
Z =ik, ki = @’/s$-ki>0, x<-d.

These conditions, according to [8], correspond to the
case of a quarter-wave antireflective layer.

5. CONCLUSIONS

We have considered the transmission of abulk elas-
tic shear wave through a finite acoustic superlattice of
the easy-axis ferromagnet—superconductor type using
the effective-medium approximation with consistent
inclusion of the magnetoel astic interaction. An analysis
has been performed for a superlattice with in-plane
magnetized ferromagnetic layers in the case where the
equilibrium magnetic moments of neighboring layers
are paralel or antiparallel to each other (the A and B
configurations, respectively). Although an infinite fer-
romagnetic medium exhibits gyrotropy in the Voigt
geometry, the propagation of the elastic wave through
the magnetic superlattice in this geometry reveals mac-
roscopic acoustic gyrotropy only inthe A configuration,
whereas the B configuration does not exhibit acoustic
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gyrotropy (inthelong-wavelength limit). Therefore, for
given values of the frequency w and wavenumber kg,
the conditions for the transmission of a bulk SH wave
through a thin-layer magnetic acoustic superlattice
depend critically on its equilibrium magnetic configu-
ration. In particular, in addition to the “half-wave”
mechanism for transmission without reflection that is
known to exist for nonmagnetic layers [8], there is
another (resonance) mechanism for reflectionlesstrans-
mission in a finite magnetic superlattice of the easy-
axis—superconductor type with the B equilibrium con-
figuration. In a finite magnetic superlattice with the A
configuration, thisresonance does not occur. It has been
shown that, in a magnetic superlattice with the A con-
figuration in acoustic contact with a nonmagnetic
medium, the uniform elastic shear wave can propagate
along the interface. This will be the case if the fre-
guency and wavenumber of the wave satisfy the disper-
sion relation of ashear SAW propagating, in this geom-
etry, along the mechanically free surface of a semi-infi-
nite magnetic superlattice of this type. It has been
shown for the first time that the bulk elastic SH wave
can pass without reflection through a finite easy-axis
ferromagnet—superconductor thin-layer superlattice
with the A or B configuration in acoustic contact with a
nonmagnetic coating of finitethickness. Physically, this
effect is due to the fact that the incident bulk elastic
wave causes resonance excitation of ashear SAW prop-
agating along the interface between the finite magnetic
superlattice and the nonmagnetic coating of finite
thickness.

Due to gyrotropy, the effects indicated above are
nonreciprocal under achangein sign of the wave vector
projection of the elastic SH wave onto the superlattice
surface in the case of the superlattice with the A mag-
netic configuration.
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A study of the influence of nonuniform exchange
interaction on the effects considered in this paper is cur-
rently underway.
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Abstract—The effect of one- (1D) and three-dimensional (3D) inhomogeneities on the high-frequency mag-
netic susceptibility at the boundary of the first Brillouin zone of a ferromagnetic superlattice is studied. The
study is performed with an earlier developed method of random spatial modulation (RSM) of the superlattice
period. In this method, structural inhomogeneities are described in terms of the random-phase model, in which
the phase depends on three coordinates in the general case. The frequency spacing Av,,, between two peaksin
the imaginary part of the averaged Green’s function, which characterizes the gap width in the frequency spec-
trum at the boundary of the Brillouin zone, is cal culated as afunction of both the root-mean-square fluctuations
y; and the correlation wavenumbers n); of phase inhomogeneities (i = 1 and 3 for 1D and 3D inhomogeneities,
respectively). The function Av,(y;, n4) for 1D inhomogeneitiesis shown to be symmetric with respect to inter-

changing the variables yf and n 4, whereas the function Av,(ys, n3) for 3D inhomogeneitiesis strongly asym-

metric with respect to interchanging y§ and n. This effect is associated with the difference in form between
the correlation functions of 1D and 3D inhomogeneities and can be used to determine the dimensionality of

inhomogeneities from the results of spectral studies of such superlattices. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

One-dimensional periodic structures (superlattices)
have been extensively applied in various devices.
Despite the progress made in the production of such
structures, their characteristics are still far fromideal in
many cases. Thisis caused by the fact that the proper-
ties of real superlattices depend on technological fac-
tors, such as random scatter of the layer thicknesses
(one-dimensional structural inhomogeneities) and ran-
domly strained interfaces between layers (two- and
three-dimensional inhomogeneities). Therefore, it is
challenging to theoretically study the effect of random
structural inhomogeneities on the physical properties of
superlattices and, in particular, on the characteristics of
waves propagating in such materials. Apart from the
applied aspects of such studies, it should be noted that
partly randomized superlattices are convenient objects
for the development of new methods in theoretical
physicsto investigate media without translational sym-
metry. At present, different-type models and methods
are being used to develop a theory of randomized
superlattices. In initially sinusoidal superlattices, one-
dimensional randomization is taken into account by
introducing arandom phase[1, 2]. In superlattices with
arectangular profile of the coordinate dependence of a

material parameter along the superlattice axis, random-
ization is modeled by a disturbance in the sequence of
layers of two different materials [3-9] or by random
deviations of the layer-ayer interfaces from their ini-
tial arrangement [10-12]. There are al so methods based
on the superlattice correlation functions of a postulated
shape [13, 14], applications of the geometrical-optics
approach [15], and the development of a dynamic the-
ory of elastic composite media[16].

In[17], we proposed another method for investigat-
ing the effect of superlattice inhomogeneities on the
wave spectrum, which we called the method of random
spatial modulation (RSM) of the superlattice period.
Let us briefly review this method. The spectral proper-
ties of any inhomogeneous medium are known to be
best described in terms of averaged Green's functions.
The only characteristic that describes a random
medium and enters into an expression for an averaged
Green'sfunction isthe correlation function K(r), which
depends on the distance r = x — x' between two points
in the medium. Therefore, the first part of the problem
reduces to finding the function K(r) for a superlattice
that contains certain structural inhomogeneities. The
second part of the problem consists in extracting spec-
tral characteristics from the Green’s function that con-
tains this correlation function by using standard

1063-7834/05/4703-0587$26.00 © 2005 Pleiades Publishing, Inc.
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approximate methods. To describe structural inhomo-
geneities in a sinusoidal superlattice, we used the
model of arandom phase, which was considered a ran-
dom function of all three coordinates with an arbitrary
correlation radius (the authors of [1, 2] considered only
a one-dimensiona &-correlated random function). To
find the correlation function K(r) of the superlattice, we
have developed a method which is a generalization of
the well-known method of determining the time corre-
lation function for arandomly frequency-(phase-)mod-
ulated radio signal [18, 19] to the case of spatia (in
general, three-dimensional) modul ation of the superlat-
tice period (phase). This method is advantageousin that
the shape of the correlation function of a superlatticeis
derived under general assumptions about the character
of random spatial modulation of the superlattice period
rather than being postulated. It has been shown that, in
general, this function has a complex form, which
depends on the inhomogeneity dimensionality, the
structure of the interface between layers, etc. Knowl-
edge of the correlation functions corresponding to dif-
ferent types and dimensionalities of inhomogeneities
allowed usto use the averaged Green’sfunctionsto find
the eigenfrequencies, damping, and other wave charac-
teristics of superlattices[17, 20-28]. The RSM method
allowed us to consider inhomogeneities of different
dimensionalities in terms of asingle model. The effect
of one- (1D) and three-dimensional (3D) inhomogene-
ities on awave spectrum has been studied for sinusoidal
superlattices and superlattices with zero and arbitrary
thicknesses of the interfaces between layers. We have
also studied the effect of a mixture of 1D and 3D inho-
mogeneities [26, 27] and the effect of the anisotropy of
a correlation function [28]. However, some important
problems have not been solved. For example, the
authors of [25-28] showed how the difference in form
between correlation functions for 1D and 3D inhomo-
geneities manifests itself in the characteristics of the
wave spectrum of a superlattice when the root-mean-
square phase modulation varies in magnitude. In this
work, we study the dependences of the wave-spectrum
characteristics on both the root-mean-square phase
fluctuations and the correlation radii of inhomogene-
ities and demonstrate radical differences in character
between these dependences for 1D and 3D inhomoge-
neities. We use the true correlation functions obtained
by us earlier in [17]. With these functions, we deter-
mined the range of applicability of the approximate
analytical expressions for the correlation functions of
3D inhomogeneities that were used in [25-28] to sm-
plify computations.

2. CALCULATION PROCEDURE

Let usrecal, in brief, the main features of the RSM
method, which was developed in [17] to find the corre-
lation functions of a superlattice having 1D, 2D, or 3D
inhomogeneities of its period. The coordinate depen-
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dence of the uniaxial magnetic anisotropy of a ferro-
magnetic superlattice was taken to be

B(x) = Bo+ABP(X), )

where 3, is the mean value of the anisotropy, AB isits
root-mean-sguare deviation, and p(x) is a centered
(I[p0= 0) and normalized ([p= 1) function. The func-
tion p(x) describes the periodic variation in the mag-
netic-anisotropy parameter along the z axis, as well as
random spatial modulations of this parameter. Angle
brackets mean averaging over an ensemble of random
realizations. In[17], thisfunction wastaken in theform

p(x) = J2cos[q(z—u(x) + )], )

where q = 217l is the wavenumber of the superlattice
and | isitsperiod. Inhomogeneities are characterized by
arandom spatial phase modulation u(x), which in gen-
eral isafunction of al three coordinates: x = {x, Y, Z}.
By introducing the function (X, r) = gq[u(x + r) — u(x)]
and averaging the product p(x)p(x + r) over x with a
Gaussian distribution and over the coordinate-indepen-
dent phase Y with a uniform distribution (see [17] for
more details), we obtain the correlation function of the
superlattice in the form

Ki(r) = cosqrzexp[—w}, (©)]
where the structure function Q;(r) has the form
Qur) = 2vilexp(kyr) +kr.—-1, (@

Q) = 6y 1- &+ B ZHewtkn)].

for 1D and 3D inhomogeneities, respectively. Here, k
and k, are the correlation wavenumbers of 1D and 3D

inhomogeneities, respectively (r,= kﬁl andry= kgl are
the correlation radii of inhomogeneities), and

Y1 = 0,0/K;, Y3 = 030/K,, (6)

where g, and o5 are the root-mean-sguare fluctuations
of the gradients of the functions u,(2) and us(x).

We consider the situation where an external mag-
netic field H, the static part of the magnetization M,
and the magnetic-anisotropy axis are directed along the
superlattice axis (z axis). By linearizing the Landau—
Lifshitz equation for the magnetization (M,, My < M,,
M, = M) and introducing circular projections for the
resonance (positive) components of the magnetization
and the external magnetic field, we obtain an equation
for spin wavesin the form [20]

Dzm—[v—%p(x)}m = _2' @)

Here, m=M, +iM,, h=H, +iH, A = ./2AB/a, and the
frequency v (measured in wave-vector units) isequal to
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_ -
V= agM,’ (8)

where wy, is the frequency of uniform ferromagnetic
resonance, g is the gyromagnetic ratio, and a is the
exchange constant.

The high-frequency spin-wave susceptibility x(v, k)
isproportional to the averaged Green’s function G(v, k)
of Eq. (7):

X(v, k) = On(v, KTh, = a(k)G(v, k),  (9)

where hy is the high-frequency field amplitude. The
proportionality coefficient a(k) for the case of a spin-
wave resonancein athin magnetic film was analyzed in
detail in[20]. The averaged Green'sfunction for Eq. (7)
has the form

1

N %/\ZM(V, K)

G(v, k) =

(10)

where M(v, K) isthe classical analog of the mass oper-
ator. It was shown in [23] that, using an approximation
similar to the Bourret approximation [29], this quantity
can be represented in general in the form

M(v, K) = =S expl-i(kr + ol o, (11

where the correlation function K(r) for a sinusoidal
superlattice is determined by Eq. (3).

For 1D and isotropic 3D inhomogeneities, integration
over angles in Eq. (11) can be preformed exactly. As a
result, the following expressions were obtained in [23]:

1 1 .
M, = _E—J—\;‘!‘exp[_éQl(rz)_l’\/\_)rz}

(12)
x [cos(k—q)r,+ cos(k +q)r,]dr,,
for 1D inhomogeneities and
I PR PPN
0 (13

sin(k—q)r , sin(k+q)r
x[ k—q + k+q }dr

for 3D inhomogeneities. (Note that in [23] there is a
misprint in the expression corresponding to Eq. (12).)
Further integration in these expressions with the true
functions Q,(r,) and Qs(r) specified by Egs. (4) and (5)
cannot be conducted analytically. Therefore, the disper-
sion, damping, and susceptibility were studied in our
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previous papers by using the following approximating
correlation functions:

Dexp(-yikry), vi <1

Kir)=cosqr,m — obn (14)
Cexp(-yikyr2/2), yi>1,
for 1D inhomogeneities and
Ks(r) = cosar,[(1-L)exp(-yskor) + L],  (15)

for 3D inhomogeneities, where L = exp(—3y§) is the
asymptotic expression of Kx(r) at r — co. The approx-
imate expressions (14) for K,(r,) were grounded in
[17], whereas the range of applicability of approxima-
tion (15) for K4(r) has not been determined. We will
return to this problem later.

3. SPIN-WAVE SPECTRUM
AND THE HIGH-FREQUENCY SUSCEPTIBILITY
OF A SUPERLATTICE

The dispersion and damping of spin waves are spec-
ified by atranscendental equation for the complex fre-
guency v = V' +iv"; this equation is obtained by equat-
ing the denominator of Green’s function (10) to zero:

v—k2+%/\2M(v, k) = 0. (16)
The high-frequency susceptibility of a ferromagnet is
proportional to the complex Green’s function G(v, k) =
G'(v, k) +iG"(v, k), which depends on the rea fre-
guency v of the external high-frequency field and the
real wave vector k. The wave spectrum v = v(k) in a
superlattice is known to have a band structure. At the
value k = ng/2 corresponding to the boundary of the nth
Brillouin zone, agap (forbidden band) formsin the fre-
guency spectrum. For sinusoidal superlattices, the
boundary of the first Brillouin zone is of special inter-
est, since the widths of the subsequent band gaps
decrease rapidly with increasing zone number [22]. In
superlattices with sharper interfaces between layers,
the decrease in the band-gap width with an increase in
n is less pronounced (such situations were considered
in[22, 24, 25]). Here, werestrict ourselves to the study
of the magnetic susceptibility of a sinusoidal superlat-
tice at the boundary of the first Brillouin zone: k =k, =
g/2. In the case where there are no inhomogeneities and
natural wave attenuation can be neglected, the gap
width in the spectrum at k = k; isequal to A [thisisthe
distance between the split-spectrum levels v, (k;) and
v_(k)]. The G"(v) dependence at k = k, exhibits two &
peaks spaced A\ apart. As the root-mean-square fluctua-

tion y of inhomogeneities increases, the spacing v, —
v_ between the spectrum levels decreases and the gap

in the spectrum closes at a certain critical y value. An
increase in y is accompanied by an increase in the
damping v"(k); thisfunction of k reaches amaximum at
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Av, /A

Fig. 1. Effect of yf and n4 on the spacing between peaksin

the imaginary part G (v) of the Green’s function at the

boundary of the first Brillouin zone of a superlattice with
1D inhomogeneities.

k = k.. Asy increases, the peaks in the G"(v) depen-
dence weaken and approach each other until merging at
a certain value of y. Qualitatively, the variation in the
spacing between the peak maxima Av,, corresponds to

the variation in the difference v, — v’ between the

eigenfrequencies; however, there is no exact quantita-
tive relation between these quantitiesat y# 0 [20]. This
qualitative description of the variation in the spectra
gap width and in the spacing between the G"(v) max-
ima with increasing root-mean-square fluctuations is
valid for both 1D and 3D inhomogeneities. However,
the quantitative differences between the effects of 1D
and 3D inhomogeneities are very substantial. For
example, in the presence of 1D inhomogeneities, the
band gap is closed (or two G"(v) maxima merge) at a
critical value of y;, which iswell below the correspond-
ing critical value y; for 3D inhomogeneities [23].

As noted above, approximate correlation functions
(14) and (15) were used in [17, 20-28] to anayze the
eigenfrequencies, damping, and magnetic susceptibil-
ity of asuperlattice. These approximations makeit pos-
sible to study the v(k) spectrum; otherwise, transcen-
dental equation (16) for v(k) cannot be represented in
an explicit form without integrating in Egs. (12) and
(13) for the mass operator. However, the susceptibility
can be studied without making assumptions regarding
K(r), since numerical integration can be performed for
each value of v in Egs. (12) and (13) to construct the
G(v) dependence. Therefore, to calculate the depen-
dences of G"(v) ony; and n;, we use both approximate
expressions and true expressions (4) and (5) for the
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structure functions of 1D and 3D inhomogeneities in
Egs. (12) and (13) for the mass operator, respectively.

3.1. 1D Inhomogeneities
With the approximate expression for Ky(r,) in

Eq. (14) corresponding to the condition yf < 1, the
integral in Eq. (12) for M, can easily be calculated. At
the boundary of thefirst Brillouin zone (k =k;), we thus
obtain a simple expression for the Green’s function in
the two-wave approximation under the condition A,

k,z| <V

X —iny2
31(\))21 MiY1

AX(X—in.y;) - U4

(17)

where X = (v — kf )IA is the dimensionless frequency

detuning from the value v = k,2 and n; = k@/A is the
dimensionless correlation wavenumber. By equating
the denominator of this function to zero, we obtain a
guadratic equation for the complex frequency v, from
which we find

Ay
v =K+ Slingyr s 1-niyil. (18)

As follows from this expression, the spectral gap Av =
Vv, — V' isclosed at n,y> = 1. From Eq. (17) with the
rea frequency v, we find that the function Gj (v) has
two peaks; the spacing Av,, between them decreases

with increasing y; and n4, and at nlyf > 1/./2, these
peaks merge to form one peak.

Figure 1 shows the dependence of Av,,,on yf andn,

calculated by substituting exact structure function (4)
into Eq. (12) for the mass operator and performing the
integration numerically. As is seen from Fig. 1, the
function Av,,, is symmetric with respect to interchanging

the variables yf and ), and isafunction of their product

with arather high accuracy. Thissymmetry isclearly vis-
iblefor approximate analytical expressions(17) and (18)
and isdueto thefact that the effective correlation radius

of aone-dimensional sinusoidal superlattice at y: < 1
isequal to (yf k)™, i.e, isinversely proportional to the
product yf N,. This symmetry is not so obvious for the
AV, (N1, yf ) dependence calculated with the exact cor-

relation function. At small values of the product yf N1,
the spacing Av,,, between the peaksis slightly in excess
of A\, which agrees with the analogous effect obtained
for the gap width in the wave spectrum in [17]. In that
work, this effect was explained in terms of Gaussian
correlations, which correspond to the lower line in
Eq. (14).

No. 3 2005
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1
-02 0 02 0.6
v —k2IN

Fig. 2. Frequency dependence of the imaginary part G (v)
of the Green’sfunction at the boundary of thefirst Brillouin
zone of a superlattice with 3D inhomogeneities for y§ =1
and n3 = 4 (solid line) and for yg =4 and n3 = 1 (dashed
ling).

3.2. 3D Inhomogeneities

With approximate expression (15) for the correla
tion function of 3D inhomogeneities, the integra in
Eqg. (13) for M5 can be calculated exactly. At the bound-
ary of the first Brillouin zone, the Green's function in
the two-wave approximation and under the condition

N, kg < v takestheform

X(X—insys)
X*(X —=ingys) — V4(X —insysL)

1
Gs= 7 (19)

where n; = kyg/A is the dimensionless wavenumber of
3D inhomogeneities.

By equating the denominator of this function to
zero, we obtain a cubic eguation for the complex fre-

guency; the dependence of the frequency on y§ was

analyzed numerically in [25]. Asfollowsfrom Eqg. (19),
the Green’s function is not symmetric with respect to

interchanging the parameters y§ and n;in the case of
3D inhomogeneities. Indeed, unlike function (17),

which contains only the product yf n,, function (19)
contains not only the product y§ N5 but also the asymp-
totic value L of the correlation function, which depends
on y§ alone.

PHYSICS OF THE SOLID STATE Vol. 47 No. 3

2005

591

Av, /A

Fig. 3. Effect of y§ and n3 on the spacing between peaksin

the imaginary part Gj (v) of the Green's function at the

boundary of the first Brillouin zone of a superlattice with
3D inhomogeneities.

Figure 2 shows the frequency dependence of the

function G; at the boundary of the first Brillouin zone
of the superlattice (k = k.) calculated numerically with
exact structure function (5) in Eq. (13) for the mass

operator. Both curvesin Fig. 2 correspond to y§ Nns=4.
However, the solid line was plotted at y§ =landns=
4, whereas the dashed line was plotted at y; = 4 and

Ns = 1. In the first case, the function G; (v) is seen to
have two pronounced peaks (i.e., there is a gap in the
wave spectrum), whereas in the second case both peaks
merge to form one broad peak (the gap in the spectrum
is closed). Figure 3 shows the dependence of the spac-

ing between the peaks Av,, on y§ and ), calculated
using exact structure function (5). This dependence dif-

fersradically from the Avm(yf , N1) dependence for the

1D inhomogeneities shown in Fig. 1: the function Av,,
for 3D inhomogeneities is asymmetric with respect to

interchanging y§ and ns. The difference between the

spectral characteristics of superlattices with 1D and 3D
inhomogeneities is due to the radically different corre-
lation functions of 1D and 3D inhomogeneities. This
difference can clearly beillustrated using approximate
analytical expressions (14) and (15), whose asymptotic
behavior coincides with that of the exact functions
K,(r,) and K4(r). For 1D inhomogeneities, the correla
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N3

Fig. 4. Ranges of applicability of approximate expres-
sion (15) for the correlation function and approximate
expression (19) for the Green's function. The differences
between Eqg. (19) and the Green's function as calculated
using the exact correlation function do not exceed 10% in
the region between the solid lines and 20% in the region
between the dashed lines.

04
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Fig. 5. Ranges of applicability of approximate expres-
sions (20) for the correlation function and (21) for the
Green’s function. The differences between Eg. (21) and the
Green's function as calculated using the exact correlation
function do not exceed 10% in the region restricted by solid
lines and 20% in the region restricted by dashed lines.

tion function tends to zero at r, — o, whereas the
descending portion of K4(r) at r — oo, tends to a non-

zero asymptotic value L, which depends on y§ and is
independent of .

In this work, the magnetic susceptibility of a partly
randomized sinusoidal superlatticeis calculated for the
first time using the exact correlation functions Ky(r,)
and K,(r). This allowed us to compare the exact results
and the results cal culated with approximate correlation

IGNATCHENKO, MANKOV

functions (14) and (15) and determine the range of
applicability of the latter functions. For 3D inhomoge-
neities, the range of applicability of approximate
expression (15) for the correlation function and approx-
imate expression (19) for the Green’sfunction is shown
inFig. 4. Tofind thisrange, we compared both the spac-
ing between the peaks in the imaginary part of the
Green's function and the peak widths obtained using
the approximate and exact correlation functions. Then,

on the (y?z,, N, parametric plane, we determined the
region where the difference between these characteris-
tics did not exceed 10% (solid lines) or 20% (dashed
lines). It should be noted that the peak width was found
to beacritical characteristic in most cases. The spacing
between the peaks is described by approximate expres-
sion (19) with amuch higher accuracy than is the peak
width. As is seen from Fig. 4, there is a rather broad

region of parameters y2 and 15 in which the approxi-

mate anal ytical expression for the Green’sfunction (19)
isvalid. The fact that this expression gives bad results

for small values of y§ came as a surprise.

For this reason, we calculated the Green's function
for 3D inhomogeneities using another approximating
correlation function,

2,22
0 YKot '
2

K(r) = cosqrz[(l—L)expD— ot L}. (20)

Thisfunction differs from Eq. (15) in that it falls off as
a Gaussian rather than exponentialy, asis the case in
Eq. (15). With Eq. (20), the integral in Eq. (13) for M,
can also be calculated exactly. In the two-wave approx-
imation and under the conditions used above (A, k§ <

V), the Green’sfunction at the boundary of thefirst Bril-
louin zone can be found to be

G.= 1 1-L [DD X 0
J= =X
A 2«/2"] K D«/érl 3\/3Ij
. - . (22)
. O
il X }_%(D'
U 2n3Yy3 0

whereD(s) = ° JZ e dt isDawson’'sintegral. The fre-
quency dependence of the function G3 (v) as described

by Eq. (21) is compared with G3 (v) calculated using
the exact correlation function. The characteristics for
comparison were the same as above, namely, the spac-
ing between the peaks and the peak width. As aresult,
we obtained the range of applicability of Eq. (21) and
approximate correlation function (20) of a superlattice
(Fig. 5). It isseenthat thisregion overlapsonly partially
with the region shown in Fig. 4. A comparison of these
2005
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regions shows that, e.g., at small values of n; and y§ =

0.3-0.5, the approximation of the correlation function
by Eq. (15) is more exact as compared to Eq. (20). At

small values of y§ and n; = 2-5, the situation is

reversed and Eq. (20) is more exact. Thus, approxima:
tions (15) and (20) complement each other.

4. CONCLUSIONS

We have studied the effect of the correlation proper-
ties of 1D and 3D structural inhomogeneities of an ini-
tially sinusoidal ferromagnetic superlattice on its high-
frequency magnetic susceptibility. To describe the sto-
chastic properties of inhomogeneities, we used correla-
tion functions derived earlier using the method of ran-
dom spatial modulation of the superlattice period [17].
In this method, structural inhomogeneities in a super-
lattice are described in terms of the model of arandom
phase, which is assumed to depend on the z coordinate
inthe case of 1D inhomogeneitiesand on all three coor-
dinates (X, y, 2) for 3D inhomogeneities. The random
phase is characterized by a monotonically decreasing
correlation function with arbitrary values of therelative
root-mean-square fluctuations y; and normalized corre-
lation wavenumbersn;, wherei =1and 3for 1D and 3D
inhomogeneities, respectively. Asshown earlier in[17],
the form of the correlation functions K; (r) of the super-
lattice obtained using this model and the RSM method
depends only weakly on the form of the correlation
functions characterizing the stochastic properties of the
random phase. However, thisform depends strongly on
the dimensionality of inhomogeneities: for 1D inhomo-
geneities, we have K,(r,)) — 0 asr, —»= oo, whereas
for 3D inhomogeneities K5(r) tends to a nonzero

asymptotic value L = exp(—3y§ )asr —» oo,

These correlation functions have been used to cal cu-
late the averaged Green’s function G; (v, k) from which
the high-frequency susceptibility is determined in the
case of 1D and 3D inhomogeneities. The mass operator
of the Green's function was found in the Bourret
approximation by performing numerical integration of
expressions containing the exact correlation functions
K,(r,) and K4(r) for the 1D and 3D cases, respectively.
The frequency dependence of the imaginary part G"(v)
of the Green’s function was studied at a fixed value of
the wave vector k corresponding to the boundary of the
first Brillouin zone of the superlattice (experimentally,
the wavenumber can be fixed due to the size effect in
the situation corresponding to a spin-wave resonancein

asuperlattice film [20]). In this case, the G;' (v) depen-
dence exhibits two peaks and the spacing between the
peaks Av,,, approximately corresponds to the gap width
in the wave spectrum at the boundary of the Brillouin
zone. The dependence of Av,, on y; was studied earlier
in [20, 23] using approximate expressions for Ky(r,)
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and K(r). In this work, we have studied the depen-
dences of Av,, on both y; and n; using exact expressions
for Ky(r,) and Ks(r). For 1D inhomogeneities, the two-
dimensional function Av,(y;, N,) was shown to be sym-

metric with respect to interchanging the variables yf
and n, (Fig. 1), whereasin the case of 3D inhomogene-
ities the function Av,(ys, N3) is strongly asymmetric

with respect to interchanging y§ and n; (Fig. 3). This
effect is associated with the difference in form between

the correlation functions for 1D and 3D inhomogene-
ities. For the correlation function Ky(r,), the correlation

radius is inversely proportional to the product yf N1,
which causes the function Av,, to be symmetric with

respect to interchanging yf and n;. The correlation
radius of the function K4(r) isinversely proportional to

the analogous product y§ ns. However, the function

Ks(r) differs from K (r) in terms of the asymptotic
value L, which divides the entire correlation volume
into two parts, one of which is characterized by afinite
correlation radius (above the asymptotic value L) and
the other by an infinite correlation radius (below L).

This asymptotic value depends on y§ and is indepen-
dent of ns, which leads to asymmetry of the function

AV, (Ys, N3) With respect to interchanging y§ and ns.

This effect can be used to determine the dimensionality
of structural inhomogeneities in a superlattice by spec-

tral methods if independent changes in the values of yi2
and n; can be controlled technologically.

We have also compared the functions Av (s, N3) as
calculated using either the exact correlation function
Ks(r) or approximate analytical expressions for this
function. This comparison alowed us to construct dia-
gramsin the (y3, n3) plane (Figs. 4, 5) that determine
the range of applicahility of the approximate analytical
expressions for K4(r), namely, Eq. (15), which was used
earlier in [25-28], and Eq. (20), which was derived in
this work. These diagrams also specify the range of
applicability of approximate analytical expressions (19)
and (21) for the Green’s function.
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Abstract—T he dependence of the condensation coefficient of bismuth ions on the energy of particles deposited
from anion beam on silicon substratesisinvestigated experimentally. It isfound that, as an accel erating voltage
isapplied to the substrate, the condensation coefficient of bismuth ionsdrastically increases at voltages ranging
from 0 to 10V and monotonically decreases at voltages higher than 60 V. The critical temperature of conden-
sation of bismuth particles deposited from theion beam is 100 K higher than that from the vapor phase. © 2005

Pleiades Publishing, Inc.

1. INTRODUCTION

The considerable interest expressed by researchersin
the behavior of bismuth particles on a solid surface is
explained by the possibility of using this metal as a sur-
factant for the growth of heteroepitaxia films on semi-
conductor crystals (S, Ge, etc.) [1]. At present, cleaning
of dlicon substrates from contaminants and natural
amorphous oxide films has been performed using acom-
plex technology of heating under ultrahigh vacuum [2].

lon sputtering is an efficient method for cleaning
surfaces of materials. The use of this method at low ion
energies does not lead to radiation damage of the sub-
strate [3] but can provide sputtering of an oxide film
and the formation of active nucleation centers for the
growth of epitaxial layers on the surface. The occur-
rence of these processes on the surface can be judged
from an increase in both the condensation coefficient of
the deposited material and the critical deposition tem-
perature.

In this connection, the purpose of the present work
was to determine experimentally the dependence of the
condensation coefficient of bismuth ions on the ion
energy and the substrate temperature.

2. EXPERIMENTAL TECHNIQUE

L ow-energy bismuth ionswere deposited under vac-
uum at aresidual pressure of approximately 5 x 10~ Pa
on heated Si(001) substrates coated with a natura
amorphous oxide film. The operating vacuum was
maintained by an Orbitron getter-ion pump.

Bismuth ions were produced by a vacuum arc dis-
charge plasma separated from neutral components
(atoms, molecules, microparticles) with the use of a
curved plasmaguide to preclude spatial separation of

singly and doubly charged ions (Fig. 1). The flux den-
sity of bismuth ions was characterized by an ionic cur-
rent through the substrate. The ionic current density
was equal to 0.2 mA cm. This value corresponded to
aparticle flux density of 1.25 x 10 cm=2 s*. Theion
energy was measured with amultigrid probe according
to the technique described by lonov [4] and was then
used to construct the energy distribution of bismuth
ions N(E) (Fig. 2). The mean energy of bismuth ionsin
the ion beam with respect to the cathode was deter-
mined to be E, = 18 eV, and the half-width of the energy
distribution was approximately equal to 12 eV. In order
to increase the energy of deposited particles, an accel-
erating voltage U was applied to the substrate and var-
ied in therange from 0 to 100 V. Thiswas accompanied
by ashift intheion energy distribution N(E); asaresullt,
the energy of each ion arriving at the substrate
increased by avalueU andreached E=E + U (eV). The
condensation coefficient of bismuth ions k was deter-
mined from the ratio between the effective thickness h
of the film deposited under specific conditions and the
thickness hg of the film deposited on a cold substrate
(T =25°C) in the absence of an electric potential at a
constant ionic current and at a constant time of arc com-
bustion (t = 5 min). The arc-discharge sputtering was
carried out in parallel with the deposition of bismuth
ions evaporated from an effusive cell. The equality of
the ion flow to the vapor flow was checked against the
thickness of the films deposited on cold substrates. The
effective thickness was determined from the intensity
of the Bi La analytic line in the x-ray fluorescence
spectrum measured on a Sprut-2 spectrometer.

1063-7834/05/4703-0595$26.00 © 2005 Pleiades Publishing, Inc.
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Fig. 1. Schematic diagram of the experimental setup: (1) sub-
strate holder, (2) shutter, (3) quartz sensor for measuring the
thickness of a coating, (4) effusion cell, (5) plasmaguide,
(6) magnetic system for ion-beam rotation, (7) vacuum
chamber, (8) magnetic system for ion-beam focusing, and
(9) cathode unit.
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Fig. 2. Energy distribution N(E) of bismuth ions produced
by the vacuum arc discharge plasma.

3. RESULTS AND DISCUSSION

The dependence of the condensation coefficient of
bismuth ions on the accel erating voltage can be divided
into the following three portions (Fig. 3): (i) the first
portion (from O to 10 V) corresponds to an abrupt
increase in the condensation coefficient of bismuth
ions, (ii) the second portion (from 10 to 60 V) is char-
acterized by a constant value of the condensation coef-
ficient, and (iii) the third portion (from 60 to 100 V)
corresponds to a monotonic decrease in the condensa-
tion coefficient.

The observed jump in the condensation coefficient
of bismuth ions in the first portion of the experimental
curve indicates that some process occurs on the sub-
strate surface with a threshold energy below which no
condensation takes place. This meansthat only bismuth
ions with an energy higher than the critical value E,, (E
> E,) can be retained on the substrate. The number
K(E,, U) of these ions is determined by an integral of
the energy distribution function N(E), for which the
threshold energy of condensation serves as the lower
limit of integration.

If the energy distribution of bismuth ions N(E) is
known, the critical energy of nucleation can be deter-
mined from the experimental dependence of the con-
densation coefficient on the ion energy. In actual fact,
when an accel erating voltage is applied to the substrate,
the energy distribution of bismuth ions is displaced by
avalue U with respect to the threshold energy. With a
set of values U, we can obtain asystem of integral equa-
tionsfor numerically calculating the critical energy E,:

o

K(Ex U) = [N(E+U)dE. (1)
E

cr

Figure 3 presents the results of numerically solving
the above system of integral equationsfor different crit-
ical energies E. It can be seen from Fig. 3 that the
experimental dependence of the condensation coeffi-
cient of bismuth ions on the accelerating voltage is
approximated well by a theoretical curve obtained for
the threshold energy E., = 24 eV.

According to Mesyats and Barengol’ts [5], doubly
charged ions account for =17% of the total number of
charged bismuth particles. Therefore, the energy distri-
bution function obtained in our case is the sum of the
energy distribution functions for singly and doubly
charged ions. Since these distributions are independent
of charge multiplicity [5], their shape can be described
by the same energy distribution function N(E). In this
case, the system of integral equations (1) takes the fol-
lowing form:

0 00

K(Es U) = [N(E+U)dE+ [N(E+2U)dE. (2

ECI’ ECI‘
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Fig. 3. Dependences of the condensation coefficient of bis-
muth ions k = h/hg on the accelerating voltage U according
to (1) the experimental data and (2—4) the results of numer-
ical integration of expression (1) for threshold energies
E. = (2) 20, (3) 25, and (4) 30 eV.

The numerical solution of the system of integral
equations (2) givesthe best fit to the experimental curve
at the critical energy E, = 25 eV, which corresponds to
the threshold energy of the process.

This threshold energy can be associated with the
activation of the surface due to the destruction of the
amorphous oxide film and the formation of nucleation
centers. According to Samsonov [6] and Goronovskii et
al. [7], the dissociation energy for amorphous silicon
oxide SiO, is estimated as U, = 8 eV per molecule. As
follows from the estimates made in accordance with
Isaev [8], the dissociation energy for this oxide at a
temperature of 270°C decreases and amountsto 7.6 eV
per molecule. The threshold energy of sputtering can be
estimated from the formula E = 4U, [9]. For SiO,, this
energy isequa to 30 eV, which entirely corresponds to
the critical energy E, obtained in our case. With afur-
ther increasein the ion energy, the condensation coeffi-
cient of bismuth ions remains aimost unchanged and
does exceed 0.6 at the substrate temperature T, =
270°C. The observed decrease in the condensation
coefficient of bismuth ions in the third portion of the
curve can be associated with the processes of reflection
and self-sputtering of bismuth atoms from the substrate
at high energies of the deposited ions. The temperature
dependences of the condensation coefficients for bis-
muth films deposited from the ionic beam and the vapor
phase are compared in Fig. 4. As can be seen from this
figure, the critical temperature of condensation of bis-
muth ions with a mean energy of 30 €V is approxi-
mately 100°C higher than that upon deposition from the
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Fig. 4. Dependences of the condensation coefficient of bis-
muth ions on the substrate temperature upon deposition
from (1) the vapor phase and (2) theion beam (U =10V).

vapor phase and reaches 300°C. This increase in the
critical temperature can be caused by a change in the
dominant mechanism of nucleation due to the penetra-
tion of bismuth ions into the surface layer of the sub-
strate and the formation of active nucleation centers.

4. CONCLUSIONS

() It isfound that an increase in the ion energy is
accompanied by ajump in the condensation coefficient
of bismuth ions. This jump can be associated with the
destruction of the natural amorphous oxide film on the
silicon surface. The threshold energy of the onset of
condensation is determined to be E., = 25 eV.

(2) A monotonic decrease in the condensation coef-
ficient of bismuth ionsis observed at accelerating volt-
ages higher than U = 60 V. This decrease is caused by
the processes of reflection and self-sputtering of bis-
muth ions from the growth surface.

(3) Upon condensation of bismuth ions with an
energy higher than 30 eV, the critical condensation tem-
perature increases to 300°C due to a change in the
nucleation mechanism.

This behavior of the condensation coefficient of bis-
muth ions indicates that the surface undergoes an acti-
vation due to cleaning from contaminants and the
destruction of the amorphous oxide film. The results of
this work can be used to prepare bismuth nanolayers
and to produce nucleation centersfor the growth of epi-
taxial layers.
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