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Abstract—This paper reviews studies on the optical properties of dielectric nanocrystals doped by rare-earth
and transition-metal ions. Manifestations of small nanocrystal sizein the optical properties of impurity ionsare
considered. Two types of phenomena are discussed: (i) those associated with modification of the vibrational
spectrum of small particlesand (ii) those due to the interaction of impurity ions with the medium in which they

are embedded. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A characteristic trend in modern solid-state physics
is the increased interest expressed in the properties of
low-dimensional objects whose one, two, or three
dimensions are limited on the nanometer scale. Spatia
confinement markedly affects the structure of elec-
tronic states and the vibrational (phonon) properties of
crystals. Most publications deal with investigation of
the effect of confinement on the electronic bands and
excitons in semiconductors (quantum wells, wires, and
dots).

Presently, we are witnessing a rising interest in the
properties of dielectric nanostructures. Theinfluence of
spatial confinement on electronic bands in dielectric
nanocrystals, i.e., crystals on the order of afew nanom-
etersin size, is not as significant, since other phenom-
ena play amajor role here. The properties of dielectric
nanocrystals can reflect the effects associated with
maodification of their phonon spectrum, with interaction
of excitations with the environment, and with the
increasing role of the surface. Of particular interest,
from the standpoint of optical properties, are dielectric
nanocrystals doped by rare-earth and transition-metal
ions. Impurity ions can serve as spectroscopic probesto
investigate the dynamic processes occurring in nanoc-
rystals. At the same time, the modification of the spec-
troscopic characteristics of impurity ions caused by
spatial confinement is also of interest.

The interest in the optical properties of dielectric
nanocrystals doped by rare-earth and transition-metal
ionsis stimulated to a considerable extent by the appli-
cation potential of these materials. Indeed, doped crys-
tals and glasses are employed in laser technology and
serve as luminophores; therefore, one may expect that
the new properties stemming from nanocrystallinity

will be of practical value. Actuadly, it is the interest in
nanocrystalline luminophores that has stimulated a
large number of papers on the spectroscopy of doped
nanocrystalsin recent years. We note the most remark-
able result in this area, namely, the observation of a
strong dependence of the quantum yield of Mn?* fluo-
rescence on the ZnS host particle size [1, 2]; surpris-
ingly, these findings have been neither reproduced nor
expanded upon; moreover, they have met with severe
criticism [3]. It should be pointed out, however, that
paper [1] focused attention on the optical properties of
doped nanocrystals and stimul ated further studiesaong
these lines. There are presently a number of publica-
tions dealing with the optical spectroscopy of doped
nanocrystals, with most of them featuring the investiga-
tion of luminescence and excitation spectra. It has been
found that the spectra of impurity ions in nanocrystals
do not, generally speaking, differ much from those
obtained on bulk crystals of the same composition and
structure, the only essential difference being the large
inhomogeneous broadening of spectral lines in nanoc-
rystals. There have been studies of low-frequency
Raman scattering of light in nanocrystalline dielectric
materials wherein size quantization effects were
observed [4—7], but those effects were not related to
impurity ions. Nevertheless, it turns out that fluores-
cence spectroscopy of doped nanocrystals also exhibits
anumber of effects which are directly associated with
the smallness of the nanocrystal size. It isstudiesin this
field that the present review is devoted to. It should be
noted that we limit our consideration to nanocrystals,
i.e., to objects confined spatially in all three dimen-
sions, and leave thin dielectric films (which aso obvi-
ously deserve attention) out of our review.
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2. DIELECTRIC NANOCRY STALLINE
OBJECTS

There is presently a variety of technigques to obtain
nanocrystalline dielectric materials doped by rare-earth
and transition-metal ions. Among them are the sol-gel
technologies [8-13], condensation following laser
evaporation (ablation) [14-16], organometallic reac-
tions, and crystallite precipitation in glass [17]. The
first three of them permit one to prepare “free” nanoc-
rystals, i.e., nanocrystals surrounded by a gas medium
(for instance, air) or in vacuum. Such samples are usu-
ally powders consisting of nanocrystal clusters. A par-
ticular place among them is occupied by nanocrystal-
line materials prepared by sol-gel technology; indeed,
in this way, one can obtain macromonoalithic, highly
porous samples exhibiting optical transparency [18].
Unlike free nanocrystals, the crystals prepared by crys-
tallite precipitation in glass are embedded in a glass
host. Such host-embedded nanocrystals can a so be pro-
duced from free nanocrystals by incorporating themin a
polymer. While there is arich variety of chemical com-
positions of doped nanocrystalline dielectrics, the most
frequently used are the oxide and fluoride materials.

Characterization of nanocrystalline objects, i.e.,
determination of the crystallite shape and size and their
distribution in space, is usually done by x-ray structural
analysis, small-angle x-ray scattering, and electron and
atomic-force microscopy.

3. MODIFIED VIBRATIONAL SPECTRA
OF NANOCRY STALS AND THEIR
MANIFESTATIONS IN IMPURITY ION
SPECTROSCOPY

The most essential property of acoustic vibrationsin
asmall particleisthe existence of minimum size-quan-
tized frequencies corresponding to acoustic resonances
of the particle. These vibrations were studied many
yearsago [19]. The lowest eigenfrequency corresponds
to a spherical-particle mode having a higher amplitude
on the surface (the surface mode) and is equal to

w(cm™) = 0.85v,/ac, (1)

where v, is the transverse sound velocity and a is the
particle diameter. It isto vibrations of thistype that one
assigns [4, 5] the narrow peak that is observed in the
low-frequency Raman scattering spectra of porous
a-Si0, (aerogel) and shifts by 7 to 30 cm! with
decreasing size of the particles forming the aerogel
framework. Similar low-frequency peaks and their shift
with variation of the particle size were observed in the
Raman spectra of oxide glasses, whose thermal treat-
ment brings about precipitation of nanosized crystal
particles [6, 7]. These results are apparently the first
observations of size-quantized vibration modes in the
optical spectraof small particles. The existence of size-
guantized vibrational excitations substantially modifies
the density of vibrational states of particles; below the
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lowest size-quantized frequency, vibrations are impos-
sible in a particle and the density of states is zero,
whereas in the frequency region of size-quantized
vibrations, the density of vibrational states is higher
than that in a bulk crystal [20, 21]. Thus, one may
expect the manifestation of confinement effects in
doped nanocrystals in processes where low-frequency
vibrations play an important part.

3.1. Long-Lived Sze-Quantized Vibrational
Excitations

In [22], the dynamics of the terahertz-range non-
equilibrium vibrational excitations was studied in a
y-Al,O4:Cr3  monolithic transparent high-porosity
crystalline dielectric prepared by sol-gel technology
[18]; the technique used in the measurementswas optical
detection of phonons from phonon-induced effectsin the
luminescence spectra of probe impurity ions. The mate-
rial consisted of interconnected crystal grainsabout 6 nm
in size whose volume fraction was less than one half.

The experimental technique employed was similar
to that used earlier in studies of the dynamics of non-
equilibrium phonons in disordered oxide crystals and
glasses with Cr3* ions [23]. Strong inhomogeneous
broadening of the Cr3* Rline was used; this broadening
isdueto the specific structure of the y-Al,O; crystal lat-
tice, which is similar to that of spinels and whose tetra-
hedral and octahedral positions are randomly and
incompletely occupied by Al ions.

When pumping resonantly into the R line, the Cr3*

ionswhose lower (E) or upper (2A) energy sublevel of
the 2E state coincides with hv, . are excited selectively
from the ground state “A, to the ?E state by light of fre-
guency Ve Anti-Stokes luminescence with frequen-

cies v > v, corresponds to transitions from the 2A
states of Cr3* ions, which are selectively excited at the

frequency v, first to the E state and then to the 2A

state in phonon-induced E—2A transitions. At sample
temperatures T = 5 K, anti-Stokes |uminescence
appears with v > v .; itsintensity grows with increas-
ingT.

Experiments with the generation of nonequilibrium
phonons were conducted on samples cooled to T = 2—
5K, i.e., to temperatures at which the equilibrium anti-
Stokes luminescence spectrum with v > v is com-
pletely frozen out. The nonequilibrium phonons that
are generated within the laser beam spot in nonradiative
relaxation of electronic excitations are detected from
the appearance of anti-Stokes (AS) luminescence with

V > Vg.. TheAS 2A—"A, luminescence at a frequency
Ve T wisinduced primarily by phonons of frequency

winitiating resonant E—2A transitionsin Cr3* ionsthat
are excited into E and for which the energy interval
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SPECTROSCOPY OF DIELECTRIC NANOCRY STALS

Az ,z = hw Thus, an AS luminescence spectrum can

be used to study the behavior of phonons with frequen-
ciesw over abroad frequency interval (up to ~100 cm™?).

At moderate pump intensities of 10-100 m\W/mm?2,
the observed AS spectrum differs strongly from the
equilibrium spectrum measured in stationary experi-
ments at elevated sample temperatures. Figure 1 dis-
playsAS spectrainduced by intermittent optical pump-
ing and measured at various times At after the termina-
tion of excitation at frequency ve.. The millisecond-
range times 1 of the radiative decay of the Cr3* ?E level
in y-Al,O; permitted observation of the AS lumines-
cence decay kinetics for times up to ~10 ms. As seen
from the AS spectrum obtained at At = 02 ms (Fig. 1),
the high-frequency part of the spectrum (w > 30 cm™)
coincides well with the equilibrium spectrum taken at
an elevated sample temperature (T = 20 K in Fig. 1).
However, the low-frequency part of the AS spectrum
clearly exhibits an additional maximum at 20 cm™.

The AS spectrum obtained at long delay times At =
2—4 ms shows that the low-frequency maximum at w, =
20 cm decaysin atime of ~1 ms (Fig. 1). Asaresult,
at times >2 ms, the AS spectrum takes on the thermal-
ized Boltzmann shape and falls off thereafter with con-
siderably longer decay times, which are not much
shorter than those of the Stokes part of the spectrum
determined by the radiative lifetime of the °E state. The
cooling-off time of the AS spectrum in this thermalized
stage can be estimated as 20 ms. | mportantly, the decay
time of ~1 ms of the maximum at wy, = 20 cm™ does not
depend on the size of the excited volume (the pump
laser beam diameter).

The observed frequency of the nonthermalized low-
frequency peak in the phonon distribution (Fig. 1), wy =
20 cm™, is close enough to the lowest surface-mode
frequency estimated from Eq. (1) for nanocrystaline
particles with the parameters of porous y-Al,O; (v, =
6 x 10° cm/s, a= 6 nm). This suggests that the nonequi-
librium phonon distribution peak at w, = 20 cm™ is
connected with efficient excitation (due to optical heat-
ing of the sample) of the low-energy surface acoustic
mode of the particles forming the framework of the
porous y-Al,Os.

The connection of the w, = 20 cm™ vibrations with
the lowest surface resonant mode of nanocrystalline y-
Al,O5 particles can possibly account for the extremely
long lifetime (~1 ms) of these vibrations, which
exceeds that of the terahertz acoustic phonons in bulk
crystals by several orders of magnitude. It appears only
natural to assume that such along lifetime is due to it
being difficult for the lowest surface mode to decay into
the low-energy vibrations of the porous material (frac-
tons or long-wavelength hypersound).

A theory treating the decay of quantum-confined
acoustic vibrations in a nanocrystalline material was
proposed in [24], where a specia type of localized
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Fig. 1. (8 Normalized anti-Stokes spectra of crét in
y-Al,O3 obtained at T = 5 K under intermittent selective

optical excitation in two time intervals and (b) phonon
occupation numbersinthe 0 <t <2 msinterval. Solid lines
are (3) the experimental thermalized anti-Stokes spectrum
measured at T = 20 K and (b) the thermalized distribution
calculated for T=19 and 55 K.

vibrational states was considered; such a state existsin
a porous material consisting of crystallites of approxi-
mately equal size. The size and porosity of the materi-
als are such that the lowest frequencies of localized
acoustic vibrations of the particles lie substantially
higher than the maximum frequency of propagating
acoustic phonons (the mobility threshold). The narrow
size distribution of the particles implies that the lowest
frequencies in the particles are likewise similar. The
typical frequency differenceisassumed to be below the
mobility threshold, so that the energy difference can be
taken up by a propagating phonon. At the same time,
the typical frequency difference is assumed to be large
enough for the neighboring particles to stay out of
resonance. The decay rate of a mesoscopic crystalline
particle weakly coupled to one or several such particles
was cal cul ated. The decay time depends on the width of
the particle distribution in size and strength of har-
monic and anharmonic interactions. For particles with
an average size of 5 nm, the decay time can be aslong
as a few milliseconds, which is in agreement with the
experiments from [22].
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Fig. 2. Temperature dependence of the spectral hole width
for the SDg—'F¢ transition measured in high-porosity y-
AI203:Eu3+. The solid lineisaplot of Eq. (2) for a Raman

process involving quantum-confined o = 25 cm™ vibra-
tions.

3.2. Homogeneous Broadening of Spectral Lines
in Nanocrystals

The temperature dependence of the homogeneously
broadened spectral linewidth I'(T) of electronic transi-
tions in impurity ions is determined by the interaction
with phonons and depends on the phonon density of
states. At low temperatures, the homogeneous line-
widthin ordered crystalsscalesas(T) ~ T7; in glasses,
we have I'(T) ~ T%, where 1 < a < 1.3. In both cases,
this relation transforms into (T) ~ T2 for higher tem-
peratures. The ' (T) ~ T' relation observed in crystalsis
explained as being due to the two-phonon Raman pro-
cess. The homogeneous linewidth resulting from this
processis given by

2 _w/kT

rofl mu“%dw @

for the case of interaction with vibrations whose fre-
guencies lie between w,; and w,, where H is the elec-
tron—phonon interaction Hamiltonian and p(w) is the
density of vibrationa states.

In [25-27], the spectral-hole-burning method was
used to study the temperature dependence of the homo-
geneous width (T) of Eu®* spectral lines in nanocrys-
talline y-Al,O; obtained by sol-gel technology [25] and
inY,O5; and Eu,O; prepared by laser ablation [26, 27)
(Figs. 2, 3). The hole burning was achieved through
redistribution of the Eu®* ions among the hyperfine-
structure components of the ground state. The hole
width 'y characterizes the homogeneous linewidth
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Fig. 3. Temperature dependence of the spectral hole width
for the SDg—'F transition measured in nanocrystalline

Y ,05:Eust.

(T = ye(T)/2. It was found that I'(T) for impurity
ions in nanocrystalline materials differs radically from
that observed in crystals and glasses. This experimental
finding can be accounted for as a result of the two-
phonon Raman scattering in accordance with Eq. (2), if
one includes the modified density of vibrational states
p(w) in nanocrystals[25, 28]. It was also found that the
vibronic interaction H responsible for the homoge-
neous broadening is substantially stronger than that in
bulk crystals.

3.3. One-Phonon Relaxation between Closely-Lying
Electronic Levels of Impurity lonsin Nanocrystals

Nonradiative relaxation between closely lying elec-
tronic levels (about afew inverse centimeters distant) of
impurity ionsin bulk crystals involves the emission of
one phonon with a frequency equal to the level separa-
tion. It is natural to assume that the probability of such
processes in hanoparticles, where the phonon spectrum
is substantially modified in the low-frequency domain,
is essentially different. The relaxation times between
closely lying components of the 5D; multiplet of Eu3*
ions in the C positions (Cs symmetry) were directly
measured in nanocrystalline and bulk monoclinic Y ,0O4
[29, 30]. The energy gaps for which the measurements
were performed were 3 and 7 cm. The experiment was
based on time-resolved measurement of the °D,—'F;
luminescence. The size distribution of particlesin sam-
ples obtained by laser ablation was fairly broad and
centered on approximately 13 nm (x5 nm). This parti-
clesizeissmall enough, according to Eq. (1), for the 3-
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and 7-cm! phonons not to be supported by the parti-
cles.

It follows from the measurements that in bulk
Y ,05:Eu® (the powders used had micron-sized grains),
the one-phonon relaxation times between the 5D;-mul-
tiplet components of Eu®* ionsin the C positions are of
the order of afew hundreds of nanoseconds, whereasin
nanocrystals, thistimeis 27 and 7 us for energy gaps of
3 and 7 cm, respectively. These relaxation times were
found not to depend on temperature within the 1.5- to
10-K interval; this meansthat two-phonon processes do
not play a significant part in the relaxation. Residual
relaxation involves, apparently, the vibrational modes
of a nanoparticle cluster. Thus, because of the lower
density of vibrational states at low frequencies, one-
phonon relaxation between closely enough lying elec-
tronic levelsof impurity ionsin nanoparticlesis consid-
erably slower than that in bulk crystals.

4. EFFECT OF THE ENVIRONMENT
AND OF THE SURFACE ON THE OPTICAL
PROPERTIES OF DOPED NANOCRY STALS

Crystallites of a small enough size can exhibit
effects originating from the interaction of impurity ions
with the surrounding medium and the surface. Indeed,
if the electronic states of an impurity ion interact with
the medium in which the nanocrystal is embedded and
with its excitations and this interaction is efficient at
distancesin excess of the nanoparticle dimensions, then
the surrounding medium can affect the el ectronic states
and transitions in the impurity ions. The part played by
the interaction of impurity ions with the surface is also
larger compared with that in bulk crystals, becausein a
nanocrystalline material al impurity ions are spaced a
short distance from the surface.

4.1. Effect of the Surrounding Medium on the Radiative
Lifetime of the Impurity-lon Excited States
in Nanocrystals

The smallness of nanocrystal size compared to the
wavelength of visible light accounts for a number of
interesting effects. Under these conditions, the effective
refractive index of the medium in which the impurity
ions are located is determined by the refractive indices
of both the nanoparticles and of the medium in which
the nanoparticles are embedded. The radiative lifetime
TR Of electronic transitions in an ion incorporated in a
medium is given by the expression [31]

1 Ao
TRDf(ED)[l

3
3

where f(ED) is the oscillator strength of the electronic
dipole transition, A, is the wavelength of light in vac-
uum, and n is the refractive index. The dependence of

(n®+ Z)Tn’
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Fig. 4. Radiative lifetime of the 5D state of Eu®* ions (C
centers) in'Y ;O3 nanocrystals plotted vs. refractive index of
the surrounding medium ny,q for T=295K. Solid linesare

plots of Eq. (3) for different volume fractions of the nanoc-
rystals.

TroNrefractiveindex isdueto two reasons. (i) variation
of the density of photon states and (ii) modification of
the polarizability of the medium. Because nanocrystals
in samples usually occupy asmall part of the volume, n
in EQ. (3) depends substantially on the refractive index
of the medium filling the space between the nanocrys-
tals. Thus, the radiative lifetime tg, according to
Eq. (3), should depend noticeably on the refractive
index of the medium in which the nanocrystals are
embedded.

In[32], the radiative lifetime of the °D,, state of Eu3*
ions in Y ,04 nanocrystals was measured by following
the fluorescence decay under intermittent excitation.
The samples obtained by laser ablation [14] comprised
powders consisting of nanocrystal clusters (7 and
12 nm in size) of monoclinic Y ,O5Eu®*. It was shown
that at temperatures up to room temperature, the life-
time of the °D, state is determined by its radiative
decay. Figure 4 plots the lifetimes of the Eu®* °D, state
measured in nanocrystalline samples embedded in
media with different refractive indices (air and various
liquids) as functions of the refractive index of the
medium n,. Presented for comparison are data
obtained for monoclinicY ,05:Eu®* powders containing
micron-sized grains and for single-crystal Gd,O4:Eu®*,
amaterial inwhich the structure and spectral properties
of the Eu*> centers differ very little from those in
Y,05:Eu®. We readily see that the lifetime of the °D,
state in nanocrystalsis substantially longer than that in
bulk samples; indeed, in nanocrystals surrounded by air
the lifetime exceeds the time measured in bulk samples
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by a factor of more than three. The experimental data
werefitted by Eq. (3), with the effective refractive index

defined as ng;(X) = XNy 0, + (1 —X)Nyeq, Where xisthe

volume fraction of nanocrystals (a more accurate defi-
nition can be obtained through the Clausius—M osotti
equation, but the difference between the results is
small). The best fit to the experimental data was
reached for x = 0.23, which implies that nanocrystals
fill 23% of the sample volume.

Experiments have shown [32] that the radiative life-
times of the excited states of impurity ions depend
strongly on the effective refractive index of the medium
consisting of nanocrystals and of the filler medium. As
follows from Eq. (3), the impurity-ion lifetime can be
longer by a factor of n(n? + 2)%/9 compared to that in
bulk crystals, if the material isfully dispersed and con-
sists of individual particlesin air or vacuum. For Y,04
with n = 1.91, thismaximum increase in the lifetimeis
6.77. The lifetime can be reduced by placing the parti-
cles into a medium with a large refractive index. The
variation of the lifetime of excited states with the host
in which the nanocrystals are embedded can be an
important practical feature, for instance, in fluorescent
materials consisting of doped nanocrystalsin aglass or
polymer matrix. The effect of the refractive index on
lifetime is usually not observed directly, because a
change in the matrix with impurity ions changes the
structure of the impurity centers and, hence, the oscil-
lator strength. The situation with nanocrystalline mate-
rials is unique in that one can change the refractive
index of the surrounding medium without changing the
local structure of the centers.

100
® 23 nm Y,0;:Eu’* in polymer

30l O 23 nm Y,05:Eu**
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Fig. 5. Temperature dependence of the spectral hole width
for Eu®* inY ,O4 nanocrystals.
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4.2. Interaction of Impurity lonsin Nanocrystals
with Two-Level Systemsin a Glassy Matrix

It is known that when rare-earth impurity ions are
embedded in a glass, their dynamics is governed by
interaction with two-level systems (TLS) in the glass.
Experiments carried out on many systems have shown
that at low temperatures, the homogeneous width v, of
spectral lines in these systems scales with temperature
asy, ~ T% where1l < a < 2. Theory predictsthis behav-
ior in the case where impurity-ion electronic states
interact with TLS in glasses [33-37]. It is concluded
that the interaction has an el astic dipole—dipole charac-
ter. Studies with rare-earth ions in nanocrystals embed-
ded in an amorphous matrix permit one to determine
the extent to which the impurity-ion interaction with
TLS is long-range, because in this case the impurity
ions are separated from the TLS by a nanocrystal,
which does not contain aTLS.

It has been shown [38, 39] that rare-earth ions in
nanoparticles (at least up to 30 nmin size) interact with
TLSin an amorphous matrix such that the temperature
dependence of the homogeneous linewidth issimilar to
that in glasses. To determine the homogeneous width y;,
of spectral lines, the spectral-hole-burning method was
employed in [38, 39]. Figure 5 shows the temperature
dependences of the hole width yi,g (Whichisintimately
related to the homogeneous linewidth through vy, =
Yus/2) for the °Dy—"F, transitions in Eu®* ionsin 23-nm
Y ,0O; nanocrystals, both free and embedded in an amor-
phous polymer matrix [39]. It is seen that when nanoc-
rystals are embedded in a matrix, the temperature
dependence of the homogeneous linewidth changes
radically to become linear and the homogeneous line-
width increases substantially. This can be accounted for
only by Eu® interaction with the matrix TLS. The
dependence of the homogeneous broadening of Eu®*
(and Pr3*) spectral lines on nanocrystal size in oxyfluo-
ride glass ceramics was studied in [39] (Fig. 6). We
readily see that the line broadening decreases with
increasing nanocrystal size, which finds a natura
explanation inthelarger TL S separation from theimpu-
rity ions.

A semiquantitative description of the dependence of
homogeneous broadening on nanocrystal size, whichis
based on the approach considered in [33, 35] inthefor-
malism of [36, 37], was proposed in [39]. In this
approach, homogeneous broadening is calculated as a
sum of contributions due to all TL Ss and the nanocrys-
tal volume (which does not contain TLSs) can be
readily excluded from consideration. The homoge-
neous linewidth can be presented in the form

Te

’ NoA™" 4
Y = 4TIRN,[redr +2T[T_[r dr, 4
0 re
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where N, is the spatial density of tunneling systems, R
is their relaxation rate, and r, is the critical distance

(determined by the ratio A/ ri’ = R) within which the

interaction of ions with TLSs can be considered dis-
tance-independent. In Eq. (4), the first term describes
interaction with closely lying TLSs and the second
accounts for more distant TL Ss, interaction with which
can be treated as having a dipole—dipole character. To
exclude the nanocrystal volume, which does not con-
tain TLSs, the integration was performed outside the
r <rgregion (rq is the nanoparticle radius). On making
a few approximations allowable in semiquantitative
description, we finally obtain

0 41t
=0
™ BnnoA?
IR fo

NORI‘S (ro<ry)
5)

(ro>re).

Equation (5) was compared in [39] with experimental
datafor variousr,, the homogeneous linewidth for ions
embedded directly in glass was assumed to correspond
tory,=0. Thecritical distancewasfoundtober,=9nm.
Thus, the long-range character of the impurity-ion
interaction with TL Ss finds direct experimental confir-
mation. It should be pointed out that the experiments
described in [38, 39] directly demonstrate the possibil-
ity of using nanocrystals with impurity ions as spectro-
scopic probesto study dynamic processesin disordered
media. Such probes have an inherent advantage over
ions embedded directly in a medium in that their spec-
tra do not exhibit strong inhomogeneous broadening
caused by disorder.

4.3. Nonradiative Relaxation of the Excited Sates
of Impurity lons in Nanocrystals with Inclusion of the
Surface Effect

The part played by the surface in nanocrystaline
materials is obviously substantially larger than it isin
bulk samples. Indeed, all impurity ions in nanocrystals
arefairly closeto the surface and their interaction with
surface states can become manifest in the dynamics of
the electronic states.

It was shown in [40] that nonradiative processes
associated with the surface can be dominant in the
relaxation of impurity-ion excited states in nanocrys-
tals. The materia studied was high-porosity
y-Al,O5:Y b3+ obtained by sol-gel technology. Experi-
ments on the hydration/dehydration of samples
revedled that the intensity and lifetime of the Yb3*
°Fg,—?F4, fluorescence in the 10000- to 11000-cm™
region depends strongly on the number of OH hydroxyl
ions in the samples. These observations were assigned
to the interaction of Yb®" ions with the OH groups on
the nanoparticle surface, which gives rise to nonradia-
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Fig. 6. Temperature dependence of the spectral hole width
for Eu3* in LaF3 nanocrystals of various sizes embedded in

oxyfluoride glass ceramics and for Eust placed directly ina
glass matrix.

tive relaxation of the excited state. It isassumed that the
nonradiative process actually consists of energy trans-
fer from Yb®* to alevel of the v = 3 vibrationa mode
of the OH group. Three such quantaare required for the
nonradiative relaxation to occur. Experimental data
[40] stress the importance of surface states for the
relaxation characteristics of impurity ionsin nanoparti-
cles, where the distances of all impurity ions from the
surface are not larger than a few nanometers.

5. CONCLUSIONS

Thus, the experimental studies discussed in the
present review revealed and interpreted a number of
phenomena in the optics of dielectric nanocrystalline
objects doped by rare-earth and transition metals which
are directly related to particle smallness. These phe-
nomena can be divided in two classes: (i) those associ-
ated with modification of the vibrationa spectrum of
small particlesand (ii) phenomena originating from the
interaction of impurity ions with the medium they are
embedded in. The available data permit the conclusion
that doped nanocrystalline dielectrics constitute anovel
type of optical object possessing specific properties.
The idea of using nanocrystals with impurity ions as
spectroscopic probes to study dynamic processes in
disordered materials appears very promising. Some of
the features in the optical properties of nanocrystaline
materials may turn out to be essential in applications.
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Abstract—The data on optically detected EPR in absorption bands of alkaline-earth fluoride crystals doped
with rare-earth (Er, Tm, Yb, Lu) or yttrium activators indicate that these crystals contain clusters similar to
Y ¢F37, which is the structura unit of the naturally occurring mineral tveitite and of synthetic yttrofluorite
[(CaFy)1_((YF3)y] crystals, whose lattices exhibit a superstructure at certain values of y. Starting from arare-
earth ion concen%/ration of the order of 0.1%, the greater part of the rare-earth impurity is concentrated in these
clusters, having a tendency to aggregate into larger clusters. Clusters are also of considerable importance in
semiconducting fluorite-structure crystals of CdF, doped with Ga, In, orY ions, asindicated by microwave and

IR radiation absorption in these crystals. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Fluorite-like crystals activated with group-1l1 ele-
ments, predominantly by rare-earth (RE) elements and
yttrium, are usualy investigated by optical and EPR
spectroscopy [1]. Many interesting phenomena discov-
ered in activated fluorite crystals, such as cooperative
processes in luminescence [2—7], the decreased transi-
tion temperature to superionic conduction [8], and the
occurrence of low-energy excitations inherent in
glasses [9-12], are associated with activator ions ceas-
ing to be randomly distributed over the fluorite lattice
and forming clusters. Although clusters have been stud-
ied using selective laser spectroscopy [4—7], neutron
scattering [13], and °F NMR [14] and EXAFS mea-
surements [15, 16], their structure is till not com-
pletely understood.

We observed the clusterization effect when studying
the low-frequency magnetic field absorption by spin—
spininteracting subsystemsin activated fluorite crystals
[17]. It wasfound that CaF, : Tm3* (0.2 mol %) crystals
had an increased (in comparison with its initial value)
concentration of the paramagneticimpurity with alarge
magnetic moment in the ground state (at T = 1.8 K). At
the same time, the EPR spectrum of the Tm3* ion has
never been observed in fluorite-like crystals (the ground
state of thisionisasinglet for all known Tm3* impurity
centers).

Fluorite-like crystals (CaF,, SrF,, BaF,, CdF,) have
the structure of cubic fluorite and can be easily acti-
vated with group-111 elements, in particular, by RE ions
and yttrium [1, 18]. In this case, trivalent impurity ions
occupy Ca* cation sites of the fluorite lattice and the
excess (+1) impurity charge is neutralized by F ions
displaced to the empty cube centers (interstitial sites) of

the anion sublattice. If such an interstitial site is the
nearest to the impurity ion, we have asimple tetragonal
RE3*—F- center; otherwise, the excess chargeis neutral -
ized nonlocally and the impurity ion is in the nearest
neighbor environment of cubic symmetry, forming a
cubic RE®* center. Such simple centers (with their
charge neutralized either locally or nonlocally) mani-
fest themselves in optical spectra associated with tran-
sitionsintheinner 4f " electron shell of RE ions, aswell
asin EPR spectra of activated fluorite-like crystals. As
arule, only simple centers exist when the activator con-
centration is less than 0.1 mol % [6, 7]. (We note that
only cubic, i.e., nonlocally neutralized, centers are
known to exist in CdF, crystals [19].) At a higher acti-

vator concentration, RE and F-ionsform clustersin flu-
orite-like crystals.

The EPR method gives the most reliable informa-
tion on the structure of impurity centers. Using this
method, it was found that the tetragonal centers do not
form in fluorides of Ca, Sr, and Ba when the activator
concentration is higher than approximately one mole
percent. At the same time, the cubic centers persist and
are observed in EPR spectra for activator concentra-
tions as high as roughly ten mole percent. However, the
EPR spectra do not reveal clusters; therefore, other
methods should be used to study them. Using neutron-
scattering data [13], models were constructed for clus-
ters of vacancies and interstitials at anion-sublattice
sites, which are classified in different types (clusters
2:2:2,4:3: 2, etc.) as often cited in the literature.
However, those models assume that the activated fluo-
rite-like crystal is strongly disordered, especially for
extremely high activator concentrations, whichisnotin
fact the case.

1063-7834/02/4408-1415%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. (8) Inner Fg cube of F~ anions in the CagFs, cluster
and (b) cuboctahedron Fy5 , 1 intheY gF37 cluster in yttrof-
luorite solid solutions with a superstructure.

It should be noted that, in terms of crystal chemistry,

the crystals under study are yttrofluorite-like nonsto-
ichiometric solid solutions (CaF,);_(YF3), (0 <y <
0.4) with an excess content of F~anions. Solid solutions
of akaline-earth fluorides with trifluorides of rare
earths and yttrium have been studied comprehensively
using the methods of crystal chemistry [18, 20]. X-ray
diffraction analysis shows that yttrofluorite possesses a
disordered cubic fluorite structure; however, the cation
(Ca, Y) sublattice exhibits the same order as the parent
fluorite lattice and the nonstoichiometry leads to the
appearance of disordered defects on the anion (F) sub-
lattice. In the naturally occurring mineral tveitite, as
well as in the homologous yttrofluorite series with y =
5/m (m = 13-19) fabricated under specia conditions,
x-ray diffraction studies reveal a superstructural order-
ing of the crystal lattice [21]. The superstructure unitis
aYgFs; cluster, which is, in fact, identical (in volume
and form) to the CagF5, unit of the fluorite lattice and,
therefore, iseasily incorporated into thislattice, accom-
modating excess anions. In the'Y gF5; cluster, the octa-
hedron Y of six Y3* cations encloses a cuboctahedron
Fy, of twelve F~ anions, within which there is an off-

center ion F (Fig. 1).

2. INVESTIGATION OF CLUSTERS
IN CALCIUM-, STRONTIUM-,
AND BARIUM-FLUORIDE CRYSTALS

In what follows, we present optically detected EPR
(OD-EPR) [22] spectra of Er3*, Tm*, and Yb* ionsin
crystals of alkaline-earth fluorides, which indicate that
clusters in the yttrofluorite-like solid solutions studied
are identical to clusters of the Y ¢F;; type observed in
fluorite phases with a superstructure [21].
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Fig. 2. Occurrence (a, c) of circularly polarized optical
spectrum and (b, d) of magnetic circular dichroism of a
sample placed in a magnetic field Hy and (e) the Ax(Hg)

dependence in the absence (P™ = 0) and in the presence
(P™ = P™) of microwave radiation that saturates transi-

tions between the Zeeman sublevels of the ground state of a
paramagnetic impurity.

2.1. Optical Detection of EPR by Using Magnetic
Circular Dichroism

We briefly describe the method of optical detection
of EPR using magnetic circular dichroism (MCD),
which we apply in this work in the region of optical
absorption of paramagnetic RE ions. Let us consider
the simple case of an ion with effective spin S= 1/2in
the ground state (Fig. 2).

The magnetic circular dichroic absorption (MCDA)
of asample placed in adc magnetic field Hy isequal to
the difference Ay in the absorption x of light waves
with left-hand (o0_) and right-hand (o,) circular polar-
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ization propagating along the magnetic-field direction:
AX = X(@)-x(0.). D

In a zero magnetic field (Hy = 0), we have Ay = 0,
because the absorption of right-handed and | eft-handed
circularly polarized light are equal. When a magnetic
field is applied (Hy # 0), the ground state of the para-
magnetic impurity is split and, at low temperatures, the
lower of the two Zeeman levelsis predominantly popu-
lated, which gives rise to MCD. The magnetic-field
dependence of MCDA (Fig. 2€) has the form (with the
tendency to saturate)

AX(Ho) = Ax™ tanh(gBHo/2KsT), )

where g is the spectroscopic splitting factor, B is the
Bohr magneton, and kg is the Boltzmann constant.

If the sample is aso exposed to microwave (MW)
radiation, which can induce transitions between the
Zeeman sublevels of the ground state at a certain reso-
nance value of H,, then the MCDA vs. H, curve exhib-
itsa dip at this Hy value (Fig. 2e) and the change in
MCDA caused by the MW radiation is manifested in
the OD-EPR spectrum:

8(Ax) = Ax(P™ =0)-ax(P™), ©)

where P™ isthe MW radiation power.

An OD-EPR spectrometer based on MCD is shown
schematically in Fig. 3. Asin aconventional EPR spec-
trometer, samplesare placed inaMW cavity; the cavity
has windows through which a probe light beam can
pass. The polarization of the probe beam is varied at a
given frequency v™ with the help of a circular-polar-
ization modulator positioned behind the monochroma-
tor. The photodetector measures the intensity of the
light transmitted through the sample and its variations
in the case where the MCDA occurs and is affected by
MW radiation (which is repeatedly turned on and off).
Theintensity of the light beam measured by the photo-
detector can be easily shown to be

| = 1,exp(=X,d) + IEOCOS(ZT[VmOd'[)AX, (4

where |, is the intensity of the monochromatic light
wave incident on the sample, X is the absorption coef-
ficient of the sample (of thickness d) in the absence of
adc magnetic field, and Ax < X, isthe MCDA.

As applied to the problem under study, the OD-EPR
method has the following advantages over the conven-
tiona EPR method: (1) The EPR spectra are recorded
in the region of optical absorption of the paramagnetic
centers under study, which allows one to relate the
observed EPR spectra to optical spectra of the same
centers. (2) The optical channel of signal recording is
independent of the MW radiation channel which satu-
rates transitions between the spin sublevelsin the pres-
ence of a dc magnetic field. This makes it possible to

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

2002

1417

Microwave
radiation

Incandescent M

lamp Mono-

chro-
mator

Lens

I Lens

Vmod

Fig. 3. Experimental setup for measuring MCDA and OD-
EPR spectra: (M) circular-polarization modulator, (S) sam-
ple placed in the resonant MW cavity R, and (C) magnet
coil.

study strongly forbidden transitions in the spin system
(in the case where gy ~ 0 is very small) by utilizing
intense MW radiation and make use of low-Q micro-
wave cavities (with large samples).

2.2. Experimental OD-EPR Spectra

In this work (see also [23, 24]), we studied the
MCDA and OD-EPR spectra of yttrofluorite-like solid
solutions (at T = 1.8 K) containing paramagnetic RE
ions, namely, (MF,); _(RF3), = MF,: R,, where M =
Ca, S, or Baand R = Er, Tm, or Yh. In these crystals,
clusters proved to be magnetically concentrated sys-
tems with broad-band EPR spectra. In order to sup-
press the magnetic spin—spin interactions between
paramagnetic RE ions in the clusters, the paramag-
netic impurities were highly diluted with diamagnetic
(R") ions Lu®* or Y3*. The fraction of the diamagnetic
ions reached 90% and higher. Thus, the structure of
RE clusters was determined by investigating the
MCDA and OD-EPR spectra of paramagnetic R ions
incorporated in clusters of diamagnetic R" ions in
solid solutions (MF,); - (RF3)(R'F3)y = MF; : (R,
Ry) with0< x<0.02 and 0.001 < y< 0.38. It should be
noted that R and R" ions (which will bereferred to asR
ions) are al randomly distributed over the clusters,
therefore, it is easy to dilute paramagnetic ionsin clus-
ters with diamagnetic ions. The MCDA and OD-EPR
spectraof Er, Tm, and Y b ions can be recorded for any
trangition between the energy levels of the inner 4f"
electron shell of thesetrivalent ions. The electron shells
of LuandY ionsare closed, and these ions have no opti-
cal or EPR spectra of their own.

Figure 4 shows the MCDA spectra of CaF, crystals
doped with Er and Y activators in the region of
415, — *F5p, transitionsin Er¥* ions. When the activa-
tor concentration is increased, the optical spectra
exhibit broadened bands of clustersof Er®* andY 3* ions
on the fluorite crystal lattice instead of narrow lines of
simple centers. It is seen from Fig. 4 that the intensities
of the absorption bands of Er3* ionsin both the clusters
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Fig. 5. Ax(Ho) dependence for CaF; : Er,Y, with 0.002 <
x +y < 0.02 for different orientations of the magnetic field
relative to the crystal axes. The wavelength of the probing
light beamisA =449 ymand T = 1.8 K. Arrowsindicate the

predicted positions of OD-EPR linesfor v™ = 37 GHz and
T = 1.8 K; A" = tanh(hv™/2kgT).

and simple centers depend on the total (x + y) concen-
tration of the activator (Er3*,Y**) inthe CaF, crystal. In
other words, clusters can be produced in the crystal by
increasing the concentration of both Er®* and Y3+ ions.

An investigation of the magnetic-field dependence
of the MCDA of paramagnetic ionsfor different crystal

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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orientations reveals that the crystal field possesses a
predominantly tetragonal symmetry for all RE ionsin
clusters and that the g factor of these ions is highly
anisotropic. The g factor is determined from the Ax (Ho)
curves measured for different orientations of the mag-
netic field relative to the crystal axes (Hg || C,, Cs, Cy)
and satisfies the relation g = g cosd, where 9 is the
minimum angle between the magnetic field direction
and the C, axes of the crystal. Figure 5 shows the
AX(Ho) dependence for CaF, @ (Er,, Y,) crystals. It is
significant that this dependenceisthe samefor different
values of x and y; i.e,, it does not vary with dilution of
erbium with yttrium over the entire concentration range
covered, 0.002 < (x +y) < 0.02. For the g factor of the
Er3*ionsin clusters, this dependence gives the estimate
g, =155+ 1 > g,. From the Ax(Ho) curves, one can
predict the positions of the EPR lines of the cluster cen-
ters for different crystal orientations (indicated by
arrowsin Fig. 5).

Figure 6 shows the OD-EPR spectra of the Er3* ions
in clusters. In Fig. 6¢c, wherein the spectra of the Er3*
ions in Y3 clusters are presented, the positions of the
spectral lines coincide with those calculated from the
AX(Ho) curves (indicated by arrowsin Fig. 5). The OD-
EPR spectrum of Er3* clusters not diluted with R" ions
isabroad band (Figs. 6a, 6b). The lines of simple cen-
ters are also observed in these spectra.

The clearly defined angular dependence of the
AX(Hg) curvesand of the OD-EPR spectra suggests that
the RE ionsin clusters have a predominantly tetragonal
symmetry over the entire composition range of the
solid solutions, which arguesfor the proposed structure
of clustersof theY ¢F3; (or RgF3;) typein the case where
diamagnetic ions of any speciesin the clusters are ran-
domly replaced by paramagnetic ions and vice versa. It
isobvious that all positions of Rions in the RgF5; clus-
ters are approximately equivalent (except for the posi-
tion of the off-center F~ion in the F,, cuboctahedron)
and the crystal-field symmetry is nearly tetragonal.

Figure 7 shows the OD-EPR spectra of the Tm3*
ionsin clusters not diluted and diluted with Y3* ions. It
is seen that the OD-EPR spectra of Tm** in undiluted
solid solutions containing only paramagnetic ions
(Figs. 7a, 7b) are broad and the EPR spectra become
noticeably broadened with a proportional increase in
the total concentration of the activator above the value
(x +y) =0.002 (Figs. 7c, 7d), which suggests that the
RsF3; clusters coagulate on the fluorite lattice to form
grains of the R phase and that the concentration of triva-
lent Rionsin the R phase is close to the limiting value
of the RF; solubility in fluorites (~40 mol %). The sim-
plest narrow-line EPR spectra of diluted clusters are
observed for intermediate concentrations of R ions in
fluorites, (x +y) ~0.01 (Fig. 7€). In this case, the dou-
blet structure of the spectrais likely due to the hyper-
fine interaction between the Tm3* electron spin and the

2002



CLUSTERS OF GROUP-III IONS IN ACTIVATED FLUORITE-TYPE CRYSTALS

Tm?% nucleus of spin | = 1/2 (isotopic content 100%).
The noticeably broadened OD-EPR lines for Hy || C,
and C;, where C, and C; are the twofold and threefold
symmetry axes of the crystal, respectively, suggest that
the principal axes of the g, tensor are not oriented
exactly along their preferred orientation, with the mis-
orientation angles being ¢ < 5° for (x +y) < 0.02 and
¢ < 30° for (x +y) ~0.38.

The OD-EPR spectra of the Er and Yb ionsin clus-
ters are independent of the wavelength of the probing
light wave. At the same time, the MCDA lines of Tm3*
ionson thelong-wavel ength side of the absorption band
corresponding to the 3Hg —= 3H; transition (Fig. 8) can
be divided into two groups: long-wavelength {A,} and
short-wavelength {Ag . The Ax(H,) dependences mea-
sured in these two spectral regions are similar and cor-
respond to tetragonal Tm3* ions with approximately
equa values of the g, factor. However, the OD-EPR
spectraof theseionsare observed inthe{Ag} region and
not inthe{A_} region. The absence of OD-EPR signals
in the latter region is apparently explained by the fact
that there are at least two noneguivalent positions of
Tm* ionsin clusters and that the initial splitting of the
non-Kramers doublet of Tm®* ions manifested in the
{A} region is large. The optical-detection methods
allow oneto estimate the initial splitting (dg, ,) for the
two groups of ions when studying the high-frequency
longitudinal magnetic susceptibility of non-Kramers
ions[25]. In this paper, theinitial splitting for the Tm3*
ionsin clustersin CaF, are estimated using modulation
of MCDA signals with an additional longitudinal ac
magnetic field.

Thus, the Tm? ions in clusters in a fluorite-like
crystal are divided into groups differing in the initia
splitting of the non-Kramers doublet ground state but
having the same value of the factor g, = 14. A certain
disorder in the arrangement of Y ¢F5-type clusters in
grains, in our opinion, isthe only reason for the appar-
ent great diversity (~20) inthetypes of clusters detected
by opticad and laser selective spectroscopy [4-7]
(“more sensitive” than EPR spectroscopy). It should be
noted that we did not observe clusters other than those
of theY gF3; type in the OD-EPR spectra.

The table lists the parameters of the spin Hamilto-
nian of paramagneticionsin clustersin CaF, studied by
us. To within the experimental error, these parameters
are roughly the same for clustersin fluorides of Ca, Sr,
and Ba. For comparison, the known values of the g fac-
tor for the Er®* and Y b®* simple centersin CaF, are also
presented in the table.

From the table, it is seen that the g, factor for the

ground states of the Er3*, Tm3*, and Yb3* ions in clus-
ters has very large values, which has not been encoun-
tered in fluorite-like crystals up to now; these values are
closeto their upper limit '™ = 2Jg,, where J is the total
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Fig. 6. OD-EPR spectra of (a) Can : Ero.0005 (b) CaF2 .
Erg.oos and (c) CaF, : Yq01Erg.oo0s Crystals for different
orientations of the magnetic field. Arrows indicate the lines

of cubic (C) and tetragonal (T) centers, vI™ = 37 GHz and
T=18K.
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Fig. 7. OD-EPR spectraof Tm®* ionsin clustersfor Hg ||C4
(solid line) and H || C5(dashed line) for (8) CaF, : Tmg gops
(b) CaF, @ Tmggos, (€) CaFy & Y01 TMg gz, (d) CaFy
Y 0.0012TMo,0005: @nd (€) CaFy : Y1 TMygogs Crystals.
v™W =36 GHzand T=1.8K.

angular momentum and g; is the Landé factor for the
lower multiplet of each species of R ions [26]. There-
fore, the ground states of these ions are predominantly
doublets |+JCIThiswill bethe caseif the dominant con-
tribution to the axial component of the crystal field

comes from the term with constant Ag , which is nega-
tive in this case. Let us consider the contribution
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Spin-Hamiltonian parameters for Er3*, Tm3*, and Yb** ions in clusters and for simpleisolated centersin CaF,

Clustersin CaF, crystalsand in solid Simple centersin CaF, [1]
solutions of CaF, withYF5 im :
lons or LuF; (tetragonal symmetry) 9 cubic tetragonal
of g7 3, cmt 9 g 9
Ers* 16+1 g0 < g 18 6.785 7.78 6.254
9o =0,
Tm3* =4 ds=0.25+ 0.15, 14 - - -
6|_ =2+1
Yb3 7x1 oo <9 8 3.438 2423 3.878

A 12| o] O to the crystal field, where [H2[is the
mean square radius of the 4f orbital and [J||a||J0is a
numerical coefficient that is dependent on the species
of R ions. The matrix elements of the spin operators
Og are positive, and their values are maximum for spin
sublevelswith J,=+J. Therefore, in astrong axial crys-
tal field, the ground state will be the doublet |+JCIf the

quantity AJ0J||a|l90is negative. Usually, A > O for
crystals with fluorite structure. However, for the Ers*,

Tms*, and Yb3 ions, we have [J||a|J > O; therefore,
the value g ~ "™ can occur only in anomalous crystal

fields for which Ag < 0. This is indeed an anomaly,

because the EPR spectrum of Tm®* ions has been
recorded only for afew systems [27] and has not been
observed in crystals with fluorite structure up to now.

2.3. Microwave I nvestigations of lonic Two-Level
Systemsin Fluorite-Like Crystals with Clusters

As aready noted, the Y4 octahedron of six Y3* cat-
ionsin clusters of the gF3; type encloses a cuboctahe-
dron F,, of twelve F~ anions, within which there is one
off-center ion F~. We associ ate possible tunneling of the
off-center ion F~ within the cuboctahedron with the

CaF,:Y(1 %)I Tm(0.05%)

|
CaF,:Tm(02%) (@
”2]2 (d)
~ 1
> < 1
q -ll_ >2 " \‘
< [ARIR
7 G
4 F
0 oL M{\
CaF,:Lu(2%) Tm(0.1%) StF,:Lu(3%) Tm(0.1%)
2< (b) 21’2 5 (e
3 ’:' !‘ I
Z [ 5
N
0 ! N _._I__ _____
CaF,:Lu(38%) Tm(0.1%) BaF,:Lu(3%) Tm(0.1%)
(©) ®
g g
O 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
1205 1210 1205 1210
A, Um

Fig. 8. MCDA spectra (solid lines) on the long-wavelength side of the absorption band 3H6 — 3H5 of Tm3* ionsin clusters for
solid solutions (a) Caf, : Tmg gy, (b) Cal, : Lug o2TMg go1. (€) CaF5 = Lug 3gTMg 1. (d) Calz : Y01 TMg oo0s: (€) SF
LUg,03TMg ooz, and (f) BaF, : Lug g3TMg,go1- Dashed lines show the spectra of the intensity of OD-EPR signals for v™ = 36 GHz,

T=18K.
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existence of two-level systems (TLSs), which have
been disclosed in solid solutions like yttrofluorite [28].

Theionic TLSs are known to appear when atoms or
atomic groupstunnel in amorphousinsulatorsor in dis-
ordered, glasslike regions of crystals with “porous’
defects [29, 30]. The simplest case of the formation of
anionic TLSisillustrated in Fig. 9. If tunneling is neg-
ligible, the ion in a void of an extended defect moves
within one of thetwo potential wellsand the wave func-
tions of the ion in the different potential wells do not
overlap (panel 1inFig. 9). Whenion tunneling between
the potential wellsis possible, the wave function of the
ion can be represented, in a zeroth-order approxima:
tion, as a superposition of the wave functions for each
of the potential wells (panel 2inFig. 9). Asin the clas-
sic case of the ammonia molecule NH, tunnel splitting
(A) of the ground state of the ion (molecule) occurs,
with the lower sublevel of the ground state described by
an antisymmetric wave function and the upper sublevel
described by a symmetric wave function. Therefore,
electric dipole transitions are allowed between these
sublevels. The TLSsin question are disordered systems
with a continuous tunneling-splitting distribution;
therefore, resonance absorption of TLSs covers awide
spectral range, from zero to roughly 10-100 cm [10—
12].

It was found that all yttrofluorite-like solid solu-
tions, both doped and undoped with a paramagnetic
impurity, possess high MW dielectric losses (measure-
mentswere made at frequencies approximately equal to
9, 36, and 75 GHZz). Furthermore, the dielectric losses
areresonant in character at T = 1.8 K and are saturated
with increasing MW radiation power.

We will discuss the experimental data obtained at
MW freguencies of ~36 GHz. Measurements were per-
formed with samples placed in a cylindrical reflecting
cavity of the TEy;; type. A empty cavity with aloaded
Q factor Q, o = 5000 was matched with awaveguide and
amost entirely absorbed the klystron MW radiation
passed through the waveguide. An input power of
~30 mW can be reduced with the help of an attenuator
with 0-30 dB. Dielectric losses in the sample led to a
decrease in the cavity Q factor and, therefore, to amis-
match between the cavity and the waveguide, which, in
turn, caused an increase in the MW radiation power
reflected from the cavity with the sample.

Figure 10 shows the klystron MW radiation power
reflected from the cavity with a sample as afunction of
frequency in the frequency range of the klystron radia-
tion (x50 MHz relative to the central frequency v™ ~
36 GHz) for different attenuations of the input power.
The absorption line of the cavity with the sampleis seen
to be near the center of these curves. This line narrows
and its intensity increases with increasing input MW
radiation power, because the Q factor of the cavity with
the sample increases and the cavity and waveguide
become better matched as the absorption due to transi-
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A B

Fig. 9. Ground state of an atom in potential wells A and B
(1) in the absence and (2) in the presence of tunneling

between the potential wells. ®3(R) = [Px(R) — Pg(R)]/ /2

and ®°(R) = [DA(R) + Dg(R)])/ /2 arethewave functions of
the atom at the lower and upper sublevels in the A-B dou-
ble-well potential, respectively, where ®,(R) and ®g(R) are
the wave functions of the atom in the isolated potential
wells A and B, respectively.

(CaF,)g.98(YF3)o.02
(a) (b)
£
=0 0
s
: N/ .
£
Y
0 0
S50 0 50 S50 0 50

vy _yR MHz

Fig. 10. Frequency dependence of the klystron MW radia-
tion power (~30 mW) reflected from the MW cavity with a
sample of (CaF,)q,.08(Y F3)o.0 for different attenuation lev-
els of the MW radiation power: (a) 30, (b) 20, (c) 10, and
(d)0dB.v™ =36 GHzand T = 1.8 K.

tions between the lower and upper sublevelsof the TLS
is saturated.

The TLSs in yttrofluorite-like solid solutions have
been comprehensively studied by IR-absorption and
Raman scattering spectroscopy [10-12].

3. EFFECT OF CLUSTERS
ON THE SEMICONDUCTOR PROPERTIES
OF CdF,

CdF; is the only fluorite-like crystal (and predomi-
nantly ionic crystal) that becomes a semiconductor
when doped with group-111 elements and warmed in a
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Fig. 11. Energy levels located in the band gap of semicon-
ductor crystals(a) CdF, : Y and (b) CdF, : Inand CdF, : Ga.

reducing atmosphere, e.g., in Cd vapors (additive crys-
tal coloration [31]). During this procedure, the F~ions
that compensate the excess charge (+1) of trivalent acti-
vator ions diffuse toward the surface, where they
recombine with reducing (Cd) atoms, while electrical
neutrality is provided by the inverse flow of electrons
traveling inward from the surface. Semiconducting
CdF, crystals are partially compensated n-type semi-
conductors [32, 33] with neutral hydrogen-like donors
in which a captured electron occupies an orbital with
Bohr radius a; the remaining interstitial F~ions act as
acceptors (Fig. 11a). The compensation ratio K is

defined as K = Nj,/Np, where Np = N, + N2 is the

total concentration of neutral (N%) and ionized (Np)

donors. We note that the donor ionization energy in
CdF, isroughly 100 meV, which is considerably higher
than that in conventional semiconductors. These donor
centers are associated with an IR absorption band cor-
responding to photoionization with a maximum at
7-8 um.

The Gaand In donor impurities in CdF, are of spe-
cial interest, because these impurities form bistable
centers. In addition to ausual shallow hydrogenic state,
Ga and In aso produce a deep, strongly localized DX
state (Fig. 11b) which is characterized by large crystal-
lattice relaxation, i.e., by a large displacement of the
equilibrium position in the configuration-coordinate
space [34, 35].

When cooled in the dark, reduced crystals of CdF, :
Gaand CdF, : In are semi-insulating, because the elec-
trons introduced into the crystal during coloration are
localized predominantly on deep M** centers (M = Ga,
In). These centers are responsible for the UV and visi-
ble photoionization absorption band. Illumination of
crystalsin this spectral band leads to excitation of elec-
trons into the conduction band and their capture by an
ionized (empty) center with the formation of a neutral
(shallow) donor; in this case, the ionized deep center
also transforms spontaneously into aneutral donor. The
optical spectra of CdF, crystals doped with bistable
impurities alter profoundly in the process of conversion
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of deep centers into shallow ones, which renders the
crystals photochromic [32, 33].

In semiconducting CdF, crystals, we detected “ el ec-
tronic” TL Ss associated with ionized donor pairsin the
case where there are ionized and neutral donorsin the
crystal [36]. We described the ionized donor pairs in
terms of the theory of Tanakaet al. [37] extended to the
case of semiconductorswith an arbitrary compensation
ratio in a wide frequency range (including the far IR

region).

3.1. lonized Donor Pairs. Modified Tanaka Theory

If two nearest neighbor donors are identical and an
electron is captured by thisionized-donor pair, the elec-
tronwill occupy each of the two donor levelswith equal

probability (asisthe caseinthemolecularion H,). The
twofold degenerate ground state of such a system is
split by an amount W, which depends on the distancer,,
between the members of the donor pair. Since the
donors are randomly distributed over the crystal, the
distribution of donor pairsin distancer, is continuous.
This leads to the occurrence of broad bands in the far-
IR and MW absorption spectra of partially compen-
sated semiconductors, which was first observed in
lightly doped Si and Ge [37, 38].

The dependence of the splitting energy W and of the
corresponding frequency w on the distancer, for r, >
aisclosely approximated by [37]

o = Wr,) = (462/381a)%°exp(—rw/a). )

L et usintroduce the average distance between those
donor centers (neutral or ionized) whose concentration
is higher:

-1/3
R=HEmN,g (6)

where N; = Np = Np(1—K) for 0< K < 0.5and Ny =
Np = NpK for 05K < 1.

The donor pairs with distancesr,, < R can be con-
sidered to be isolated only approximately, because the
concentration of charged acceptors (interstitial F~ions
in our case) is high and the energy levels of the mem-
bers of a donor pair cease to be in resonance, their dif-
ference being equal to [37]

Q=Q(r,, R, sinB)

2 2 2
e e e 7
= - O Rr—Rg).

&Rg €1R SlRZ( n o)
Here, €, is the didlectric constant; e is the electron
charge; Ry, Rg, and R are the distances from an F-ion
tothe A and B donors and their center of gravity, respec-
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tively; and 0 is the angle between the median R and the
normal to the A-B axis (Fig. 12).

Following [37], we assume that all donor pairs with
Q < W = Auw make the same contribution to resonant
absorption at frequency w. Further, for any value of w,
thereisalimit angle 6,,,, (0 < 6,;,, < W2) for which Q =
W for agiven value of R and thereis alimit distance

e’r
Rna®) O - hzg ®)
for which 6,,,, = 2. (The influence of the charged
impurity isnegligible for R > R,4.) Let usintroduce a
function ®(w, r) which is equa to sinB;, if R < R«
and to unity if R= R, Then, the fraction S(w) < 1 of
the donor pairs with distance r, that make a contribu-
tion to resonant absorption at frequency wis given by

) = J':;—Xs exp[—(/R)IP @, Wdx. (9
0

Finally, the frequency dependence of the imaginary
part of the dielectric constant due to resonant absorp-
tion of ionized donor pairs can be found to be (in the
Gauss system of units)

N minS(w) € Ra[rch exp[ Ef_cdj}

e(w) = OR0

o
(10)
Nhiw

[Dkg T

Here, fiw is the energy of MW quantum, E is the elec-
tric-field amplitude of MW radiation, and E, is the crit-
ical value of this amplitude at which dielectric losses
reach saturation. By using the relation

x (1 + E2/E2) tanh

wE(W)
C Je;

we find the frequency dependence of the optical
absorption coefficient o (w).

a(w) = J220(er+e) " el D2 (12)

3.2. Electronic Two-Level Systems
in Semiconducting CdF, Crystals

Similar to ionic two-level systems, electronic TLSs
can be manifested by the tendency of MW radiation
absorption to saturate. We detected resonant absorption
of ionized donor pairsin semiconducting CdF, crystals
inthe MW region A = 8 mm. At T = 1.8 K, the tendency
of dielectriclossesto saturate was observed for all CdF,
crystals doped with Y, Ga, or In when the intensity of
the absorption line of the MW cavity with a sample
increased with MW radiation power (Fig. 13).

As was the case with ionic TLSs (see above), for a
sample of CdF,:Y3* (0.5 mol %), the cavity—
waveguide matching was partially restored and the
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R} =(ry/2)* + R + r,Rsin®
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Fig. 12. lonized A-B donor pair in thefield of an interstitial
Fion.
CdF, : Y(0.5%)
\ /\ ®)
0

—5() 0 —50 0 50
vmW—vR, MHz

p™v, arb. units

Fig. 13. Frequency dependence of the klystron MW radia-
tion power (~10 mW) reflected from the MW cavity with a
semiconductor sample of CdF, : Y for different attenuation

levels of the MW radiation power: (a) 30, (b) 20, (c) 10, and
(d)0dB.v™ =36 GHzand T=1.8K.

fraction of MW radiation power reflected from the cav-
ity was decreased when the electric dipole transitions
between the electronic resonant TLS sublevels were
saturated with MW radiation power. In photochromic
crystals of CdF, : Ga®* and CdF, : In*, dielectric losses
become significantly higher (by roughly an order of
magnitude) when samples cooled in the dark from
room to liquid-helium temperature areilluminated with
UV andvisiblelight , which resultsin anincreased con-
centration of shallow donors. In CdF, crystals not sub-
jected to additive coloration, the electronic TLSs were
not detected.
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Fig. 14. Cdculated far-IR absorption spectra of semicon-
ducting CdF, crystals with neutral-donor concentration 2 x

10 cm3 for donor Bohr radiusa = 7 A [33] and compen-
sation ratio K equal to (a) 0.1, (b) 0.3, (c) 0.5, (d) 0.7, and
(e) 0.9.

Our experimental data on MW radiation absorption
and the data from [39] on IR absorption can be inter-
preted in terms of Egs. (10) and (11), which are given
by the theory of resonant absorption of ionized donor
pairs for semiconductors with different compensation
level. Figure 14 shows absorption spectrain the far IR
region calculated for the CdF, semiconductor with
electron concentration n, ~ 2 x 10'® cm=3. The calcu-
lated IR absorption spectra agree well with the experi-
mental spectra[39] in both shape and absorption inten-
sity.

An analysis of our experimental data on MW and
far-IR absorption reveals that the CdF, crystals sub-
jected to additive coloration are partially compensated
semiconductors (0.5 < K £0.9). The total electron con-

centration n, = N9 ~ 108 cmr® in these crystals was
determined from the intensity of the IR band corre-
sponding to shallow centers [32, 33], which allows us
to calculate (using the values of K indicated above) the
total concentration of donors (neutral and charged)
Np = n/(1—K) ~ 10 cm3. Since the concentration of
donor impurities in CdF, can be as high as tens of per-
cent, the above estimate indicates that there are clusters
in which activator ions are “bound” and do not partici-
pate in electronic processes. It was found, for example,
that in the CdF, : Y (0.5 mal %) crystals studied by us,
the donor concentration Ny, equal to the concentration
of isolated Y3* ions on the CdF, lattice, is at least five
times smaller than the total yttrium concentration in
this crystal (~10%° cm3). Thus, no less than 80% of the
Y3*ionsarein clusters.

By analogy with fluorides of Ca, Sr, and Ba[6, 24],
one can assume that there is a limit concentration
(~10*° cm ) of donor impurities in CdF, that become
simple centers randomly distributed over the CdF,
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crystal lattice. Excessimpurity formsimpurity—fluorine
clusters, which manifest themselves clearly in the opti-
cal spectra of RE ions with concentration higher than
~0.1 mol % in CdF, [7]. High solubility of some ele-
ments of the main (boron) subgroup, e.g., indium [40],
allows one to suggest that the formation of clustersisa
phenomenon typical of the donor impuritiesin CdF,.

4. CONCLUSION

Thus, our studies of solid solutions of fluorides of
Ca, Sr, and Bawith trifluorides of elements of the sec-
ond half of the RE series have revea ed that nonstoichi-
ometric fluorite phases, which were earlier considered
to be fully disordered, can actually accommodate a
change in stoichiometry through a fairly regular rear-
rangement of the fluorite crystal lattice with the forma:
tion of the same structural units (clusters of the Y ¢F5;
type) that are observed in the homologous series of flu-
orite-like superstructures [21]. This is consistent with
the well-known tendency for nonstoichiometric com-
pounds of different structural typesto preserve acertain
order in the crystal lattice through the formation of
extended defects, even in the case of small deviations
from stoichiometry [41]. This conclusion is supported
by the results of other studies. EXAFS studies reveaed
[15] that the nearest neighbor environment of the Y3*
ion in (Can)l_y(YF3)y solid solutions is similar in
structuretothat of theY3* ioninYF; and, asintheY gF5;
clusters, has the form of a square antiprism. Neutron
diffraction studies showed [41] that the R ions seem to
form octahedrain activated fluorite-like crystals. Inves-
tigations of the magnetic susceptibility of dipole-spin
glasses in the CaF, : Eryo System [43, 44] disclosed
that there were regions of high concentration of Er3*
ions (not less than 20 mol %) in the samples.

Our results indicate that in CdF, crystals activated
with group-I11 elements and subjected to additive col or-
ation, complete chemical reduction and, hence, the full
removal of interstitial F-ionsfrom acrystal seemsto be
impossible. This suggests that there are clusters that
bind “excess’ impurity in the crystal and that there are
some sources that provide F ions in the process of
chemical reduction of animpurity. Such sources can be
the same impurity—fluorine clustersthat are assumed in
[6, 7] to be accumulators of interstitial F~ ions. The
clusters form during CdF, crystal growth and, perhaps,
rearrangein the process of thermochemical transforma-
tion of the crystal from the semi-insulating to a semi-
conducting state [ 7]. These clusters can possess differ-
ent structure, depending on the impurity, and are
responsible for the high solubility of many group-Il|
elements in CdF,. A major portion of impurities that
could be involved in the formation of donor levelsis
bound together into clusters, which hinders the fabrica-
tion of semiconducting CdF, with acompensation ratio
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K < 0.5 and a concentration of free or nearly free elec-
trons higher than roughly ~10™° cm=.
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Abstract—A method is outlined by which the parameters governing light-induced charge transfer processesin
photorefractive crystals can be determined. The system BaTiO5:Rh is treated as an example. EPR is used to
obtain information on the EPR-active defect charge states. Through simultaneous observation of light-induced
EPR- and optical absorption changes, the corresponding optical absorption bands are established asfingerprints
of the defect charge states. Consistency arguments make it possible to label EPR-silent absorption bandsin this
way also, significantly extending the scope of EPR-based defect studies. On thisbasis, the charge transfer paths
taking place under illumination areidentified. Quantitatively, the defect concentrations are directly or indirectly
derived from the available EPR signals. In addition, the kinetics of the light-induced changes of the densities
of the occurring defect charge states are studied. In conjunction with the defect concentrations, this makes it
possible to deduce the responsible transfer parameters. © 2002 MAIK “ Nauka/Interperiodica” .

The photorefractive effect in a suitable electrooptic
material is usually triggered by the photoionization of
defects[1]. Under illumination with an inhomogeneous
light pattern, the freed charge carriersmovein either tie
valence or in the conduction band from the brighter
regions towards the darker ones, transported by various
possible driving mechanisms. A charge pattern results;
it is accompanied by the corresponding space charge
field, which is transformed into a refractive index pat-
tern by the electrooptic effect. Figure 1 demonstrates
the three elementary models under which the occurring
charge transfer processes can be subsumed [2]. Inthe 1-
center model, the defects representing source and drain
of the charge carriers are identical. In the two other
models, the 2-center and 3-valence models, the carriers
end at levelsdifferent from theinitia ones. In the latter
situations, photochromism is usually observed, since
each of the defect charges absorbs light in different
ways. It should be noted that such absorption changes
occur also under homogeneous illumination. For a
guantitative prediction of the photorefractive perfor-
mance of amaterial, it isnecessary to know the concen-
trations of the defects in the various possible charge
states and their spatia distributions present under
defined illumination conditions. These quantities can
be obtained if a set of parameters describing the kinet-
ics of the light-induced charge transfers between the
relevant defects is known. In a later section, these
parameters will be introduced.

The essential role of defects in the photorefractive
effect is obvious. For this reason, the structure and
properties of defects in severa inorganic photorefrac-

L This article was submitted by the authorsin English.

tive crystals have been investigated intensively over the
last decade, mainly by EPR studies (BaTiO;, LiNbOs;,
Sr; _,BaNbOg, KNbO;, By, _,Ca,TiOg, Bi;;MO, (M =
Ti, Ge, Si), etc.) [3-5]. At this paint, it is advantageous
to demonstrate away how the charge transfer processes
connected with tile defects can be elucidated from the
information available on them. If amethod can be out-
lined as to how this knowledge leads to insight into the
charge transfer processes connected with defects, an
important step towards an understanding of the optical
properties of free materials would be achieved. The
term “defect” can be used with two different meanings:
first, it may stand for a certain chemical entity which
interrupts the periodicity of a crystal lattice, and sec-
ond, for one of the charge states such a perturbation can
acquire. For the latter case, we shall talk of “defect
charge state,” if necessary.

The procedure which we devel oped to quantitatively
assess the role of defects in charge transfer processes,
especially in photorefractive crystals, will be exempli-
fied in the following by the system BaTiO doped with
Rh. This host lattice has high electrooptic coefficients;
therefore, only a few transferred charges can already
head to measurable index changes, and thus the mate-
rial offers high photorefractive sensitivity. Doping with
Rh increases the infrared response of the system [6—
10].

1. METHOD

When applicable, EPR is the most suitable method
of obtaining information on the chemical, geometrical,
electronic, and energetic structure of defects. However,

1063-7834/02/4408-1426%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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in many cases, defects are EPR-silent. Since these can
likewise be involved in the charge transfer processes,
one hasto look for ways to obtain information on them
also. The method which we introduced is able to
achieve this and will eventually allow oneto obtain the
quantitative information needed to predict the defect-
induced photorefractive properties. In this section, the
procedure is outlined briefly. The first step is to estab-
lish the optical absorption bands as fingerprints of the
defects on the basis of the available EPR information.
As will be shown, this can be done not only for EPR-
active but also for EPR-silent defects. By comparing
the defect concentrations deduced from the EPR inten-
sities to the absorption strengths, the optical cross sec-
tions of the absorption bands can aso be obtained.
From hereon, al further studies can be based on optical
measurements alone. Usually, these can be performed
at room temperature, where EPR investigations gener-
aly fail, but where photorefractive devices are expected
to operate. The changes of the optical absorption bands
under illumination with pump light make it possible to
draw conclusions about the charge transfer processes
taking place at these pump energies. Also, the defect
concentrations present under the various experimental
illumination conditions can be deduced. Further param-
eters describing the charge transfer processes can be
deduced from the temporal evolution of the defect con-
centrations occurring after switching thelight on or off.

2. QUALITATIVE IDENTIFICATION
OF THE CHARGE TRANSFER PROCESSES

The experimental datamentioned inthefollowingis
taken from the investigation of a BaTiOs:Rh crystal
grown from a BaTiO; melt unintentionally containing
rhodium. The simultaneous observation of light-
induced EPR- and optical absorption changes is per-
formed with a setup described earlier [11] which alows
optical absorption measurements to be made within an
EPR cavity in arather flexible way. The schemeis pre-
sented in Fig. 2. Absorption changes, resulting when
the pump light energy is increased stepwise starting
from low energies, can be shown in the conventional
way, asgivenin Fig. 3b. Moreinsight into the phenom-
enataking place can be derived if the sameinformation
is plotted in a pseudo-3D plot, exhibited above that in
Fig. 3a. While abscissa and ordinates mark the probe-
and pump-light energies, respectively, the grey shading
indicates the absorption changes, their calibration
being given by the bar at the top. In the experiment, the
pump energy is raised successively in steps marked
with short horizontal thin lines along the ordinate. The
indicated diagonal, defined by identical probe- and
pump-light energies E,qgpe = Epump: 1S @0 important
guideline alowing one to organize the features in the
plot. The absorption minimaor, aternatively, the light-
induced transparencies lying on the diagona haveto be
attributed to primary processes. Here, a given pump
energy photoionizes a defect and the corresponding
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Fig. 1. The three basic modelsfor charge transfer processes
between defect gap levels. The lower two lead to light-
induced optical absorption under homogeneous illumina-
tion.

absorption caused by this charge transfer decreases.
Such primary processes are marked by double arrowsin
Fig. 1. Secondary processes are those triggered by the
primary ones; they lie outside the diagonal in Fig. 3a;
among them are those given by single arrows in Fig. 1.
Along thevertical linein Fig. 3acrossing the minimum
at Eprobe = Epump = 1.9 €V, the correlation with the EPR
spectra of Rh** [12] was studied. The intensities of the
corresponding EPR and absorption signals are given in
Fig. 4. A close correlation is seen, which supports the
assignment to Rh** being converted to Rh** by photo-
excitation of avalence band electron (see lower part of
Fig. 4). Also shown isthe corresponding processin redl
space. In this and comparable investigations, it should
be kept in mind that the most intense absorption pro-
cesses, such as charge transfer transitions, dominate
over weaker ones, such as crystal field excitations. The
latter can thus be neglected. The conversion of Rh**
creates Rh® and a hole in the valence band. Since the
optical absorption band near 3.0 eV risesin parallel to
the decrease in the Rh*" absorption near 1.9 €V, it is
likely that the band near 3.0 eV has to be attributed to
Rh3. The hole in the valence band is not stable, which
meansit will be captured at a suitable trap. AsRhisthe
main impurity in the materia, itislikely that the holeis
caught at another Rh**, forming Rh>*. The correspond-
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Fig. 2. Setup for combined EPR/optical absorption investigations of light-induced signal changes. The specimen, centered in the
EPR cavity between two half-cylindrical quartz rods, is first illuminated by intense monochromatic pump light for typicaly 60 s,
the resulting signal changes are then simultaneously probed by EPR and weak, 1-3 €V, 20 ms pulsed white probe light. The trans-
mitted light, guided by prisms at the quartz rods, is dispersed and registered with a multichannel detector.

ing band, also rising essentialy parallel to the decrease
in Rh*, is seen to lie near 1.7 €V. This assignment of
the Rh absorption bands is also supported by the fact
that the higher valence, Rh®*, has a lower absorption
energy than Rh®. It takes|ess energy to exciteavalence
electron to a highly charged cation defect than to a
lower charged one. The described primary chargetrans-
fer process and its secondary consequences comply
with the 3-valence model (Fig. 1). One should note also
that the EPR silent charge states Rh®" and Rh®* have
become accessible through their optical fingerprints
according to this consistent interpretation procedure.

From Fig. 3 it is furthermore seen that not all
absorption changes can be attributed to Rh charge
states. The presence of unintended Fe background
impurities must also be considered. This can be based
on previouswork on thiselement in BaTiO; [4]. There,
it was shown that Fe** is converted to Fe** near 2.6 eV.
Fe>* isrecharged to Fe* near 2.3 eV. The charge trans-
fer absorption of Fe3* to Fe?** peaks at energies higher
than 3.5 eV [13] lying above the band edge of BaTiO;,
at about 3.2 eV, and thus lies outside of the graph in
Fig. 3. The assignment of the featuresin Fig. 3 includes
the Fe** and Fe>* absorptions. It should be noted that

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

Fig. 3 contains difference spectra; therefore, the
extremain thisplot can occur at energiesslightly differ-
ent from those of the component bands.

If the pump energy is changed, other charge transfer
transitions will be activated as primary processes.
Accordingly, the difference spectra will be composed
of varying combinations of the component bands. The
graphs at the right side of Fig. 3 illustrate this. As an
example, the consequences of the illumination at
2.4 eV arediscussed. Here, aprimary processinvolving
the low-energy outskirts of the Fe** absorption, sub-
tracted from the Rh3* band near 3.0 eV, is dominant.
Pumping with 2.4 €V thus reduces the tile concentra-
tion of Fe** present in the crystal from the beginning or
created from Fe** by hole capture during the previous
illumination with lower pump energies, the valence
band holes are captured by Rh**, forming Rh**.

A diagram isalso given which qualitatively explains
the charge transfer processes triggered by 2.9 €V pump
light. Here, the fundamental absorptions starts, creating
holes which eventually increase the concentrations of
the higher valences of Rh and Fe. In assessing the right
side of Fig. 3, it must be considered that because of the
Franck—Condon principle, optical and thermal levels

2002
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Fig. 3. (b) Optical absorption changes of BaTiO4:Rh after illumination with 17 different pump energies, (a) same information plot-
ted in apseudo-3D plot. Abscissa: probe light energy. Ordinate: pump light energy. Grey shading: absorption changes, as calibrated
by the bar on top. Assignment to the various charge states of Rh and Fe is indicated by the dashed lines. The thick vertical lineis
addressed in Fig. 4. An analysis of the plot into its component bandsis shown in panel ¢ (state after 1.9 eV pumping). The variation
of the plot under different pumping energiesis analyzed on the right using the appropriate level schemes.
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Fig. 4. Comparison of light-induced changes of the Rh**
EPR-signal and the optical absorption along thevertical line
in Fig. 3. A close correlation between both signalsis seen.
The optical absorption band at 1.9 eV can thus be attributed

to theindicated transfer of valence electronsto Rh**, shown
in two equivalent ways in the lower panel.

Rh Rh
4+ 3+
1 g 5+ 4+
1S4q4 | Baysp §
1S5q5 [35\/4[?
é S

Rh3* = (IS4q,4 + By) Rh** —y;p RR?*
Rh’* = —(ISs5q5 + Bs) RW>* +y,p Rh**
Rh** = —Rh3*— Rh%*

Fig. 5. 3-Valence model together with the set of differential
equations governing the recharging of the Rh levelsfollow-
ing thermally (wavy arrows) and optically (double arrows)
induced transfer processes. For simplicity, optical and ther-
mal levels are not distinguished.

have to be distinguished: primary transfers excite
valence electrons to optical levels, whereas recombina-
tion to the valence band starts from thermal levels.

3. QUANTITATIVE ANALYSIS

Assuming that all absorption bands represented by
thefeaturesin Fig. 5 are caused by the five components
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Rh>*, Rh*, Rh%, Fe** and Fe** and, for simplicity,
assuming gaussian band shapes, the plot (Fig. 3) can be
analyzed into the Rh* bands shown in Figs. 3c and 6.
Sincethe optical absorption of adefect “i” isconnected
toitsdensity N, by a;(E) = N;S(E), the energy depen-
dence of the absorption cross sections S (E) is given by
that of the component absorption bandsin Fig. 6. If the
respective defect concentrations N, are known, the cross
sections can be derived quantitatively.

In order to establish this quantitative calibration, the
EPR signa of Rh*, for experimental reasons being
given by the first derivative of the resonant microwave
absorption, is integrated twice. This number, propor-
tional to the amount of spinsin the sample, iscompared
to the corresponding quantity of a known number of
spins of a paramagnetic EPR standard. For this pur-
pose, small single crystals of CuSO, - 5H,0 of defined
weight were used. On this basis, the Rh** density in the
material isdetermined [14].

Then, the change in the Rh** EPR signa under illu-
minationwith 1.9 eV light iscompared to the correlated
change in the Rh** optical absorption band. Since the
decrease in the number of Rh** ions can be inferred
from the previous EPR calibration, the procedure
allows oneto derive values of the absorption cross sec-
tion of Rh*", as given in Fig. 6. Their energy depen-
dence is given by the gaussian fit. Assuming, as an
approximation, that the participation of the Fe charge
statesin Fig. 3isonly aminor effect, the validity of the
3-valence model can be taken as a basis for further
arguments. Since in this model two Rh** ions are con-
verted to Rh®* and Rh%*, respectively, the changesin the
concentrations under illumination with 1.9 eV, induc-
ing the Rh* primary charge transfer process, are
ARh> = ARh* = —1/2ARh*. By comparing the con-
centration changes to those of the corresponding
absorption bandsin Fig. 3, the absorption cross section
of Rh* and Rh°* are derived. They are also given in
Fig. 6.

With these quantities available, the concentrations
of Rh*, Rh**, and Rh°* present in the crystal before
illumination can now be determined. From the total
absorption of the crystal, one finds the values included
in the table. One deduces a total Rh concentration
Rh; = Rh3 + Rh* + Rh*>* of about 40 ppm.

All the parameters governing the charge transfer
processes connected with the 3-valence model, as
applicable in the first approximation of BT:Rh, are
comprised by the corresponding system of differential
equations [2] displayed in Fig. 5. These rate equations
describe the kinetics of the Rh charge states; the sym-
bols have the following meanings (“i” indicating the
Rh charge state species): Rh™* is the density of the
charge state; I, light intensity; S, absorption cross sec-
tions; g;, probabilitiesthat the charge state“i” isionized
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Rh3+
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Fig. 6. Energy dependence of the optical absorption cross
sections of the three Rh charge states involved.

after absorption; f3;, thermal ionization rates; y;, capture
coefficients; and p, hole density in the valence band.

Figure 7 displays the corresponding changes of the
defect densities induced by illumination with
12 mW/cm? HeNe light and their decay after theillumi-
nation has ended. It is surprising that at room tempera-
turethey do not return to theinitial statein the latter sit-
uation. Apparently, this represents a metastable non-
equilibrium situation caused by aslow back reactionin
the dark. The mobility of holesthermally excited to the
edge of the valence band is more impeded by potential
fluctuations than the mobility of holes light-induced
during theforward reaction. Thisargument is supported
by the data taken at 50°C. Here, the changes relax to
essentially zero because the hole mobility is increased
at elevated temperatures even in the presence of poten-
tial fluctuations. Because the recombination processes
are then aso faster, the steady state amplitudes of the
changes are smaller than at room temperature. How-

1431

ever, it should be considered that the light-induced
absorption changes shown in Fig. 7 amount to only
about 1% of theinitial Rh'* concentrations. Neglecting
this very small relative mismatch between the zero and
steady-state values, the parameters listed in the table
were identified by fitting the numerical solutions of the
rate equations to the data. Analysis of the photorefrac-
tive properties of the investigated specimen is in
progress. Comparison with present results will take
place when the necessary data become available.

4. DISCUSSION

The basis of the presented method is the use of opti-
cal absorption bands as fingerprints of existing defects
established by means of the available EPR information.
As shown, EPR-silent lattice irregularities can aso
often be labelled and identified in thisway. In this man-
ner, the scope of defect studiesis extended beyond that
accessible to EPR measurements. The range of detect-
able defectsis more than doubled becauseit is now pos-
sible to aso verify the presence of the EPR-silent
majority of defects. The method is applicable if the
light-induced defect recharging leads to a photochro-
mic situation. Thisis not a serious limitation, however.
If not fulfilled at room temperature, this condition is
usually valid at low temperatures where shallow traps
tend to be populated by charge carriers after photoexci-
tation, while being empty at room temperature. From
defect investigations under such conditions, one can
then make an extrapolation to the behavior at room
temperature, where photorefractive devices are
expected to operate.

There have been previous studies of BaTiOz:Rh in
which the charge transfer parameters responsible for
the photorefractive properties of the material were
derived [9, 10]. The present investigation differs from
these studies in two respects: (1) Previously, data from

2
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Fig. 7. Rise (I # 0) and decay (I = 0) of the light-induced changes of the Rh®*, Rh**, and Rh®* concentrations. The metastable
deviation of the steady state under | = 0 from equilibrium, expected to be zero, issmall (about 1%) compared to the uncharged back-

ground of Rh'*. Therefore, this small deviation is neglected.
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Parameters describing charge transfer processes in BaTiO;
involving Rh charge states

Parameters characteristic
Generally valid parameters | for the investigated crystal
(initial Rh concentrations)
Uy 05 Rh* | 1.0x10Y cm™
s 0.5 Rh%* | 4.0x10Y cm™
B, 9.3x107?st Rh>* | 0.5x10Y cm™
Bs 13s? Rhy 5.5x 10t cm™
(=40 ppm)
V3 1.4 x 1072 cm¥/s
Va 3.9x 10 cm¥/s
S(E) SeeFig. 6

photorefractive measurements were used to derive, in a
rather indirect way, the densities of the defect charge
states involved. Our present treatment obtains these
densities independently and can thus eventually check
whether the photorefractive data are reproduced.
(2) Based on the energy dependence of the defect-
related optical cross sections, we can obtain quantita-
tive information on the parameters of the light-induced
chargetransfer processes for awide range of light ener-
gies. In each of the previous studies, the analysis was
limited to one light energy only.

CONCLUSION

In conclusion, we have described a method by
which the charge transfer processes occurring in doped
insulating crystals can be analyzed with respect to the
paths photoexcited charge carriers take between the
defectsinvolved. The method all ows quantitative deter-

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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mination of the parameters governing such processes. It
isentirely based on the EPR information on the defects.
Eventually, this could lead to a prediction of the sensi-
tivity of doped photorefractive materials.
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Abstract—L aser spectroscopic experiments, molecular dynamics simulation, and charge transfer-lattice inter-
action modeling have been conducted for studying the electronic and structural properties of the uranyl ion

U O§+ in boron oxide and borosilicate glasses. The charge transfer electronic and vibrational energy levelsfor

uranyl ions in the glass matrices were obtained from laser excitation and fluorescence spectra of uoﬁ* A
model structure for uranyl ionsin the glass matrices was established using the method of molecular dynamics
(MD) simulation in comparison with the results of extended x-ray absorption fine structure (EXAFS) for U%*
ions in the glasses we studied. The formation and stabilization of uranyl clustersin glass matrices are inter-
preted in terms of charge transfer-lattice interactions on the basis of self-consistent charge transfer accompanied
by lattice distortion. The latter is in the framework of the simultaneous action of pseudo-Jahn-Teller and
pseudo-Jahn-Teller analog effects on charge transfers between oxygen and uranium ions. © 2002 MAIK

“ Nauka/Interperiodica” .

From uranium to americium, the lighter elementsin
the actinide series often bind with two oxygen anionsto

form actinyl ions. The uranyl ion, UO?, is extraordi-

narily stable in solutions as well as in crystals and
glasses. Under blue or shorter wavelength light illumi-
nation, it emits visible fluorescence in the region of
500 to 700 nm. The fluorescence and spectral proper-
ties of uranyl in canary glass have been studied since
the 19th century. After extensive and systematic inves-
tigation of actinyl properties began in the middle of the
last century, many current studies of the spectroscopic
properties of actinyl species have sought primarily to
interpret their electronic structure and bonding and
eventually to provide a fundamental understanding of
the chemical and mechanical properties of nuclear
waste-related phases.

Since Jargensen’s initial work in 1957 [1] and sub-
sequent studies by others[2—4], it has been well under-
stood that optical absorption and emission in the uranyl
ion are due to oxygen-to-uranium charge transfer exci-
tations. A significant contribution to uranium-related
impurity center studieswas made by Feofilov and coau-
thors[5, 6]. The optical transitions are due to electronic
excitation primarily from the 2p state of the ligands to
the 5f state of the uraniumion. Theintensevibronic fea-
tures and absence of zero-phonon lines in the optical
transitions indicate that the charge transfer transition is

L This article was submitted by the authorsin English.

strongly coupled to lattice vibrational modes. There-
fore, the uranyl optical transitions indirectly probe the
properties of loca structure. Depending on the host
materials, the lowest excited charge transfer state of

UO%+ is on the order from 19000 to 21000 cm* and
the vibrational energy of the O-U—-O symmetric stretch
mode is typically 750 to 900 cmr for its ground state
and much lower in its excited states. The lowering of
vibrational energy in the excited uranyl states suggests
strong structure distortion induced by charge transfer-
lattice interaction [7, 8]. Strong charge transfer-lattice
interaction also results in large, different equilibrium
positions of the uranyl potential that prevent the obser-
vation of zero-phonon transitions and change the life-
time of the uranyl fluorescence.

Itisalso well known that vibronic states originating
from the charge transfer-lattice interaction are quite
localized. Asaresult, the absorption and emission spec-

tra of the UO5" ion in single crystals such as
Cs,UQ,Cl, indeed exhibit extremely sharp lines[9]. At
low temperature, optical lines are as narrow as ~1 cm?;
as aresult, energy levels of various vibrational modes
and even theisotopi c shift resulting from substitution of
oxygen-18 for exygen-16 are clearly observable [10].
However, due to structural disorder in amorphous envi-
ronments, inhomogeneous line broadening is often sig-
nificant and obscures the spectral structure of vibronic
transitions. The inhomogeneous line broadening,

1063-7834/02/4408-1433%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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which often can be partially eliminated using selective
laser excitation [11], provides “fingerprint” informa
tion about the uranyl local structure. Namely, one
expects to observe sharp lines in the absorption and
emission spectra of uranyl ions in crystalline phases
[9], where the charge transfer transitions can be so
broad that the characteristic vibronic features become
obscured for uranyl ions in amorphous phases. It has
been realized that lanthanide and actinide ions in oxide
glasses, such as borosilicate glass, have an ordered
local structure [11, 12]. This means that an f-element
ion has a definite coordination number and bond dis-
tance with its first shell ligands, although there is no
long-range order in the glass matrix.

Although the electronic properties of uranyl itself
and its bonding in crystalline phases have been exten-
sively studied [4], thereis still alack of knowledge on
its bonding property in glasses. In the present paper, we
report the results of experimental investigation and the-
oretical modeling of uranyl coordination in boron oxide
and borosilicate glasses. It is shown that the uranyl ions
have a well-defined local structure that includes four
additional oxygenionsin its equatorial planeto form a
UQ; tetrahedral cluster in the glass matrix. A model
structure of uranyl in boron oxide and borosilicate
glassesis established using amolecular dynamics (MD)
simulation method. The symmetry and stability of the
uranyl cluster are interpreted based on the microscopic
mechanisms of charge transfer-lattice interaction.

1. EXPERIMENTAL RESULTS
AND DISCUSSION

Samples of boron oxide (B,O;) and borosilicate
(12%B,0;, 63%Si0,, 20%Na,0, 5%AI,0,, by weight)
glass containing 0.1 and 1% (weight) uranium were
prepared for this work. After the host glasses were

Fluorescence  Excitation

Fluorescence intensity, arb. units
T

17 18 19 20 21 22
Energy, 10° cm™

Fig. 1. Ambient temperature excitation and fluorescence
spectra of uranyl in B,O3 glass that contained 0.1% ura-
nium.
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made, a nitric acid solution of natural isotopic abun-
dance uranium as uranyl was added to the ground glass
and the mixture was melted in a furnace by heating up
to 1000°C for the boron oxide glass and 1600°C for the
borosilicate glass before quenching to room tempera
ture. Laser excitation and fluorescence spectra and flu-
orescence decay were recorded for the sampleswith 0.1
and 1% (by weight) uranium at room temperature and
liquid helium temperature.

AsshowninFig. 1for 0.1% UQO, in the boron oxide
glass, the fluorescence spectrum consists of 5 sharp
bands from 20278 to 16722 cm™ that are due to
vibronic transitions from the excited state to the ground
state of the uranyl chargetransfer configuration. Figure 1
also includes a section of the excitation spectrum that
shows the lowest two groups of excited states, one cen-
tered at 21030 cm™ and another at 21570 cmt. No
zero-phonon line was observed in the fluorescence
spectrum. The spectrum is remarkably sharp and little
inhomogeneous line broadening due to structure disor-
der was observed. No significant differences were reg-
istered between the spectra of the 0.1 and 1% uranyl
samples. Uranyl ionsin samples of different concentra-
tion have the same line width and positions. The results

shown in Fig. 1 suggest that UO3" in the B,O; glass

matrix has a well-defined local environment This
means that the uranyl ions have the same coordination
number and local crystalline lattice and that disorder in
thefirst shell of ligandsisinsignificant.

The lifetime of the uranyl ion in the lowest excited
state is longer than 1 ms, which is extremely long in
comparison with the microsecond scale of fluorescence
decay dynamics for many other uranyl compounds. As
shownin Fig. 2, the fluorescence decay curvesof uranyl
in the B,O4 glass are nonexponential immediately fol-
lowing the laser pulse due to the energy transfer and

10° .
0.1% U02 m B203 at4 K

T=2.7ms

Fluorescence intensity, arb. units
—
S
(3]

103
1074
0.1% UO, in B,05 at 295 K,
10—5 1 1 1 1 1
0 4 8 12 16

Time, ms

Fig. 2. Fluorescence decay of uranyl in boron oxide glass.
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approach a single exponential decay time of 2.7 ms at
4 K and 1.9 ms at room temperature. The single expo-
nential decay suggests that most uranyl ions have simi-
lar local environments in the sample we studied. The
uranyl fluorescence decay in the boron oxide glass
decay curvesisnot sensitive to temperature from ambi-
ent temperature to 4 K. The initial decay rate at room
temperature is dlightly larger than that at low tempera-
tures. Without considering this faster decay at short
times, the decay curves are not sensitive either to tem-
perature or uranium concentration. This result indicates
that the two most common relaxation mechanisms,
namely, phonon relaxation and energy transfer between
uranyle ions, are not strong in the samples we studied.
Without much contribution from these two relaxation
mechanisms, the millisecond-scale lifetime of uranyl in
the lowest excited state confirms that the charge trans-
fer state is metastable and the recombination process
with electronic relaxation to the ground states is
extremely slow. Thiswill be discussed later with regard
to the mechanisms of charge transfer-lattice interaction.

Asexpected for uranyl ionsin the borosilicate glass,
the lines of the fluorescence spectrum are much broader
than those in the boron oxide glass. Figure 3 (curve 1)
shows the fluorescence spectrum recorded at 4 K and
with laser excitation at 28170 cm. It is apparent that
uranyl ions have a common loca structure in which
they have different electronic energy levels and
vibronic energies than in the B,O; glass. It is aso
clearly shown in Fig. 3 (curves 2, 3) that selective exci-
tation at lower laser energies resulted in fluorescence
line narrowing and distinguished four different types of
uranyl speciesthat evidently arc dueto UO, at different
local environments. These site-resolved spectra are
shifted from each other by approximately 200 cm and
have similar vibronic peaksthat are separated by 750 to
760 cm™. In comparison with the broad spectrum
obtained with 28170 cm™ excitation, the strongest set
of peaksin Fig. 3 (curve 2) is attributed to uranyl ions
surrounded by SiO,, the major constituent of the glass
compositions. The other three groups of lines of weaker
intensity likely arise from uranyl ions that are coordi-
nated with the other three constituents of the glass,
namely, Na,O, Ba,O,, and Al,O;. One also anticipates
that in borosilicate glass a uranyl ion may be coordi-
nated with more than one type of these four metal
oxides; more possibly, there will be present a different
type of metal oxide near the urany! cluster that is coor-
dinated with one type of the metal oxides in its first
shell. The mixture of the surrounding metal oxides is
expected to shift the uranyl electronic energy levels. In
the spectra obtained from our sample, only four sets of
spectra can be identified, athough emission line shift-
ing was observed when the laser excitation energy was
varied. We believe that the line shifting, indicative of
inhomogeneous line broadening, is largely due to the
mixtures of different metal oxides in the surrounding
environment of uranyl ions.

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

2002

1435

Fluorescence intensity, arb. units

1 1
6 17 18 19 20 21
Energy, 10° cm™!

—_—

Fig. 3. Fluorescence spectra of uranyl in borosilicate glass
that contained 0.1% uranium with laser excitation at (1)

28169, (2) 19806, and (3) 19550 cmL. All Spectra were
recorded at 4 K.

It should be pointed out that in contrast to our selec-
tive laser excitation spectra revealing four types of dif-
ferent uranyl sites plus significant inhomogeneous line
broadening on each set of the site-resolved spectra, the
EXAFS data[13, 14] suggest that only one type of ura
nyl cluster exists in the same borosilicate glass. Thisis
presumably because the EXAFS is not capable of
resulting in site selective spectra and has a sensitivity
much lessthan that of |aser-induced fluorescence detec-
tion; as a result, minor sites were not resolved in the
EXAFS spectrum. Given that the three sets of laser-
detect uranyl sites indeed have much weaker intensity
in comparison with the magor site shown in Fig. 3
(curves 1, 2), these results can be interpreted consis-
tently with the assumption that in the borosilicate glass
most of the uranyl ions coordinate with four SIO, tetra-
hedrain their equatorial plane. Thismeansthat auranyl
ion tends to bond with SiO, and excludes other metal
oxides in the formation of a uranyl tetrahedral cluster.
This hypothesis was verified in MD simulation.

2. MOLECULAR DYNAMICS SIMULATION

It is generally believed that there is no long-range
order in glasses, even though short-range structural
order is common. This usually means that the structure
order is limited to a metal ion and its nearest neighbor

ligands. In B,O; glass, for example, the B Og_ clusterin

the form of a plane triangle is the basic unit of the dis-
ordered glass matrix. The present results show that for
uranium in the glasses that we studied, not only is the
linear structure of the uranyl ion well defined and sta-
ble, but also structure ordering extends to the next near-
est neighbors to from a larger crystalline cluster. At
present, EXAFS and laser spectroscopic experiments
provide the best experimental techniques for resolving
the structure of uranyl clusters diluted in glasses in
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Fig. 4. Mode structure of uranyl cluster in B,O3 glass
established using a molecular dynamics simulation.

detail. The structure and vibrational spectrum of uranyl
in vitreous glass have been studied using aMD simula-
tion method [15-17].

Our MD caculationsutilize the Born—Mayer—Huggins
and Coulomb pair potentials and the Stillinger—\Weber
three-body potential [18]. We smulated two systems,
UO,B,0; and UO,~70 mol %)SiO,(30 mol %)B,0s.
The first system contained 2124 atoms including four
U%* ions, and the second contained 3000 atoms includ-
ing nine U%* ions. For the procedure of MD simulation,
an effective charge of -2 is assigned to each axia oxy-
gen ion in the uranyl ions and —1.5 to the other four
oxygen ions located as the nearest ligands of the ura-
nium. The same structure configuration was aways
obtained in our MD simulations regardless of initia
conditions as long as the emulated system underwent
virtual quenching from the initial temperature at 6000
to 1000°C and then from 1000°C to room temperature
in 10° time steps (0.5 fg/step). Partial random distribu-
tion functions (RDFs) of ion pair distances were calcu-
lated from the MD model systems for structure identi-
fication and comparison with EXAFS experiments[13,
14].

From the simulated glass systems, we can visualize
the exact atomic structure in which auranyl is centered.
Figure 4 shows the cluster structure of uranyl in the
B,0O; glass matrix. In addition to the six oxygen ions
that are directly coordinated with the core uraniumion,

we see four boron ions in connection with additional
oxygen ionsin the form of four BO; triangles. The BO;
triangle units that are bonded with the uranyl are
dlightly bent and twisted, which is understood because
these BO; groups are connected with other such groups
that arerandomly oriented in the glass matrix. TheB-O
bond length of the four BO; groupsin the urany! cluster
varies from 0.132 to 0.153 nm, in comparison with
0.136-0.138 nmfor theintrinsic B-O bond. It isalways
the case that the two axial oxygen ions are not actively
bonded with any boron (or Si) ionsin the glass matrix.
In agreement with this observation, calculations of
molecular bonding using quantum theory also suggest
that no stable bonding can be established on the top of
an actinyl ion along itsaxis[19]. The modédl structureis
based, of course, on the agreement between the EXAFS
dataand the calculated RDF for the uranium ion and its
ligands and the agreement between the simulated glass
matrices and that previously established by Raman and
neutron scattering techniques. The calculated ion pair
distances are listed in the table in comparison with
those obtained from EXAFS[14] and ab initio calcula-
tions [20]. The model structure is also supported by
comparison between the vibrational energies measured
in the laser spectra and those calculated for the simu-
lated system of uranyl in B,O; glass[21].

3. THE MECHANISM OF CHARGE
TRANSFER-LATTICE INTERACTION

While our MD simulations provide a model struc-
ture for uranyl clustersin boron oxide and borosilicate
glassesthat isin excellent agreement with experimental
observation, one of the main purposes of the present
work isto construct atheoretical model of chargetrans-
fer-lattice interaction that would help to explain thefor-
mation of uranyl clusters in glass environments. The
basic consideration is to take into account ionic-cova-
lent bonding between the six oxygen ions, as well as
between uranium and oxygen ions, both with charge
transfer-lattice interaction in the UOg; cluster (see
Fig. 5). The mechanism of charge transfer-lattice inter-
action can be realized based on the following phenom-
ena being simultaneously active.

The first phenomenon is a self-consistent charge
transfer-lattice distortion. There are three actual chan-
nels of charge transfer in the UQ; cluster, namely, oxy-

Pair distances between U and its ligandsin various uranyl phases (pm)

lon pair UO,B,03 UO,SiO3 UO,(NO3)(H,0), UO,(SO,)(H,0),
MD/EXAFS[14] MD/EXAFS [14] [20] [20]
U-0O,, 176/180 182/182 174 180
U-Og, 248/249 2221223 249 264
U-B(Si,N, ) 340/335 367/ 304 308

* Borosilicate glass studied in this work.
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gen 2p—oxygen 2p charge transfer (q;) between the six
active oxygen ions, oxygen 2p, 2s-uranium 6p (g,), and
oxygen 2p-uranium 5f (gs;) charge transfers. Such
charge transfers are self-consistent with thelocal lattice
displacements. The latter is due to the vibronic-type
charge transfer-lattice interaction proposed recently in
the framework of consideration of the problem of
charge transfer vibronic excitons (CTVE) [7, 8]. The
CTVE isan dectronic polaron—hole polaron correlated
pair with strong vibronic interaction of polaronic origin
[7]. Namely, the small polaron nature of the electronic
and hole states of CTVE is responsible for the high
strength of the vibronic interaction in the case of the
uranyl cluster.

The important peculiarity of CTVE in the uranyl
system is the charge transfer being between the same
type of active ions. This is mainly due to the possible
strong equilibrium charge transfer between different
oxygen ions within the degenerated states, which sig-
nificantly reduces the quadratic increasing of cluster
energy with charge transfer and, hence, produces rather
soft conditions for the CTVE formation even in the
ground charge transfer state.

The oxygen 2p(2s)—uranium 6p charge transfer
should also be considered. It induces additional
strengthening of the CTVE effect in the cluster under
discussion. The pseudo-Jahn—Teller type mechanism of
such charge transfer presumably exists in the present
case. The equilibrium charge transfer in the oxygen—
uranium channel becomes important when taking into
account the simultaneous action of the charge transfer
analog of the pseudo-Jahn-Teller effect (PJTE) and
PJTE on the active tetragonal distortion of the cluster.
Both typesof PJTE arerealized in the framework of the
oxygen 2p, 2s-uranium 6p states mixing. Moreover,
this type of charge transfer is responsible for the effec-
tiveindirect and two step mechanism of the oxygen 2p—
oxygen 2p charge transfer resulting from the oxygen
2p—uranium 6p—oxygen 2p chargetransfer viatheinter-
mediate uranium 6p state.

Last but not least, the classical [1-4] oxygen 2p—
uranium 5f charge transfer aso plays an important role
in the uranyl formation. Here, the PJTE mechanism of
charge transfer also has an actual contribution. Again
the equilibrium charge transfer becomes significant
when taking into account the simultaneous action of the
charge transfer analog of the PJTE width oxygen 2p—
uranium 5f states mixing, aswell as PJTE, on structure-
distortion with the same active electronic states. The
strong local displacements of oxygen ions that were
detected in the experiments on the uranyl cluster need
very definite conditionsfor charge transfer-lattice inter-
action even in the frame of the CTVE-model. This sit-
uation takes place within the second phenomenon men-
tioned above. Namely, thereis an increase in the ionic-

ity of the two active oxygen ions of UO§+ due to the
charge transfer under consideration (tending to O*
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Oax

q

Fig. 5. Charge transfer channels and vibronic distortion in
the UQg cluster that contains uranyl. The lines indicate

charge transfer channels, and the arrows indicate distortion
modes.

final states where the ionic radius is decreased). Corre-
spondingly, a decrease in the Born—Mayer repulsion
radius with increasing ionicity will lead to significant
softening of the quasi-local vibration for these two oxy-
genions. Thelatter induces local configurational insta-
bility (LCI) caused by the charge transfer-lattice inter-
action under discussion. Such LCI is accompanied by
strong equilibrium tetragonal lattice distortion for the
UQ; cluster in the glass matrix (with displacements of
two axial oxygen ions toward each other). Therefore,
the microscopic nature of the above-mentioned charge
transfer-lattice interaction (the direct influence of
charge transfer on the local vibrational dynamics of
active ions) explains the uncommonly strong increase
in vibronic interaction with charge transfer. It isimpor-
tant to underline that this CTVE-effect is mainly
formed by the competition between the cluster energy
increasing due to oxygen—oxygen charge transfer and
cluster energy decreasing due to lattice distortion as a
result of LCI.

The uranyl ground state structure can be treated as
an oxygen-related CTVE-pair trapped by the centra
U®* ion. The tetragonal structure of such a CTVE-pair
leads to a cluster energy minimum due to Coulomb
repul sion between two electronic polarons (two oxygen
ions with increased negative charges and a correspond-
ingly high ionicity). Another origin of the geometry
with tetragonal symmetry for the UOq cluster is con-
nected with the specific hybridization of the states in
the framework of PJTE. Therole of the central U%* ion
is essentia in the construction of the uranyl structure.
Because of significant U-O state overlapping, the indi-
rect mechanism of O(1)—0(2) effective charge transfer
between two different oxygen ions via successive
O(1)-U and U-0O(2) channels of state mixing becomes
important. The latter strongly decreases the electronic
part of the cluster energy, which is characterized by
enhancement in the charge transfer. As a result, the
energy of the localized CTVE-pair of O-O type
decreases due to softening of the corresponding CTVE-
pair trapping by the U%* ion.
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It should be stressed that there is another important
source of the U®* ion influence on the uranyl structure
and properties. Thisisthe PITE dueto the mixing of the
6p-5f uranium ion states induced by linear vibronic
interaction with active tetragonal distortion of the clus-
ter coordinate. This PJTE-mechanism of the 6p-5f
states mixing accompanied by an equilibrium distortion
can explain the linear geometry of the uranyl structure.
It should be aso pointed out that the importance of the
6p-5f hybridization for the stability of linear geometry
was discussed for the uranyl ion in the review article
[4]. We have proposed here the microscopic mecha
nism of such a phenomenon. The CTVE-effect under
discussion can be described in the framework of asemi-
phenomenologica approach. The latter is based on the
cluster potential expansion into powers of active vari-
ables. It correspondsto the strong PJTE case and to the
two successive adiabatic approximations within the
hierarchy of the characteristic rates of active sub-
systems. Namely, the latter hierarchy is realized within
the interactive “very fast” subsystem of electronic
degrees of freedom of ionic states, the “intermediately
fast” subsystem of charge transfer degrees of freedom,
and the “slow” subsystem of quasi-local vibrations of
the ionic cluster under consideration. A solution for the
problem can be found from analysis of the successive
potential energy minimization in accordance with the
subsystem hierarchy mentioned above. The intermedi-
ate adiabatic potential of aUOj; cluster embedded in the
matrix of B,O; (or SiO,) contains the leading charge
transfer-lattice interaction and depends on three types
of charge transfer variables {q;, 0,, 03}, as well as on
the slow vibration variable x. We obtain the adiabatic
potential for the slow subsystem after minimization of
the intermediate potential on the {q;, 0y, g5} variables.
Its expansion in powers of x-displacements can be pre-
sented in the usual form but with coefficients strongly
renormalized by charge transfer:

U = DX)*+ B0 +y(°+ ... )

Here, two different types of solutions are realized.
Namely, inthe caseof D <0, 3 > 0 (LCI of the second
order), we have to deal with equilibrium cluster distor-
tion accompanied by the corresponding equilibrium
charge transfer, both induced by leading vibration
instability. This is the case of CTVE trapped to the
ground state. In contrast to this case, in the situation of
D >0, but with3 <0, y> 0, apure CTVE-type solution
isrealized (with equilibrium charge transfer in the cor-
responding anharmonic excited state of the system).
Both solutions are possi bl e depending on the parameter
values. However, the first case is adequate to the real
situation for uranyl ions. Strong vibronic charge trans-
fer-lattice interaction is responsible here for a suffi-
ciently strong equilibrium charge transfer and cluster
distortion within the LCI phenomenon. The model pro-
posed in the present work isin agreement with EXAFS
and MD simulation and can explain the stability of the
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uranyl cluster on the basis of uncommonly high CTVE-
pair lattice distortion. In addition, the long lifetime of
the uranyl fluorescence also finds explanation in
vibronic reduction appearing in the framework of the
recombination process with electronic transition
between states with strongly different equilibrium posi-
tions of cluster ions. The latter results from strong lat-
tice distortion in the framework of the CTV E-effect.

Thus, we have investigated experimentally and the-
oretically theformation of alocally ordered structure of
uranyl ions in B,O; glass and borosilicate glass. Our
experimental results show an ordered local structurein

which aUO3" ion is coordinated with its surrounding
ligands, consisting of four BO, triangles in the case of
boron oxide glass and SiO, tetrahedra in the borosili-
cate glass. Our MD simulations reproduced the EXAFS
results and demonstrated that aU®* ionin vitreous B,O,
and SiO, matrices has a strong capacity to form acrys-
talline-like, ordered UOg cluster, which consists of a
linear uranyl ion with an additional four oxygenionsin
itsequatorial planein atetragonal symmetry. Thiscrys-
talline-like cluster is very stable in the glass matrix,
although the U-O distances vary (depending on the
O-B (or O-Si) bonding strength). It isal so observed that
in the borosilicate glass, uranyl primarily coordinates
with four metal oxide ligand units of the same type,
mainly four SiQ, tetrahedra. The model of chargetrans-
fer-lattice interaction explainsthe stability of the uranyl
cluster on the basis of uncommonly high CTVE-pair
lattice distortion. In the framework of this theoretical
model, charge transfer channelsin the uranyl ion (UO,)
and a larger cluster (UQOg) are considered to be impor-
tant in the formation of a crystalline-like cluster. The
predicted structural and electronic properties for the
uranyl cluster are in agreement with the spectroscopic
experiments and MD simulation. In addition, the long
lifetime of the uranyl fluorescence is also explained
based on the vibronic reduction of the recombination
process in the el ectronic transitions between states with
strongly differing equilibrium positions of cluster ions.
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Abstract—A ligand—cation charge transfer band was observed in the region of 360-400 nm in the Eu®* lumi-
nescence excitation spectrum of europium 3,4-pyridine-dicarboxylates, but was absent in the spectra of
europium 2,6- and 2,3-pyridine-dicarboxylates. This band is dueto noticeable energy transfer through a charge-
transfer state formed owing to the high polarizability of the ligand in the former compound. Energy transfer
through the excited ligand-anthanide charge-transfer state can explain the well-known effect of luminescence
guenching by redox-sensitive lanthanide ions. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Studies of the intra- and intermolecular charge and
energy transfer in organometallic complexes[1, 2] lead
to the opinion that hydrogen bonds and proton transfer
[3, 4] play a prominent role in these processes. Among
systems of this kind are photosynthetic aggregates,
which are oxidation—reduction enzymes of mitochon-
dria and calcium-binding proteins such as cod parval-
bumin. Quenching of luminescence of the tryptophan
residue was observed in the latter protein when calcium
ions were substituted by europium or ytterbium ions
with a low redox potential [1]. Quantitative investiga-
tions of energy transfer processes in cryptates and
related systems have been reported, and the role of the
charge transfer (CT) states has been analyzed [5, 6]. In
this work, the energy transfer to coordinated europium
ions was studied in three isomeric [7] europium pyri-
dine-dicarboxylates (H,PDA). We report on the depen-
dence of the intensity and position of the ligand—
europium CT band in the luminescence excitation spec-
tra of europium 2,6-, 2,3-, or 3,4-pyridine-dicarboxy-
lates (salts of dipicolinic, quinolinic, and cinchomer-
onic acids) on the structure of the isomeric pyridine-
dicarboxylic ligands, which influences the intramol ec-
ular CT and the polarizability and zwitter-ionic proper-
ties of the ligands [7, 8]. Manifestation of the ligand—
europium CT band in the luminescence excitation spec-
traof the saltsinvestigated is equivalent to ademonstra-
tion of energy transfer to the redox-sensitive lanthanide
cations (Eu?*/Eu®, Y b%*/Y b3*) or to the ligand lumines-
cence gquenching by these cations.

L This article was submitted by the authorsin English.

2. EXPERIMENTAL

The lanthanide salts of dipicolinic, quinolinic, and
cinchomeronic acids [dipic, quin, and cinch, respec-
tively (H,PDA)] were obtained from water solutions of
the corresponding acids and lanthanide oxide, hydrox-
ide, or chloride. In the case of dipicolinic and cinchom-
eronic acids, the ligand—metal molar relationwas3to 1
and the mixed solution was brought to a neutral pH
value by introducing alkali hydroxide. In this way, we
obtained binary saltsM;Ln(PDA); - nH,O (withM =Li,
Na, K, Cs), HLn(quin), - 3H,0, and Na;Nd(dipic); -
nH,O (with Ln = Eu, Tb) for salts of dipicalinic, quin-
olinic, and cinchomeronic acids, respectively. Samples
of the salts of quinalinic and dipicolinic acids are pho-
tosensitive and change in color from whiteto light blue
with time. In the case of dipicolinic salts, the samples
can loose a part of the water molecules in storage and
the water content can decrease from 14 to about 4-5.
We also prepared sodium salts of the PDA, Na,PDA -
nH,O. We did not determine the water content in the
sodium salts.

The luminescence, luminescence excitation, and
absorption spectra of compounds were measured on an
SLM Aminco SPF-500 spectrofluorimeter and DFS-12
and SPECORD UV-VIS spectrometers at 300 and
77 K. Raman spectra were recorded at 300 K with a
Nicolet FT Raman modul e attached to a Nicolet Magna
860 FTIR spectrometer. IR absorption spectra of mulls
in Nujol and hexachl orobutadiene were measured on a
UR-20 spectrophotometer at 300 K.

1063-7834/02/4408-1440%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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3. RESULTS AND DISCUSSION

The data on the structure of NasNd(dipic); - nH,O
with n = 14 are presented in [9]. Three-dentate dipic?~
anionsform athree-capped trigonal prism, whichisthe
coordination polyhedron of Nd®; the coordination
number of this cation is nine. The structure and spec-
troscopy of some of the europium dipicolinic saltswere
also presented in [10-14]. The luminescence spectra of
the europium pyridine-dicarboxylates synthesized by
usare presented in Fig. 1. Judging by the relative inten-
sities of lines in the Eu®* spectra, the site symmetry of
the Eu®* ions seems to be the same in the dipicolinic
and cinchomeronic salts and is lower in the case of the
quinolinic salt. In the latter case, an appreciable value
of the overall Stark splitting of the ’F, level and rela-
tively high intensity of the zero-phonon line of the>Dy—

’F, transition are observed.

In the luminescence spectra recorded with high res-
olution, we observed a number of vibronic bands; (1)
low-frequency satellites of the °Dy—'F line with Stokes
shifts roughly equa to 80-180 cm™ attributed to

Intensity, arb. units
-

é —

-

1
650
Wavelength, nm
Fig. 1. Luminescence spectraof (a) NagEu(dipic)s - 14H,0,

(b) HEu(quin), - 3H,0, and (c) NagEu(cinch); - 10H,0 at
77 K. Arrows mark the most intense vibronic bands.

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

2002

1441

metal—ligand vibrations (region of 585-590 nm); (2) a
band related to the C-C stretching vibration in the
region of 605-610 nm; the Stokes shift for this band is
835 cm for NaEu(dipic); - 14H,0, 850 cm™ for
HEu(quin), - 3H,0, and 845 cm* for NagEu(cinch); -
10H,0; and (3) Stokes satellites of the °D—"F, linein
the region of 630-640 nm and of the °D—'F, linein the
region of 670-685 nm. These last satellites correspond
to symmetric and antisymmetric stretching vibrations
of carboxyl groups, and their Stokes shifts lie in the
region of 1390-1660 cm™. Judging by the relative
intensities of the vibronic bands in the spectra of the
various europium salts, the electron—phonon interac-
tion is the strongest in the case of the dipicolinic salt;
this interaction is somewhat weaker in the quinolinic
salt and is 4-5 times weaker in the cinchomeronic salt.

The luminescence excitation spectra of the samples
of sodium—europium and sodium—terbium pyridine-
dicarboxylatesin glass ampules are shown in Figs. 2—4.
The europium spectra are normalized by the "Fi—°D,
magnetic dipole transition intensity. All the excitation
spectra of the terbium salts studied are alike (curves b

O
~J
)
L
~
=

Intensity, arb. units

| |
300 350

400 450 500 550
Wavelength, nm
Fig. 2. Luminescence excitation spectra of (a)

NagEu(dipic)z - 14H,0 and (b) HTb(quin), - 3H,0 at 77 K.
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Fig. 3. Luminescence excitation spectra of (a) HEu(quin),
3H,0 and (b) NagTh(cinch)s - 10H,0 at 77 K.

in Figs. 2-4). These spectra have awide high-frequency
band formed by overlapping bands of ligand absorption
and of Th®" f—d transitions and also have sharp Th3* f—f
lines. The sloping low-frequency edge of the wide band
ends somewhere between 370 and 375 nm. A band
observed in the region of 350410 nm of the europium
excitation spectrum of NasEu(cinch); - 10H,0 (Fig. 4,
curve a) corresponds to a ligand-Eu* CT state,
because this band is absent in the spectrum of the cor-
responding sodium—terbium salt. Earlier, the same CT
band was observed in absorption spectra of other
europium salts and complexes [8, 15-18]. Emission
from the CT states of ytterbium compounds was dis-
cussed in [19]. The ligandanthanide CT states and
their influence on the spectra of the lanthanide ions
have been discussed in many papers, in particular, in
[20-23]. The energy of the CT state can depend on the
ligand optical electronegativities [24] and on the struc-
ture of complexes of these ligands [25]. The influence
of aCT state on the europium emission is conditioned
both by the position of the minimum and by the form of
the potential-energy curve for the CT state [26, 27].
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Wavelength, nm

| |
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Fig. 4. Luminescence excitation spectra of (a)
NagEu(cinch)s - 10H,0 and (b) NagTh(dipic)s - 10H,0 at
77K.

To understand the origin of the low-frequency
ligand—europium CT band in spectra of the cinchomer-
onic salt, we analyzed the vibration spectra of the salts
investigated.

Raman spectra of sodium and sodium—terbium salts
of dipicolinic, quinolinic, and cinchomeronic acids are
presented in Fig. 5. Asthe spectra of europium and ter-
bium salts are amost the same, only the latter are
shown in Fig. 5. The effective cross section of the
Raman scattering by water molecules[28] intheregion
of 200-1800 cm ™ is substantially smaller than that of
the pyridine derivatives. This can be demonstrated by
comparing the Raman spectrawith IR absorption spec-
tra, where the bands of vibrations of water molecules
are much stronger.

The Raman spectra of the saltsinvestigated provide
data on the coordination and polarizability of the
ligands which can be obtained from the intensity distri-
bution, position, shifts, and the structure of the Raman
bands. We assigned the bands in the region 770-
900 cm™ to the &(C-H) out-of-plane and &(C-C)
stretching vibrations; in the region of 1010-1070 cm ™,
to the breathing vibration mode of the heterocyclic
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Fig. 5. Raman spectra of (a) Nay(dipic) - nH,O, (b) NagTh(dipic)s - 14H,0, (c) Nay(quin) - nH,0, (d) HTb(quin), - 3H,0,

(e) Nay(cinch) - nH,0, and (f) NagTh(cinch)s - 10H,O at 300 K.

ring; and the bandsin the region of 1370-1630 cm™, to
the v(C=C) and v(C=N) [with the participation of &(C-
H)] in-plane vibrations and to v(COQO") stretching
vibrations. The most intense lines in the Raman spectra
of dipicolinic salts are attributed to the breathing vibra-
tion mode of a heterocyclic ring and to symmetric
stretching vibrationsv(COQO"). In the spectraof thecin-
chomeronic salts, the most intense are the lines of the
carboxyl symmetric stretching vibration modes.

Peculiarities of coordination of the carboxyl groups
by a metal ion can be obtained by analyzing the posi-
tions of the v(COO") bands. The value of the splitting
of the v(COQO") stretching vibration mode correlates
with the oxygen effective charges and with the degree
of polarization and polarizability of these anions. By
using the Raman and IR spectra to determine the fre-
guencies of the symmetric (Raman) and antisymmetric
(IR) stretching vibration modes, we found out that the
value of the splitting of v(COO") exceeds 200 cm™ in
the case of dipicolinic and quinalinic salts and is mini-
mum (smaller than 170 cm™) for cinchomeronic salts.

Judging from the x-ray diffraction data [9], as well
as from the Raman and IR spectra, the ligands in the

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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dipicolinic salts are tridentate coordinated and equiva-
lent. The ligands have monodentate coordinated car-
boxyl groups (as indicated by the large value of the
splitting of the v(COQO") stretching vibration modes)
and a coordinated nitrogen atom [as indicated by the
high-frequency shift of the breathing vibration band of
the heterocyclic ring [29] in the Raman spectra of the
sodium- anthanide salts (Fig. 5, curve b) in comparison
to that of the sodium salt (Fig. 5, curve a)]. Theligands
in the cinchomeronic salts also seem to be equivalent
(Fig. 5, curve f), but the role played by the carboxyl
groups is different from that in the dipicolinic salts
(bidentate-cyclic or bidentate-bridging instead of mon-
odentate coordinated carboxyl groups) and the coordi-
nation of the nitrogen atoms is absent (fourdentate
coordinated ligands). In the case of the quinolinic salts
(Fig. 5, curve d) the ligands are inequivalent due to the
presence of a proton. The proton probably participates
in the hydrogen bond between one of the carboxyl
groups and the nitrogen atom (as indicated by the dou-
blet structure of the breathing vibration band in the
spectraof the sodium-anthanide salts). Theincreasein
the relative intensities of the Raman linesin the regions
of 845 and 1430 cm! seems to indicate an increase in
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the polarizability of ligandsin the cinchomeronic salts.
This can be explained by the influence of the relative
positions of the ring heteroatom and of the carboxyls as
substituents on the polarizability and intramolecular
CT[7].

The increase in the polarizability of the ligands,
which is maximal in the case of the cinchomeronic
salts, promotes the ligand—europium CT. The contribu-
tion from the ligand-to-Eu®* CT band to the lumines-
cence excitation spectra of Eu®* reflects an increase in
the efficiency of the energy transfer to the redox-sensi-
tive lanthanide ions through the excited ligand—cation
CT state. This may be related to the luminescence
guenching of the tryptophan residue in the cod parval-
bumin by redox-sensitive europium and ytterbium ions
[1]. Thisluminescence quenching and the energy trans-
fer may be conditioned by the high probahilities of the
energy transfer from theligand to the CT state and from
this state to the cation due to delocalization of the CT
state and to the high oscillator strength of the corre-
sponding electric dipole transitions (the probability of
radiative transitions from the CT state is roughly 107 s
[19]).

4. CONCLUSION

Sensitization of europium luminescence through the
ligand—europium charge transfer state has been
observed in the spectra of the sodium—europium salt of
cinchomeronic acid. This sensitization was assigned to
the increased efficiency of the energy transfer to the
redox-sensitive lanthanide ions through the excited
ligand—cation charge transfer state.
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Abstract—The nonstationary behavior of Eu?* and Sm?* photoluminescencein continuously optically pumped
CaF,:RE?*—CdF,superl atti ces was considered. The transient character of the photol uminescence is due to spon-
taneous electron tunneling from the excited 4f5d states into the conduction band of the adjacent CdF, layer.
Coupled balance equations were constructed and numerically analyzed. It is shown that photoionization ener-
gies of the 4f5d states can be derived from the experimentally measured variation of the photoluminescence
intensity in superlattices with CaF, and CdF, layers 10 to 20 monolayers thick. © 2002 MAIK “ Nauka/Inter-

periodica” .

1. INTRODUCTION

Chargetransfer between rare-earth ionsoccurring in
photochemical reactions in solids has been attracting
the attention of researchers for many years; it will suf-
fice to cite the pioneering studies of Feofilov [1] and
Welber [2], as well as some recent publications [3, 4].
In bulk crystals, this transfer occurs primarily in the
course of photoexcitation of carriers into the conduc-
tion band of the crystal matrix, followed by their cap-
ture by traps.

Charge transfer plays a noticeable part in various
fluoride-based nanostructures. At the X Feofilov sym-
posium, the first observations of the transient behavior
of the Sm?* and Eu?* luminescence in heterostructures
with fluoride layers were reported [5] and a possible
connection between this effect and charge transfer pro-
cesses was discussed. The tunneling mechanism of
electron transfer from the 4f65d excited state of Eu?*
ions present in the CaF, layers of CaF,:Eu—CdF, super-
lattices through the CaF,/CdF, interface into the con-
duction band of the adjacent CdF,layers was demon-
strated to play an important part [6]. This effect was
studied in superlattices (SL) with selectively europium-
doped layers[7]. Later, asimilar effect was observed in
CaF,:Sm—CdF, superlattices [8]. The photochemical
reaction initiated by optical excitation in such struc-
tures can be written as RE?* + hv = RE®** + a conduc-
tion-band electron in the CaF, layer, where RE = Eu or
Sm. Spontaneous tunneling of electrons through the
interface turns out to be possible because of the SL
energy bands [9] and the rare-earth ion levels being
arranged in a specific way (Fig. 1). Tunneling reduces

the number of rare-earth ions in the divalent state; this
is what accounts for the falloff of the RE** photolumi-
nescence (PL) intensity under stationary pumping with
photon energies less than the RE?* optical ionization
energy in CaF,. Thus, CaF,;RE-CdF, superlattices
offer aunique possibility of experimental optical inves-
tigation of the essentially quantum effect of under-bar-
rier spontaneous electron tunneling. Based on an anal-
ysisof our earlier studies[5-8], we present here amore
general mathematical description of the physical model
of the effect and make a qualitative comparison of the
calculations with available experimental data.

CaF, '

CdF, ' CdF,
Wy E >
— 2

4fn — ISd ”‘
= o
=y Q
] <
4"
L)—f RE2+

Fig. 1. Energy diagram of the SL conduction bands and

1063-7834/02/4408-1445%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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2. EXPERIMENTAL RESULTS
AND THE PHYSICAL MODEL
OF THE EFFECT

Earlier [5-8], we studied the evolution of the Eu?*
and Sm?* luminescence intensity in CaF,:RE-CdF,
superlattices under stationary optical pumping. The
thickness of the RE-doped fluoride layer dc,-, was 10—
60 monolayers (ML) (3-19 nm). SLswith equal thick-
ness of the CaF, and CdF, layers adding up to atotal
thickness of 100—350 nm were molecular-beam epitaxy
(MBE) grown [10], and their structural characteristics
were studied by high-resolution x-ray diffractometry
[11].

Stationary optical excitation of such SLsrevealed a
substantial decrease in the RE?* luminescence intensity
with increasing sample exposure. Figure 2 shows the
evolution of the Eu®* luminescence intensity in
CaF,.Eu?*—CdF, superlattices [7]. In SLs with dcs, =
60 ML, the luminescence intensity decreased by a fac-
tor of more than two over a period of a few minutes.
The effect became stronger with decreasing fluoride

layer thickness, such that for dcaFZ = 20 ML, the

observed decrease in the initial PL intensity became as
large as 20-50 times. In SLs with dc,, = 10 ML, vir-

tually no luminescence was seen. Remarkably, this
effect was observed within a broad temperature inter-
val, from room to liquid-helium temperature.

We analyzed possible reasons for the decreasein the
PL intensity, such as tunneling through the interfaces
and two-step RE?* photoioni zation; the possible physi-
cal degradation of the SL was also investigated. An

1.0r
1.0
osh 0.8
0.6 SLgo
0.6} 0.4 SLao

10° 10" 10*> 103 10*

Time, s

N
~
T

Normalized PL intensity, arb. units

0.2 SLy0
0 1 1 I T T 1 ]
0 1 2 3 4 5 6
Time, 10° s

Fig. 2. Eu* photoluminescence of an SL with CaF, layers
20, 40, and 60 ML thick under stationary Ar laser pumping

(A =361 nm) at an excitation density of 0.5 W/cm?. Inset:
same PL relationsfor SLswith CaF, layer thicknesses of 60

and 40 ML drawn on alogarithmic time scale. T = 300 K
[7].
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important argument in favor of the tunneling mecha
nism of photoionization in the SL was the experimen-
tally proven one-photon character of the RE?* ioniza-
tion process. In this case, when the excitation intensity
was increased (decreased) and the time scale was
simultaneoudly stretched (compressed) by the same
factor, the normalized time dependences of the PL
intensity did not changefor SLswith afixed CaF, layer
thickness. This behavior of the PL for the SLs doped by
Eu and Sm ions is shown in Figs. 3a and 3b, respec-
tively.

In addition to the absence of any visible defects on
the SL surface produced by itsirradiation, the indepen-
dence of the effect on temperature and the possibility of
hole burning in the zero-phonon band of the Eu?*
absorption spectrum in such SLs also argue against the
surface degradation as the reason for the PL decay [12,
13]. A specific feature of the above experimentsis the
need of using anew spot on the sample surface for each
new measurement, because the exposed spot retains the
memory of the illumination for at least afew days.

The effect under discussion was treated theoreti-
cally in [6] within a quantum-mechanical problem of
under-barrier tunneling. The probability of an electron
tunneling from the excited state of an RE?* ion located
at a distance z from the nearest interface to the CdF,
conduction band was found for the case of tunneling
through a square potential barrier of width zin a one-
dimensional approximation and a quasi-classical for-
malism and has the form

_20E 070 _ 020
W; = T expD—ZOD = WoexpD—Z(p,
" 1

7y = ———.
J8MLAE

Here, AE isthe barrier height, which isequal to the pho-
toionization energy of the excited RE?>* 4f"—15d level;
m* is the electron effective mass; and # is the Planck
constant. Estimation of the parameter z, from Eq. (1) by
assuming AE =1 eV and m* = m, yields z; = 0.1 nm.
Because the thickness of 1 ML in the SLs studied here
is0.315 nm, the tunneling probability changes by more
than 20 times with z changing by 1 ML ; hence, theion-
ization can be considered to be a layer-by-layer pro-
cess. As a result of the tunneling, the rare-earth ion
charge changes from +2 to +3, thus reducing the RE*
PL intensity; this process can be simulated by solving
simple coupled balance equations:

dN 1
—afi’ = —1 0Ny + ;Nl,

N,

I )
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Here, Ny and N; are the populations of the ground (4f ")
and excited (4f"-15d) states, respectively; lq is the
pump light intensity; o isthe photoionization cross sec-
tion of the RE?* 4f " — 4f "~ 15d transition; and T isthe
PL lifetime; the initial conditionsfort=0are Ny =1
and N, =0.

Assuming the tunneling probability to be small such
that W; < 1.0 < 1/1, the coupled equations (2) reduce
to one equation describing the variation of the number
of RE? ions due to tunneling ionization of excited
states. The solution to this equation can be written as

N(RE™) = N(RE)exp{—tl o 0TWoexp(-2/2,)} , (3)

where N(RE) is the total rare-earth ion concentration
and t is the time elapsed from the beginning of optical
excitation of the system. From Eq. (3), one readily
obtainstherelation for the propagation of the RE?* pho-
toionization front from the interface boundary into the
CaF, layer:

A1) = ZoIn(tlec0TW), 4)

which shows that the distance of the ionization front
from the interface increases proportionately to the log-
arithm of time. Because, as shown above, photoioniza-
tion occurs in a layer-by-layer manner, the lumines-
cenceintensity of thelayer asawholeis proportional to
the thickness of the layer with RE?* ions not subjected
to further ionization; the variation of thisintensity with
time can be written as

(1) = 1o[1-27(t)/dcs ]
= lo[1—(2zy/dca,) IN(t 6 OTW)]

where |, istheinitial PL intensity (at t = 0). Asfollows
from Eq. (5), the tunneling parameter z, can be deter-
mined from the slope of aPL decay curve on alogarith-
mic time scale:

zy = (dear,/2)[1(t) /10— 1(t) /1] /[Int; = Inty] . (6)

It was found that in many cases, experimental curves
are fitted quite well by the logarithmic dependence (5)
(seeinset to Fig. 2), which provides an important argu-
ment for the validity of the above physical scenario.
However, estimates of the characteristic tunneling
length made using Eq. (6) are noticeably larger than the
expected figures from Eq. (1) [6, 7]. Furthermore, this
very pictorial but certainly ssimplified model of the
effect does not explain the absence of RE?* lumines-

cencein SLswith dc,, = 10ML. Therefore, we carried
out a numerical analysis of the coupled balance equa-
tions (2) without making the assumptions W; < 1/t and
W < 1,0, which do not correlate well with real exper-
imental conditions.

Obviously enough, the space charge forming in the

course of RE?* ionization gives rise to an electrostatic
potential and band bending. Because the ionizationisa

()
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Fig. 3. Photoluminescence of (a) europium ions [6] and (b)
samariumions[8] measured at different stationary pumping
intensities. (a) Excitation wavelength A =351 nm, (1) l g =
lo, (2) lee = 0.21, and (3) initial part of curve 1 extended in
time /0.2 times; and (b) A = 633 nm, (1) g =g, (2) lexe =
0.551, (3) lge = 0.18lg, (4) initia part of curve 2 com-
pressed in time 1/0.55 times, and (5) initia part of curve 3
compressed in time 1/0.18 times. T = 300 K.

layer-by-layer process, a CaF, layer in the space charge
region can be considered to be fully depleted in RE?*.
Estimates of the band bending yield ~0.1 eV at an RE**
concentration Ny = 0.1 mol %. Because such a change
AE affects the tunneling parameters only weakly, we
shall disregard it in our subsequent analysis.

3. SOLUTION OF THE BALANCE EQUATIONS

The coupled balance equations (2) are easier to
solveif presented in the matrix form

l—~

at - A(2N(),

(7)
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The solution can be written as

N = Coexp(Agt) + Cexp(yt), ®
where A, and A, are the eigenvalues of the matrix A(2)

and C®? are the eigenvectors corresponding to the
above initial conditions. Thisyields the following rela-
tion for the exact solution to Eq. (7) for the excited-state
population:

| 0O

Ny(z t) = T AD

tL+D g 1-D 0
X [exp DTtTI’AD —exp DTtTrAD}, 9)
0 O O O

D = /1_ 4detA2 .
(TrA)

Solution (9) can be simplified by accepting the follow-
ing approximations, which are in agreement with the
experimental conditions: (i) 1,0 < 1/t, which permits
one to retain only the linear terms in the expansion of
the square roots D involved in the argument of the
exponentials into a Taylor series, to replace D with
unity in the prefactor denominator, and to neglect 1.0
comparedto /T inTrA, and (ii) t > T, which allows one
to drop the first exponential term in square brackets.
After these smplifications and substitution of TrA(2)
and detA(2) of matrix (7) in an explicit form, Eq. (9)
reduces to an approximate solution,

| ..OT O | ,.0W;t O
Ny(z t) = 1f§,VTT expi———"11. (10)

0 1+WTT 0

Initial PL intensity

|
0 20 40

1 1
60 80
CaF,:RE layer thickness, ML

Fig. 4. Initid REZ* photoluminescence intensities in SLs
with CaF, layers of various thicknesses calculated for vari-
ous values of the parameter AE. m* = m,.
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Equation (10) is seen to transform into Eq. (3) if one
accepts the Wy < 1/1 approximation. For subsequent
calculations, weinclude the contributions from the pos-
sible electron tunneling in both directions in W, (which
is essential for SLs with layer thicknesses from 10 to
20 ML):

0 fear, —
Wi(z, dear) = Wolexp L2 + ex ————f% 11
1(Z dear) OEeXp[tOD P 2 (11)

The evolution of the integrated PL intensity with time
can be written as

d
CcaF,

It deae) = NRE)N [ Ny(z dee, iz, (12)

where N(RE) is the ion concentration in the SL CaF,
layers and n is the number of CaF,:RE?* layers. Equa-
tion (12) permits numerical calculation of the time
dependences of the RE** PL intensity and the initial
intensities |,

Reliable experimental data on the electron effective
masses in the CaF, and CdF, conduction band are vir-
tually lacking. It is assumed that because the conduc-
tion band of fluoridesis derived from s orbitals and the
band separation is large (~10 eV), the electron masses
in the fluoride conduction band are close to the free
electron mass[14, 15]. Therefore, we accept m* =myin
our calculations. It was shown in [16, 17] that the opti-
cal ionization energies of Eu®* and Sm?* excited states
in CaF, are about 1.5 eV. Experiments on the photocon-
ductivity in CaF,:Eu?* yield, however, AE = 0.8 eV
[18].

We carried out calculations for these values of nm*
and AE using the MATHCAD code. The calculated val-
ues of |, obtained by extrapolating the time depen-
dencesin Eg. (12) tot = 0 for AE = 0.3, 0.5, 0.8, 1.5,
and 2.0 eV, are presented graphicaly in Fig. 4. We
readily see that for AE less than 0.3 eV, no RE?* lumi-
nescence should be observed in SLswith CaF,:RE lay-
ers 10 and 20 ML thick. Experiments revealed, how-
ever, strong RE?* luminescence in SLs with dege, =

20 ML. Thus, AE is larger than 0.3 eV. On the other
hand, in order to reconcile the calculations with the
experimentally shown absence of PL in SLs with

decar, = 10 ML, AE has to be less than 1.5 eV. The

threshold character of the relations displayed in Fig. 4
suggests that if experimental data for SLs with layer
thicknesses between 10 and 20 ML are made available,
onewill be ableto obtain amore accurate value for AE.

Thus, we believe that the effect described above can
also become manifest in other heterostructures with
deep impurity centers and large band offsets at the
interfaces, as well as give rise to a new efficient nonra-
diative recombination channel. We note that even the
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more general consideration of the effect presented here
is actually very simplified. The wave function of the
rare-earth ion excited state, which isthe initial state for
the tunneling transition, has the electronic configura-
tion 4f"5d. The final state of the transition is the 4f"—1
electron shell and an electron in the CdF, conduction
band. Asaresult of theionization event, the lattice con-
tracts in the vicinity of the rare-earth ion to release an
energy of up to 2 eV. Therefore, a more consistent the-
oretical analysis should include multiphonon lattice
relaxation processes. On the other hand, more complete
experimental data on the dependence of the initial PL
intensity on the thickness of the doped layer in the
small thickness region (10-20 ML) would provide a
possibility of more accurate determination of the tun-
neling parameters.

Obviously enough, the effect considered here allows
for alocal recording of optical information. The exper-
imental data on optical reflection from structures
undergoing photoionization appear very promising for
the reading of thisinformation [19]. Of particular inter-
est would be finding a means to erase the recorded
information.
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Abstract—The charge redistribution and the structural change in the a'-NaV ,O5 quasi-one-dimensional mag-
net that are initiated at the transition to the low-temperature charge-ordered, structurally dimerized nonmag-
netic phase was studied by optical Fourier spectroscopy. Polarized far-infrared transmission spectraobtained in
the temperature region T = 6-300 K were used to measure the temperature dependences of the charge-ordering-
induced variation of the refractive index and of the intensity of the folded phonon mode which forms in the
doubling of the lattice period. The charge-ordering and the structural phase-transition temperatures were found
to coincide, T, = T, = 34 K. © 2002 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

Low-dimensional oxide magnets have recently been
attracting considerable interest in connection with the
discovery of such interesting phenomena as high-tem-
perature superconductivity, the spin-Peierls transition
in a system of antiferromagnetic Heisenberg chains of
half-integer spins (CuGeO;[1]), and the Haldanegapin
integer-spin chains (Y,BaNiOs [2]). The sodium vana
date a'-NaV,0O; was established to be the second
known inorganic spin-Peierls compound (besides
CuGe0O,); the temperature dependence of its magnetic
susceptibility was measured, and it was shown that at
high temperatures, its susceptibility passes through a
broad maximum characteristic of antiferromagnetic
chains, to subsequently drop abruptly at T, = 34 K [3].
This is accompanied by the formation of a gap A =
10 meV in the magnetic excitation spectrum [4] and by
the lattice period doubling along the a and b axes and
guadrupling along the c axis[5].

The a'-NaV,Os structure has double chains (lad-
ders) of distorted corner-sharing VOs; pyramids
arranged along the b axis. The adjacent double chains
join common edges to form layers in the ab plane
(Fig. 1). The Naatomsare sandwiched between the lay-
ers. Based on the P2,mn space symmetry group for the
high-temperature (HT) a'-NaV,Os structure with two
inequivalent vanadium positions, the chains of the V4*
magnetic ions were assumed to alternate with those of
the nonmagnetic V°* ions [6]. This pattern provided a
reasonable explanation for the one-dimensional mag-
netic properties and the spin-Peierls transition in this

intermediate-valence (V#°*) compound. However, the
anomaloudly large value 2A/KT, = 6.5 and the giant ther-
mal-conductivity anomaly [7], aswell asthe very weak
dependence of T, on magnetic field [8], revealed in sub-
sequent experiments were at odds with the classical
pattern of the spin-Peierls transition. It was soon found
that (a) the HT a'-NaV,0Os structure belongs, in actual
fact, to the Pmmn group, in which there is only one
position for vanadium, V45* [9-14], so that one electron
inamolecular orbital of theV,0 complex issituated on
a ladder rung [9, 15], and (b) in the low-temperature
(LT) phase, charge ordering follows a zigzag pattern
[16]. At the same time, the detailed charge distribution
pattern remains unclear. In some models, the charge is
ordered on each ladder [17, 18], in other models, on
each alternate ladder [19, 20], as shown in Fig. 1.

An NMR study suggested that the phase transition
with charge ordering occurs at T, = 37 K and that it
precedes a phase transition involving lattice dimeriza-
tion and spin-wave energy gap formation at T, = 34.7 K
[21]. Our studies showed that both processes manifest
themselvesin the IR spectraof a'-NaV,Os; namely, the
charge ordering gives rise to a dielectric anomaly,
which can be detected from an interference fringe shift
and from a change in the absorption coefficient a in a
broad low-frequency band [16], whereas the lattice
dimerization initiates the formation of new vibrational
modes coupled genetically with Brillouin zone-edge
modes of the HT phase (folded modes) [22-24]. The
purpose of this study wasto determine the temperatures
T, and T, by measuring the interference fringe posi-
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tions (and absorption a) and the intensity of the folded
modes on the same sample.

2. EXPERIMENT

Crystals of stoichiometric a'-NaV,05; were melt-
grown using a NavO; flux [25]. The single crystals
measured 1 x5 x 0.5t0 3 x 17.3 x 1.6 mm along the a,
b, and ¢ axes, respectively. Three samples with thick-
nesses of 110.7, 14, and 7.5 um were prepared by
cleaving perpendicular to the ¢ axis for transmission
measurements in the k || ¢, E || a and E || b configura
tions. In the k || a and E || ¢ measurements, two sam-
ples, 1.3 mm and 150 um thick, were used. The latter
sample was prepared by embedding it in epoxy resin
and grinding it off to a specified thickness.

X-ray, magnetic, and EPR measurementsrevealed a
phase transition at T, = 34 K in &l the samples. The
samples were placed in a helium-vapor optical cryostat
on a holder designed so as to compensate temperature-
induced variations of the cryostat length.

Normal-incidence, polarized transmission spectra
were recorded on a BOMEM DA3.002 Fourier spec-
trometer in the region 25-300 cm* with aresolution of
0.05-1 cm™ at temperatures of 6-300 K stabilized to
within £0.1 K. A reference spectrum was obtained at
each temperature. The refractive index n and the
absorption coefficient a (a = 4mvk, where K is the
imaginary part of the complex refractiveindex n =n +
iK) were derived from the experimental interference
pattern in a plane-parallel sample using the relations

1

Av = ﬁ]’ (1)
Tr = HL)ZG_UZ, )
(1-Re™9

Here, Av is the separation (in wavenumber) between
adjacent maxima in the interference fringe pattern,
Tr max 1S the sampl e transmission at the frequency corre-
sponding to the interference maximum, d is the sample
thickness, and R is the reflection coefficient for one
face. Equations (1)—(3) arevalid for n > K, acondition
satisfied in our case. We fitted the fringe pattern
observed in the range 30-120 cm™ to the relation [26]

4n 2 4)

Tr = : —|,
(h+ 1)2e—|[3d_(r_]_1)2e|[3d

where 3 = 2rtvi and n(v) and K(v) were fitted at each
temperature by expressions of the type a + b(v — vg)2.
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Fig. 1. Projection of two adjacent ladders in a vanadium—
oxygen sheet of the a'-NaV ,05 sodium vanadate structure

on the ab plane. In the HT phase, all vanadium atoms

occupy equivalent positions and are in the V4> valence
state (the right-hand ladder). In the LT phase, zigzag order-
ing setsin (theleft-hand ladder). It remains unclear whether
al of the ladders or only alternate ones are ordered (as
shown in the figure).

The parametersa and b obtained in thefitting were used
subsequently to calculate the integral

(T = If)Mdv. )

1— Vo
Vi

For the ¢ polarization, in which no interference was
observed, the absorption was characterized by the
quantity

~ 1. 1.

a = alnﬁ, (6)

we also calculated the integral

Vo

~ _ 0V, T)
I(T) J’Vl_vzdv. (7)
Vi
The integration here was performed within the
region 30—-120 cmt, with subtraction of theintensity of
the new line in this region at about 70 cm™, which
increased with decreasing temperature.

In order to find the intensity of any new phonon
mode of the LT phase, its contribution Ae to the dielec-
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tric permittivity € = h° was described in terms of the
oscillator model as

4Ttf oo
A = ———, )
Wy—W —iyw

where wy, Y, and f arethe oscillator frequency, damping
constant, and the oscillator strength, respectively, and a
fit to the experimental spectrum was performed for
each temperature using Eq. (4). The oscillator strength
thus found was taken as a measure of the mode inten-
sity.

3. RESULTS AND DISCUSSION

Figure 2 displays far-infrared transmission spectra
of polarized light obtained on an a'-NaV,Og single

x©
(=)

n
(e

Transmittance, %

50 100
Wavenumber, cm™!

Fig. 2. Transmission spectra of a'-NaV,0g5 measured at
temperatures T = 40 K > T (dashed line) and T=8 K < T,
(solid line). The a and b polarized spectra (k || ) were
obtained on a sample with d; = 110.7 pm. The c-polarized
spectra (k || @) relate to another sample (with d, = 1.3 mm).
The arrows specify the new lines appearing in the low-tem-
perature phase.
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crystal at temperatures both above and below T.. The
E ||a and E || b polarized spectra clearly exhibit inter-
ference in the plane-parallel sample (d = 110.7 pum).
Only one phonon mode of the HT phase (¢, = 140 cm,
E || a) fallsinto the frequency interval considered [12].
The new (folded) phonon modes of the LT phase [22—
24] are specified by arrows. In the a polarization, the
HT phase exhibits a strong continuum of long-wave-
length absorption [12, 22, 27] which disappears in the
LT phase; the transmission of the crystal increases, and
the interference fringes become deeper and shift. The
c-polarized spectra also exhibit an order-of-magnitude
weaker continuum absorption (we note that the c-polar-
ization spectrum was measured on a sample 12 times
thicker than the one used in the a polarization). The
phase-transition-induced changes in the absorption
coefficient and refractive index (or, what amountsto the
same thing, the dielectric permittivity € = €' + ig") of
a'-NaV,0; at low frequencies is associated with charge
ordering [16, 28].

Figure 3 shows temperature dependences of the
refractive index in the a and b polarizations and of the
intensity of one of the folded phonon modesinitiated in
the LT phase by the lattice dimerization. The shelf-

shaped anomaly in n, (and €;), combined with the

absence of any change in n,, originates from zigzag
charge ordering on the ladder rungs oriented along the
aaxis, whichisan ordering of the antiferroelectric type
[16, 28]. The temperature of the phase transition
involving charge ordering in the ab plane, as found
fromthekink inthe ny(T) relation, isT,, =33.6 £ 0.4 K.
This temperature coincides, within the measurement
error, with the temperature of the structural phase tran-
sition T, = 33.9 + 0.3 K derived from the position of the
inflection point in the temperature dependence of the
101-cm™ folded mode intensity.

The nonzero intensity of the folded mode for T > T,
(see inset to Fig. 3) and the changes in the refractive
index seen to occur for T > T, are associated with
short-range order [29]. This order manifestsitself much
stronger in the ny(T) dependence, which characterizes
charge ordering, than in the I(T) behavior connected
with structural changes. This can be accounted for by
the fact that charge fluctuations are two-dimensional,
whereas structural fluctuations near a transition point
occur in three dimensions [30], and the part played by
short-range order increases for low-dimensional sys-
tems[29]. We note that the effect of charge fluctuations
in a'-Nav,0Os; at temperatures up to =100 K was
detected in [31] from the softening of the transverse
ultrasonic mode Cg (a-polarized and propagating
along the b axis), which interacts with zigzag-type
charge fluctuations.

Thus, our data do not provide grounds for maintain-
ing, as was done in [21], that charge ordering in a'-
NaV,Os occurs as a separate phase transition at atem-
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perature 2—-3 K higher than that of the subsequent struc-
tural-magnetic transformation.

Because no interference occursin the ¢ polarization,
we have not succeeded here in directly measuring the
variation of the refractive index with temperature.
However, because the real and theimaginary partsof n
(or of €) are coupled through the Kramers—Kronig rela-
tionsand vary similarly [32], we attempted to study the
behavior of n, from the variation of the continuum
absorption. The temperature behavior of absorption in
the long-wavelength continuum is presented graphi-
caly in Fig. 4. The variation of absorption in the a
polarization follows the same pattern as that of the
refractive index, with aninflection point at T,, =33.6 £
0.4 K (compare Figs. 3, 4). In the c polarization, one
observes a peak at 33.0 + 0.3 K. The peak seen in the
temperature dependence of the dielectric permittivity is
characteristic of atransition to the ferroelectric phase.
Such aphase could form for T < T, if all the V45*%ions
are displaced along the ¢ axis in one direction and all
the V45-2 jons are displaced in the opposite direction,
asfollowsfrom [13, 19]. That the temperature position
of the peak differsfrom T, is most probably connected
with a scatter in the sample quality, rather than with the
charge ordering in the ab plane and along the c axis
occurring at different temperatures. The samples we
have at our disposal do not, unfortunately, permit oneto
measure the temperature dependences of €, and €, on
the same sample.

We note that temperature dependences of the dielec-
tric permittivity of a'-NaV,0s exhibiting a shelf in g,
and a peak in €. were observed earlier at frequencies of
1 kHz [33], 1 MHz-1 GHz [34], and 16.5 GHz [32].
Measurements of £,(T) and €,(T) on the same sample
revealed both relations to have anomalies at the same
temperature (34.4 K [33] and 33 K [32]). A comparison
of the dataon €. obtained at 1 kHz [33], 1 MHz-1 GHz
[34], and 1-3 THz [12] shows € to have no dispersion
up to the terahertz range. Therefore, from the relation
wT < 1, we obtain an estimate for the dielectric relax-
ationtimet<1.6x 1085,

That the charge, structural, and magnetic states of
sodium vanadate undergo a change in the same phase
transition is accounted for by the specific features of
this compound. In a'-NaV,0s, one d electron is shared
by two vanadium atoms, thus providing an additional
electronic degree of freedom. The probability of an
electron hopping along the ladder rung is substantially
higher than that along the ladder or between ladders[9,
15]. The zigzag charge ordering in the ab planes at low
temperatures can be considered to be antiferroelectric
ordering of dipoles on ladder rungs [16, 28]. Because
each electron possesses a spin (S= 1/2), the charge and
spin degrees of freedom areintimately coupled. Mosto-
voy and Khomskii proposed a spin-isospin model for
description of the processes occurring in sodium vana-
date and used it to show that zigzag charge ordering
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opens a gap in the magnetic excitation spectrum [28,
35]. The quasi-one-dimensional spin system in their
model is coupled strongly with the exciton-type low-
energy antiferroelectric mode (isospin mode), and the
observed charge ordering is indicative of softening of
this mode. The isospin excitation is softened at the Q
point (1/2, 1/2, 1/4) of the Brillouin zone, which corre-
spondsto the wave vector of the LT-phase | attice super-
structure [28]. A change in the radii of the vanadium
electron clouds brings about displacements of the equi-
librium positions of the surrounding oxygen ions,
which corresponds to a structural phase transition.
Thus, the charge, spin, and lattice degrees of freedom of
the sodium vanadate are intimately coupled; asaresult,
charge ordering and a change in the magnetic state and
in the lattice structure in the same phase transition
appear only natural.
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Abstract—The low-temperature photoluminescence (PL) of 100 to 300-nm thick MnF, epitaxial films of the
o-PbO,-type orthorhombic structure was studied. The PL spectrum consists mainly of a broad band peaking
around 575 nm and a slowly decaying long-wavelength wing. The short-wavelength part of the main band
revealed relatively weak spectral features, which are due to magnon replicas of the Mn?* excitonic line per-
turbed by Mg and Caimpurities. These features were found to shift toward shorter wavelengths by 12 nm rel-
ativeto their positionin bulk MnF, crystals. The shift can be accounted for by achangein the crystal field acting

on the Mn?* ions in the orthorhombic phase. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

We are witnessing presently an increasing interest in
magnetically ordered thin films and related multilayer
heterostructures, as they exhibit considerable applica
tion potential in magnetoel ectronics. The crystal struc-
ture and physical properties of thin films differ quite
frequently, however, from the bulk characteristics of the
corresponding materials, and revealing these differ-
ences requires comprehensive studies. Obviously
enough, the size effect in films should be investigated
using well-studied model compounds. Among such
compounds is MnF, with aclearly pronounced antifer-
romagnetic ordering below 67 K, which possesses
interesting optical properties [1-5]. The presence of a
orthorhombic crystal field, aswell asthe spin—orbit and
exchange couplings, brings about a 17-cm shift and
splitting of the Mn?* degenerate excited level (“T,g) into
two lowest levels, commonly denoted by E; and E,.
Optical excitation is delocalized in the Mn?* lattice
because of the strong coupling between adjacent Mn?*
ions and propagates as a Frenkel exciton. An important
step in the spectroscopic investigation of MnkF, was the
observation of spin waves or magnon replicas of the E;
and E, electronic absorption bands. The exciton and the
magnon appear in absorption simultaneously, and their
strong interaction results in renormalization of the
magnon band energy. In emission, however, the excita-

tions appear one after another and, hence, there is no
renormalization.

At low temperatures, MnF, exhibits strong fluores-
cence, which is connected, even in very pure crystals,
primarily with Mn?* ions perturbed by impurities. The
energy levels of such perturbed ions lie below those of
theionsresiding in aregular environment, asaresult of
which free excitons are captured. Some researchers
(see, for instance, [1, 5]) report the observation of nar-
row lines originating from radiative exciton and exci-
ton—magnon transitions from the E, level of Mn?* ions
perturbed by positively charged Mg?*, Ca?*, and Zn?*
ions of residual impurities.

Under normal conditions, bulk MnF, crystals are
known to have a rutile-type tetragonal structure. In
addition, as shown in [6] and other publications of the
same authors, manganese fluoride can aso crystallize
in other phases at high temperatures and pressures. It
was | ater established that the first three MnF, monolay-
ers grow coherently with the CaF,/Si(111) pseudomor-
phic heteroepitaxia substrate and adopt its cubic crys-
tal structure[7, 8]. It has been demonstrated recently [9,
10] that comparatively thick MnF, films (100-300 nm)
in the metastabl e a-PbO, rhombic phase can be grown
using molecular-beam epitaxy (MBE). We report here
on a study of the low-temperature photoluminescence
(PL) and its excitation spectra in the rhombic phase of
manganese fluoride.

1063-7834/02/4408-1455%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Photoluminescence of a bulk MnF, single crystal
and of manganese fluoride films measured at T =5 K. The
figures adjoining the curves refer to epitaxial-structure nos
(seetable).

2. EXPERIMENT

Epitaxial layers of manganese fluoride were grown
at the loffe Physicotechnical Institute, RAS, on a setup
for MBE of fluorides [7]. CaF, buffer layers were
deposited on Si(111) substrates which were first
cleaned chemically in air and then heated in ultrahigh
vacuum. A 40- to 50-nm thick MnF, film was deposited
on CaF, at T=100°C and anneal ed subsequently for 1—
2sat T=550°C. This procedure of manganese fluoride
growth was repeated until the films grew to 100—
200 nm in thickness. The films thus prepared were
coated by aCaF, cap layer up to 10 nm thick. The char-
acteristics of the structures grown and studied in this
work arelisted in the table.

The PL was measured at various temperatures using
an Oxford helium cryostat. The PL was excited by an
Ar*ion laser (A = 488 nm) at excitation densities of
about 3W/cm?. The PL was collected at right anglesto
the sample surface and propagated through a fiber
waveguide system to a spectrometer with afocal length
of 0.3 minterfaced to aCCD camera. The PL excitation
spectrawere obtained with acontinuously tunable laser
operating on Coumarin 540 dye.

SOKOLOV et al.

3. RESULTS AND DISCUSSION

The PL spectrum of MnF, films represents a broad
asymmetric band near 575 nm, with along-wavelength
wing extending to 700 nm. The PL band in the film
resembles very much in shape the PL band in bulk
MnF, crystals, where it is due to phonon and magnon
transitions associated with the Mn?* sublattice[1]. This
suggests that the PL spectra of films and bulk crystals
have the same nature. Figure 1 presents low-tempera
ture PL spectra of three films and of abulk single crys-
tal. The film PL band is seen to be shifted toward
shorter wavelengths by about 10 nm, and this shift is
the largest for the thinner films, nos. 961 and 962.

When scaled down in wavelength, the short-wave-
length wing of the main PL band of bulk MnF, and of
the films shows a number of superposed narrow lines
(Fig. 2). Theselineswereidentified earlier in bulk crys-
tals as being due to the emission of Mn?* ions perturbed
by Mg?* and Ca?* impurity cations. A recent study of
the luminescence of MnF, films [11] did not report
observation of such lines; only kinks were resolved at
somewhat different wavelengths on the short-wave-
length wing of the main band. This difference in the
fine structure of the spectra should be apparently
assigned to differences in the growth regimes of the
films studied in [11] and this work.

To establish the nature of the fine structure in the PL
spectra of MnF, films, we studied their temperature
behavior. Figure 3a shows emission spectra of sample
no. 962 measured from 1.7 to 40 K. We readily see that
the intensity of the 535.4-nm line decreases rapidly
with increasing temperature. At the same time, the
540-nm line intensity grows with temperature up to
8K, after which a further increase in temperature
brings about a weakening of this line (Fig. 3b). The
temperature behavior of these line spectra resembles
the one observed for radiative recombination of Mn?*
ions perturbed by closely located Mg?* and Ca?* impu-
ritiesin bulk manganese fluoride crystals [1].

Based on the similar temperature dependence of the
PL intensity and spectral positions, the transitions
observed in the films at 535.4 and 540.0 nm were
assigned by usto Mn?* ions having Mg?* and Ca?* ions,
respectively, intheir nearest environment. It isalso very
likely that it is these lines that are electric-dipole
allowed magnon replicas of the forbidden pure-electron
magnetic-dipole transitions. The shift of about 10 nm

Main growth characteristics of the MnF, epitaxial layers studied in thiswork

Epitaxial-structure no.

Growth characteristics

961
962
963

30 nm, growth at 100°C, anneal at 550°C, 75 nm, growth at 400°C
(25 nm, growth at 100°C, anneal at 550°C) 4 times
(25 nm, growth at 100°C, anneal at 550°C) 11 times
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MnF, films
540.0 nm
535.4 nm
Bulk MnF,
2 2+ a
e
E
E Ca2+
_,J b
1 1
530 540 550 560

Wavelength, nm

Fig. 2. Fine structure of the photoluminescence spectra of
MnF, epitaxial films. Left: (1) sample no. 961; (2) sample
no. 962; and (3) sampleno. 963. Right: Line structure of the
short-wavel ength edge of the main luminescence band of an
MnF, bulk single crystal obtained at T equal to (a) 5 and
(b) 15K.

relative to the corresponding lines in bulk crystals can
be attributed to a change in the crystal field around
Mn?* ions occurring in the rhombic phase of manga-
nese fluoride.

The PL spectra of films shown in Figs. 2 and 3a
exhibit, in addition to the strong 535.4-nm line, a
weaker line at 533.9 nm. The splitting is about 60 cm,
and the intensities of both lines behave in the same way
with temperature (Fig. 3a), thus demonstrating their
similar nature. The magnon band observed in the lumi-
nescence of bulk MnF, crystals is shifted to longer
wavelengths by 58 cm™ from the purely electronic line.
Thus, the weaker line at 533.9 nm observed in the PL of
the films can be assigned to the forbidden pure electron
magnetic-dipole transition.

We aso studied PL excitation spectra in films and
compared them with the corresponding spectrum
obtained from abulk MnF, single crystal. Figure 4 pre-
sents excitation spectra of the 575-nm luminescence
measured at 2 K on film no. 962 and on a bulk MnF,
single crystal. The spectra dlit width of the entrance
monochromator was 3 nm. Theinset to the figure shows
the PL excitation spectrum of abulk MnF, single crys-
tal scaled down in wavelength. The spectrum clearly
reveals exciton (E;, E,) and magnon (o4, 0,) transitions
[3]. Taking into account the above data on the PL of
films and assuming the PL excitation spectra in films
and single crystalsto be similar, one can expect there to
be a maximum in the excitation spectrum of films near
530 nm. As follows from examination of Fig. 4, how-
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Fig. 3. Temperature dependences of (a) the PL spectrum at
the short-wavelength edge of the main band measured on
epitaxial film no. 962 and (b) fine-structure line intensities
at 535.4 and 540.0 nm.

ever, the experimental PL excitation spectrum of the
film has a different shape. The clearly pronounced
spectral maximum at 544 nm is located at lower ener-
gies than the fine structure in the PL spectrum that is
associated with magnon excitation (dashed line). This
implies the operation of an additional efficient mecha-
nism of luminescence excitation at 575 nm in films,
which is probably connected with their having deep
levelsthat are absent in bulk single-crystal samples.
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Fig. 4. Excitation spectra of the 575-nm luminescencein an
MnF, bulk crystal and epitaxial film no. 962 measured at
2 K. Shown for comparison is the short-wavel ength part of
the luminescence spectrum of the same film (dashed curve).
Inset shows the fine structure of the luminescence excitation
spectrum of abulk crystal (expanded in wavelength).

4. CONCLUSION

Thus, low-temperature PL spectra of MBE-grown
MnF, epitaxial films of a-PbO,-type rhombic structure
are dominated by abroad phonon band peaking at about
575 nm, which resembles in shape the PL band seenin
bulk single crystals but is shifted by ~10 nm toward
shorter wavelengths. A relatively weak but clearly pro-
nounced fine structure was detected in the short-wave-
length part of the main PL band of films. The tempera-
ture behavior of the fine-structure line intensities con-
firms the existence of magnon transitionsin Mn?* ions
perturbed by closely located Mg?* and Ca?* impurities.
These lines are also shifted toward shorter wavel engths
by ~10 nm from the corresponding positions in the
spectra of bulk MnF, crystals as a result of the change
in the crystal field in the rhombic phase. An analysis of
the PL excitation spectra of MnF, films measured in
this study revealed the existence of at least two contri-
butions to the luminescence near the maximum of the
main band. In addition to the contribution associated

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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with exciton excitation in unperturbed Mn?* ions, there
is an appreciable contribution originating from the
presence of deeper states, which accounts for the new
band in the excitation spectrum with a maximum near
544 nm.
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Abstr act—The luminescence characteristics of M3* : Al,O5 crystals, where M3* stands for an isoel ectronic cat-

ion impurity with afilled electron shell, namely, Sc3*, Y3*, or La®*, were studied. The luminescence of excitons
bound (BE) to these impurities was detected. The position of the BE energy states at the long-wavelength
absorption edge as a function of the M3* ionic radius was established. The energies of the long-wavelength BE
creation threshold and of the maximum of the BE luminescence band were approximated empirically by third-
order polynomials of the Toyozawa polynomial type, which describes el ectron—phonon interaction. The energy
and spatial structure of the BE was found to be similar to that of a self-trapped exciton (STE). The BE and STE
states are separated by an energy barrier, and energy transfer from the STE to BE is frozen at |ow temperatures.

© 2002 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

| soelectronic impurities Sc®* and Ga* incorporated
in crystalline Al,O5 produce intense UV luminescence
bands which are stable at high temperatures. These
bands are assigned to excitons localized at an impurity
(bound excitons, BE) [1, 2]. Exciton localization
depends substantially on the size and structure of the
outer electron shell of the impurity ion. To exclude the
influence of the impurity valence electrons and estab-
lish the part played by impurity sizein exciton localiza-
tion, isoelectronic ions with filled outer shells were
doped into corundum.

Although the radius of the La* ion is twice that of
Al3*, they were incorporated into the corundum struc-
ture [3]. We report here on spectroscopic and kinetic
studies of electronic excitations in Al,O; samples con-
taining impurities with filled outer shells, more specifi-
cally, Sc*,Y3*, and La*. Theionic radii of theseimpu-
rities are substantialy larger than that of AI®* (R =
0.57 A) and increase from Sc3* to La®* as 0.81, 0.97,
and 1.06 A, respectively.

2. RESULTS

Polycrystalline samples of corundum with the sub-
stituting cations Y3*, Sc®*, and L& were prepared by
sol-gel technology [4]. The material of the sampleswas
a dense a-Al,0O; ceramic containing nanocrystalline
particles 50-100 nm in size. In addition, single-crystal
Sc:AlL,O; samples were grown by the Czochralski
method at 2050 + 50°C. The optical spectraof the sam-

ples were studied on an experimental setup described
elsewhere[2].

The absorption spectra were measured on
Sc3:AlLO; single-crystal samples (Fig. 1). We readily
see that, when Sc® is introduced into corundum, a
shelf, i.e., an absorption band (at 8.3 eV), isformed at
the long-wavelength absorption edge, more specifi-
caly, in the 8.0- to 8.6-eV region.

Stationary x-ray or electron-beam excitation of
Sc:AlL,O3 samples gives rise to a strong luminescence

100
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| | | | | |
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Fig. 1. Absorption spectra of corundum single crystals: (1)
Al,05:Sc (0.02%), (2) Al,05:Sc (0.01%), and (3) nomi-
nally pure Al,O3. The inset shows scandium-induced
absorption spectra 1 and 2 relative to the spectrum of nom-
inally pure sample.
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Fig. 2. Luminescence spectra of a single-crystal Al,O3:Sc (0.02%) sample obtained under x-ray excitation.

band that peaks at 5.6 €V and to a weak luminescence
band at 7.5 eV due to a sdlf-trapped exciton (STE)
whose hole component isthe O-relaxed ion [5] (Fig. 2).
For equal impurity concentrations, the intensities of
these luminescence bands in polycrystalline samples
areweaker by an order of magnitude than those of asin-
glecrystal. Nevertheless, the ratio of the 5.6- to 7.5-eV
band intensities does not change. When pumped by a
short electron-beam pulse (1o, ~ 1 ns), the 5.6-V lumi-
nescence band, as measured during the first 20 ns after
the pulse termination, consists of three components at
6.25, 5.75, and 5.25 eV; after ~100 ns, the band at

200
e woolana, Sc¥*: ALO, ]
=120 s
E L 5
£ z
z 80 'z
b 5

[=
40 =

Fig. 3. Temperature dependences of (1) thedecay timeT and
(2-5) integrated intensity of the 5.6-eV luminescence band
of the Al,03:Sc (0.02%) sample under excitation by pho-

tons of energy (2) 8.3, (3) 9.0, (4) 8.7, and (5) 10.0 eV.
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5.6 eV becomes identical to the steady-state one. The
decay of the5.6-eV band inthe4- to 100-K temperature
range follows an exponential law with the time constant
T, = 160 ps. For T = 120 K, t decreases strongly, and
at 300 K, we have 1, = 0.5 ps (curve 1 in Fig. 3) and
T3 =100 ns.

The 5.6-eV luminescence band is polarized with the
degree of polarization being maximum (~30%) at room
temperature and with the polarization vector being per-
pendicular to thetrigonal crystal axis. Below 100K, the
degree of polarization drops to 5%. A comparison of
the temperature dependences of the degree of polariza-
tion and luminescence decay kinetics shows them to be
in anticorrelation; i.e., the short decay time occurs at a
high degree of luminescence polarization. The STE
luminescence band in corundum was found [5] to con-
sist of three spectrally unresolved componentswith dif-
ferent decay times (T ~ 22, 230, 2500 ns). The degree of
STE polarization in the 7.5-eV band is high (=30%),
and the polarization vector is likewise perpendicular to
the trigonal axis of the crystal [5]. Thus, the spatial and
energy structures of the BE and STE luminescence in
corundum are similar.

The excitation spectrum of the 5.6-eV luminescence
band is primarily a sum of the two bands at 8.3 and
9.0eV, which coincide with the scandium-induced
absorption band and the excitonic band, respectively
(curve 2' in Fig. 4).The excitation efficiency of the
5.6-eV luminescence in the 8.3-eV band is high and
does not depend on temperature (curve 2 in Fig. 3).
When excited in the 9.0-eV band, the temperature
dependence of the 5.6-eV luminescence is nonmono-
tonic; namely, as the temperature is decreased below
200 K, the intensity first decreases and then, for T <

2002



LUMINESCENCE OF IMPURITY-BOUND EXCITONS IN CORUNDUM 1461
1

AL,O; f
£
=]
E
z
=
Q
=

1 1 1 1 1 1 1
3 4 5 6 7 8 9 10
Energy, eV

Fig. 4. Normalized spectra of (1, 1', 1", 1") luminescence and (2, 2', 2", 2") absorption of various samples; (1, 2) STE in Al,Og,
(1, 2) Al,03:Sc (0.5%), (1", 2") Al,0z:Y (0.5%), and (1", 2"') Al,03:La (0.5%).

120 K, risesin steps, at 65 and 30 K (curve 3in Fig. 3).
Theinitial decreaseis dueto the existence of an energy
barrier between the BE and STE states. For T < 200 K,
the STE luminescence intensity increases and energy
transfer to the BE stops (because of the energy barrier)
[5]. Therest of the 5.6-eV luminescence (when excited
at>9.0eV), observedfor T< 100K, isduetothe 7.5-eV
STE luminescence band overlapping strongly with the
BE absorption band at 8.3 eV (reabsorption; curves 1,
2'inFig. 4). Theintensity rise at 65 and 30 K is due to
agrowth in intensity of the second and third STE lumi-
nescence band components, which partially excite the
5.6-eV luminescence through reabsorption. When
excited at 10.0 eV, the 5.6-eV band intensity reveals
indications of thefirst and second corundum STE lumi-
nescence components rising in intensity at 110 and
65K (curve5inFig. 3).

The luminescence bands of the Y3:Al,O; and
La**:Al,O; samples (curves 1", 1" in Fig. 4) and the
temperature dependences of their intensities are similar
to the 5.6-eV band and its temperature dependence in
Sc3:AlLO; (curve 1' in Fig. 4, curve 4 in Fig. 3). The
only difference consists in the spectral positions of the
bands, namely, 5.2 and 4.6 eV, respectively. As seen
from the excitation spectra, their long-wavelength exci-
tation threshold is aso shifted toward lower energies.
This shift is larger, the larger the ionic radius of the
impurity compared to that of the regular cation AI3*.
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3. DISCUSSION OF RESULTS

An anion vacancy in akali halide crystals induces
additional a and 3 absorption bands at the long-wave-
length absorption edge [6]. These absorption bands
were assigned to exciton formation near such a
vacancy. Doping corundum with transition-metal
impurities induces additional absorption bands of other
types, namely, those involving charge transfer from the
impurity to the lattice [7].

The onset of additional absorption at 8.3 eV in scan-
dium-doped corundum was interpreted as being associ-
ated with an optical transition of an electron from oxy-
gen ions to the aluminum ion in the nearest environ-
ment of the impurity [1]. Indeed, when the matrix
cation is replaced by scandium with a larger ionic
radius than that of AI®*, the impurity perturbs its oxy-
gen environment and, thus, pushes the O%- valence lev-
elsup into the crystal band gap.

On the other hand, the Sc3* ion has a filled argon
shell with 3s?3p® configuration, which, by our esti-
mates, cannot create electronic levels with an energy
less than 12 eV relative to the corundum valence-band
top. Such levelslie approximately 3 eV above the con-
duction-band bottom (the band gap width of corundum
iIsE;=9.3eV). Hence, Sc3*:Al, O, cannot form acharge
transfer band in the band gap. We believe that the
absorption band at 8.3 eV is associated with the O2p>—
Al3st electronic transition in the nearest | atti ce environ-
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Fig. 5. Position of the maximum of the impurity-induced
absorption band in corundum (squares) plotted vs. impurity
ionic radius, and its approximation (dashed line).

ment of Sc3*. Thiselectronic transition can beidentified
with the exciton bound at an impurity. Thus, the 5.6-eV
band is actualy BE luminescence, because it is
observed to be directly related to excitation in the
8.3-eV absorption band (curves 1', 2' in Fig. 4).

The luminescence and excitation bands observed by
usintheY?3:Al,O;z and La**:Al,O; samples are similar
in nature to the electronic excitations in Sc3*:Al,O,
(Fig. 4). Their long-wavelength shift depends on the
magnitude of the ionic radii and supports our conclu-
sion that if the cation impurity has a large radius, then
the valence oxygen levels of the impurity environment
are pushed up more strongly, thus reducing the energy
of the O2p°>-Al3s! optical transition.

Figure 5 plots the position of the maximum of the
impurity-induced absorption bands as a function of
inverse ionic radius R. Also shown is the best-fit curve
for this relation obtained for X = 5/R and described by

E, = 7.8—0.99X + 0.28X*—0.02X°. (1)
The luminescence bands can be fitted by the relation
Eum = 5.2—1.3X+0.3X*-0.02X°. 2
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A generalized expression for Egs. (1) and (2) can be
written in the form

EO(kR?—kR>—k;R™), €)

which includes the deformation (k,R=) and polariza-
tion (k;R™?) energies of thelattice and the kinetic energy
(k;R) both for the carriers (electron and hole) and for
the exciton in the strained region of the lattice. Such an
expression was proposed by Toyozawa to describe the
electron—phonon interaction in polar crystals [§].
According to this theory, the polarization and deforma-
tion components are responsible for the negative part of
the energy (the attractive potential), whereasthe kinetic
part of the energy creates the repulsive potential for
charge carriers or the exciton. Therefore, this polyno-
mial describes an equilibrium minimum in energy; the
exciton (itselectron or its hole) islocalized in this min-
imum.
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Abstract—The effect of chemical composition and temperature on exciton—magnon interactionsin Ni;Mg; _ O
single crystals was studied using optical absorption spectra in the region of the magnetic-dipole 3Azg(G) —
3T ,4(F) and electric-dipole *A,y(F) — *E4(D) transitions. The two zero-phonon lines at ~7800 and ~7840 c™
on the low-energy side of the magnetic-dipol e transition band were assigned to a pure exciton transition and an
exciton—-one-magnon transition at the center of the Brillouin zone. The intensity of the exciton—one-magnon
peak decreases rapidly with increasing magnesium ion concentration and/or temperature, to vanish altogether
aT=6Kforc<095andat T =130K for c= 0.99. Thus, the contribution of long-wavelength magnonsin
optical absorption spectraof NiMg; _ O becomes negligible at temperatures substantially lower than the Néel
point Ty (the antiferromagnetic ordering temperature). This observation can be explained as being due to a sub-
stantial decreasein the characteristic spin—spin interaction length with increasing concentration of the diamag-
netic magnesium impurity ions (static disorder) and/or with increasing amplitude of thermal atomic vibrations
(dynamic disorder). At the same time, the peak at ~14500 cm™, which lies in the electric-dipole transition
region and corresponds to excitation of an exciton and two magnons at the Brillouin zone edge, remains visible
up to the Néel temperature. This is accounted for by the short-wavelength magnons being sensitive to short-

range magnetic order, which persists up to Ty. © 2002 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

Pure nickel oxide NiO is an antiferromagnet of the
second kind with a Néel temperature Ty, = 523 K. Sub-
stitution of apart of nickel ionsby magnesiumionspro-
duces acontinuous series of Ni.Mg;, _.O solid solutions
[1]. The magnetic phase diagram of the Ni_Mg, _.O
system, which has been established earlier by elastic
neutron scattering [1] and SQUID magnetometry [2],
indicates the existence of four regions (Fig. 1) [1]: (1) a
homogeneous antiferromagnet (0.63<c< 1), (2) aclus-
ter antiferromagnet (0.4 < ¢ < 0.63), (3) a spin-glass-
type structure (0.25 < ¢ < 0.4), and (4) a paramagnet
(c < 0.2). We note that both of the experimental meth-
ods mentioned above [1, 2] are sensitive to long-range
magnetic order. Microscopic studies [3] of the effect of
composition and temperature on the domain structure
of Ni;Mg, _ O single crystals provided additional infor-
mation. It was established in [3] that adomain structure
exists at temperatures substantially below Ty (Fig. 1)
and that it is more sensitive to the solid-solution com-
position than the Nédl temperature. Magnetic order in
theNiMg;, _.O solid solutions was also investigated by
optical absorption [4], luminescence [5], and Raman
spectroscopy [6].

This publication reports on a study of the contribu-
tion of exciton—-magnon interactions to the optical
absorption spectra of NiMg,_.O single crystas.
Attention is focused on the dependence of the one- and
two-magnon contributions on the solid-solution com-
position and temperature.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

Ni.Mg; _.O single crystals were grown by chemical
transport reactions [7, 8] on (100)-oriented MgO sub-
strates. The samples were of a greenish color, whose
intensity depended on the nickel content and varied
from green for ¢ = 1 to light green for small ¢c. The
chemical composition of the solid solutions was
checked by neutron activation analysis[9]; it wasfound
that the nickel content was stoichiometric to within
+0.01%. The optical absorption spectrawere measured
on aJasco V-570 double-beam spectrophotometer with
atungsten lamp serving as a light source. The absorp-
tion spectra were recorded by a photomultiplier tube
and a PbS photocell in the energy intervals 11110-
18500 and 7600-12500 cm?, respectively. The tem-
perature of the samples, fixed in ahelium cryostat, was
measured in the 5-to 293-K rangeto within £1 K.

1063-7834/02/4408-1463%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Magnetic phase diagram of the Ni;Mg, _ O solid
solutions obtained using elastic neutron scattering [1] and
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Fig. 2. Low-energy part of the 3A,y(F) — 3T4(F) mag-
netic-dipol e absorption band in Ni_Mg, _ O single crystals
measured at T = 6 K. The peaks corresponding to the pure
exciton and the exciton-one-magnon transitions are
denoted by A and B, respectively.

3. RESULTS AND DISCUSSION

The optical absorption spectra of the NiO nickel
oxideand Ni;Mg, _.O solid solutions can beinterpreted
using the energy level diagram of afree nickel ion Ni%*
(3d®) in a cubic crystal field. The observed absorption
bands are related to parity-forbidden d—d transitions,
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three of which, 3A,(F) — 3Ty(F), 3Ay(F) —
STiy(F), and 3Ay(F) — 3Tyy(P), are spin-allowed
(AS= 0), whereas the others are forbidden. We will
consider the two lowest bands, which correspond to the
magnetic-dipole transition 3Ay(F) — 3Ty (F) at
~8800 cm? and the electric-dipole transition
3Ay(F) — 'E4(D) at ~13800 cmr ™,

At low temperatures (T < 100 K), the magnetic-
dipole absorption band 3A,y(F) — 3T,4(F) of NiO con-
sists of two narrow, zero-phonon lines (peaks A, B in
Figs. 2, 3) and abroad vibronic band with several max-
ima corresponding to simultaneous excitation of an
exciton and phonons [4, 10]. Peak A at ~7800 cm is
due to the exciton transition, and peak B at ~7840 cm
is associated with exciton—-one-magnon excitation
involving a magnon with k = 0, i.e,, at the Brillouin
zone center [4, 10]. The magnon energy is determined
by the interval separating peaks A and B [10]. Variation
of temperature and substitution of magnesium for
nickel result in homogeneous and inhomogeneous
broadening of the absorption band, respectively, which
affects the intensity and position of both the A and B
peaks and the vibronic band [11].

Figure 3 displays the temperature dependence of the
absorption due to the 3A,(F) — 3T,,(F) magnetic-
dipole transition in NiO and the NiygMgy ;O solid
solution. In both cases, peak B disappears at ~110 K,
i.e, substantially below the Néel temperature Ty ~
523 K. The separation between peaks A and B (Fig. 4a)
does not vary with temperature, which implies a con-
stant magnon energy. Nevertheless, the positions of
both peaks, aswell as of the absorption band maximum,
shift to lower energies, which may be attributed to a
changeinthecrystal field strength resulting from lattice
expansion [8]. Another interesting observation is the
nonlinear variation of the I(B)/I(A) amplitude ratio of
peaks A and B (Fig. 4b). A comparison of the two
graphs in Fig. 4 revedls that the I(B)/I1(A) ratio varies
faster below 60 K, where the A and B peaks do not
change position. At the same time, the two peaks
change position toward lower energies above 60 K,
although their amplitude ratio remains constant to
within the experimental error.

The absorption originating from excitation of the
long-wavelength magnon (at the center of the Brillouin
zone) is sensitive to long-range magnetic order; there-
fore, peak B and the magnetic structure of nickel oxide
and of the solid solutions are related. Substitution of
magnesium ionsfor nickel (up to 10%, ¢ > 0.9) strongly
reducesthe peak B intensity already at T=6 K (Fig. 2),
i.e., substantially below the temperature of the phase
transition from the antiferromagnetic to paramagnetic
state (Fig. 1) [1, 2]. To within the experimental error,
the magnon energy in NijMg, _ O for ¢ > 0.95 remains
constant and equal to the value for pure NiO, wy, =
41 cm. A decrease in wyy, by ~8 cm~! was observed to
occur for ¢ = 0.95 (Fig. 2). While the one-magnon pro-
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cess does not produce a contribution in the form of a
single peak for c< 0.9 at 6 K, the NiygMgg 100 sample
neverthelessreveals a strongly smeared featurein place
of peaks A and B (Fig. 2). According to the magnetic
phase diagram (Fig. 1), antiferromagnetic order at 6 K
isobservedin Ni_Mg; _.O solid solutionsfor c = 0.4[1,
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2]; moreover, for ¢ = 0.6, a continuous antiferromag-
netic domain structure exists[3]. InpureNiO or in solid
solutions with low magnesium content, a continuous
antiferromagnetic domain structure is observed to per-
sist up to ~450 K [3], whereas antiferromagnetic order
exists substantially above room temperature, up to
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3T14(F) and *E4(D) absorption in aNig goMgg 400 single
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523 K. These results reflect the macroscopic magnetic
properties of NiO and NiMg; _.O, whereas optical
absorption spectra are sensitive to magnetic interac-
tions at a microscopic level. Our observations suggest
that the long-wavelength magnons at the center of the
Brillouin zone are very sensitive to violations of the
long-range spin—spin correlations, which occur with
increasing temperature and/or dilution by nonmagnetic
ions.

Figure 5 shows the temperature dependence of the
absorption due to the 3A,(F) — 'Ey(D) electric-
dipole transition in NiggMgp 40. The E((D) absorp-
tion band is seen to overlap partially with the transition
to the 3T y(F) level lying close to 15700 cm™. The
'E4(D) band intensity decreases sharply in the 200- to
275-K temperature interval, somewhat below the Néel
point Ty, ~ 320 K. Our previous studies[12] of asimilar
absorption band in single-crystal KNiF; permit the con-
clusion that the shape of the *E4(D) band is governed by
vibronic processes, in which an exciton and one or sev-
eral phonons are excited simultaneously, and by an
exciton—two-magnon process, which involves excita-
tion of an exciton and two magnons at the Brillouin
zone edge. No pure exciton transition is observed in the
absorption spectrum, because thistransition isboth par-
ity- and spin-forbidden; it should lie near 12500 cm™.
The zone-edge excited magnons are short in wave-
length and, thus, sensitive to short-range magnetic
order. Therefore, the absorption corresponding to the
exciton-two-magnon processis observed to occur up to
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the Néel temperature (Fig. 5). The two-magnon contri-
bution was found earlier to behave in asimilar way in
Raman spectra of NiO [6] and KNiF; [13]. The energy
W,y heeded to excite two magnons in NiO is approxi-
mately ~1400 cm™, i.e., substantially higher than that
in KNiF; (w,y = 813 cm™®) [12]. The difference
between the two energies is due to the superexchange
interaction between nickel ions, which is stronger in
NiO.

4. CONCLUSION

Thus, we have studied the temperature and concen-
tration dependences of optical absorption spectra of
NiO and NiMg,_O single crystas grown on
MgO(100) substrates. Attention was focused on the
magnon contribution in the absorption bands associated
with the magnetic-dipole 3A(F) — 3Ty(F)
(~8800 cm™?) and electric-dipole 3Ay(F) — *E4(D)
(~13800 cm?) transitions. It was found that the two-
magnon absorption contribution varies in close corre-
spondence with the magnetic phase diagram for
Ni,Mg,_.O, whereas the one-magnon contribution is
observed only at temperatures substantially below the
Néel point. The results obtained were interpreted as
being due to different magnons being involved in the
processes. The two-magnon absorption involves zone-
edge magnons, whereas the magnon taking part in one-
magnon absorption is excited at the center of the Bril-
louin zone. Because the zone-edge magnons are short
in wavelength, they are sensitive to the short-range
magnetic order, which persists at fairly high tempera-
tures and for large dilutions of nickel oxide by magne-
siumions. At the sametime, the zone-center magnonis
long in wavelength and, therefore, particularly sensitive
to thermal and/or structural magnetic order violations,
which arise already at fairly low temperatures and for a
10% substitution.
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Abstract—This paper reports on an EPR study of LaAl; _,Ni,O3 solid solutionswith x < 0.12 madein the 4.2-
to 300-K temperature range. In the X range, the broadening of the single EPR line with g4 = 2.148 was
observed at temperatures below ~40 K. In the Q range, aslightly anisotropic EPR linewith g; = 2.145 + 0.002
and gj =2.154 + 0.002 transforms to a rhombic-symmetry spectrum with g; = 2.183 + 0.002, g, = 2.143 £
0.002, and g3 =2.118+ 0.002. It is shown that the observed |ow-temperature effects are due to the lowered sym-

metry of the complex under the combined action of the tetragonal Jahn—Teller distortions and of the trigonal
component of the crystal field. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Most studies of the Jahn-Teller (JT) effect in an
orbitally degenerate electronic doublet have been made
for the Cu? ion (d® configuration), with the EPR
method playing a dominant part in the investigation of
this phenomenon [1-3]. The information on EPR stud-
ies of vibronic interactions in d” ions is much scarcer.
JT distortions of the Ni®* octahedral complexes were
observed in KTaO,;, SrTiO; and some fluorides with
elpasolite structure [4-6]. A dynamic JT effect was
found to exist above 77 K in MgO, Ca0O, Al,O,, and
SITiO; [7-9].

We report here on astudy of low-spin Ni®* EPR cen-
ters at octahedral sites with dlight trigonal distortions.
The combined action of the trigonal crystal-field com-
ponent and of the JT effect, which produces tetragonal
distortions, should lower the EPR spectrum symmetry
down to rhombic [10]. We are aware of two publica-
tions dealing with an experimental study of this situa-
tion [8, 11], in which no rhombic distortions were
detected in the EPR spectra.

2. LaAlO; STRUCTURE

LaAlO; hasadlightly distorted perovskite structure.
The angle a between the edges of the rhombohedral
unit cell is a = 60.13° at room temperature. When
heated, the crystal undergoes a second-order phase
transition to cubic symmetry, with the angle a decreas-
ing to become 60.00° at ~500°C [12]. The Al position
is an octahedron with dlight trigonal distortions along
the[111] axis. According to [13], when the temperature

islowered below the phase transition point, the octahe-
dron turns about the [111] axis, however, within the
4.2- to 200-K interval, the turn angle does not change
within the experimental error.

3. EPR OF LOW-SPIN Ni3* IN LaAl, _,Ni,O; SOLID
SOLUTIONS

EPR studies of LaAl; _,Ni,O; ceramic samples with
x = 0.009, 0.06, 0.07, and 0.126, made in the X range
within the 4.2- to 300-K range, revealed a single line
with g4 = 2.148 £+ 0.002, a magnitude characteristic of

low-spin Ni%*. Figure 1 shows the variation with tem-
perature of the linewidth AH;. Thelinewidth is seento
increase with decreasing temperature below ~40 K in
all the samples studied. Taking into account the possi-
ble JT effect in the octahedral low-spin Ni®* complexes,
we believe this temperature behavior to be associated
with stabilization of low-symmetry distortions at the
minima of the adiabatic potentia, i.e., with atransition
from the dynamic to the static JT effect. The observed
spectrum becomes anisotropic; however, because of the
small anisotropy of the g factor compared to the line-
width, the signal anisotropy is not seen in the spectrum
and brings about only an increase in the effective EPR
line width. We note that the stabilization temperature
does not depend on the paramagnetic-center concentra-
tion for the compositions studied. The slight increasein
the linewidth with increasing concentration (at a fixed
temperature) is probably associated with an enhance-
ment of the dipole-dipole interactions. The signal
broadening in the high-temperature part of the curves
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Fig. 1. Temperature dependence of the EPR linewidth AH of
low-spin Ni* in LaAl; _,Ni, O3 samples measured for x
equal to (1) 0.009, (2) 0.06, (3) 0.07, and (4) 0.12 at afre-
quency v = 9.43 GHz.

(Fig. 1) can be accounted for by an increasing contribu-
tion from the relaxation-induced broadening.

Measurements in the Q range confirmed the JT
nature of the observed centers. At T = 77 K, we
observed a glightly anisotropic EPR line, which can be

satisfactorily described by the parameters g;, =2.145+

0.002 and g = 2.154 + 0.002 (Fig. 2a). The spectrum

obtained at T=4.2 K correspondsto rhombic symmetry
(Fig. 2b) with g; = 2.183 + 0.002, g, = 2.143 + 0.002,
and g; = 2.118 + 0.002. The spectral parameters do not
depend on the paramagnetic-ion concentration
(Figs. 2b, 2c).

4. DISCUSSION OF RESULTS

The Ni®* ion substituting for Al®* isin a low-spin
state. Itisin acrystal field of octahedral symmetry with
small trigonal component. If the spin—orbit coupling is
negligible, the trigona crystal-field component leaves
the ground-state orbital doublet degenerate, such that
the symmetry of the complex should decreaseto tetrag-
onal dueto the JT effect. Combined action of the trigo-
nal crystal-field component and of the tetragonal JT
distortions lowers the symmetry of the complex to C;
thus, at low temperatures, one should observe an EPR
spectrum corresponding to rhombic symmetry. The
resulting deflection of the principal g-tensor axes from
the fourfold axes is characterized by the angle Ay =y —
Yo» Where y is the angle between the principal g-tensor
axis and the C; crystal axis; for a zero trigonal crystal-
field component, we have y, = 54.7°. As the tempera-
tureincreases, the tetragonal JT component of the crys-
tal field averages out and the symmetry of the complex
increases to C,,. The relations connecting the parame-
ters of the low-temperature spectrum g, g,, and g; with
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Fig. 2. Q-range EPR spectra of LaAl; _,Ni,O3 samples:
(2) experiment and (2) theoretical spectrum constructed
with Gaussian-shape lines and the following parameters: (a)
x=0.07,T=77K, g =2.145, g =2.154, AHL=4.6 mT,
and AH =5.6 mT; (b) x=0.07, T=4.2K, g, =2.183, g, =
2.143,93=2.118, AH; = 6.7 mT, AH, = 6.2 mT, and AH; =
12.0 mT; and (c) x = 0.009, T = 4.2 K, g; = 2183, g, =
2.140, g3 = 2.114, AH; = 6.8 mT, AH, = 6.5 mT, and AH3 =
8.3mT.

the parameters of the averaged high-temperature spec-
trum g;; and g, permit one to determine the value of y:

g) = 9||COSZV +gysin’y,

(D
b = (gysin°y + gucos’y +gp)/2,
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where g, = (gy + g,)/2.

With g, = g; and g5 = (g, + 93)/2, afit to experimen-
tal data gives Ay equal to approximately 6.7°.

The g factors for d” ionsin a strong crystal field of
octahedral symmetry werefound in [14]. Deriving sim-
ilar expressions for lower symmetries encounters for-
midable calculational difficulties. Assuming the axial
crystal-field component to be substantially smaller than
the cubic one, which is suggested by structural data, we
will usetheresultsreported in [14] to estimate the crys-
tal field parameter Dq and the energy interval s between
the ground and the excited states. As follows from the
relative magnitude of the g factors of the high-temper-

ature spectrum (g < g;), the unpaired electron resides
on the dxz_yz orbital in the trigonal crystal field (for
averaged JT interaction). In this case, we have

g = 2+48/E+28°/8,

g, = 2+ E/E+ 2845, 2
1/E = 1/E, + 1/E, + 0.38(1/E, - /E,),

where € is the spin—orbit coupling constant for asingle
d electron; E; and E, are the lowest and the highest T,
components of the excited t°%¢? configuration, respec-
tively; and o is the energy of the lowest “T, level; the
splitting of this level by spin—orbit interaction and by
low-symmetry fields is disregarded. Using the spin—
orbit coupling parameter weakened by covalent bond-
ing, £ = 520 cm! and the Racah parameter calculated
with due account of the covalency, B =660 cm™[4], we
obtain from Egs. (2) an estimate 6 = 1950 cm?, which
corresponds to Dg/B = 2.5 on the Tanabe-Sugano dia-
gram. However, the value of E providing the experi-
mentally observed g-factor anisotropy is about an order
of magnitude larger than that expected from the dia-
gram. Apparently, Egs. (2) require refinement near the
crossover point; namely, one should take into account
the splitting of the T, level. For estimation of Dg, we

use the average g factor [g0= (29, + g;)/3 = 2.148,
which should be less sensitive to the axial splitting of
the “T, level. From the [gF= 2 + 2(&/E + (£/5)?) relation,
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we obtain that the experimental value of [gllcan be
brought in agreement with the values of E and d in the
diagram by accepting Dg/B = 2.4 and (¢/8)? = 0.05,
which yields Dg = 1600 cm™.
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Abstract—Theinfluence of local distortionson the structure and properties of copper and silver impurity Jahn—
Teller complexesin mixed crystals, namely, Ca Sr; _,F, : Me?* and Sr; _ ,BaF, : Me* (0< x< 1, Me? = Cu?*
or Ag?), isinvestigated using electron paramagnetic resonance (EPR) spectroscopy at frequencies of 9.3 and
37 GHz in the temperature range 4.2—250 K. Local distortions of the tensile and compressive types are induced
by Cat*, Sr?*, and Ba?* impurity ions incorporated into the first or second coordination sphere of the cationic
environment of the Me?* impurity ion during crystal growth. © 2002 MAIK “ Nauka/ | nterperiodica” .

1. INTRODUCTION

It isknown that Cu?* and Ag?* ionsin afree state are
characterized by the ground configuration nd® (n = 3
and 4) with asole term 2D (the total orbital momentum
L isequal to 2, and the total spin moment Sis 1/2). In
crystal fields of cubic symmetry, the quintuply degen-
erate orbital states of the?D term are splitinto thetriplet
2T and the doubl et 2E. In the case when the coordination
polyhedron of the Me** ion (nd®) has the form of an
octahedron, the orbital doublet 2E; appears to be
ground. If the Me?* ion (nd®) coordination polyhedron
has the form of a cube or tetrahedron, the ground state
representsthe orbital triplet 2T,g. In both cases, it can be
expected that the Jahn—Teller effect will manifest itself
due to strong interactions between the degenerate elec-
tronic states of the impurity ion and vibrations of the
surrounding lattice sites. The orbital doublet states are
characterized by efficient interactions of the (E x €)
type. For the orbital triplet T,, there exist several possi-
ble variants. When the spin—orbit interaction is substan-
tially stronger than the vibronic interaction, the Jahn—
Teller effect can be completely suppressed and the
nuclear configuration of the complex remains undis-
torted. Otherwise, there occur interactions of the (T, x
e), (T, xt,),and T, x (e + t,) typeswhich correspond to
tetragonal, trigonal, and orthorhombi c distortions of the
high-symmetry nuclear configuration of the complex

[1].

Our earlier investigations of Cu?* and Ag?* eight-
fold-coordinated impurity ionsin CdF,, CaF,, SrF,, and
BaF, crystals of the fluorite group revealed three types
of impurity complexes [2-4]. It was found that the
CdF, : Ag?, CaF, : Ag®, and SrF, : Ag?* crystals con-
tain [AgF,F¢]¢ trigonal complexes; the CdF, : Cu?,
CaF, : Cu?, and BaF, : Ag? crystas involve
[MeF,F,]% orthorhombic complexes; and the SrF, :
Cu?* and BaF, : Cu?* crystals contain [ CuF,F,] ¢ tetrag-
onal complexes, in which theimpurity ions are substan-
tially (by ~1 A) displaced from the centers of their
coordination cube toward the [M01Caxis. Although the
temperature dependences of the electron paramagnetic
resonance (EPR) spectra of these complexes were not
analyzed in detail and explicit manifestations of the
Jahn—Teller effect were not revea ed in these works, the
observed distortions of coordination cubes of the impu-
rity ions involved were assigned to the Jahn-Teller
effect. Thisinference was made reasoning from the fact
that the studied crystals were grown from high-purity
reactants, hence, foreign impurities could not be
responsible for the above distortions. Moreover, we
took into account that the change in the growth condi-
tions did not bring about the formation of additional
paramagnetic centers, because the crystals under inves-
tigation invariably contained only single-type centers
differing solely in the orientation of their magnetic axes
(the principal axes of the spin Hamiltonian tensors). In
this respect, it is highly improbable that the observed
distortions of molecular structures of the studied com-
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plexes are caused by defects of the interstitial or
vacancy type. If theinference regarding the Jahn—Teller
origin of these distortions holds true, vibronic interac-
tions of the (Tyg X tyg), Tog X (6 + tyg), and (Tyg + Ayy) X
(65 + t;,) types should occur in the first, second, and
third cases, respectively [5].

Bill et al. [6] carried out EPR investigationsinto the
structure of silver impurity centers in SrCl, crystals
with afluorite-type lattice. It wasrevealed that, in these
crystals, an Ag?* impurity ion is also incorporated into
the coordination cube of a Sr?* host cation. However, in
SrCl, crystals, unlike alkaline-earth fluoride crystals,
the Ag?* ion is located at the off-center position; i.e., it
isdisplaced by ~1 A from the center of the coordination
cube toward the center of the cube face. It is evident
that, in this case, as for a copper impurity ion in BaF,,
the tetragonal-type vibrations appear to be the most
efficient; i.e., the Jahn-Teller interaction (T,y X &)
accompanied by the pseudo-Jahn-Teller interaction
with normal vibrations of the t,, type takes place. It is
these interactions with the aforementioned odd vibra-
tions that are responsible for the displacement of the
Ag? ion to the off-center position. It should be noted
that the efficiency of interactions of this type in SrCl,
crystals increases drastically compared to that in fluo-
ride crystals, because the coordination cube of the lat-
tice cation replaced by an Ag?* impurity ion upon dop-
ing of the former crystals is substantially larger than
that of the latter crystals.

The experimental data obtained in [2—6] indicate
that the parameters of vibronic interactions depend on
theratio

2(rimp + ran)

J3a,

where g, is the size of the coordination cube and ryy,
and r,, aretheionic radii of the impurity paramagnetic
ion and the lattice anion, respectively. It turns out that
variations in the parameter n in a relatively narrow
range (0.79 < n < 0.83) lead to radical changes in the
parametersof vibronic interactions. It seemslikely that,
in the case when the size of the coordination cube of an
impurity ion residing in the nd® electron configuration
correspondsto the critical values, the complex becomes
very sensitive to various external perturbations. This
implies that the parameters of vibronic interactions in
crystals can change, for example, under external pres-
sure or in an external electric field. In particular, these
changes can be caused by mechanica deformations of
the crystal lattice at the nd® impurity ion site. In turn,
the mechanical deformations can be produced by impu-
rity diamagnetic ions that are chemically identical to
the lattice ions but differ from them inionic radius. For
alkaline-earth ions serving as diamagnetic impurities,
the highest probability that such anion will replace one
of the twelve lattice cationsinvolved in thefirst coordi-

r]:
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nation sphere of the cationic environment of the nd®
impurity ion is observed at arelative impurity ion con-
centration of ~5%. Consequently, the majority of the
nd® impurity ions in the crystal appear to be in crystal
fields of the orthorhombic symmetry (C,,) with the
crystallographic axis C, || M100and the symmetry
plane (110). Under these conditions, the impurity com-
plex is involved in the interaction with one normal
mode of the trigonal symmetry t,;, whereasinteractions
with all the other modes are suppressed. The incorpora-
tion of small- and large-sized impurity diamagnetic
alkaline-earth ions into the crystal lattice brings about
distortions of the tensile and compressive types, respec-
tively.

In our previous work [7], we investigated the influ-
ence of the aforementioned local distortions of the crys-
tal structure on the properties of Cu?* impurity com-
plexes with the 3d° electron configuration. In [7], we
used CaF, and SrF, crystals as matrices in which local
distortions were accomplished through the incorpora-
tion of Sr?* and Ca?* ions, respectively. It was found
that the most efficient compressive-type local distor-
tions are induced by large-sized impurity diamagnetic
akaline-earth ions adjacent to the Cu?* ions. The dia-
magnetic impurities incorporated into the second coor-
dination sphere of the cationic environment of the Cu?*
ion give rise primarily to low-symmetry distortions of
the copper complex. Owing to the large number of cat-
ionic positionsin this coordination sphere, the impurity
diamagnetic cations are involved in different combina-
tions; hence, the resultant distortions are random in
character.

The aim of the present work was to elucidate how
thelocal distortions of the crystal lattice of mixed crys-
tals, namely, CaSr, _,F, and Sr;_,BaF, (0 < x< 1),
affect the parameters of magnetic interactions in
[CuFg]¢ and [AgFg]® impurity Jahn—Teller complexes
at low temperatures and the temperature dependence of
these parameters.

2. EXPERIMENTAL TECHNIQUE

The mixed crystals Ca Sr; _,F, : Me**, Ca, _,Sr,F; :
Me*, and Sr,_,BaF, : Me?* (Me** = Cu®* or Ag?)
were grown by the Czochralski method in a helium
atmosphere with small fluorine additives (~2%). Silver
and copper in the form of finely dispersed metallic
powders were added to the batch. It would be ineffec-
tive to use fluorides of these metals, because, at growth
temperatures, they rapidly decompose into the metal
and fluorine. Since metallic silver and copper were vir-
tually insolublein the fluoride melt, the addition of gas-
eousfluorineto the helium atmosphere used in the crys-
tal growth provided conditionsfor a certain equilibrium
between the formation and decomposition of silver
(copper) fluorides. Inal the crystals grown in this man-
ner, the impurity silver was in the univalent state. In
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order to transform silver into the bivalent state, the sil-
ver-containing crystal samples were exposed to x-ray
radiation at room temperature for 2030 min. X-ray
radiation was generated using an x-ray tube with a
tungsten cathode (anode voltage, 30 kV; current,
20 mA). Unlike silver, the introduced copper wasin the
bivalent state; hence, there was no need for x-ray irra-
diation of the copper-containing samples.

The €lectron paramagnetic resonance measure-
ments were performed on an E-12 Varian spectrometer
in the X and Q bands (9.3 and 37 GHz, respectively) in
the temperature range 4.2-250 K.

3. EXPERIMENTAL RESULTS

3.1. Silver complexes. The mgjority of the studied
mixed crystals with silver impurities (exposed to pre-
liminary x-ray irradiation) contain bivalent silver cen-
terswith trigonal symmetry of the magnetic properties.
The resonance lines in the EPR spectra of these centers
are substantially (approximately four or five times)
broader than those for mixed crystals free of diamag-
netic impurities. Figure 1 shows the EPR spectrum of
Ag? paramagnetic centersin the Ca, _,Sr,F, : Ag (x =
0.05) crystal in which thetrigonal axisisaligned paral-
lel to the external dc magnetic field B,. The EPR spec-
trum exhibits a pronounced ligand hyperfine structure
due to interaction of the electron magnetic moment of
the Ag?* impurity ion with nuclear magnetic moments
of two axial fluorineions (the splitting is approximately
equal to 25 mT) and six fluorine ions whose coordinate
vectors deviate from the trigonal axis of the impurity
center by ~71° and 109°. The superhyperfine splittings
of the resonance lines in the EPR spectrum are caused
by the interaction with the latter group of ligands and,
for the given orientation of the impurity center, are
equal to 2.1 mT. Apparently, the broadening of thelines
in the EPR spectrum of silver complexes in the
Ca, _,Sr,F, : Ag crystal can be attributed to random
compressive distortions induced by strontium impurity
diamagnetic ions at the Ag?* paramagnetic ion site. An
increasein the concentration of strontium impurity ions
leads to an increase in both the spectral line width and
the temperature range in which the EPR spectra of the
trigonal centers are observed. Indeed, for the studied
crystals free of diamagnetic impurities, the EPR spec-
trum disappears at atemperature of ~35 K. At the same
time, the EPR spectra of the crystals containing dia-
magnetic impurities at a concentration x = 0.05 are
observed up to T = 85 K. It isworth noting that, in this
case, the parameters of the electronic Zeeman, hyper-
fine, and superhyperfineinteractions remain unchanged
(towithin the error in the determination of these param-
eters). A smilar situation is observed for trigonal silver
impurity centers in CaSr, _,F, and Sr; _,BaF, (x <
0.05) crystals.

An unexpected result was obtained for Ca, sSrysF, :
Ag crystals, in which, even after x-ray irradiation, no
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paramagnetic centers that could be assigned to the Ag?*
centers were revedled. The grown crystals (prior to
x-ray irradiation) had ayellow color typical of Ag*ions
in fluorites. Therefore, the lack of electron paramag-
netic resonance of the impurity centers under consider-
ation cannot be explained by the absence of impurity
silver ionsin the crystals.

It was found that, in addition to the trigona silver
centers, the Sr; _,BaF, : Ag (x < 0.05) crystals contain
impurity centers with orthorhombic symmetry of the
magnetic properties. The concentration of orthorhom-
bic centersis severa times higher than that of trigonal
silver centers, and the EPR spectra of the orthorhombic
centers are observed up to 200 K. The parameters of
magnetic interactions in the observed silver complexes
remain nearly constant over the entire temperature
range covered.

Figures 2 and 3 display the EPR spectrarecorded for
two (most important) orientations of the crystal with
respect to the external magnetic field, namely, By ||
(1100and By || [0O1L) respectively. The most informa-
tive spectrum is depicted in Fig. 2. This spectrum con-
tains three groups of lines attributed to the resonance
transitions between electronic—nuclear levels of six sets
of impurity centersthat are similar in structure but dif-
fer in their orientations with respect to the vector By,
Line I, which exhibits neither hyperfine nor superhy-
perfine structures, is associated with the impurity cen-
tersin which the principal magnetic axisZ; isparallél to
the vector B,. Lines of group Ill are assigned to the
impurity centers with the axis X; || B,. In the magnetic
coordinate system of four sets of magnetically equiva-
lent centers responsible for the appearance of reso-
nance lines of group |1, the magnetic field vector does
not coincide with any one of the principal axes of the
paramagnetic center. For one of these sets of paramag-
netic centers, the magnetic field vector in the intrinsic
coordinate system can be represented as the row matrix

(1/2By, 1/ \/2B,, 1/2B,). For the other three sets of para-
magnetic centers, the representation of the vector B,

1 1
0.34 0.36

By, T

1
0.32

Fig. 1. EPR spectrum of trigonal bivalent silver centersin
the Cag oSt sk : AG® crystal (9.3 GHz, 77 K). The
external dc magnetic field By is aligned parallel to the trig-
onal axis of the complex.
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1
1
I 1
r T 1
0.25 0.30 0.35
By, T

Fig. 2. EPR spectrum of the Srg g5Ba osF> : Ag®* sample
(9.3 GHz, 77K, Bg || (1100).

v

0.24

0.33

1
0.30
By, T

1
0.27

Fig. 3. EPR spectrum of the Sry g5Bag gsF> : Ag?* sample
(9.3GHz, 77 K, Bg || [0010).

can be obtained using cubic symmetry operations. The
broad line located between lines of groups| and |1 cor-
respondsto trigonal silver centers. Therefore, from ana
lyzing the EPR spectrum shown in Fig. 2, we can deter-
mine two principal components of the g tensor, namely,
the g, and g, components. The third principal compo-
nent of the g tensor (g,) can be obtained from the EPR
spectrum displayed in Fig. 3. In this figure, resonance
lines of group IV correspond to the g, component of the
g tensor. Analysis of the superhyperfine structure of the
EPR spectrum of the impurity centerswith the axis X; ||
B, (linesof group Il in Fig. 2) showsthat, in this case,
we deal with the electron—nucleus magnetic interaction
involving F~ ligands of two groups (each group con-
tains two F~ ions) which are characterized by dightly
different interaction parameters. All four ligands are
located in the XQOY plane of theintrinsic magnetic coor-
dinate system of the impurity center in such away that
ligands of both pairs are symmetrically arranged with
respect to the X axis.
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Apart from the superhyperfine structure, the EPR
spectra exhibits a hyperfine structure caused by the
interaction between the electron magnetic moment of
the impurity center and the magnetic moment of the sil-
ver nucleus. For both silver isotopes (1°’Ag and 1®Ag),
the nuclear spinis equa to 1/2; however, their isotopic
splitting is not observed by virtue of therelatively large
inhomogeneous broadening of the spectral lines. For
thisreason, the hyperfine structure of the EPR spectrum
is characterized by the averaged components of the
hyperfine structure tensor.

In the intrinsic magnetic coordinate system, the spin
Hamiltonian of the silver centers under investigation
can be represented in the form

Hs = Be(Bo [ [B) + (STl xg)

. 1
+ z [(STARGH Orgy) —9nBn(Bo O i)l @

where g isthetensor of the electron Zeeman interaction
between the external magnetic field B, and the electron
magnetic moment of the silver center, Sis the operator
of the electron spin moment (S= 1/2), | 54 is the opera-
tor of the nuclear spin moment of the Ag?* impurity ion,
| ) isthe operator of the nuclear spin moment of theith
ligand, a is the tensor of the hyperfine interaction
between the electron magnetic moment of the silver
center and the nuclear magnetic moment of the Ag?*
impurity ion, Ag;) is the tensor of the superhyperfine
interaction with the nucleus of the ith ligand, 3, is the

Bohr magneton, 3, is the nuclear magneton, and g/, is
the nuclear g factor of fluorine. The Zeeman interaction
with the nuclear moment of the Ag?* impurity ion was
disregarded because of its smallness.

Table 1 presents the tensor components of the spin
Hamiltonian (1) as obtained from analyzing the angular
dependence of the position of the resonance linesin the
EPR spectrum.

Reasoning from the results obtained, we proposed a
model of the impurity center under consideration. In
general terms, this model is similar to the model of an
Ag?* center in BaF, crystals [4]. The difference liesin
the fact that an impurity center formed in Sr; _,BaF,
crystals has monoclinic (rather than orthorhombic)
symmetry. This additional lowering of the symmetry is
associated with the fact that, in the nearest cationic
environment of the Ag?* impurity ion (in the direction
of the X axis), the Sr?* cation is replaced by a Ba?* cat-
ion whose ionic radius exceeds the ionic radius of Sr2*.
A fragment of the cross section of the Ag®* coordina-
tion polyhedron in the XOY plane of the magnetic coor-
dinate system of the impurity center is depicted in
Fig. 4. Thisfigure also shows the two diamagnetic cat-
ions nearest to the silver ion, one of which is the Ba?*
impurity cation. Under the effect of the repulsive poten-
tial of the Ba?* impurity cation, the surrounding atoms
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are displaced to new equilibrium positions. The direc-
tions of atomic displacements (shown by arrows in
Fig. 4) areradia with respect to the B&?* nucleus. The
atomic displacements (cited near the arrows in Fig. 4)
were calculated within the Born-Mayer—Huggins
model (see, for example, [8, 9]) in terms of the pair
interaction potential

2

- € orn

= —_ 4+ I
Vg Z“ZB4nsor Aap €XP 7 por Cap (2
Here, Z, and Z; arethe charges of the ath and Bth inter-
acting ions (in terms of elementary charge), respec-
tively; r is the distance between these ions, and the
interaction parameters Ayg, Pqp, and Cqg are as follows

[8]:

Ca*—F- A=7944¢eV, p=03179A, C=0;
S A=7153eV, p=0.3422A, C=0;
Ba*—F: A=68l1eV, p=0.3574A, C=0;
~—F~  A=1127.7eV, p=02753A, C=15.83eV A"

Since the parameters Ayg, Pqg, and Cyg for the poten-
tials of interaction between the silver ion and the sur-
rounding ions were unknown, the displacements of the
lattice siteswere calcul ated for the case when thelattice
contained only one akaline-earth impurity ion and the
other cation sites were occupied by the host cations. To
put it differently, we calculated the external disturbance
with respect to the Ag?* impurity ion. It is evident that
the results of this approximate calculation are also

1475
pY
F()! | 0.107 A 1 Fan
77777777 ’777777?777777 —— i —— —— —
| ! | ,

s 1003TAL A 1 B x,
S Rl B
e e

F() | ! | F(ID)
0.107 A

Fig. 4. A fragment of the section of the SrygsBag osF> :
Ag?* crystal lattice in the plane aligned parallel to the crys-
tallographic plane (110) and passing through the Ag2+ and
Ba?* impurity cations. Arrows indicate the directions of
atomic displacements. Numbers near the arrows are the

atomic displacements calculated in the framework of the
Born-Mayer—Huggins model.

applicable to the copper impurity ion. The response of
the impurity Jahn—Teller ion to this disturbance will be
qualitatively examined in the next section.

3.2. Copper complexes. The basic results of our
investigations of bivalent copper complexes in
CaSr; _F, (0= x< 1) mixed crystalswere published in
our recent paper [7]. For this reason, we will consider
some additional experimental data obtained inthe study
of Sr;_,BaF,: Cu?* (x=0.05and 0.5) crystals.

Table 1. Components of the tensors of the spin Hamiltonian (1) for [AgFg]® complexes (parameters of the hyperfine and

superhyperfine interactions are given in MHz)

Cal Cap.955r0.05F2 | Cap.05510.05F2 S, Sro.95Bag 052 Bal,
Parameter Parameter
1 2 3 4 5 6
o 2.5840 + 0.0005 | 2.581 + 0.002| 2.579 + 0.002 | 2.5780 + 0.0005 | 2.064 + 0.003 | 2.085 + 0.001 Ox
2.097 £ 0.003 | 2.109 + 0.001 Oy
g 1.9071 £ 0.0002 | 1.911 £ 0.001| 1.920 + 0.001| 1.9235 + 0.0002 | 2.756 + 0.003 | 2.687 + 0.001 g,
ag 28+ 3 ~30 31+5 33+3 51+5 63+2 a,
38+5 64+3 a,
| 0+x2 ~0 17+ 3 21+1 ~15 403 a,
Al 55+ 3 50+5 35+5 32+3 350 + 10 420+ 10 A()
43+ 10 56 + 10 A1)
A”(I) 702+ 3 7005 695+ 5 692+ 3 440 £ 10 480+ 10 A1)
270 + 10 195 + 10 A1)
AN 8.1+2 8+ 4 8+5 76+2 360 + 10 - Al
A | 3L3%2 314+ 4 34+5 356+ 2 45 + 10 - Ay(I1)
A1) 456+ 2 44+4 41+5 39.8+2 430+ 10 - A1)
A | 448%2 45+ 4 45+5 45742 260 + 10 - Ayl

Note: The data presented in columns 14 refer to trigonal silver complexes, and the data cited in columns 5 and 6 relate to orthorhombic

silver complexes.
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Table 2. Components of the tensors of the spin Hamiltonian (3) for [CuFg]® complexes (parameters of the hyperfine and

superhyperfine interactions are given in MHz)

Parameter CaF, Cap 950,052 CapsSro5F2 Cap 050,052 S Srp.95Bag 052
1 2 3 4 5 6 7 8 9

Oy 2.099 + 2.098 + 2.101 + 2.098 + 2.20+ 2.493 + 2.493 + 2.49 +0.01
0.001 0.001 0.001 0.001 0.01 0.001 0.001

9y 2.147 + 2.145 + 2.141 + 2139+ 220+ 2493+ | 2493+ | 249+0.01
0.001 0.001 0.001 0.001 0.01 0.001 0.001

g, 2.802 + 2.795 + 2.792 + 2.756 + 236+ 2.751 + 2.084 + 2.084 + 2.08 +0.01
0.001 0.001 0.001 0.001 0.01 0.001 0.001 0.001

Ay 97+3 98+10| 100+£20| 70+10 26+5 26+5 ~25

ay 96+ 3 96+10| 100+20| 70+10 26+5 26+5 ~25

a, 76+ 3 71+ 10 70+ 20 =0 =0 362+5 362+5 360 + 15

Q -11+3 | =105 -10 —7+5 -85 -8+3 ~7

Ay 221+5 | 230+15| 230+20| 235+ 15 95+ 10| 99+3 100 + 20

Ayy 1365 | 130+15| 130+20 | 115+ 15 380+ 15| 380+8 380+ 20

A, 58+3 60+ 10 60+ 20 70+ 10 60+ 20 125+ 15| 1275 120+ 20

A 89+5 80+15| 80+20| 80%15 85+15| 87+5 85+ 20

Note: The data presented in columns 1-4 and 6 refer to the orthorhombic centers (ij—xy), and the data cited in columns 5 and 7-9 relate

to the trigonal centers (ij—x2).

Unlikethe silver centers, which are stablein the uni-
valent statein the grown crystals, the copper centersare
located at |attice sites of fluorite crystalsin the bivalent
state. The same situation is observed for impurity ions
in the mixed crystals under investigation. In actual fact,
the copper complexes exhibit EPR spectra without
additional irradiation of the samples. It was revealed
that the incorporation of Ba?* impurity ions in small
amounts (x = 0.05) only dlightly affects the properties
of off-center bivalent copper complexes, which are usu-
aly formedin SrF, : Cu crystals and have the C,, sym-
metry.

The magnetic properties of the bivalent copper
impurity complexes in CaSr; _,F, (0 < x < 1) and
Sr;_,BaF, (x = 0.05) crystals can be adequately
described by the spin Hamiltonian

Hs = Be(BO [g ES)

+[(SRO6) —gr'Ba(Bo O c)] o

+ Z [(STAg; Orp) _gEBn(BO O gl -

The tensor components of the spin Hamiltonian (3)
for SrggsBag sk, : Cu?t crystals are amost identical to
those for SrF, : Cu?* crystals. However, compared to
the latter crystals, the resonance lines in the EPR spec-
tra of the SrygsBayosF, : Cu?* crystals are four or five
times broader and have an asymmetric shape. The last
circumstance clearly indicates that there is a certain
scatter in the directions of the principal axes of the elec-
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tron Zeeman and hyperfine interaction tensors dueto a
random distribution of Ba?* impurity ionsin the second
coordination sphere of the cationic environment of the
Cu?* ion. In addition to the tetragonal copper com-
plexes, the SryosBag o5, : CU?* crystals involve orthor-
hombic centers (C,,) that are similar to those revealed
in the Cay055r g5k, : Cu?* samples [7]. The concentra-
tion of orthorhombic centers is 20-25 times less than
that of tetragonal copper complexes. Consequently, we
observed only the EPR spectrum of the copper impurity
centers in the orientation C, || B,. The spectra of the
impurity centers in other orientations were unresolved
against the background of the intense spectra of the tet-
ragonal copper complexes.

As regards the SrysBaysF, : Cu?* crystals, we
observed the EPR spectra of the copper impurity cen-
ters with a nearly tetragonal symmetry of the magnetic
properties. These spectra resemble the spectra of off-
center copper complexesin the BaF, crystal but exhibit
considerably more broadened lines. X-ray diffraction
anaysis revealed that the SrysBaysF, : Cu?* samples
consist of alarge number of differently oriented grains
with diffuse boundaries.

Table 2 presents the magnetic parameters of the cop-
per impurity centersrevealed in CaSr; _,F, (0<x< 1)
[7] and Sr;_,BaF, (x = 0.05). These parameters char-
acterize the static properties of the copper complexes
and their dependence on the composition of the mixed
crystals.
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4. THE JAHN-TELLER EFFECT IN COPPER
AND SILVER COMPLEXESWITH THE ORBITAL
GROUND STATE T,; UNDER STRAIN

For a qualitative analysis of the influence of local
distortions on the shape of the lower sheet of the adia-
batic potential for [MeFg]®~ (Me = Cu?* or Ag?*) impu-
rity complexes in Ca Sr, _,F, and BaSr; _,F, crystals,
we used the Opik—Pryce method [10]. The Hamiltonian
of the studied complex in the cluster approximation can
be represented as the sum of two terms:

H = Hy+H,. 4

Here, thefirst term describes the cubic crystal field act-
ing on the impurity ion and can be written in the form

Ho = By(O4+50%). (5)

and the second term characterizes the perturbation of
the states of thision,

H, (P Ps)"‘ (F’ + P, +P3) +V4(Q)
(6)

+VE(Q )"' U+(Q ) +Ug(Q )"' Harein + His:

According to [11], the perturbation operator (6)
includes the kinetic energies of the nuclei involved in
theimpurity complex (thefirst two terms); the potential
energies of the Jahn—Teller interaction with the trigonal
(V5) and tetragonal (V) vibrational modes,

VT(QT) = VT(QxyTxy + Qszyz + szsz) (7)

Ve(QY) = Ve(Q.E. + QEy); (8)

and the elastic energies of the lattice due to Jahn—Teller
distortions of the trigonal (U;) and tetragonal (Ug)

types,
UT(*)T

UT(QT) - (Qxy + Qyz + sz) (9)

U-EE

Ue(Q) = (Q2+Qs).

In the perturbation operator (6), the lattice strains
induced by alkaline-earth impurity ions are represented
by the operator

= VTS(exyTxy + eszyz + eszzx)
+Ves(&E, + &Ey),

(10)

Hstrain

(11)

and the spin—orbit interactions are described by the
operator

His = AM(LxSc+ LyS, + L. S). (12)

The Jahn-Teller interaction constants were calcu-
lated within the point crystal-field approximation [12]:
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The components of the displacement vectors for
ligands of theimpurity ion were calcul ated with the pair
interaction potential (2). These components were used
to construct the three-dimensional vector of collective
displacements R. After alinear transformation, the vec-
tor R was decomposed into the strain tensor compo-

nents e, €, &,, &, and ;.

The shape of the lower sheet of the adiabatic poten-
tial was analyzed for the case when only one alkaline-
earth impurity ion is involved in the nearest cationic
environment of the nd® ion. It was found that the strain
tensor componentsfor tensile strains are approximately
1.7 times less than those for compressive strains.
According to our calculations, the interaction energy is
approximately equal to 2400 cm for strains of thefirst
type and 4100 cm* for strains of the second type.

Analysis of the adiabatic potential surface shape
demonstrates that, in the case when the Jahn-Teller
interaction energy Ej; is substantially higher than the
strain energy Eqy.in(€4), the lower sheet of the adiabatic
potential for the trigona silver complexes remains a
quadruple-well sheet (as is the case with CdF,, CaF,,
and SrF, crystals); however, the potential wells have
different depths. The bottoms of two potential wellsare
located below the bottoms of the other two wells; cor-
respondingly, the barrier between the potential wells
decreases in height. An increase in the Jahn—Teller
interaction energy E;; leads to the disappearance of the
barriers between the potential wells and the formation
of asingle well corresponding to a static orthorhombic
distortion of the complex under consideration.

The sextuple-well adiabatic potentia for the orthor-
hombic copper complexesin CdF, and CaF, crystalsis
characterized by more complex distortions. It turned
out that appreciable changes in the parameters of the
low-temperature EPR spectra of these complexes can
be achieved only if the strain energy is 1.5-2 times
higher than the Jahn—Teller interaction energy.

Thus, we estimated the upper limits of the Jahn—
Teller interaction energy for trigonal silver complexes
in CdF,, CaF,, and SrF, crystals and for orthorhombic
copper complexesin CdF, and CaF, crystals. Thelower
limits of the Jahn-Teller interaction energy are deter-
mined by the spin—orbit interaction energies for Ag?*
and Cu?* ions. This inference stems from the fact that
the main features of the strong Jahn—Teller interaction
are observed experimentally and that no indications of
the suppression of the Jahn-Teller effect through the
spin—orbit interaction are revealed in the EPR spectra.
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It should be noted that the strains induced by alka-
line-earth impurity ions bring about changesnot only in
therelative depths of thewells of the adiabatic potential
but also in their relative positions in the system of nor-
mal coordinates. In turn, this leads to changes in the
overlap integrals of the vibrationa functions corre-
sponding to the vibronic states in the adjacent wells of
the adiabatic potential of the complex under investiga-
tion and, consequently, to changes in the tunneling
probabilities. However, the temperature dependences
of these probabilities are strongly affected by the rela-
tive shifts of the vibronic energy levels in the adjacent
wells of the adiabatic potential [13, 14]. It isworth not-
ing that the tunneling transitions between the wells of
the adiabatic potential can occur without and with a
spin flip. In the former case, an increase in the temper-
ature is accompanied by gradual variations in the elec-
tron Zeeman interaction tensor componentsin the EPR
spectra toward the mean value (g, + g, + 9,)/3. As a
result, theisotropic EPR line should arise at sufficiently
high temperatures. In the latter case, the temperature
dependences of these parameters are associated prima-
rily with the thermal expansion of the crystal lattice and
an increasein the tunneling rate resultsin adecreasein
the spectral intensity due to a decrease in the number of
impurity centers involved in resonance absorption of
microwave energy. This can be explained by the fact
that, over one period of oscillations of the microwave
field created by the spectrometer generator, rapidly tun-
neling centers repeatedly violate the phase conditions
for resonance absorption of microwave energy. Accord-
ing to Zaritskit et al. [14], the probability of the tunnel-
ing spin-flip transition in Jahn—Teller complexes, which
are characterized by triply degenerate orbital ground
states and high energies of spin—orbit interactions, is
larger than the probability of the tunneling transition
without spin flip.

5. DISCUSSION AND CONCLUSIONS

The results obtained in this work and in our earlier
investigations [2—4, 7] demonstrate that the parameters
of the vibronic interactions in eightfold-coordinated
complexes with the nd® electron configuration (n = 3
and 4) can radically change both with variations in the
size of the coordination cube of the impurity ion and
upon distortion of this cube. In the experiments per-
formed, the volume changes in the coordination cube
were accomplished through the incorporation of nd®
ionsintoionic crystals belonging to the same structural
group (the fluorite family). By ignoring the overlap
between the electron shells of the nd® ion and the elec-
tron shells of the alkaline-earth ionsinvolved in thefirst
coordination sphere of the cationic environment of this
ion, we can make the inference that, in this crystal fam-
ily, the most essential differences in the properties of
the nd® paramagnetic complexes are associated prima-
rily with changes in the distance between the impurity
ion and the ligand.
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According to x-ray diffraction analysis of the mixed
crystals Ca Sr; _F, (0 < x < 1) [7], the mean distances
between impurity ions and the ligands can aso change
with variations in the relative content of cations in the
crystals. However, this gives rise to considerable | attice
distortions in the neighborhood of the paramagnetic
ion.

As follows from the results obtained in the present
work, the introduced parameter n makes it possible to
predict certain properties of nd® eightfold-coordinated
cubic complexes. The values of n = 0.79 and 0.83 can
be considered to be critical. This is evident from the
noticeabl e differences in the spin Hamiltonian parame-
ters for orthorhombic copper complexesin CaysSrg sk
and CaF, crystals and also from drastic changes in the
magnetic properties of bivalent silver centers in
Sro.05B&g 0sF> crystals. It should be noted that the com-
pressive strains induced in the Cayg5SrgosF, Crystals
bring about the formation of orthorhombic bivalent sil-
ver centers rather than trigonal centers. At the same
time, no orthorhombic centers are observed in the
Cay55ry sk, crystals.

The theoretical analysis (briefly outlined in the pre-
ceding section) alowed us to estimate the Jahn—Teller
interaction energies for the orthorhombic copper com-
plexes and trigonal silver complexes. The estimated
energies are as follows: E;(Cu?*) = 1200-1600 cm
and E;(Ag?*) = 2000-2500 cm. It is evident that, in
the case of so strong a Jahn—Teller interaction, the over-
barrier transitions between the potential wells cannot
occur at temperatures of ~35 K. Therefore, the disap-
pearance of the EPR spectra of the conventional
(unmixed) crystals at these temperatures [2—4] can be
explained in terms of tunneling transitions. Since the
location of the resonancelinesin the EPR spectraisvir-
tually independent of temperature, the tunneling transi-
tions between the potential wells are most likely
attended by spin flip.

The angular dependences of the EPR spectra of the
trigonal silver centers and orthorhombic copper centers
in the conventional crystals correspond to static distor-
tions of these centers, and the relative intensities sug-
gest a small tunneling splitting of the ground vibronic
levels (8 < 0.5 cm™). Moreover, judging from the x-ray
diffraction data, the energy of random strains in our
samples (CaF, and SrF, crystals) cannot exceed 2—
3 cmL. Hence, the disappearance of the EPR spectra of
the conventional crystals can be explained by spin-flip
tunneling through the excited vibronic energy levels
lying approximately 25-35 cm (35-50 K on the tem-
perature scale of energy) above the ground levels.

As was noted above, the temperature at which the
EPR spectra can be observed increasesto 85 K for Ag?*
trigonal centers and to 120 K for Cu?* orthorhombic
centers [7]. Apparently, this can be associated with the
relative shifts of the vibronic energy levels by approxi-
mately 35 and 60 cm, respectively. However, the sur-
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prising thing is that the strains induced by alkaline-
earth impurity cations of the second coordination
sphere of the cationic environment more strongly affect
the state of the copper ion as compared to that of the sil-
ver ion, even though the silver ion is characterized by a
larger constant of interaction with strains. Let us
attempt to explain this disagreement between the exper-
imental data and the results of the theoretical analysis.
First, we should note that the interaction parameters
were estimated within the point model of the crystal
field of ligandswithout regard for the covalence effects.
Since the fundamental electron functions for silver and
copper ions differ in the complexes under investigation,
the covalence of the bonds between these ions and the
surrounding ligands can manifest itself in a different
manner. Another reason for the above disagreement can
reside in the fact that the linear approximation used in
our consideration disregards both the higher terms in
the expansion of the Jahn-Teller interaction operator
and the anharmonicity of vibrations of nuclei involved
in the cluster. Moreover, we should take into account
that, in the course of crystal growth, different distribu-
tions of alkaline-earth impurity cations can be formed
in the second coordination sphere of the cationic envi-
ronment of the silver and copper ions. This can be due
to the fact that, during crystallization, silver and copper
ions are incorporated into the crystal lattice in different
valence states. However, it is clear that the influence of
strains induced by impurity diamagnetic ions of the
second coordination sphere is reduced to relatively
small distortions of the wells of the adiabatic potential
and to shifts of the vibronic levelsin these wells by 25—
60 cmL. As follows from the above experimental data
on the Ag?* trigona complexes, these shifts of the
energy levelslead to changesin thetunneling rate of the
Jahn—Teller complex through the barriers between the
potential walls but cannot induce vibronic interactions
with tetragonal vibrational modes.

ACKNOWLEDGMENTS

We would like to thank B.Z. Malkin and A.E. Niki-
forov for their participation in discussions of the exper-
imental results and for many pieces of helpful advice.

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

2002

1479

REFERENCES

1. I. B. Bersuker, The Jahn-Teller Effect and Vibronic
Interactions in Modern Chemistry (Plenum, New York,
1984; Nauka, Moscow, 1987).

2. M. M. Zaripov andV.A. Ulanov, Fiz. Tverd. Tela(Lenin-
grad) 30 (5), 1547 (1988) [Sov. Phys. Solid State 30, 896
(1988)].

3. M. M. Zaripov andV.A. Ulanov, Fiz. Tverd. Tela(Lenin-
grad) 31 (10), 251 (1989) [Sov. Phys. Solid State 31,
1796 (1989)]; Fiz. Tverd. Tela (Leningrad) 31 (10), 254
(1989) [Sov. Phys. Solid State 31, 1798 (1989)].

4. M. M. Zaripov,V.A. Ulanov, and M. L. Falin, Fiz. Tverd.
Tela (Leningrad) 31 (2), 248 (1989) [Sov. Phys. Solid
State 31, 319 (1989)]; Fiz. Tverd. Tela (Leningrad) 31
(11), 289 (1989) [Sov. Phys. Solid State 31, 2004
(1989)].

5. S. K. Hoffmann and V. A. Ulanov, J. Phys.: Condens.
Matter 12, 1855 (2000).

6. H. Bill, C. M. Millert, and R. Lacroix, in Proceedings of
the XVII Congress AMPERE “ Magnetic Resonance and
Related Phenomena,” 1972, Ed. by V. Hovi (North-Hol-
land, Amsterdam, 1973), p. 233.

7. V. A. Ulanov, M. M. Zaripov, V. A. Shustov, and
I. I. Fazlizhanov, Fiz. Tverd. Tela (St. Petersburg) 40,
445 (1998) [Phys. Solid State 40, 408 (1998)].

8. D. Bingham, A. N. Cormack, and C. R. A. Catlow, J.
Phys.: Condens. Matter 1, 1205 (1989).

9. R. C. Bagtzold, Phys. Rev. B 36, 9182 (1987).

10. U. Opik and M. H. L. Pryce, Proc. R. Soc. London,
Ser. A 238, 425 (1957).

11. A. Abragam and B. Bleaney, Electron Paramagnetic
Resonance of Transition lons (Clarendon, Oxford, 1970;
Mir, Moscow, 1973), Val. 2.

12. C. A. Bates, Phys. Rep. 35 (3), 187 (1978).

13. V. S. Vikhnin, Fiz. Tverd. Tela (Leningrad) 20 (5), 1340
(1978) [Sov. Phys. Solid State 20, 771 (1978)].

14. |. M. Zaritskii, V. Ya. Bratus, V. S. Vikhnin, et al., Fiz.
Tverd. Tela (Leningrad) 18 (11), 3226 (1976) [Sov.
Phys. Solid State 18, 1883 (1976)].

Translated by O. Borovik-Romanova



Physics of the Solid State, Vol. 44, No. 8, 2002, pp. 1480-1483. From Fizika Tverdogo Tela, Vol. 44, No. 8, 2002, pp. 1418-1420.
Original English Text Copyright © 2002 by Augustyniak-Jabtokow, +ukaszewicz, Pietraszko, Petrashen, Yablokov.

PROCEEDINGS OF THE XI FEOFILOV WORKSHOP
“SPECTROSCOPY OF CRYSTALS ACTIVATED
BY RARE-EARTH AND TRANSITION-METAL IONS’

(Kazan, Tatarstan, Russia, September 2428, 2001)

The Plasticity of the Cu(H,0)s" Jahn—Teller Complex Affected

by L attice Strains and Cooper ative I nteractionst

M. A. Augustyniak-Jabtokow*, K. L ukaszewicz**, A. Pietraszko**,
V. E. Petrashen**, and Yu. V. Yablokov

* |nstitute of Molecular Physics, Polish Academy of Sciences,
Poznan, 60-179 Poland

e-mail: yablokov@ifmpan.poznan.pl
** |ngtitute of Low Temperature and Structural Research, Polish Academy of Sciences,
Wroctaw, 50-950 Poland

*** Zavoiski’ Kazan Physical Technical Institute, Russian Academy of Sciences,
Kazan, Tatarstan, 420029 Russia

Abstract—The EPR spectraevolution of Cs,Zn; _,Cuy(ZrFg), - 6H,0 (x = 0.01, 0.6, 0.8, and 1.0) in the temper-
ature range 4.2-330 K and the x-ray structure analysis of the compound with x = 1.0 in the range 150-327 K
show that the Jahn-Teller (JT) complex Cu(H,0)g coordination sphere undergoes a plastic deformation. The
observed effect is due to the combined influence of small lattice strains existing in the paraphase and anew one
appearing as aresult of aferroelastic phase transition and increasing with decreasing temperature below Tg. It
is proved that both cooperative interactions between JT complexes and ferroelastic strain stabilize a certain JT
configuration. The problem of instability of a JT configuration compressed at T ~ 265 K is discussed. © 2002

MAIK “ Nauka/Interperiodica” .

EPR study of a series of compounds
Cs,Zn, _,Cu,(ZrFg), - 6H,0 (0.01 < x< 1) for x = 0.6
has shown an extremely strong temperature depen-
dence of the resonance line positions [1]. Temperature
dependences of all three principal values of the g-factor
indicate very weak |attice deformations of the position

occupied by the JahnTeller (JT) Cu(H,0)" complex,
i.e., very small differencesin the energy of its possible
JT configurations. Such a situation remains weakly
investigated and presents interesting possibilitiesin the
study of JT dynamics.

Recently, new light was cast on this problem by
structural and EPR studies [2, 3]. It was found that the
ferroelastic phase transition take place in Cs,Cu(ZrF), -
6H,0 at 320 K followed by a gradua change in the
Cu(H,0)s configuration from tetragonal elongated
along one C, (Cu—0O; = Ry) direction through tetragonal
compressed along another C, axis (Cu—-O, = R)) at
~265 K to elongated again along a third C, axis (Cu—
0,=R)) at ~150 K. The temperature dependences of
the R  are shown in Fig. 1, wherein the main structural
results of the paper [3] are collected. On the basis of
these data, the EPR results were interpreted in the

L This article was submitted by the authorsin English.

framework of continuous transformation of the adia-
batic potential surface of the weakly deformed com-
plex. Ferroelastic strains appearing after phase transi-
tions and cooperative JT interactions were considered
to be the reasons behind the dramatic changes in the
structure and EPR parameters. Here, we analyze these
processes in more detail, focusing our attention on the
reasons for and mechanisms of the transformations in
question. The EPR data of the diluted compounds will
betaken into consideration. X- and Q-band EPR studies
were performed in the temperature range 4.2-330 K.

RESULTS AND DISCUSSION

The temperature dependences of g-values for the
compoundswith x = 0.8 and 0.6 compared with datafor
x =1 and 0.01 are shown in Fig. 2. We shall analyze
them in the way described previoudly [3].

The universal factors stabilizing the definite JT con-
figuration and determining the JT complex dynamics
arelow symmetry strainsin the crystal and cooperative
interactions between JT complexes [4]. The octahedral
complex is elongated along R; in the paraphase of the
Cs,Cu(ZrFg), - 6H,0 crystal with symmetry Pmnn. The
corresponding minimum on the adiabatic potential sur-
face in the py¢ coordinate space corresponds to ¢ =

1063-7834/02/4408-1480$22.00 © 2002 MAIK “Nauka/Interperiodica’
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¢o= 0 and is lower than the other two by 8E; ;) =
311 = 230 et (Fig. 3). The ferroelastic transition to
the phase with P2,/n symmetry leads to the appearance
of some additional deformation, which sharply arises at
T, 0320 K and then gradually increases in the temper-
ature interval 320(~180-200) K and results in a
smooth change in the g,(R,) and g5(R;) values. The
spontaneous strain appearing below the ferroelastic
phase transition has a certain component along R, with
¢ = ¢, + 120° and increases with decreasing tempera-
ture. The resulting deformation also increases with
decreasing temperature. Its direction changesfrom ¢ =
0 and at about 265 K, leads to a configuration com-
pressed dlong R; (with R, = R;) for ¢ = 60°. With afur-
ther decrease in temperature, the resulting deformation
changes to resembl e the behavior of the b, ¢ and mono-
clinic angle 3 (Fig. 1). The last one can be considered
the phase transition order parameter. At low tempera-
tures, the Cu(H,O)s complex configuration is again
nearly tetragonal, but it is elongated along R, with ¢ =
120°. All these transformations result in achangein the
adiabatic potential surface; this change can be treated
as amanifestation of plasticity of the JT complex coor-
dination sphere [4].

In the discussed transformations, the cooperative JT
interactions are also taken into consideration. Their
existence is proved directly by the differences in the
temperature dependences of g, (T) for various copper
concentrations (Fig. 2). Decreasing of the JT ion con-
centration moves the interval of strong g, 5(T) changes
from the 180-250 K region for x = 1 to regions of 80—
180K for x = 0.8 and of 70-170 K for x = 0.6, respec-
tively. According to [1], the cooperative interactionsin
Cs,Cu(ZrFg), - 6H,0 occur through the phonon field,
i.e., through the vibrations of the crystal lattice. They
diminish because of the increase in the distances
between JT ions and thermal vibrations of the crystal
lattice.

In the Cs,Zn, _,Cu,(ZrFg), - 6H,0 crystals with x <
1.0, the cooperative interactions stabilize the same con-
figuration elongated along R,, asin the crystal with x =
1.0. Thiswas shown by x-ray investigations of the crys-
tals with x = 1 [3] and by an EPR study of the crystal
with x = 0.01 [5]. The equality of the low temperature
gi(T)-vaues (at 4.2 K) and nearly equal high tempera-
ture g;(T)-values (at 300 K) in al considered crystals
allow usto extend this conclusion to thex = 0.6 and 0.8
cases. These facts lead to the conclusion that both fer-
roelastic strains and cooperative JT interactions stabi-
lize the same configuration of the JT Cu(H,O)s com-
plex. The ferroelastic deformation does this smoothly;
the cooperative interactions result in sharp depen-
dences of the g(R) parameters. This action of the
cooperative interaction was confirmed by theoretical
analysis[1]. The energy of the cooperative interactions
Ecoop Can be estimated due to the analysis of the temper-
ature behavior of the intervals between different JT
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configurations [3]. Asis shown in Fig. 3, the values of
023 (between the ground and first excited configura-
tion) diminish from =420 cm in Cs,Cu(ZrFg), - 6H,0,
Ecoop down to ~200 cm in the crystal with x = 0.8 and
down to ~180 cm* for x = 0.6.

Since the crystal with x = 0.01 has shown ferroelas-
tic properties [5], the character of the g (T) depen-
dences (the intermediate g-value increases up to 225—
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of the adiabatic potential surface for x = 0.6, 0.8, and 1.0.

250 K and then decreases above 250 K) allows us to
postulate the existence of a hypothetical phase transi-
tionat T,~ 550K inthiscrystal. The collected EPR data
suggest the presence of such a phase transition also in
the crystals with x = 0.8 and 0.6. First of al, we take
into consideration the analogous convergence of the
0., 3 (g-large and g-intermediate) components in these
crystals with x = 0.6, 0.8, and 1.0 and the mentioned
tendency of the diminishing of the g-intermediate (it
should be equal to g, (g-small) at T > T.). EPR does not
allow one to make adirect determination if achangein
the axes directions occursin these crystals. This can be
done only by structural studies, which are presently in
progress. However, a positive answer to this question
can be obtained in the indirect way from other data. We
shall discuss this situation in more detail.

Structural studies of Cs,Cu(ZrF), - 6H,0 show the
equalizing and reversing of R, and R; bond lengths, but
EPR studies do not show the expected equalizing of
0., s-components. It would appear that the compressed
configuration with R, = Ry is stable under the conditions
of structure determination but is not stable from the
EPR point of view, as it tumbles down into configura-
tionswith R, > R; or R; > R,. Let usreturntothex =1
crystal. From T, down to approximately 280 K, the
g;-value decreases when the g,-value increases. The
0,-value also decreases, but we concentrate on the two
first values. Then, within an interval of about 20°, these
g-components are relatively close but no crossing is
observed. We call this interval the range of instability.
Here, the configuration of the octahedron is very close
to compressed and we postulate that the configuration
of the compressed octahedron is unstable. One can con-
clude that thisis a manifestation of amore general fea
ture of instability in the conditions of degeneration. As
concernsthe x-ray diffraction data, we should point out
that this method cannot distinguish between dynamic
and space averaging. If the instability results in the
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simultaneous existence of weakly deformed complexes
with different directions of elongation, the diffraction
averages out this difference to zero, giving the same
result as the dynamic averaging. The supposition that a
similar situation occursfor the crystalswith x = 0.8 and
0.6 isreasonable. Itisobviousthat at |ow temperatures,
Cu(H,0O), octahedrons are elongated along R, in all
crystals. It does not seem realistic that at high tempera-
tures the configuration of the Cu(H,O)s complex elon-
gated along R; for x = 1 (the hypothetic configuration
for the paraglastic phase for x = 0.01) would be differ-
ent for crystalswith x = 0.8 and 0.6. Transition from the
high temperature to the low temperature configuration
requires the existence of a transitional range with a
principal compression aong R;. The character of the
0«(T) dependences in the corresponding ranges in the
crystalswith x=0.8 and 0.6 are very similar. Thisisnot
surprising since the temperature changes of the fer-
roelastic deformations are very small in these com-
pounds and the cooperative stabilization starts at lower
temperatures.

Thus, the main result of the study of the
Cs,Zn, _,Cu,(ZrFg), - 6H,0 crystalsis the discovery of
continuous changes in the JT complex configuration
initiated by temperature dependent ferroelastic strains
and supported by cooperative vibronic interactions.
This fact is a manifestation of the plasticity of the JT
complex coordination sphere as one of the fundamental
properties of its behavior. The concept of plasticity was
introduced to describe the JT complex’s unusual ability
to adapt to the conditions produced by various crystal
lattices [4, 6] when changes of axial and plane bond
lengths are mutually dependent. In the crystal studied,
the plasticity of the coordination sphere was first
observed directly as a modification of the complex
shape reflecting the | attice changes.

The correlated influence of ferroelastic strains and
cooperative JT interactions on the stabilization of adef-
inite JT configuration in the crystal in question should
be accented. It was also concluded that cooperative JT
interactions in the crystal studied are not the reason for
the ferroelastic phase transition. However, at the same
time, the JT Cu(H,0) complexes were shown to very
strongly influence the temperature of the phase tran-
sition.

Of special interest is the question of the structural
instability of the JT configuration compressed as a
result of external factors. Of course, the reasons for the
nonaveraging of the two rhombic configurations at rel-
atively high temperature should be analyzed. We sup-
pose that this effect is connected with the ferroelastic
properties of the compounds studied. The existence of
the ferroelastic domains and boundaries between them
can produce heterogeneous or random strains, which
strongly influence the EPR spectra of the JT ion [7]. It
isimportant that the conditions of the formal degenera-
tion of two JT configurations be exactly fulfilled in the

2002
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crystals studied. This alows accurate consideration of
the posed problem.

3. M. A. Augustyniak-Jabtokow, Yu. V. Yablokov,
K. tukaszewicz, et al., Chem. Phys. Lett. 344 (3-4), 345
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Abstract—The fundamentals of the theory of the electronic structure of impurity clusters and the results of
numerical calculationsfor theiron-, lanthanum-, and actinium-group ionsin Me*" : [L], clusters are presented.
The effects of theinterionic distance and ligandsin the Me*" : [L], clusters on the electronic structure of the nIN
and nIN=n'l" configurations of the 3d, 4f, and 5f ions are considered. The correspondence between the optical
and x-ray spectra of different impurity crystalsis aso analyzed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The electronic structure and the intensity of the
intrashell nl < nl transitions, forbidden within the
dipole approximation, as well as other peculiarities of
ionswith apartly filled nl shell, are usually studied and
calculated taking into account the influence of the near-
est neighbor ions (ligands) and the effect of the excited
configurations of opposite parity [1-5]. The direct
influence of these configurations (viathe dipole transi-
tion operator), as well as their indirect influence
(through the crystal potential), is considered. The the-
ory of the excited configurations is used, for example,
in investigations of x-ray spectra[6, 7].

Thedifference in the el ectron density between afree
ion and theion in asolid or a cluster can be taken into
account by using the X, method [1-5] (the self-consis-
tent-field method for clusters|6, 7]). However, the el ec-
tronic structure of solids and the intensities of the spec-
tral lines of impurity ions are often calculated using the
free-ion functions found within the Hartree-Fock
approximation [3, 4, 8].

It iswell known that in solids, a significant redistri-
bution of the electron density occurs in both the outer
and inner electron shells of the iron-, lanthanum-, and
actinium-group ions. Thisleads to a shift of the charac-
teristic x-ray spectral lines[7, 9]. However, it isobvious
that the wave functions of the excited configurations
3dN-14p and 3dN-%4s of 3d ions and 4fN-15p and
4fN-16s of rare-earth ions are changed most signifi-
cantly.

The analysis performed in [10, 11] reveded that the
relative energy of the exited configurations of Me*" and
RE* ions is changed nonmonotonically [11-15]. It
should be noted that investigation of the dependence of
the electronic structure of Me*" : [L], clusters on the
interionic distance makes it possible to determine the

change in the spectral characteristics of the impurity
crystals under pressure very accurately [16, 17].

In this paper, we continue the investigations of the
electronic structure of impurity clusters started in [18]
and consider the dependence of the el ectrostatic param-
eters and the energies of the ground-state and excited
configurations and the x-ray spectraof Cr, Cu, and, par-
tially, Fe, Ni, and Co ions, aswell as of Nd, Eu, U, and
a number of other nl ionsin Me™ : [0, Me™: [F],
and Me™ : [CIT], clusters with k = 4, 5, 6 on the interi-
onic distance Rin therange 1.7-2.5 A.

2. THE SELF-CONSISTENT-FIELD METHOD
FOR CLUSTERS

The self-consistent-field method for clusters is an
extension of the Hartree-Fock—Pauli method [6, 8, 19]
to clusters and solids [6, 7, 20, 21]; this method gives
correct resultsin all the cases considered.

First, we consider the electronic structure of the Me
ion in an Me™ : [L], cluster consisting of a central Me
ion with the nIN or n'IN-In'lI' configuration surrounded
by kions of the ligands L at a distance R. The ligand
ions (O, F, or ClI") have a configuration consisting of
completely occupied nl# *2 electron shells. The cluster
symmetry corresponds to the symmetry of the crystal
fragment under investigation.

Using the one-electron approximation and the cen-
tral-field functions, the energy of the cluster can be
written as [6, 7]

E(Me™: [L],) = Eo+KE; +K(E,+ E.+Eg), (1)

where E; and E; are the energies of the central ion and
ligand in the free state, respectively; E, is the interac-
tion energy between the electrons and a neighbor

1063-7834/02/4408-1484%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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nucleus; E. and E,, are the Coulomb and exchange
interaction energies between the electrons of the central
ion and the ligands, respectively; and k' is a coefficient
depending on the symmetry of the cluster [7].

Minimizing functional (1) with respect to the radial
parts (radial orbitals) of the one-electron wave func-
tions of the central ion and the ligands gives the system
of equations

d 2., (I + 1)
[;j—r—z + FY(nI|r) —€n—

2
r

}P(nl|r)
%)
= X'(nl|r) + z enP(N'l|r),

n'#n

which defines the radia orbitals of the central ion
P(nl|r) and those of the ligands P(n'l'|r*). Here, Y'(nl|r)
and X'(nl|r) are the Coulomb and exchange potentials,
respectively, and €, isthe one-electron energy. The sys-
tem of equations (2) issimilar to the Hartree—Fock sys-
tem [19], but its sol utions depend on the wave functions
of al ions of the cluster. Equations for Y'(nl|r) and
X'(nl|r) differ from the standard equations in having
additional potentials (self-consistent potentias of the
cluster):

aY(l|n) =12y LAYy (', 1| r)
K, kg, il

+ b:(ll.(lYkkl(nI, n'l'ir)],

3
NGIDEESY Lo Yy (0, 01| F) ®

K, ky, nil"
+BLr TP r);

thetensor function Y,y (nl, n'l'|r) isdefinedin[11, 12].
The coefficients a:(,l.(l, b:(,l.(l, G:T-(l, and B, are presented
in [7] and have a sufficiently ssmple form for closed
shells. For an individual cluster, the system of equa-
tions (2) can be used with the boundary conditions for
a free atom P(nl|r) — 0 and dP(nl|r)/dr — O for
r — 0. For a crystal, the Wigner—Seitz conditions
P(nl|r) — Oand dP(nl|r)/dr|, _ ,— O(aistheradius
of the cluster) are more correct.

When deriving the equations for the additional
potentials Y(nl|r) and X(nl|r), we expanded the ligand
wave functions (chosen in the form of Roothaan func-
tions[22]) in terms of functions centered on the central
ion. The additional potentials and energy parameters of
the cluster ions were calculated using the program
described in [7].

It should be noted that for the iron-group ions, the
relativistic effects are comparable in magnitude with
the influence of the surroundings. For this reason, we
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used the Hartree—Fock—Pauli approximation, which
takes into account the basic relativistic effects, such as
the velocity dependence of the electron mass and the
contact and spin contact interactions [1-3, 8]. Taking
into account the relativistic effects leads to renormal-
ization of theradial integrals. The method used for cal-
culating the electronic structure of impurity ions gives
results which are in reasonable agreement with the
experimental data on both the optical spectra of impu-
rity crystals and the energies of the characteristic x-ray
spectral lines[6, 7].

Taking into account the Stark splitting of the free-
ion levels within the crystal-field approximation, we
represent the energy of the Stark components in the
form

E(nl™|aa'LSIr) = Ey+ > f (1N, ao' LY F(nl, nl)
k

4)
+x(LSL'SJ)n(nl) + Z BiqYka(©@ir P)).
k q,i

Here, the crystal-field parameters can be determined
from the reference values B, by using the formula

(nllrnl) R'
S P e R

and the change in the distribution of the electron den-
sity is taken into account by varying the values of
(nlr{nl) and R

First, we solve the problem for the cluster consisting
of an Me ion and ligands, because the influence of the
ions of the more distant coordination shells on the
radial wave functionsisrelatively small (about 1%) and
can be neglected at thefirst step. At the sametime, there

iS no restriction on the number of ions in the cluster
under consideration.

B = B

©)

3. THE ELECTRONIC STRUCTURE
OF THE nl IONS IN Me™ : [0?], CLUSTERS

Using the Cr"ionsin the Cr™ : [O~?] cluster as an
example, let us consider the change in the d—p(s)- and
f—d(p)-interaction energy when afree nl ion isincorpo-
rated into a crystal or subjected to hydrostatic pressure,
which changes the interionic distances in the cluster.
Table 1 showsthe values of theradial integralsrequired
to determine the energy-level diagram of the 3d™ con-
figuration and the values of the integrals specifying the
energy of the 3d-4p interaction, F43d, 4p) and
GX(3d, 4p), for the Cr*3 ion in the free state and in the
cluster. The data obtained for the 3d" configuration are
seen to be in good agreement with known resullts.

It follows from Table 1 that as free chromium ions
are incorporated into a crystal, the values of the radial
integrals decrease by 25 to 700%. The decrease in the
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Table 1. Theoretical values of the radia integrals for the Cr*3ion in the Cr*3: [O?]4 cluster at different values of R

R A
Integral Freeion
21 1.96 19 18 15
Configuration 3d3
F2(3d, 3d), cm 87080 72010 58448 50932 45863 44795
F4(3d, 3d), cmt 54582 42380 35644 30881 27796 29599
n(3d), cm? 290.9 245.1 220.2 194.8 167.5 74.9
(3dr[3d), a.u. 1.093 1.351 1.561 1721 1.839 2.100
Configuration 3d%4p
FO(3d, 4p), cm™ 91284 65490 69606 71629 74294
F2(3d, 4p), cm™ 22295 9455 12485 14705 21010
G(3d, 4p), cmt 7778 2513 4924 7046 12430
G(3d, 4p), cm™ 7193 2001 3838 5471 11135
n(3d), cmt 3319 3221 303.8 288.7 238.1
n(ép), cmt 642.0 97.6 129.6 1533 198.8
(3dJr[3d), au. 1.018 1.064 1.148 1.219 1.474
(4pIr|4p), a.u. 2.734 3.538 3.314 3.210 3.045
AE(3d® — 3d?4p), eV 17.8 21.8 16.1 9.9 11.6
Table 2. Dependence of the energy levels (cm™) of the Cr*3ionin the Cr*3: [O4 cluster on R,_o
Energy level
r—O» A
(calculation) 2 T, 4T, 2T, T,(te) Ty(t67)

2.0 14850 15652 16500 22171 24229 37661

1.96 14220 14969 18100 21538 25811 40324

19 12500 13113 20500 19392 27659 44176

Datafor ruby

Experiment 14433 15087 18133 21318 24767 39067
Semiempirical calculation 14354 14989 18108 21355 24843 39362

values of the parameters specifying the d—p-interaction
energy is larger than the decrease in the parameters of
the 3d shell. As might be expected, the most significant
difference is observed between the changesin the aver-
ageradii of the 3d and 4p shells. AtR=2.1 A, thevalue
of M, increases by 5% in comparison with that for the
free ion and then grows by 46%. The values of [1[4,
increase by 14% at R= 2.1 A.

As the interionic distance R decreases, the relative
energy of the 3dN-14p configuration changes signifi-
cantly; when the free ions are incorporated into the
crystal (R= 2.1 A), this energy increases from 17.8 to
21.8 eV and then decreasesdown to 9.9 eV astheradius
of the coordination shell diminishesto 1.9 A. It should
be noted that the distance R= 1.9 A corresponds to the
size of theimpurity Cr*3: [O~?], cluster in ruby.

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

The experimental dependence of the optical spec-
trum of ruby on external pressure is well described by
the theoretical data presented in Table 2 for the Cr*3 :
[0, energy diagram, which changes as R decreases.
The calculated parameters B, C, and Dq (Table 3) at dif-
ferent R are compared with the datafor the Cr*3: [0,
clustersin different laser crystals.

It should also be noted that by estimating the change
in the d—p-interaction energy astheratio of the squared
value of the radial integral F3(3d, 4p) to the energy of
the excited configuration, we obtain anonlinear change
in the d—p-interaction energy; at R=1.9 A, the energy
decreases by 10-15% in comparison with the data for
thefreeion.

The behavior of bivalent and quadrivalent chro-
mium ions is similar to the behavior of the trivalent
chromium ion described above, with the appropriate
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Table 3. Semiempirical and theoretical values of the integrals B, C, and Dqg (cm™) for the Cr*3ionsin different crystals

Integral a-Al,O, Y 5AIO;, GdScsOs, CdsSC,Gas0y, Crtd3: [0,
B 682 725 740 740 789
C 3120 3373 3578 3578 2829
Dq 1787 1650 1500 1500 1750
Table 4. Values of the radial integrals for the Cu*3 and Cu*? ionsin the Cu*™" : [O?] clusters
R A
Integral Freeion
25 2.0 1.95 1.9 18
Cu*3
E, au. —1636.7563 0.7564 0.7539 0.7551 0.7551 0.7557
€3g, AU 2.2391 2.2175 2.1578 2.1436 2.1273 2.1042
(3d[r|3d), a.u. 0.8422 0.8414 0.8427 0.8434 0.9445 0.8463
F2(3d, 3d), cmt 129327 99498 98753 98711 98662 98618
F4(3d, 3d), cm™ 80874 62188 61719 61680 61660 61625
n(3d), cm 925.2 910.8 909.5 909.3 908.8 908.1
Cu+2
E, au. —1638.1232 0.0841 0.0839 0.035 0.0832 0.0723
€3q, ALU. 1.4789 14477 1.3872 1.3735 1.3532 1.3356
(3dJr|3d), a.u. 0.8837 0.8989 0.9013 0.9025 0.9043 0.9070
F2(3d, 3d), cm™ 119110 93078 91987 91987 91796 91569
F4(3d, 3d), cm 74806 58120 57495 57495 57365 57251
n(3d), cm* 845.9 825.0 820.8 820.8 818.9 815.1

correction for the valency: the changes for the Cr*#ions
are 3-5% larger than those for the trivalent ions, while
for the Cr*2 ions, the changes are smaller. In addition, a
significant decrease in the relative energy of the 3d34p
configuration is observed for the Cr*? ions, which leads
to a sharp increase in the d—p-interaction energy. It
should be noted that the transition energiesin the Cr*
[0, cluster are consistent with the spectrum of ruby
after irradiation by y-rays[23]. Thus, under irradiation,
some of the Cr*3ionsin ruby transforminto Cr*4, which
was previously revealed through a shift in the CrK,,
x-ray spectral lines[21, 23].

The problem of the d—sinteraction is aso of impor-
tance in investigating the intensity of optical spectral
lines (in the presence of the indirect influence of strong
s interaction) and in explaining high-temperature
superconductivity. We considered the change in the d—
s-interaction energy within the approach chosen. In our
opinion, the most interesting results are obtained for the
Cu*?2 and Cu*3 ionsin the Cu*" : [L], clusters (for O2,
F, ClI; k=4, 5, 6); theseresults are presented in Tebles 4
and 5. For these clusters, the relative energy of the
excited 3dY~4s configuration averaged over al terms
[6] shows a nonlinear dependence on the values of k

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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and R, whereas the other quantities, such as the Slater
integrals and the spin—orbit-coupling integrals, vary
almost linearly. As aresult, extreme values of the inter-
action energy are observed at certain values of the coor-
dination number and interionic distance for bivalent
and trivalent copper ions. The minimum relative energy
of the excitation of a 3d electron to the 4s shell is
achieved at the interionic distance R equal to 1.85 A for
Cua k=6andto 1.95A for Cu*2 at k = 4. The 40%
decrease in the excitation energy of a 3d electron to the
4s shell obtained for the Cu*? ion in the tetrahedral sur-
roundings is a very important result. Due to a sharp
decrease in the relative energy of the 3d%4s configura-
tion of the Cu*2 ion and to agrowth in the values of the
radial integrals F°(3d, 4s) and G2(3d, 4s), the d-sinter-
action energy increases by almost 2 times. Thereisrea-
son to believe that the existence of the absolute maxi-
mum of the d—s-interaction energy in the Cu*2 ions sur-
rounded by four oxygen ionsat R = 1.95 A is directly
related to the appearance of high-temperature super-
conductivity, because such an extremum was not
observed for the other ions considered by us (Fe, Co,
Ni, Zn).

By comparing the calculated dependences of the
radial integrals on the interionic distance for the Me
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Table 5. Theoretical values of the radial integrals and the energy of the 3d — 4s excitation for the Cu*? ions in the 3d®4s
configuration in the Cu*? : [0, clusters at different values of R

R A
Integral

201 1.89 18 17 16
€3q, ALU. 1.7045 1.6715 1.6378 1.5895 1.5269
€45, AU 0.9977 0.9939 0.9912 0.9884 0.9861
(3d|r|3d), a.u. 0.8297 0.8345 0.8484 0.8507 0.8556
(49Jr|4s), au. 2.3414 2.3516 2.3592 2.3678 2.3758
FO(3d, 4s), cm™ 0.4852 0.4836 0.4812 0.4789 0.4767
G?(3d, 4s), cm™ 0.0439 0.0434 0.0431 0.0430 0.0434
E(3d° — 3d4s), eV 1.892 1.713 1.428 1.632 1.784

Table 6. Theoretical values of the radia integrals for Ulll and FmlIV and for the Me*" : [L], cluster (with ligands F~, 02, CI)

at different values of R

R A
Integral Ul 22 2.37 2.4
U*2: [Flg U*: [0 U*2:[Clq
Egp, AU, 0.8935 0.9104 0.9218 0.9342
Egpr AU 1.3552 1.3662 1.3796 1.3815
F2(5f, 5f), cm™ 75169 65785 60560 59200
F4(5f, 5f), cm™® 48895 42890 39406 38496
FS(5f, 5f), cmt 35810 31370 28850 28190
Nsf, cML 2161.1 2086.7 2040.0 2011.8
[0, au. 1.3249 1.4611 1.4784 1.4814
[BCgp, aU. 1.9452 2.0977 2.1831 2.2212
FmlV Fm*3: [Fg Fm*3: [0, Fm*3: [Cl,

Egp, AU, 1.9516 1.9741 1.9940 1.9985
Egpr AU 2.3189 2.3267 2.3377 2.3406
F2(5f, 5f), cm™® 103218 100380 99560 98330
F4(5f, 5f), cm™® 68043 66180 65730 64900
F8(5f, 5f), cm™ 48891 47670 47180 46870
Nsf, cML 5294.7 5258.8 5105.4 5007.0
[0, au. 0.9746 1.0376 1.0490 1.0572
(B, aU. 1.7297 1.7421 1.7568 1.7589

ions surrounded by oxygen, fluorine, and chlorineions,
we reveaded significant differences in the electronic
structure between the corresponding clusters. For the
oxygen surroundings, the average radius of the 3d shell
in the cluster is larger than that of the free ion and
increases with decreasing R. For the fluoride surround-
ings, the changes caused by the incorporation of the
free ion into the crystal are not so large, because the
localization of the fluorine and oxygen 2p functionsis
different. For Me ions in the fluorine surroundings, the
size of the 4s(p) shells increases with decreasing R

down to 1.5 A, whereas the average radius of the 3d
shell first decreases and then, starting from R= 1.9 A,
the values of (4, for oxidesincrease. Astheinterionic
distance R becomes smaller than 1.6 A, a compression
of the 3d shell occurs due to the significant overlap of
the oxygen 2p functions and 3d (4s, 4p) orbitals of the
iron-group ion and due to the onset of strong repulsion
between the electrons of the nearest neighbor ions due
to the Pauli exclusion principle [24]. For the same rea-
son, the values of [, and ML) in chlorides start to
decreaseat R< 2.0 A.

PHYSICS OF THE SOLID STATE Vol. 44 No.8 2002
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An important feature of the fluoride clusters is the
decrease in the d—s-interaction energy with decreasing
R (with increasing pressure). Theresults of calculations
for theNi*2: [F]q cluster at R= 2.1-1.7 A are presented
in [25]. It should be noted that the values of F(3d, 4s)
for oxides depend on R only weakly. For chlorides, this
guantity increases sharply with decreasing R.

The radial integrals and the d—s-interaction energy
exhibit a nearly linear dependence on the number of
ligandsfor all types of the surroundings considered. An
anomalous behavior is observed only for the Cu*? :
[0, clusters.

Interesting results are obtained for actinides, in par-
ticular, for the uranium ionsin different clusters. When
free actinium-group ionsareincorporated into acrystal,
the electronic structure of the ions changes (both qual-
itatively and quantitatively) in the sasmeway asthe elec-
tronic structure of 3d ions does. Some results obtained
are presented in Table 6 for the basic configurations of
the 5f ions in the free state and in clusters. The calcu-
lated energies of the characteristic x-ray spectral lines
are listed in Table 7. For heavy ions, these energies
change rather strongly; for actinides in clusters, these
changes are due to the strong interaction of the 5f elec-
trons with the ligands. The results obtained are in good
agreement with the experimental data on both the
energy-level diagrams and the energies of the x-ray K
and L lines.

It should be noted that for rare-earth ions, the
method suggested is efficient when the Hartree wave
functions are used as the zeroth-order approximation.

4. X-RAY SPECTRA OF nl IONS
IN CLUSTERS

X-ray spectra are usually considered under the
assumption that the transition energy of the inner elec-
trons does not depend on the surroundings of thenl ion.
At the same time, it iswell known that a change in the
type of the chemical bond of the compound and a
change in the electronic state (valency) of the nl ion
cause the x-ray spectral lines of 3d and 4f ionsto shift;
this effect is known as the chemical shift of x-ray spec-
tral lines[9].

The valence shift of x-ray spectral lines caused by a
change in the ion valency in solids under the influence
of radiation or thermal treatment has been observed
experimentally [11, 21, 23].

An electron transition in an ion with nIN configura-
tion in which inner n'l* and n"I" electrons are involved
can be written in the standard form as n'l**nIN —
n"l"-InIN. Itisobviousthat the energy of the x-ray spec-
tral lines is determined by the difference between the
energies of the center of gravity of theinitial (n'l'nlN)
and final (n"I"nIN) configurations:

E, = Enr—Enr. (6)
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Table 7. Theoretical values of the energies (eV) of the K,
and L, lines for a number of 4f and 5f ions in the Me*" :
[0 cluster at R=2.37 A

lon Ka1 Kp1 Lot

Nd*2 37337.290 | 42250.942 5370.985
Nd*3 37336.610 | 42248.875 5369.708
Nd* 37335.741 | 42246.471 5368.449
Eu*2 40071.174 | 45371.500 5852.357
Eu*3 40070.420 | 45369.567 5848.793
Eut 40069.405 | 45367.192 5847.622
Gd*? 42921.661 | 48620.131 6062.622
Gd*3 42920.521 | 48618.235 6063.971
Gd* 42920.118 | 48615.998 6060.614
Yb*? 52156.939 | 58580.850 7421.563
Yb*3 52155.897 | 58578.564 7426.668
Yb* 52155.077 | 58576.031 7429.100
u+? 095912.345 | 108809.007 | 13639.793
uts 95912.037 | 108808.394 | 13239.528
U+ 95911.663 | 108807.659 | 13639.200
Np*2 98307.960 | 111517.588 | 13970.953
Np*3 98307.642 | 111516.963 | 13970.674
Np* 98307.262 | 111516.221 | 13970.346
Bk*2 108277.894 | 122779.219 | 15339.303
Bk*3 108277.543 | 122778.545 | 15339.005
Bk** 108277.142 | 122777.775 | 15338.668

2002

The calculations showed that the energy of the
excited state of the nl ion changes by approximately
100 a.u., whereas the change in the energy quantum of
x-rays is 1-10 eV. In investigating the change in the
valency of theions, the valence shift of the energy of an
X-ray spectral line

AE, = E"-E", ()

rather than the energy itself, is the most important
quantity, whose value should be calculated theoreti-
cally with the maximum degree of accuracy; this value
often determines the accuracy of calculation of the con-
centration of ions with changed valency.

The theoretically calculated energies of the Kg; »
(IsonN = 2plpgpnl™), Kg (Ispnl™ —~

3p?12, 2N, Ly (2 pilz, g NN — 3d2/2, s2NIY), and
other x-ray spectra lines of the ions of the iron, lantha
num, and actinium groups in different clusters are in
good agreement with the experimenta data (the relative
deviation is of the order of 0.1%); this agreement sug-
gests that the calculated valence shifts of the x-ray spec-
tral linesare highly accurate. Asan example, the energies
of the x-ray spectral lines for a number of lanthanum-
and actinium-group ionsarelisted in Table 7. It should be
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noted that smilar data for other ions of the iron, lantha-
num, and actinium groups are presented in [25].

5. CONCLUSIONS

Thus, the calculations performed for the Me™ : [L],
clusters at different values of R and different types of
ligands make it possible to draw the following conclu-
sions.

First, the available experimental dataon both optical
and x-ray spectra of the impurity ions of the iron and
actinium groups can be completely described within
our approach [6, 7].

In oxygen-containing clusters, the relative energy of
the excited 3dV-'4s and 3dN-14p configurations
decreases as R changesfrom 2.0t0 1.9-1.8 A. The most
interesting results were obtained for copper ions. a
sharp decrease in the excitation energy and an increase
in the d-s-interaction energy are observed for a Cu*?
ion surrounded by four oxygen ions at distances corre-
sponding to the structure of high-temperature ceramics.
This result has been obtained only for Cu*? ionsand is
not observed for Cu*3 ions or other Me™ : [L], clusters
considered. The strong d-s interaction between the
Cu*?ions must lead to a deformation of the conduction
band and, probably, to the formation of aband based on
the wave functions of theseions. Probably, asimilar sit-
uation occursin the SrTiO; perovskite crystals; in these
crystal, the Ti*4ions are partially changed into the Ti*®
state [26].

It should be noted that such a phenomenon is not
observed for Ni and Zn ions surrounded by oxygen
atoms; in this case, aswell asfor the Cu*? and Cu*3ions
with fluorine and chlorine ligands, the dependences of
the excitation energy and the d—s-interaction energy are
virtually linear. For fluorides, the d-s-interaction
energy decreases with increasing pressure by severa
percent, whilefor chlorides, thisenergy increasesby 1—
2%.

The energies of the characteristic x-ray spectral
characteristic lines of the nl ions and the valence shift
of these lines calculated within our approach are close
to the experimental values. This makes it possible to
use x-ray spectral linesfor investigation of the changes
in the valence of the host and impurity nl ionsin solids.
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Abstract—~For an octahedral system, we analyzed the coupling between the triple degenerate el ectronic states
of atransition metal ion and the double degenerate vibration of the ligands of the host matrix. The vibrations
of the ligands of the lattice are described by new anharmonic coherent states of the Morse potential. For the
linear coupling between electronic states and anharmonic vibrations, we built the matrix elements from the
interaction Hamiltonian and corresponding energy levels. © 2002 MAIK “ Nauka/Interperiodica” .

In the last twenty years, considerable attention has
been paid to the linear octahedral Jahn—Teller system
T O (¢ + 1,), in which an electronic state T of the tran-
sition metal ion is equally coupled to the vibrational
normal modes € and T, of the ligands, each of which
corresponds to a common angular frequency [1-5].

The strong coupling limit has been explored by
means of the Glauber state by Judd [6] and Judd and
Vogdl [7]. Studies of the Jahn-Teller effect using coher-
ent states, as well as some applications to particular
systems, are well known [8-11].

In all cases, the coupling of double and triple degen-
erate electronic states with harmonic vibrations
described by harmonic coherent states was considered.
For laser crystals doped with transitional metal ions, the
vibronic interactions are higher than other types of inter-
actions and explain the experimental data concerning
vibronic transitions. Thisisthe case of LiCaAlF;: Cr3*.

In the cluster model [12], for the Cr3* ion incorpo-
rated in LiCaAlFe in an octahedral site, the interaction
of the triple degenerate electronic state “T, of d® config-
uration of the chromium ion with T, (three-dimen-
sional) vibrations of the ligands was neglected sincethe
€y (two-dimensional) mode of the octahedron of the
ligands interacts more strongly with the same elec-
tronic states of theion.

This is true because the &€, mode of an octahedron
which involves radia motion of the ligand ions can
couple to o-bonding orbitals and should therefore cou-
ple more strongly than the t,, modes, which only
involve tangential motion and couple only to Tr-orbitals.
Thus, vibronic T [ interaction is present here.

* This article was submitted by the authorsin English.

In this paper, we studied the general case of an octa-
hedral Jahn—Teller system of type T (e having triple
degenerate electronic states coupled with the double
degenerate anharmonic vibrational states, the latter
being described by the Morse potential.

For the Morse oscillator [13, 14], there are different
types of coherent states [15]. We used these states in
order to extend the analytical treatment of the Jahn—
Teller effect of the E [e interaction in Jahn—Teller
octahedral symmetries [16] presented in our previous
paper to the case of T (& coupling for the same sym-
metry.

1. HAMILTONIAN OF THE SYSTEM

The Hamiltonian of the octahedral Jahn—Teller T [k
systemis

H = He+H, +Hyp, «y

where H, represent the Hamiltonian of the electronic
part of the system, H, is the Hamiltonian of a double
Morse oscillator, and Hj; is the Hamiltonian of the
Jahn-Teller interaction between the triple degenerate
electronic state T of the metal ion and the doubl e degen-
erate vibrations of the ligands of alaser crystal.

The electronic Hamiltonian of the system is well
known. We denote by |8Cand |eCuncoupled electronic
wave-functions that transform according to a two-
dimensional irreducible representation of the octahe-
dral group. In order to obtain an analytic expression for
the quantities of interest, such as the energy of the lev-
els of the Ham factors, it is necessary to use the wave
functions of the Hamiltonian H, + H, from Eq. (1).
Such wave functions are products of the electronic
wave functions |60] |eJand the wave functions which
describe the vibrations of ligands.

1063-7834/02/4408-1491$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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For the vibrations of ligands, we suppose that the
vibration Hamiltonian H,, is described by

2
—201 X,

2
- - p
Hy = HyitHyz = 3| 35+ Vo(e

e™)].@

where a > 0 is the anharmonicity constant of the oscil-
lator, mis the mass of the oscillator, py is the momen-
tum operator of the k oscillator, X, is the displacement
from the equilibrium position of the k oscillator, and V,
is a positive constant.

We use the notation

8mv,
V= = 3
N a’h?

and introduce the variables

Y = vexp(—ax,), k=1,2. (4)

The energy levels of the single Morse oscillator
described by H,, are

Eo(n) = 0 -4 ©)

wherek=1,2,AQ =VoV% n,=0,1,2, ..., N= [V_Zl}

with [U] representing the entire part of .

The eigenfunctions of the Hamiltonian Hg, (where
k=1,2)are

W) = cy e “*F(-n 25+ 1,y),  (6)

1 TV =N jsa
rv-2n) n,!
normalization constant, and F represents the confluent
hypergeometric function.

Thevibrational states of the two-dimensional Morse
oscillator are

where2s,+1=v-2n,,c.=

NN 0= Wy (Y)W (Y2)- (7)

These states have orthonormalization properties as
follows:

Chyn,|ninyd = O i On - (8)

In the linear approximation, the Jahn-Teller Hamil-
tonian of interaction Hj; has the form

+ (E)
Hyr = KAQU )™ (%, + X,), ©)

where K is the strength of the Jahn—Teller coupling p*
and [ represents the creation and annihilation operators
of the triple degenerate el ectronic states of the vibronic
system. Thelabel (E) indicates that operators act on the
electronic states of the system.
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2. THE ALGEBRA OF THE ANHARMONIC
OSCILLATOR

In our previous papers [15], we established the cre-
ation operator B,, the annihilation operator B_, and the
operator B, for the one-dimensional Morse oscillator.
The results of [15] will be extended to the two-dimen-
sional isotropic Morse oscillator by introducing the cre-
ation operators B,,, the annihilations operators B_,, and
the operators By, (k = 1, 2), which have the analytical
expressions

B, = (25710 £+ X2FD v 4
Yk 2
> 9 SV v
By = -y, O — 9 4 X Ik oV 1 (11
ok ykaﬁ e V2 Sy > (11)

The operators obey the commutation relations

[Biw BL] = 2BokOui,  [Biw Bol = £Budy, (12)

wherek, | =1, 2.

Instead of operators (10) and (11), which are s
dependent, we introduce new operators which areinde-
pendent of s.. For this reason, the dynamic system can
be expressed with the aid of auxiliary variables &, [1 [0,
21 (wherek =1, 2) of the extra-phase type. According
to this method, the new operators are

a,, = e+IEk gi—l}i
= 19&, Yy
(13)
110@o o0
iyk[.a—zkua—ak”m]+2g
_120
Aok = FIN (14)
The commutators of the operators a,, and a,, are
[avw ay] = 2800y, [aww Aol = taydy, (19)
and
g, +E,
[ag € 7] = & TQy, (16)

wherek, 1 =1, 2.

The new eigenfunctions of the Hamiltonian H,
will be

(Vo £0 = € W (0, (17)
instead of Y, (y,) given by (6).
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Theaction of the operators a,,, a, 0n the eigenstates

®, Is

@ (Yo & = Jin+1)(v—n, - 1P+ 1(Yio €90
ay P, (Yio & = =/N(V =) P, (Vi €9, (18)

a0 Pr, (Yio € = P, (Yio &1 Ois

wherek, 1 =1, 2.
The Hamiltonian H, can be expressed in terms of
the operators ag; and ag,:

H, = -hQ(aj; + ay).

(19)

3. THE JAHN-TELLER INTERACTION

In order to express the Jahn-Teller interaction
Hamiltonian H; in terms of the dynamic group opera-
tors{a,s, a5 8y, gy}, We start with the relations [ 16]

9 1 .

2 = _= 2

i Z“ZO( ) (20)

i Vv L& v
X[e A+ 35— (-1) e a_k—im}

1 - n-1

== =) (2a9)

Yk nZO “ 21)

x| eMar (-1'eMa 31— (- |
The coordinate x, from Hamiltonian (9) can be writ-
ten as

1 Inv 1«1 1
X = a[lnv—lnyk] =9 a H%L [
n=1

_ 10 - 1 - 2m
== Elnv - Zln[l +V ZO(ZaOk) (22)

- m-1, _i& m_-i& 'O
+ Y (280" (e Mau+ (-1)"e Ay | O
m=0 0

The Hamiltonian Hj; in terms of operators a,, and
ag hasthe final form

1 + +(B)
Hyr = SKAQ(H W)

0 C o1 c m
x %anv—kz Z r—][1+vmzo(2a0k)2

=1n=0

(23)
i m—1p 1% n & "o

+ 3 (300" e ay+ (1% |

m=0 O

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

2002

1493

4. THE COHERENT STATES

For the Morse oscillator, different kinds of coherent
states [15, 17] can be built. The two types of coherent
states are useful for study of the Jahn—Teller interac-
tion.

The first-type states are the displacement-operator
coherent states defined as the states obtained by action
of the displacement operator D on the vacuum state of
the one-dimentional Morse oscillator:

la0= D(a)[00= exp[i(aa, —ata)]on)  (24)

where a 0 C isacomplex valued parameter.

We extended these states to the case of the Morse
double-oscillator as

[aO= D(a,)D(a,)|000

= exp[i(a,a,, —ata )] expli(a,a,, —03a,)] 000

where a,, a, O C and [n;n,0= |n,[h,0] Annihilation
operator coherent states designed by [AL{where A (1 C)
are another type of coherent state. These are states
which have the following property:

aAd= Ap0O (25)

For the one-dimensional Morse oscillator, these
states are

N

AO= ¢, z

(=D"(Aa,)"

n'(v-n), %)

(26)

where

|)\|2n |:|_1/2
Cy = —_
0 E'Z nl(v—-n)
is the normalization constant.

The states (25) can aso be extended to the Morse
double-oscillator case. We denote these states as |\
[A 0N Clwhere A,, A, O C.

The general expression for these coherent statesis
IANC= AN, 0

(=1)"(A12.)"(=1)"(Ao,)"
n(v—n), m(v—-m),

M

2
:COZ

nm=0

000

5. THE GENERALIZED COHERENT STATES
AND THE JAHN-TELLER INTERACTION

In order to establish the states which correspond to
non-vanishing average values of the H;; energy, Judd
[6] generalized the coherent states (24) by introducing
wavefunctions of the electron—phonon system with
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vibronic interaction. For the case of an E [E system,
Judd defined its coherent states as the overlap

2n

Bnz0= Id¢|ste'2‘" e (b"—k)"l000  (27)
where 3 refersto thelower branch (3 =1) or to the upper
branch (3 = u).

Thus,
[IO= cosq—2)|6D—sinq—2)|sD (28)
o= s‘n‘lz’|em+ cosq-2’|sm (29)
and the creation operator b* is defined by
b" = a/'Ccosp +ay sing. (30)

The operators ai'ko are the creation and annihilation
operators for the double harmonic oscillator, ¢ is an
arbitrary angle, and the parameter zin (27) is character-
ized by the type of coupling. For example, z= 1/2 cor-
responds to the states accessible to electric dipole radi-
ation from the zero-phonon ground state.

Thus, the generalized coherent states (27) corre-
spond to the case of Jahn—Teller interaction in the pres-
ence of harmonic vibrations. In their papers, Judd [6]
and Chancey [8, 9] studied the Jahn—Teller interaction
for systems with different symmetries in harmonic
approximation.

We generalized the results of Judd and Chancey for
the case of Morse anharmonic vibrations, considering
the corresponding operators for Morse oscillator (13)
and (14) instead of the creation and annihilation opera-
tors for the harmonic oscillator

Thefirst result was reported in [16], where we stud-
ied the case of E [ for anharmonic vibrations.

For the anharmonic vibrationsin (30), instead of the
operators a:ko we use the corresponding operators a,,

introduced in (13), corresponding to the Morse oscilla-
tors. Thus, the operator b* became

b" = a,,cosd + a,,sind, (31)
where the operators a,, are given in (13).

We note that the operators (30) and (31) act on a
state |nCof the double anharmonic oscillator defined by

Int= In, O, (32)

We define a new set of generalized anharmonic
coherent states as follows:
2n

IBnz0= J‘d¢|5@“"z(b*—x)“|m with k OC, (33)
0

In, + n,0=
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where |BLarethe electronic states of the system and can
be 3 = (jmu) or B = (jml), withj=1and m=0, 1,
| refersto the lower branch and u to the upper branch of
the electronic states. Asin (27), z represents a coupling
parameter.

In (33), |[kOrepresents the annihilation operator
coherent states

" (-1)"(xb,)"
kD= COZ nl(v—-n),

where the state |0Crepresents the state |nCfrom (32) for
n=0.

In the case z = 0, the states (33) correspond to the
uncoupled case

Bnzg = [BHb—K)"[K0] (35)

We can expand the states |(nzlJin terms of uncou-
pled |Bnzl{ states as follows:

N n 21
IBnzi= ¢, 5’ ZId¢e‘¢“|BD
I1=0j=07

(1) k(b
S o)),

B ] ( 1)I +j o l+]
-3 3 5
i=
The states (36) make it possible to calculate the
average value of the Jahn—Teller interaction energy. We
obtain

|OC) (34)

n+l—j

jod (36)

B, n+ 1 -, z[J.

N n N n

Ey = 2 oG
AR I rom
=0j=0I'=0j'=0
y (_-1)|'+J‘}.(l'+j' (37)
itv=iy
x O[B’n+|'_j'1Z|HJT|B1n+I_j121)'
Thefinal form of Eq. (37) is
1 K20 (ch’
E,: = =kAQcC LS S P
T« °|Zo§0[u(v—nj]
xo Bl @lp) (39)
0 21 - 0
x RInv - Z z F_){lﬂ) Z (Sn+l—j)2mi|[|.
O k=1p=0 m=0 [

Thus, we studied the vibronic coupling between the
triple degenerate electronic states of a transition metal
ionincorporated in acrystal laser and the double degen-
erate vibration states of the ligands of acrystal for octa
hedral symmetry.
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We introduced anew type of coherent states by gen-
eralizing annihilation operator coherent states in order
to describe the vibrations of ligands.

We used a new representation of the dynamic group
of the system by introducing an auxiliary variable &, of
extra-phase type. In this representation, the eigenfunc-
tions, the observables, and the Hamiltonian of anhar-
monic vibrations were expressed. The eigenfunctions
of the Hamiltonian of the system, in the absence of
interaction, are built using the overlap of the electronic
states and these new anharmonic coherent states.

The results show that the anharmonic effects on
Jahn—Teller interaction can be expressed in a rigorous
form containing a dependence on the anharmonicity of
the system.
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1. INTRODUCTION

Highly symmetric polyatomic molecules and
atomic and molecular clusters with an orbitally degen-
erate ground state are distorted and their symmetry is
reduced owing to the Jahn—Teller effect [1]. Structural
distortions can also occur in polyatomic systems of
other physical nature. For example, thisisthe case with
many-particle systems with an odd number of particles
of spin 1/2, whose energy levels are degenerate in
accordance with Kramers theorem. Kramers systems
belong to magnetic symmetry groups which can be
obtained by extending the classical point groups with
the help of the second-order cyclic group 2": {K, K2 =
e}, where K is the time-reversal operator and e is the
identity element of the group [2, 3]. The number of
black-and-white (or junior [4]) magnetic symmetry
groupsis 58. In the case of Kramers systems, however,
such an extension is not correct and, instead of group 2,
one should use the fourth-order cyclic group 4': {K, K?,
K3, K* = €}. The magnetic symmetry groups thus
obtained are four-color groups rather then two-color
ones, as in the previous case, and there are four such
groups rather than 58 [5]. It should be remembered that
double classical symmetry groups should be extended
when the spin is taken into account.

In this paper, it is shown that the specific structure of
four-color magnetic point groups dictated by the time-
reversal symmetry is the reason for distortions of the
geometrical structure of Kramers molecules and clus-
tersin comparison with the structure that would arisein
the absence of magnetic interactions between atoms (or
between magnetic nuclei in the case of nuclear mag-
netic ordering in condensed media[6]). In the last sec-
tion, we discuss the factorization of the time-reversal
operator.

2. MAGNETIC SYMMETRY GROUPS
OF KRAMERS SYSTEMS

The known 58 magnetic point groups are inadequate
for describing the magnetic properties of Kramers sys-
tems, because the behavior of systemswith half-integer
spin under time reversal is different from that of sys-
tems with integer spin. The necessity of using group 4'
instead of 2' in order to extend the classical point sym-
metry groups to the magnetic symmetry groups for
Kramers systemswas discussed in [5, 7]. It was shown
in [5] that, with the help of group 4', the classical point
symmetry groups can be extended to the following four

' _ 4'Z '
four-color symmetry groups: 4% 4 ), 4 o and

Im@, where the overscribed bar indicates a mirror
rotation and the prime denotes an antirotation. Thefirst

two groups are generated using groups 4 and 4, respec-
tively, while the other two groups are generated with
the hel p of group 4/m. The symbols m® and m® denote

&
4( 2)

the generating elements of groups 4m® and
4% @ that generate the symmetry transformations
4'z4m = em, 4'22m = 2mand 4,m, 4'23m = 4,2,m,
respectively.

Let us expand the full wave function of the system
with total spin S in terms of the spinor basis vectors

9.
&

S
b=y g, D

g=-S

1063-7834/02/4408-1496%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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where
2 M
E(S) - %ﬁ E(S -
S oo Ss-1 T oo e
i N
g g
L'n LB
0 [
£, = %E £Q = %E
Q] /|

Under the action of the time-reversal operator K, the
wave function of Eq. (1) istransformed into [8]

S
> ()WEES.
o=-S
In the case of ahalf-integer S the action of operatorsK,
K2, K3, and K* = e on the wave function W corresponds

to four successive antirotations of the point represent-
ing the state W through an angle of 90° in the function

space spanned by the basis vectors EE,S) [5]. The axis of
the antirotation passes through the origin of coordinates
and is perpendicular to the plane of the square whose
corners correspond to the states KW, K2W = -\, K3y =
—KW, and K*W = Y, The opposite corners of the square
(W, =¥, KW, KW) are equivalent, while any adjacent
corners are inequivalent and colored differently
(Fig. 1).

In the case of a half-integer spin, the coloration of
the sgquare cornersthat correspond to functions KW and
K3y = KW is the anti-identity transformation of the

spinor W into the conjugate spinor W* (Y, — Wy,

KW =

© _ (1)529). Inthe case of an integer spin, only
the coloration of the corner of the (2S+ 1)-dimensional
cube corresponding to the state KW is the anti-identity
transformation.

The correspondence of the operators K, K2, K3, and

K4 to the symmetry elements 4,, 4'22, 4'23, and 4'24 =e
of the square with black-and-white corners, respec-
tively, is shown graphicaly in Fig. 1a for the case of
S=1/2. Such a correspondence cannot be depicted
graphically in the case of a half-integer spin S > 1/2,
that is, in a space of dimensionality higher than three.
Nevertheless, using the properties of the unitary part of
the operator K, it can be shown that in this case, the geo-
metric transformations corresponding to the elements

of group 4' are also four antirotations 4, [5].

If, in addition to the antirotations forming the cyclic
group 4', we take into account the other four general-
ized-symmetry elements of the square with inequiva
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(@) KW=y (b)
Yy gy -y
. . \
KW & 3 \AN KW
Wi A
kY pow = _kw| A \\
KW =_y \
KW=_y

Fig. 1. Action of operators K, K2, K3, and K* on the wave
function W in the case of spin Sequal to (a) 1/2 and (b) 3/2.

lent adjacent corners (mirror reflections m{) from the

diagonals and antireflections m'x(') from the straight
lines passing through centers of oppositesides; i = 1, 2),
then the extension of the classical point groups should
be performed with the help of group 4m'm. Among all
32 point symmetry groups, only groups 422, 4mm, and

42m can be extended with the help of group 4'mm.
In this more genera case, there are also four junior
point generalized-symmetry  groups (four-color
(4)) (M) (m 4y _(m) (m,)

symmetry groups): 4 “2° 2 *y), 4 m “m 7,

—(4,) J(m; —(4, ; ,
4( )Z(m*)m(m*y), and 4( )Z(m*y)m(m*) [5]. The first two
magnetic symmetry groups are generalized with the

help of groups 422 and 4mm, respectively, while the
other two groups are generalized by using group 42m.

In the symmetry group 4'm'm, reflections mf('y) and anti-

reflections m'x(i) (i =1, 2) in the spinor basis are

described by operators o,, —0, and 0 ,K,, -0 K,, respec-
tively, where K, is the complex-conjugation operator.
Thus, group 4m'mis composed of operatorsio,Ko, —€,
—-i0,Ky, & 0y, =0y, 0,K,, and -0, K,. The multiplication
table for them is presented in the table.

In order to elucidate the structure of group 4'm'm,
we use g, and g, to denote the elements of subgroup 4'
(g, g« O 4) and h; and h, to denote the remaining
elements of group 4'm'm that constitute the set H
(hy, he O H). Then, we have

g9 U4, hh=904; ghOH, hgOH.(2

Asseen from Eq. (2), any product of the elements of
the set H belongs to subgroup 4.

3. STRUCTURAL DISTORTIONS OF KRAMERS
MAGNETIC CLUSTERS AS A CONSEQUENCE
OF TIME-REVERSAL SYMMETRY

Among the elements of the magnetic point groups
obtained by extending the classical point symmetry
groups with the help of the cyclic group 4', there are no
threefold, fivefold, or sixfold (proper and mirror) rota-
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Multiplication table for the elements of group 4m'm

GERU

Elr%g?ghgf io,Ko —e —io,Kq Oy —0Oy oKo -0Kq
io,Ko —-e —-0,Ko e io Ko o,Ko -0Kq -0y Oy
—-e —io,Kg e io,Ko —-e —0y Oy -0 Ky o.Ko
—-io,Kq e ioyKo —e —io,Kg -0,Kq oKo Oy —0y

e ioyKo —e —-i0,Kq e Oy —0Oy Ko -0,Kq
Oy -0Kq —Oy o,Ko Oy e —e —io,Kg i0,Ko
—0Oy oKy Oy -0,Kg —0y —-e e ioyKo —-io,Kq

o,Ko Oy -0,Kq —Oy Ko ioyKo —-i0,Kq e —e
-0,Kq -0y o.Ko Oy -0Kq —io,Kqg io,Ko —-e e

tion axes, aswell as no other high-symmetry elements,
which meansthat the local symmetry of magnetic clus-
ters cannot be high. For example, in the practicaly
important case of trimer magnetic clusters, a triangle
whose vertices are occupied by 3d or 4f ions of a half-
integer spin in the ground state cannot be equilateral.
On thewhole, this prediction is supported by x-ray dif-
fraction, magnetic-susceptibility, EPR spectroscopy,
spin heat capacity, Mdssbauer spectroscopy, and neu-
tron diffraction studies [9-13]. In many cases, the
experimental data are interpreted in terms of the Dzya-
loshinskii—Moriya antisymmetric-exchange model [9].
In the cases where the experimentally measured sides
of the triangle (or exchange interaction constants
between magnetic ions) appear to be equal, to within
experimental error, the magnetic ions are inequivalent,
which can be revealed by more precise measurements.

The magnetic symmetry groupsthat are obtained by
extending the classical point groups with the help of
group 4'm'm (which contains group 4' as its subgroup)
are also of low symmetry. Among the symmetry ele-
ments of these groups, there are no threefold, fivefold,
or sixfold (proper and mirror) rotation axes. Therefore,
magnetic clustersin this case are also of low symmetry.

Thus, the structural asymmetry of magnetic clusters
with Kramers-degenerate energy levels is dictated by
the time-reversal symmetry, which leads to the specific
structure of four-color magnetic symmetry groups.

4. FACTORIZATION OF THE TIME-REVERSAL
OPERATOR

Thetime-reversal operator K isasymmetry element
of the non-Abelian group 4'm'm (K O 4'm'm) and can be
represented as the product of elements 0,K,, and o,

K =io,Ky, = 0,K,0y,

which is the factorization of operator K in terms of the
operators K, = 0K, and K, = g,,

K = K,K.. ©)
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The operators K; and K,, as well as K, are defined to
within an arbitrary multiplying constant and belong to
the symmetry group 4mm (K4, K, O 4m'm); therefore,
these operators commute with the Hamiltonian H of the
system and the following invariance relations hold:
KHK™ = H,

K,HK{" = H, K,HK;' = H.

The spin-projection operators S, S, and S,
%3:%0% go into their negatives under the time rever-

sal. We will refer to the simultaneous change of sign of
al operators S, S, and S, under the action of operator
K asthe complete reversal of motion and to the operator
K as the complete time-reversal operator. As follows
from the relations

K;SKI' = -S, K;§Ki' =S,

o (4)
KiSKi =S,

K.SK3 =S, K, K3 = -S,
K,SK;' = =S,

only S changesits sign under the action of operator K,
and only § and S, change sign under the action of oper-
ator K,. Therefore, K; and K, are incomplete time-
reversal operators; these operators obey the relations

(KKp)?2=-eand K2 = K3 =¢).

(%)

In the presence of an external magnetic field, the
Hamiltonian will remain invariant under the action of
operators K, and K, (characterized by Egs. (4) and (5))
if the sign of the x component and the signs of they and
z components of the magnetic field, respectively, are
reversed. However, problems involving invariance
under the action of operators K, and K, should be con-
sidered separately.
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Abstract—The theory of spatiotemporal dynamics of gamma radiation in aresonant medium upon excitation
of two-frequency gamma magnetic resonance in magnetic materials is considered. The radiation absorption at
the fundamental frequency and the harmonic generation are investigated under conditions when the frequency
of gammaradiation is shifted by the half-sum or half-difference of the frequencies of radio-frequency magnetic
fields. It is shown that the propagation of gamma radiation through an absorber is characterized by a steady-
state gammaintensity (resonant transparency). A consistent radio-frequency spectral analysis demonstrates that
the intensities of harmonics drastically change at the transparency region boundaries due to nonlinear interfer-
ence. The theory of quantum and dynamical beats of synchrotron radiation under conditions of induced reso-
nant transparency is proposed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A new direction in nonlinear optics, coherent popu-
lation trapping, has been developed in recent years [1].
Considerable research in thisfield is currently aimed at
attaining resonant transparency in different media. In
particular, resonant transparency has been achievedina
medium through the interaction of an atomic quantum
system with two laser fields, namely, astrong laser field
saturating the atomic transition [2] and aweak probing
field used for analyzing the material. In the optical
range, the use of sufficiently high-power lasers makesit
possible to fill excited levels; however, the intensity of
gamma radiation is too low to accomplish these ends.
At the same time, the magnetic moments of M dssbauer
nuclei in the ground and excited isomeric states can
actively interact with radio-frequency magnetic fields
(RFMFs) and induce interference effects. They can
arise from both the excitation of gamma magnetic res-
onance (magnetic quantum beats at frequencies multi-
ple to RFMF freguencies) [3] and the interference
between RFM F-dressed Zeeman states of the isomeric
levels of the Mossbauer nuclel [3-6]. These findings
gave impetus to a successful solution of the problem
associated with induced resonant transparency in the
gamma range of electromagnetic waves through
gamma irradiation of a Mdssbauer absorber (in the
form of asingle-domain ferromagnet) subjected to two
resonant RFM Fs (two-frequency gamma magnetic res-
onance). In our recent work [7], we succeeded in
achieving resonant transparency of the studied material
for gammarays.

At present, significant advances have been made in
M 6sshauer spectroscopy owing to the use of synchro-

tron radiation in analyzing time spectra. Hastings et al.
[8] developed an approach providing a means for treat-
ing the nuclear resonant forward scattering gamma-ray
spectrain the framework of the Fourier representation.
Shvyd' ko et al. [9] and Smirnov [10] found that the
time spectra observed for thick Mdssbauer absorbers
are characterized by a superposition of quantum beats
associated with the hyperfine structure of the energy
levels and dynamical beats induced by interference of
gamma rays due to spatial phase incursion in the case
of resonance absorption. In this respect, it is of interest
to analyze the time spectra of a Mdssbauer absorber
under conditions of induced resonant transparency.
Moreover, it is necessary to investigate in more detail
the nonlinear evolution of the Doppler and radio-fre-
guency spectra of the gamma intensity and to perform
a comparison with their analogsin the optical range.

2. THE THEORY

2.1. The stationary case. Using >’Fe nuclei in pure
iron as an example, we consider the propagation of a
gamma wave upon excitation of two-frequency gamma
magnetic resonance. Simultaneous solution of the
Maxwell equations and equationsfor the density matrix
of aFe nucleus [7] makes it possible to analyze two
variants: (i) symmetric excitation under conditions
when the frequency of gamma radiation is shifted by
Q.=(Q, + Q;)/2 and (ii) antisymmetric excitation
under conditions when the frequency of gamma radia-
tion isshifted by Q, = (Q,—Q,)/2. Here, Q, and Q, are
the cyclic RFMF frequencies, which are resonant with
respect to the Larmor frequencies of the ground and

1063-7834/02/4408-1500$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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excited states, respectively. In either of these variants,
the intensity of a gamma wave propagating through a
sample is described by six harmonics, including the
zeroth harmonic; that is,

6
hst) = ' hy(s)
2, ®
x exp(i[a(Qt + §2)] +r(Qat +92)),
where m specifiesthe values of qand r (Table 1).

In relationship (1), we changed over to a dimension-
less quantity, namely, the optical path s= (1/2)oynyz(2L +
1)/(2L, + 1). Here, g, is the resonance cross section of
absorption of gammarray photons (for the 14.4-keV
gammatransition of a®’Fe nucleus, , = 1.48 x 10°9, n,
isthe number of M 6ssbauer nuclei per unit volume, zis
the distance passed by gamma radiation, L isthe radia-
tion multipolarity (for Fe, L = 1), and I(l,) is the
nuclear spin in the excited (ground) state (for >'Fe, |, =
32and Iy = 1/2).

The harmonic amplitudes for the symmetric and

antisymmetric excitation variants satisfy the set of
equations

d“ dhnl9) - z S RIS, @
m=1p =1
pLEQP'Leg

pp _
R = Zi[aee—agg+93,a+D] +1
€49

©)

Here, we carried out the change h = hP exp(ipw).

In both variants, the factors LY are defined as fol-
lows:

LY = é%%’z(se)d;”i’zmg),
LY = ﬁd<”2>2(sadg”5£<sg>,
LY = ‘["d?ﬁ;(sa S By, (4)
ALY = ‘fgd“’ 22(BI A5 2a(By).
LY = %ﬁdf’”mgd‘”sz(sg,)

"Ly = d“’ 2B A5 (B,

where d2(Bo) and di, 7 (B,) arethe Wigner functions;
e and g are the magnetic quantum numbers of spins 3/2
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Table 1. Notation for theindex m

m (a, s (A, Na
1 21 1.1
2 11 0.1
3 1.0 0.0
4 0.1 -11
5 0.0 -1.0
6 -1.0 20

2002

and 1/2, respectively; and the angles 3. and 3, are deter-
mined from the following equations:
, 1

aesnBe = éwle’ aeCOSBe = Woet Ql;

5

o ) ©)
azsinBy = 51, a4Cosfy, = Wyq—Q,.

The calculations will be perform for w,/(I'/2) = 3

and w,/(I'/2) = 5.25. The boundary conditions for the

symmetric and anti symmetric variants can be writtenin
the form

h2®s-0 = 8msh’(0), hi(S)|s=o = 3m3s"(0), (6)

where &, ; isthe Kronecker symbol.

For unpolarized incident radiation, the intensity |4
of the zeroth harmonic and the intensities I, of the har-
monics of quantum beats can be represented as

19 = 23 T UESME™ M, 0

m p,p

I 0 —Rs —REb
(s ) = 25 Y [(€ ™) mm (e m]
22;,2,3 8)

< ei [Pr(®) = (D] .

According to the analysis performed earlier in [7], the
highest intensities are observed for the a harmonic in
the symmetric case and the f harmonic in the antisym-
metric case. It is worth noting that the quantum beat
components of the symmetric a harmonic are com-
posed of harmonics 1-3, 2-5, and 46 (Table 2) and
that, for small angles 3, and B, these pairs are governed
by the selection rule A(e + g) = 2, whereas the antisym-
metric f harmonic follows the selection rule A(e + g) =
0 (see[7]). It isthese harmonicsthat will be considered
below.

2.2. The stationary spectra. First, we analyze how
the detuning & (with respect to the Doppler shift) of the
collective gammarresonance [ 7], which arisesin a sys-
tem of Zeeman levels (dressed by two RFMFS) of the
ground and excited states of the Mdssbauer nucleus,
affects the transparency of the medium. It can be seen
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Table 2. Harmonics of quantum beats of the gamma wave
under consideration

Phase Superposition of harmonics
a (Qr+dy) +(Qt+0) 1-3,2-5,4-6
b. (Qit + ¢,) 1-2, 24, 35,56
C. (Qt + ¢5) 2-3,4-5
d. 2(Qit + ¢,) 14,36
€ 2(Qit+ ¢q) + (Qt + 05) 1-5,2-6
f(Qit+d—-1)—(Qt+¢dy) 34
g 3(Qqt + dq) + (Qut + ) 1-6

from Figs. 1 and 2 that, upon symmetric (a harmonic)
and antisymmetric (f harmonic) excitations, the detun-
ing leads to a substantial decrease in the transparency
(by afactor of approximately three at d = 10 as com-
pared to that at & = 0). The sharpness of the peaksin the
vicinity of the transparency region boundaries
decreases significantly.

The radio-frequency spectra were obtained using
consistent detuning, that is,

Q; = Wy +y+0/2, Q, = |wy —y+0/2. (9)
In this case, the detuning of collective gamma-reso-
nance is characterized by the parameter &. The depen-
dence of the intensity on the RFMF frequency was
derived by changing the variabley. For this purpose, we
analyzed different points of the spectra depicted in
Figs. 1 and 2. The results obtained demonstrate that the
sharpest changes in the spectra take place at the points
marked by arrowsin Fig. 1. Further examination of the
spectrawith respect to these points (Fig. 3) allows usto
make the inference that the intensity of the spectrum
changes most drastically when the detuning parameter

0.35r
0.25+
2 L
=
Q
= 0.15F
0.051
0 1 1 1 1 1 1 3I
—140 -100 -60 -20 O
Doppler shift (DI'/2)

Fig. 1. Doppler spectra of the intensity of the a harmonic
upon symmetric excitation for 8 = (1) 0, (2) 5, and (3) 10.
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0 is equal to zero. Orriols [11] also observed a sharp
changeinthe optical spectrum of induced transparency.
This suggests that the interference exhibits a nonlinear
behavior due to mixing of the Raman and parametric
processes in two-frequency gamma magnetic reso-
nance [12]. These abrupt changes in the gamma-ray
spectra under conditions of induced resonant transpar-
ency can be used for precise determination of the
hyperfine fields and other parameters of the interaction
between nuclel and the environment. In optics, a mag-
netometric method based on the induced transparency
effect has already been devised [13-15].

2.3. The time spectra. Now, we consider the case
when a pulse of gamma waves is incident on the edge
of the M&ssbauer absorber. For the harmonic ampli-
tudes of the gamma wave intensity, we can use the Fou-
rier representation

00

hP(s 1) = %{ [ dvexp(—ivhi(s v).  (10)

By ignoring the delay effect, the time dependence of the
harmonic amplitudes can be represented by the equa-
tion

[

ho(s, 1) = %T Y [avewm(-ivy

T, (12)
x { &xp(—R(V)S)} mmohiny(0, V),
. PLEYP L%
pp m m
Rt = 2 i[a.e—a,g+Q,+D-Vv] +1’ (12)

€9

where m, = 5 and 3 for the symmetric and antisymmet-
ric variants, respectively, according to the boundary

0.07r

0.05F

Intensity

o

e

)
T

0.01F

1 1 1 1
0 -80 -60 -40 -20 O 20 40
Doppler shift (DI'/2)

Fig. 2. Doppler spectra of the intensity of the f harmonic
upon antisymmetric excitation for 6 = (1) 0, (2) 5, and
(3) 10.
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conditions (6). For convenience, let us introduce the
following designations:

{ed =i, Hg=r.

Ai(v) = iqy(v) +1,

L(Q) = {L(Q} e
aj(v) = a;-v,

{ D) = PLPLY.

(13)
aj = aee_agg+Qs,a+ D,

Moreover, we can write the relationship

(14)

where |2 = Zr(Lr)Z.

Since the incident synchrotron pulse has a duration
T < nc, it is reasonable to represent this pulse in the
form Ha(t — ty), where d(t — ty) is the delta function.
According to the combinatorial analysis, we can write
the relationship

hf.’n(t, s) = H(t—ty)

z (n 1)In| Z{CD(Jl)} )"

00

X jdxl(xl)”‘lexm—Aj 10)x,)8(x, 1)
° (15)

(DG (DY
> (k= 1)1k, (kp— 1)Tky!

+

29 3

kitk,=n ji1# ],

0.3

0.2

Intensity
T

0.1F

-10 -5 0 5 10
Radio-frequency shift y

Fig. 3. Radio-frequency spectraof theintensity of thea har-
monic upon symmetric excitation for 6 = (1) 0, (2) 5, and
(3) 10.
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A 0%

k—l_ (O
e (X + Xy =) .

Idxz(xz)

The combinatorial analysis is based on the account
of the number of termsinvolved in productsthat are not
coincident with each other. These terms are designated
BY ji, j2r ---s jp Where h g = (2Ig + D(2L, + 1). For a
S"Fe nucleus, h,,, = 8 is determined by the number of
possible Rabi levels. Note that the higher the Rabi fre-
guencies, the faster the convergence of the expansionin
terms of the contributions with a particular h.

Since the experimental setup does not respond to
very fast variations in time, the zero contribution (h =
0) with the delta function is rejected and the second
contribution is defined by an expression similar to that

givenin[16]; that is,
sJ,(24/s1%t)

Jsi?t
xS 3 {2} o (0, 0)xp(—A,(O)0),

i P

he(s 1) =
(16)

where J;(24/sI’t) isthe Bessel function of thefirst kind
andt,=0.

Expression (16) corresponds to the case of small s,
because, at s—» o, we obtain the relationship J,(/s) ~

1/4/s; hence, hiy ~ 4/s; i.e., the gammawave intensity
increases as /s with an increase in the passed path.

0.25-
(a) 0.20
0.20 0.15
0.10
20.15- 0.05
'g AR et
3 0 02 04 06 0.8
£ 0.10F
0.05¢
A
0 3 4

Time (¢[/2)

Fig. 4. (&) The time spectrum of the intensity of gamma
radiation upon symmetric excitation and (b) a spectral frag-
ment on an enlarged scale.
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However, this situation is unjustified physically. At the
sametime, for large Rabi splittingsand s< 1, someten-
tative estimates can be made using relationship (16).
The intensity of the time spectra is determined by the
square of the magnitude of the sum of harmonics of the
magnetic gamma wave intensity averaged over the
polarization of incident radiation.

Figure 4 displays the time spectrum of the intensity
of gamma radiation from a synchrotron source under
conditions of resonant transparency induced by two-
frequency gamma magnetic resonance (at the optical
path s = 1). As can be seen, this spectrum represents a
superposition of the time Mdssbauer spectra attributed
not only to the quantum and dynamical beats but also to
the beats of radio-frequency harmonics. Further analy-
sis should be performed with due regard for the other
contributions in expansion (15). Another approach
involves solution of the problem for gamma pulses of
finite duration.

3. CONCLUSION

The above anaysis demonstrated that nonlinear
interference phenomena can substantially affect the
character of the resonant interaction between gamma
radiation and nuclei. It is reasonable to expect that the
induced resonant transparency effect can be used in
total external reflection techniques and nuclear Bragg
scattering in crystals containing M éssbauer nuclei with
an energy spectrum characterized by a hyperfine struc-
ture. Thismakesit possible to revea the contribution of
the inelastic channels and those associated with them,
including conversion electron emission. The nonlinear
character of induced resonant transparency can find
application in improving the resolution of gamma-res-
onance spectra. Performing experiments for the pur-
pose of attaining induced resonant transparency in dif-
ferent media with the use of a synchrotron source of
gamma radiation holds considerable promise. Another
aspect of the practical use of theinduced resonant trans-

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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parency effect is associated with the development of
nonlinear gammarray optics. Moreover, the induced
resonant transparency effect can be used in designing
gammarray cavities and gamma-ray lasers.
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Abstract—A method is developed for calculating the resonance fluorescence spectrum of coherent radiation
with afinite linewidth from a system whose energy levels are coupled through a strong field. In this case, the
shape of the spectrum is essentially affected by quantum interference. The results obtained give impetus to
investigationsinto quantum interference of M dssbauer gamma-radiative transitionsin magnetic materials under
conditions of induced coherent magnetization dynamics. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In the last decade, noticeable advance has been
madein the theoretical and experimental study of quan-
tum interference (QIl) of optical transitions [1-4]. Par-
ticular attention has been given to the QI phenomenon
in the spectral region of Mossbauer (gamma) radiation
[5], where this effect can be used for coherent inver-
sionless amplification. This is of fundamental impor-
tance, because it is unfeasible to create a gamma-ray
laser by using the schemes typical of visible-light
lasers.

In our earlier paper [6], the QI of Mdssbauer transi-
tions was studied in a four-level system of electron—
nucleus states, where this effect |eads to the occurrence
of regions of destructive and constructive interference
in the spectrum of spontaneous gamma radiation
caused by a coherent field acting on the electron
degrees of freedom and mixing the electron—nucleus
states. The QI effect essentially depends on the initia
state of the system. For example, in [6], it was assumed
that the M 6ssbauer energy level isselectively populated
by incoherent radiation. In this case, the coherence
effect manifests itself as an insignificant change in the
line shape due to QI. The objective of this paper is to
show that the QI effect becomes noticeable and can be
easily measured experimentally when the selective
excitation is caused by coherent or fairly narrow-band
radiation.

2. THE DENSITY MATRIX METHOD
(THREE-LEVEL SCHEME): ALLOWANCE
FOR PUMPING-FIELD PHASE FLUCTUATIONS

By way of illustration, we consider the three-level
system (Fig. 1). Level 1 and the other two levels (2, 3)
are different states of a nucleus between which gamma-
radiative transitions can occur. A strong coherent field

with energy quantum Q, (whichisahyperfine-structure
field in nature) is induced by an externa radio-fre-
guency (RF) field and mixes spin sublevels2 and 3. The
feasibility of generation of such a strong field in mag-
netic materials has been demonstrated experimentally
(see, eg., [7]). Thedensity matrix for thissystemin the
interaction representation satisfies the equation

dp' _ irppa .

4 = RlHPT+AD (1)

The Hamiltonian H' isdefined as
A = exp(iFot) (A% + AP exp(=iFot), (2

where Ho, A, and B° are the zeroth-approximation

3
Qp, Wis Was, Way
2
Q, w Wio ¥ ¥
1

Fig. 1. Three-level system. Qq and Q, are the mixing field
and the pumping field, respectively; W;, and W3 are the
parameters of the incoherent pumping radiation; W,z and
Wj, are the spin relaxation rates; and y is the gamma-decay
constant.

1063-7834/02/4408-1505%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Hamiltonian, the strong RF field, and the pumping
field, respectively, which are given by [8, 9]

3
Ho = } ed'a, 3
i=1

A% = AQexp(—iwot)Asa, + £ Q% exp(iwgt) 4, (4)

A = A[Q,exp(i8(t)) 8,8, exp(—iwyt) -
5
+ Q7 exp(-i6(t))ara,exp(iwt)].

Here, & and &  are Fermi operators.

In Eq. (5), the phase of the pumping field isassumed
to fluctuate and O(t) is a random function subject to a
Wiener—Levy process. The line shape of such a field
can be described by a L orentzian function of width 2D
and is found from the equation [10, 11]

[O(t)B(t)0 = 2D3(t —t"). (6)

Preparatory to solving Eq. (1) with interaction given
by Eqg. (5), we will first write out a solution to thisequa
tion in the case where there are no fluctuations in the
interactionin Eqg. (5) [8, 9]:

d
] t‘I’ LY +1. (7)
Here, L and | are a matrix and a vector, respectively
(see table), which are time-independent functions of
Qo Q4, and of the parameters of irreversible processes
[the second term in EQ. (1)], and ¥ is a column vector
with the following components:

W, = puexp(iAgt), W, = pyp, )
Wo = pyexp(—iAt), We = pyexp(i(A,+A)),

W, = pmpexp(idt), Wg = pa.

Here, A = wy — Wy, and A; = W, — W, are detunings of
the respective frequencies rel ative to the corresponding
transition frequencies.

The solutions to Eg. (7) enable one to calculate the
correlation functions and the radiation spectrum [8, 9].

When interaction (5) with apumping field with fluc-
tuating phase is included in Eq. (1), the structure of
Eq. (7) is grossly changed. We will demonstrate the
extension of the theory developed in [6, 8, 9] to this
case on the exampl e of the three-level system in calcu-
lating the required correlation functions.

The spectrum of spontaneous radiation associated
with a j—i transition is given by the Fourier transform
of the double-time correlation function:

¥(T, 1o) 0 PO PP )0 ©)

where P! = Hj éfé,— isthetransition polarization oper-
ator. We consider only gamma-radiative transitions,
namely, 3-1 and 2-1.

We calculate the correlation function in Eqg. (9) with
the help of the quantum-regression theorem. For this
purpose, we first calculate the equal-time average:

(PO = Tr{pyaiap] = pisexp(ionT +iwt)

W, = pLexp(-idgt), W, = piexp(i(A; +A)), X Wo(T1) + Py @Xpi o TW,(Ty). (10)
Matrix L and column vector |
1 2 3 4 5 6 7 8 |

1 - iQg 0 —2iQ} 0 0 0 —iQ* iQ*
2 iQ* T3 0 0 Q¥ 0 0 0 0
3 0 0 -y 20, 0 —iQk 0 iQ, -iQ,
4 -0, 0 Q¥ -5 iQ 0 —QE | WarWi, | Wy,
5 0 -Q, 0 iQ% T 0 0 Q¥ 0
6 0 0 —iQk 0 0 T iQ, 0 0
7 0 0 0 -iQ, 0 iQF _s iQ 0
8 0 0 0 WorWis | —iQq 0 o) - W3

Note: T1p= (Wyp+Wyg+Y+Wog)/2 +ilq, Ty = T35 ; T13= (Wyp + Wyg+y+Wao)/2 +i(Ag +A), Tgy = T i35 Tog = (27 + Wog + Wap)/2 +

I8, Tgp= T35 Top =Y+ Wog+ Wip; and Mgz =y + Wap + Wy,
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The quantities W,(t,) and W,(t,) arethe components
of the vector ¥' = (W, W,, W5, W,, Wz, W, , W7,

W,), which, in turn, is determined by the components
given by Eq. (8),

Wi = Wexp(-iB(), W = Wexp(i(t). (11)
The column vector W' satisfies the matrix equation

%‘I" = [L—iB()LT¥" + I exp(—iB(1)).

The matrix L and vector | are the same as those in
Eq. (7). The diagonal matrix L' has the following non-
zero components: L33 = Lgg =2 and Ly, = Lg =

Ly = Lgg = 1.

Equation (12) is a stochastic differential equation
with coefficients which are random functions of time.
Since we consider the stationary case, Eg. (12) should

be averaged over the stochastic variables, which gives
[10, 11]

d 2 .
—[WDO= [L-D(L")] DP'O+ | Cexp(—i6(t)D

= [L-D(L)] QL)

= L, PO+ | Cexp(—i6(t)d
A solution to thisequation can bewritten in theform

(we drop the stochastic-average sign for the quantities
¥' in what follows)

W'(ty) = exp[L (T, —To)] ¥'(To)
+J'dT'eXp[L(Tl—T')] | Cexp(—i6(t))d

By making the substitution of variable 1 = 1, — 1,
and using the relation [exp(H6(1)0= exp(-D(t' —
To)) [EXp(—i6(1)) Cwe find

W(ty) = exp[L(D)]'¥'(To)

(12)

(14)

T

+'(|)’dT'exp[L(r —1)] 1 Cexp(=i6(1y))d (15)

x exp(-DT') = exp[L,(T)] ¥'(1,)
, &p(L,T) - exp(-D1)
L,+D

Here, D is the number D multiplied by the unit matrix
of the same order as the matrix L.
The quantities W)(t,) can be expressed in terms of

the system operators at time T = 1,. For example, we
have

| Cexp(—i6(ty))

Wy(1o) = [CexXp(—iw;To)Pea(To)
= [exp(—iw,T,) O30 [

(16)
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The double-time average EIZP(_)(rl) P(+)(T0)|]]] [see
Eqg. (9), which is now also subjected to stochastic aver-
aging] can be calculated from EIZPH(rl)D]] with the
help of the quantum-regression theorem by replacing

TmIA0 and  Cexp(-i6(t)0, (P ()0

and  [exp(—i0(1)) P (1), respectively. This
replacement leads to the occurrence of variables that
are not involved in the vector ¥'. In order to find them,
weintroduce avector V" = (W1, W, W3, W, W, W5,
W,, Wg) which satisfies the matrix equation
9 = [L-DL"DP'DO+1 = L,OP'T+I.
dt a7)
Here, L" is a diagonal matrix with the following non-
zeroelements: Lj; = Ly, =land L; = Lgg =—1.
Next, we take the limit 1y, T, —> o in such a way
that the difference T = 1, — 1, is finite and then take the
Laplace transform of the required correlation function

in Eq. (9). The radiation spectrum is proportional to the
real part of the expression thus found:

Sw) O S(0) + Sy(w), (18)
where
2

Sy(w) = Re{z Myj(z) Wi+ 5(e0)

T (19)
+ Z Nlj(zl)qu',g(oo):|f
i=1

Syw) = Re{z M3;(2,) Wi+ ()

= (20)

+ z sz(zz)lng(oo)},
=1

Here, weintroduced the following notation: M (2) = (z —
L) W (e0) = L3, N(@ = (Ly + D) H(z—L )t —(z+

D), zisequal to zmultiplied by the unit matrix of the
same order as that of the matrix L, z = i(w— w,,), and

2= i(W—0yy).

3. ANALYSIS OF THE RESULTS

The technique developed in [8, 9] for calculating
coherent-fluorescence spectra ignores the elastic (Ray-
leigh) scattering, which is described by a  function. In
[8], such an approach was justified, because the empha:
sis was on the spontaneous emission that occurs under
conditions of double coherent mixing of the states of a
system and exhibits an unusual narrowing of its spec-
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Fig. 2. Fluorescence spectrum in the case of incoherent
pumping radiation. Qg = 1.5, Q; = 0, Wy, = 0.1, W3 =0,
W32 = W23 =0.01, and Y= 1.

trum. When the predictions made in [8] were verified
experimentally in [12], precautions were also taken to
remove the Rayleigh scattering component.

In the preceding section, we extended the technique
employedin[6, 8, 9] to the case of afinite linewidth of
pumping radiation. In this case, the Rayleigh scattering
(including the Raman component) is represented in the

(a)
L5}F
L
% 10}
3
=
0.5F
0 1 J\/l\’\ 1 1 }IK )
o (b)
s 4f
=
X 3
<)
el 2+
1,
0 JL 1 JIL )

-10 0 10 20 30 40
Wy — Wy

Fig. 3. Fluorescence spectrum in the case of pumping radi-
ation with finite line width. Qg = 1.5, Q; = 0.001, Wy, =
Wi3=10, W3, = Wp3=0.01, y=1, and D = 0.2. The pump
frequency (a) exactly equals the 1-2 transition frequency
and (b) differs from this value by Q.
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fluorescence spectrum by lines of finite width. It turns
out that the behavior of these lines essentially depends
on the coherent properties of the system. Firt, let us
consider the case of incoherent pumping radiation. Itis
seen from Fig. 2 that the spectrum consists of two spon-
taneous-emission lines, which are Rabi doublets dis-
torted by QI. The case of coherent pumping radiation
with finite line width differs fundamentally from the
above case; now, in addition to the Rabi doublets, lines
of awidth comparable to the pump line width appear in
the spectrum (Fig. 3). Theselinesarethe Rayleigh lines
in the scattering spectrum that had the form of & func-
tions and were neglected when the case of coherent
pumping radiation was considered in [8, 9]. Figure 3
shows two fluorescence spectra which differ in their
pumping energy quantum; this energy quantum is
exactly equal to the 2—1 transition energy in Fig. 3aand
differs from this value by Q, in Fig. 3b. The difference
in intensity of the extra lines is easy to understand. In
thefirst case, both “dressed” states resulting from mix-
ing of states 2 and 3 are excited, which leadsto interfer-
ence between Rayleigh scattering amplitudes from
these two states. In the second case, only one dressed
state is excited and there is no interference. This spec-
tral feature can be characterized by the intensity ratio
0,/0,, where g; and o, are determined experimentally
as the areas under the fluorescence spectral curves in
theregions of the 2—1 and 3-1 transitions, respectively.
It is seen from Fig. 4 that with increasing Q,, the ratio
0,/0, can exceed unity in the case of resonant pumping
radiation and only tends to unity in the case where the
deviation of the pump frequency from its resonance
value is equal to Q,. The difference in the behavior of
0,/0, isdueto the different influence of QI on the Ray-
leigh scattering in these two cases. Therefore, in the
case of narrow-band pumping radiation, the regions of
the maximum QI effect in the fluorescence spectrum
can be found by varying the pumping radiation fre-

Fig. 4. Intensity ratio o,/0, for the case of Q, = 0.001,
W12 = Wl3 = 0, W32 = W23 = 001, Y= 1, and D =0.5. The
pump frequency (a) exactly equals the 1-2 transition fre-
quency and (b) differs from this value by Q.
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3+ a
b
c
2_
e L
)
1_
1 1 1 ]
0 2 4 6 8
Q

Fig. 5. Intensity ratio o,/a4 for the case of Q; = 0.001,
Wy, =W;3=0,y=1, D =0.5, and spin relaxation rates W5,
= W,z equal to (a) 0.01, (b) 0.1, and (c) 0.5.

10

Qg

Fig. 6. Intensity ratio o,/a4 for the case of Q; = 0.001,
le = Wl3 = 0, W32 = W23 = 001, Y= 1, and the pal’ametel’
D equal to (a) 0.1, (b) 0.5, and (c) 10.

guency. Figure 5 demonstrates the effect of spin relax-
ation on the area ratio, while Fig. 6 shows the depen-
dence of thisratio onthe value of D. Withincreasing D,
the effect of coherent pumping radiation becomes pro-
gressively similar to that of incoherent radiation. There-
fore, the induced coherence in the system and the QI
effects can be judged from the experimentally mea-
sured ratio between the areas g, and o,.

Now, let us discuss possible observation of the
effects predicted in this paper by using conventional
M 6ssbauer spectroscopy. In [6], we restricted our con-
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sideration to the case of incoherent pumping radiation,
because there are no currently available sources of
coherent gamma radiation. However, the consideration
in[6] isinadequate for describing aconventional Moss-
bauer experiment wherein the Mdssbauer atom reso-
nant fluorescence involves M éssbauer hyperfine-struc-
ture levels coupled by a strong field. This last case can
be adequately described in terms of the model proposed
in this paper (by putting D = 0.5), at least, when the
M Gssbauer radiation is sufficiently weak.
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Abstract—Therea and imaginary parts of the dynamic linear magnetic susceptibility at very low temperatures
are found within the quantum droplet model of Ising spin glass, and their temperature and frequency depen-
dences are calculated analytically and numerically. The nonequilibrium theory of the response of quantum-
mechanical systems is used. The slow, quasi-equilibrium dynamics and the divergence of the dynamic linear
susceptibility are investigated. Numerical calculations illustrate the crossover between the low-frequency and
high-frequency regimes. A transition to the glasslike state is assumed to occur at anonzero temperature. At zero
temperature, the results are identical to those obtained earlier. The spin-glass ageing is considered briefly in the
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1. INTRODUCTION

In recent years, there has been a growing interest in
theoretical and experimental studies of quantum spin
glasses [1-4]. The problem of phase transition in spin
glasses can betreated in terms of the dynamic magnetic
susceptibility X,(w, T), where w is the angular fre-
guency of an external ac magnetic field and T is the
temperature of the spin glass.

In this paper, we calculated the low-temperature
dynamic linear magnetic susceptibility (the real and
imaginary parts), as well as the linear susceptibility in
the ageing regime, which gives important information
on the dynamic behavior of glasslike systems. The non-
equilibrium dynamics has been studied in the spin glass
AgMn by measuring the dynamic linear susceptibility
Xa(w, T) at low frequencies [4]. The x,(T) temperature
dependencefor thisglass has been discussed in terms of
the classical droplet model of spin glasses|[2]. Here, we
employ a quantum droplet theory of spin glasses [3]
based on the model Hamiltonian of a d-dimensional
Ising spin glass in atransverse magnetic field

H = _zJijofof—FZUix’ (1)
ij i

where o] and o} arethe Pauli matricesfor aspin at site

i and I is the magnetic field strength; summation in
Eq. (1) is performed over the nearest neighbors, whose
interaction Jj; is a random variable with zero average

and the standard deviation J = (J;)"*. This model

approximately describes, e.g., the diluted dipole mag-
net LiHoY ; _,F. [4].

2. DYNAMIC LINEAR SUSCEPTIBILITY

It was shown in [3] that, at very low temperatures,
the quantum-mechanical Hamiltonian (1) can be repre-
sented as a sum of the Hamiltonians of independent
guantum two-level systems (Ilow-energy droplets):

1e 2 x
H = EZ g(SDLSDL +I Sp ), ()

where sg,_and sp, are the Pauli matrices, representing

two states of adroplet D, ; summation isperformed over
al droplets D, of length L and over al lengths L. The

. - _ < dL
summation can be represented as = ~|—.
Z kZO ‘._[ Lo

where L = 2., and L, is the cut-off length; €, isthe
energy of one droplet, which is an independent random
variable. It is assumed that €, ~ L where 6 is an
exponent satisfying the condition 6 < (d — 1)/2. The
droplet length L is of the order of the correlation length,
and I =T ,exp(—oL) isthe droplet tunneling rate, with
I being the microscopic tunneling rate; the coefficient
o isassumed to be the same for all droplets.

We use the general theory of the linear response of
aquantum magnetic system to aweak external ac mag-
netic field. If a weak magnetic field h(t) = hcoswt is
applied along the z axis, then the induced magnetic
moment of the sampleis

M(t) = [xi(w)coswt + x;(w)sinwt] hV, (3)

1063-7834/02/4408-1510$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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where V is the sample volume and x,(w) = Xj(w) —
i X1(w) isthe complex dynamic linear susceptibility.

Let us consider the case where the system is placed
inaweak dc magneticfieldhandisat equilibriumatt <
0. If at theinstant t = O thefield is switched off, then the
macroscopic magnetization at t = 0 can be represented
intheform M(t) —M(0) = Y(t)h, where M(0) isthe equi-
librium magnetization in zero field and Y(t) istherelax-
ation function, which can be written as[3]

B

P(t) :J'Tr[poszexp[i(t+ iANH] s
0 (4)

x exp[i (t +iA)H] JdA —B(Tr[posT)’,

where = (kT)™, po= ezt L

density matrix, and X;(w) = P(O)/V(iw/V) J‘” Pt)e''d
In the quantum regime (T — 0, Iy > 1, g5 >

isthe equilibrium

ksT), the real part x;(w, T) of the linear susceptibility
is given by
0/d
. ' N
Xi(w, T) —x1(0, T) O- 4y0

—o/d

log &
Mo

—-0/d

ZJG_TTQEAGS/d A/B_we_ﬁw 5)

W
| —
ogro

QEA | w|¥

—Bw
20 r (1+8A/2n|3

where qg, isthe order parameter for the spin glass [4].
Xi(w) =

Using the well-known relation [4]
_oXi(w)

20(logw)’

imaginary part X;(w, T) of the dynamic susceptibility:

we find the following expression for the

qEAO —o/d

2 4yB

e/d @e—sw

w

Xi(w, T) O3 r_o

_2/2m
y9 —5 UJea0

Gead”” log &

—Bw
20 r (1+8A/2nB

Equations (5) and (6) describe the spin-glass dynamics
in atransverse magnetic field at low temperatures.
Now, we treat the nonequilibrium process of ageing
in terms of our spin-glass model. In this case, a sample
iscooled in azero magnetic field for aso-called waiting
time t,, down to atemperature T < T,, where T is the
spin-freezing temperature [4]. Then, a probing weak ac

log

e/d

(6)

&)
log 2
ogro

O Wl
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magnetic field is applied and the dynamic susceptibility
Xa(t + t,, t,) ismeasured as afunction of time at afixed
temperature. This problem is of interest, because most
measurements on spin glasses are made under nonequi-
librium conditions and, therefore, the experimental data
have to be carefully analyzed. The rea part of the
dynamic linear susceptibility (or of the integrated
response) hasthe form

t+t

W

Xi(t+t,t,) = J‘ dt'R(t + t,, t),

t

W

R, ) = a[sz(t)E‘
ah(t)

Here, [..Osignifies a thermal average and St) is the
configuration average (over possible values of ¢ and
L). Using the general theory of nonequilibrium linear
responseto thefirst order in perturbation h(t), weobtain
(for the case of Int > Int,,)

Xalt + t t,) qufe
InDt—WD "
it +t,J
IN[A T o(t +t,)] In(A T ot,,)
This nonequilibrium dynamic linear susceptibility is

similar to that derived in the conventional classica
droplet model of the Ising spin glass.

X

3. DISCUSSION

The temperature and frequency dependences given
by Egs. (5) and (6) are fairly intricate. We performed
numerical calculationsfor8=0.5,d=3,qg, =05, =
10 s, and y = 107%° erg. The linear susceptibility x;
at very low temperatures (~0.1-1 K) is, on the whole, a
monotonic function of frequency and follows a loga
rithmic law. Therefore, thereisawide spread in the tun-
neling rates. The temperature dependence of x; at a
fixed frequency is described by a curve which passes
through a minimum; the magnitude of the minimum is
frequency-independent, but its position in temperature
varies with frequency.

The temperature dependence of X; on cooling

exhibits a broad maximum whose position shifts to
higher temperatures with increasing frequency. The

maximum of X; corresponds to the minimum point of

X1 . The frequency dependence of x; is also remark-
able; the imaginary part of the susceptibility increases
with frequency, then passes through a maximum and
decreases as the frequency increases further. It should
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be noted that our resultsat T = O are identical to those
reported in [3].

Preliminary calculations of the ageing effect in the
guantum spin glass aso revealed that the nonequilib-
rium dynamicsis very slow at low temperatures. How-
ever, since theoretica results of this kind are new and
the available experimental data are relatively meager,
we can only conclude that there is qualitative agree-
ment between the theory and experiment [4].
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1. INTRODUCTION

The considerable interest expressed by researchers
in fluoritesis due to the wide application of these mate-
rialsin different areas of physics and engineering. Flu-
orites are used as solid electrolytes in electric batteries
[1] and as optical materials[2, 3]. The particular atten-
tion paid to the study of fluoritesis caused by the use of
these crystals with rare-earth ion impuritiesin scintilla-
tors. The understanding of the nature of the physical
processes occurring in excited impurity centersin crys-
tals requires knowledge of the electron—phonon inter-
action responsiblefor the time of trap de-excitation [3].

Some fluorites (for example, PbF, and BaF,) existin
two modifications (the cubic  phase and the orthor-
hombic a phase) which can be transformed into each
other under external compression and heat treatment. In
this case, the cubic B phase of PbF, is metastable.
Investigation of the phase transition between these
modifications is of practical interest because a similar
phase transition can occur in epitaxial films of alkaline-
earth fluorides when the thermal expansion coefficients
of the film and the substrate are different [4]. In this
respect, the evaluation of the critical pressure of the
phase transition and comparison of this estimate with
the degree of deformation of the crystal structure of flu-
orite in the film are topical problems.

Mixed crystals (solid solutions) of fluorites are used
to change the location of the luminescence linesin the
spectrum through changes in the impurity concentra-
tion [5]. The structure of an impurity center can be
modified by varying the impurity concentration (for
example, the displacement of an impurity Cu?* ion in
the mixed crystal CaSr; _,F, : Cu?** depends on the
concentration x [6]).

The structure and dynamics of the crystal lattice of
fluorites have been investigated in a number of theoret-
ical works. The first calculations of the structure and
dynamics of the crystal lattice of fluoriteswith impurity
rare-earthionswere carried out in [7-9]. Oneof thefirst
calculations of the structure of alkaline-earth fluorites
with defects was performed in the framework of the
shell model by Catlow [10]. However, the orthorhom-
bic a phase of fluorites has been studied only in afew
works. In particular, Bazhenov et al. [11] investigated
the phonon spectrum of the PbF, orthorhombic phase
experimentally and theoretically and calculated the
phonon spectrum of this phase at the " point within the
rigid ion approximation. Asfar as we know, neither the
structural phase transition from the cubic to the orthor-
hombic phase in fluorites under hydrostatic pressure
nor the phonon spectrum of the a phase of fluorites has
been simulated in the framework of the shell model.
Furthermore, theoretical studies concerned with the
simulation of mixed crystals and calculations of their
phonon spectra are absent.

The purpose of the present work wasto simulate the
structural phase transition from the cubic to the orthor-
hombic phase in fluorites under external hydrostatic
compression and to simulate mixed fluorites in the
framework of the shell model.

2. MODEL CALCULATION OF THE ENERGY
OF A CRYSTAL

The parameters of the equilibrium crystal structure
under external hydrostatic pressure can be determined
by minimizing the crystalline enthalpy H = E + PV,
where E is the lattice energy, P is the externa hydro-
static pressure, and V is the volume of the unit cell.

1063-7834/02/4408-1513%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Pressure dependences of the unit cell energy of PbF,.

Within the shell model in the pair potential approxima-
tion, the lattice energy can be represented in the form

Ba = % Z .Vi,j+%zki|si|21 (1)

L], ES ] I
where the subscript i refers to ions of the unit cell, the
subscript j referstoions of the crystal, k; isthe constant
of the core-shell interaction, and s is the displacement
of the shell of the ith ion with respect to the core. The
pair potentia of theion—on interaction V;; has the form

- Xin+

Y, X, Y)Y,
Vik = — —

roor—s rij—si+s
+C exp(-Dyjlrij —s + )

XY,
Irij + 5

=Njl|rij—s + Sj|6+ fi;(r),
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where X; and Y; are the charges of the core and the shell
of theithion, respectively (Z = X +Y)), and r = |r| is
the distance between the ion nuclei. The function

fi(r) =

characterizes the short-range screening of the electro-
static interaction of the ion cores, and the expression

—Ajj exp(—Bij r)/r (©)]

Cijexp(-Dylrij=s +5) = Nj/|rj—s +]°

describes the short-range repulsion between the ion
shellsin the form of the Born—-Mayer potential and the
van der Waals interaction. The interaction parameters
Cij, Dy, Ay, ki, Ayj, and B;; and the procedures of their
determination are described in our previous works [12,
13].

Table 1. Critical pressure P, and the pressure-induced change in the unit cell volume of B-MeF, crystals (Me = Ca, Sr, Ba,

and Pb)
Change in the unit cell ; ;
P., GPa Change in the unit cell
Crystal ¢ volumeat P, % | g ume of the epitaxial
calculation experiment calculation film [4], %
BaF, 25 2.6 [14] 3.36
PbF, 13 0.48[16] 1.84
SIF, 3.0 3.31
CaF, 2.9 2.67 2.40
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3. RESULTS AND DISCUSSION
3.1. Structural phase transition under pressure.
Aswasalready mentioned, PbF, and BaF, crystalsexist
either in the cubic phase with space group Oﬁ (the so-
called 3 phase) or in the orthorhombic phase with space
group D3 (the so-called a phase). The orthorhombic

phase is characterized by a higher density and larger
coordination number (for the a and 3 phases, the coor-
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dination numbers are 9 and 8, respectively). The prim-
itive cell in the 3 phase containsfour formulaunits. The
structural phase transition from the (3 phase to the o
phase occurs at a critical pressure P.. At higher pres-
sures, these crystals undergo a structural phase transi-
tion to even a more low-symmetry phase with denser
packing [14, 15]. In the present work, we calculated the
unit cell energy as a function of the pressure for both
phases (Figs. 1, 2) and predicted asimilar phase transi-
tion in CaF, and SrF, crystals. The results of our calcu-
lations in comparison with the experimental data are
presented in Table 1. The pressure dependences of the
lattice parameter and the unit cell volume for both
phases are shown in Figs. 3-7. The nonlinearity in the
pressure dependence of the unit cell volume in the
orthorhombic phase can be attributed to the denser
packing of this phase and to the stronger short-range
interaction. Upon the phase transition from the 3 phase
to the a phase in MeF, crystals (Me = Ca, S, Ba, and
Pb), the volume per formula unit decreases by 3.3—
3.5%. This phase transition is afirst-order phase transi-
tion. The changesin the unit cell volume of the 3 phase
of these crystals under acritical pressure corresponding
to the phase transition are given in Table 1. It is seen
from Table 1 that the change in the unit cell volume of
the CaF, epitaxia film due to the interaction with a sil-
icon substrateis close to the change in the unit cell vol-
ume at the critical pressure of the phase transition.

3.2. Pressure-induced changes in the phonon
spectra of BaF, and PbF, crystals. Crystals of MeF,
(Me=Ca, Sr, Ba, and Pb) are superionic conductors[1,
17]. At temperatures above the critical point, the
anionic sublattice of these crystals undergoes disorder-
ing. The phonon spectrum of the cubic phase of the
MeF, crystals is characterized by modes attributed to
only the anions (the Raman-active F,, mode) and
modes associated with both the cations and anions (the
dipole-active F,,, mode). The phonon spectrum of fluo-
rites has been investigated for many years [16, 18].
According to the experimental data [17], the tempera-
ture of the transition to the superionic state in MeF,
crystals (Me = Ca, Sr, Ba, and Pb) is proportional to the
frequency of the F,, mode. The pressure effect on the
superionic conductivity isassociated with the changein
the phonon frequency, which, in turn, determines the
activation jump [19]. We analyzed the dependences of
the frequencies of the F,, and F,, modes at the I" point
on the hydrostatic pressure (Figs. 8-10). As follows
from our calculations, the frequencies of the phonon
modes increase with an increase in the pressure. There-
fore, we can assume that, in these crystals, the temper-
ature of the transition to the superionic state also
increases with an increase in the pressure.

3.3. The influence of chemical pressure on the
BaF, crystal. The influence of chemical pressure on
the BaF, crystal was investigated by simulating the
mixed crystals Ba, _,CaF, and Ba, _,Sr,F, in which
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some B&?* ions were isovalently replaced by ions of
smaller radii. In our caculations, we used two
approaches, namely, the virtual-crystal and supercell
methods. Within the virtual-crystal approximation, the
parameters of the pair interaction can be represented in
the form

Acapar(X) = (1=X)Agar + XAcar, (4)

where A is the parameter of the pair interaction and
Ac.sa iSthe parameter of the pair interaction for the lat-
tice site in which the Ca and Ba ions are located with
the probabilities x and (1 — x), respectively.

The supercell method consists in replacing part of
theionsof agiven sort by ions of another sort in the unit
cell of the crystal. Since, upon this replacement, the
trandational symmetry of the crystal is lost, the unit
cell must be enlarged in the directions of thelattice con-
stants (along which the trandational symmetry is vio-
lated) by such a factor that the crystal with the new
(extended) unit cell will retain the tranglational symme-
try. From this circumstance, it follows that the supercell
method can be used only for certain impurity concen-
trations x. Moreover, the requirement of translational
symmetry conservation makes the calculations with

Table 2. Differencein the lattice energies (per formulaunit)
calculated within the supercell and virtual-crystal approxi-
mations (meV) for mixed crystals

X, % By, _,CaF, Ba, _,Sr,F,

25 -84.7 -28.2

50 -127.7 —-40.2

75 -108.1 -32.5
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disordered distribution of impurity ions over the crystal
lattice impossible. For a given symmetry of the crystal
with a specified concentration of impurity ions, there
are severa possibletypesof impurity iondistributionin
the primitive cell. All these types correspond to the
same lattice energy. We cal cul ated the lattice energy of
the mixed crystal Ba, _,CaF, (Ba; _,Sr,F,) within the
virtual-crystal and supercell approximations for impu-
rity concentrations x = 0.25, 0.5, and 0.75. These calcu-
lations demonstrated (Table 2) that the supercell
method gives a lower lattice energy per formula unit
than the lattice energy obtained by the virtual-crystal
method.

4. CONCLUSION

Thus, the shell model in the pair potentia approxi-
mation, as applied to the calculation of the crystal
energy, makes it possible to describe adequately the
structural phase transition in MeF, fluorides (Me = Ca,
Sr, Ba, and Pb), to obtain the phonon spectra of these
crystals under pressure, and to simulate the structure of
the mixed crystals By, _,CaF, and Ba, _,Sr,F,. The
above calculations have demonstrated that, upon the
structural phase transition from the 3 phase to the a
phase in PbF, and BaF, crystas, the volume per for-
mulaunit decreases by 3.5%. A similar phasetransition
is predicted to occur in CaF, and SrF, crystals.

According to our calculations, the supercell method
used inthe simulation of mixed crystalsleadsto alower
lattice energy per formulaunit than the energy obtained
by the virtual-crystal method.
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Abstract—Thefeatures observed in the frequency and temperature dependences of the optical spectraof doped
manganites can be accounted for by assuming the latter to have inhomogeneous phase composition. The spec-
tral response of the optical conductivity of the La; _,Sr,MnO; system was calculated in the effective-medium
approximation over a broad range of x variation. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Optical spectroscopy is a fundamental method for
investigation of the electronic structure of condensed
media. The optical conductivity o(w) of the doped
manganites La, _,Sr,MnO; reveals interesting features
which reflect a rearrangement of the low-energy elec-
tronic spectrum and the metal—insulator transition. The
optical conductivity spectrum of the original dielectric
LaMnQO; in the 0- to 10-eV range consists of three
bands centered at 2, 6, and 9 €V [1]. Even at low Sr con-
centrations, the La, _,Sr,MnO; system exhibits a com-
plex redistribution of the spectral density (Fig. 1),
accompanied by its shift to lower energies and the for-
mation of afeature at about 4.5 eV [2]. At x=0.15, a
new absorption band forms in the region of the dielec-
tric gap at about 1.5 eV, which evolves at high x into a
Drude peak.

The temperature dependence of the optical conduc-
tivity of Lg _,Sr,MnO; shows an anomalous behavior.
Measurements  performed  on  polycrystalline
La;gSr,sMnO; revealed that an additional absorption
band appearsnear 0.4 €V at 210 K; its position remains
unchanged but its intensity grows as the temperature
decreases to 15 K [3]. While the available data on sin-
gle-crystal compositions are controversial, they aso
indicate a substantial temperature dependence of o(w).
For instance, it isreported in [4] that in the system with
x = 0.175 (T, = 283 K), the decrease in temperature
from 290to 9 K isaccompanied by anoticeabletransfer
of spectral weight in the O-to 3-€V interval toward
lower energies, where o becomes almost independent
of frequency. On the other hand, the spectra obtained on
a sample of the same composition in [5] look different
and exhibit a smoother temperature behavior. It was

pointed out that the reason for such a discrepancy may
lie in the technology of sample preparation, in particu-
lar, in the grinding off of the surface layer [5].

2. PHASE INHOMOGENEITY EFFECTS
IN MANGANITES

Taking into account the phase separation permits
one to consider the characteristic features of the optical
spectra of doped manganites from a different stand-
point. Possible mechanisms of phase separation in the
manganites have been discussed in the literature for a
long time[6, 7]. In the energy functional

E = —zntcos6/2 + zJS cos, (1)

wheretisthetransfer integral, nisthe electron density,
z is the number of nearest neighbors, and J is the
exchange integral, the competition between double
exchange and kinetic contribution makes nucleation of
the conducting phase with a noncollinear spin ordering
energetically preferable to the homogeneous state. The
nucleus radius R, as estimated in the simplest way from
therelation

4 (R’ _ 4 _nmit (7

3" T 38 @
(aisthelattice constant), yields afigure of the order of
10 A [7, 8]. Equation (2) was derived under the assump-

tion that the electronsin adrop of the conducting phase
behave as free electrons.

Inhomogeneous media differ substantially from
homogeneous onesin many respects. In particular, their
absorption spectra exhibit additional features which
relate to the so-called geometric or Mie resonances.

1063-7834/02/4408-1519%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Optical conductivity of single-crystal Laq _,Sr,MnO3
at room temperature: (a) experiment [2], and (b) effective-
medium cal culation made for different volume fractions of
the conducting phase p: (1) 0.05, (2) 0.15, (3) 0.35, (4) 0.55,
and (5) 0.75.

These resonances are not connected with electron tran-
sitions and are due to surface plasmon excitation at the
boundaries of inhomogeneities, a feature that has no
counterpart in homogeneous systems. The dispersion
law of surface modes depends on the geometric shape
of the particles of the inhomogeneous medium.

One can apply the formalism of the effective
medium theory to interpret the properties of phase-
inhomogeneous doped manganites phenomenologi-
cally. For instance, the observed properties of a binary
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mixture can be described by the effective dielectric per-
mittivity, which, in the simplest form, can be written as

=0, ©)

where g; is the dielectric permittivity of the ith compo-
nent and ¢ is its concentration. Equation (3) corre-
sponds to the effective-potential approximation in the
theory of disordered systems. This equation can be gen-
eralized to the case of an arbitrary ellipsoidal shape of
the mixture particles by introducing depol arization fac-
tors, which are similar to demagnetizing factors.

€€y
Yegr + 28,

€€
“Er + 26,

3. EFFECTIVE-MEDIUM THEORY:
COMPARISON WITH EXPERIMENT

We used the effective-medium theory [9] for asemi-
guantitative description of the concentration and tem-
perature dependences of the properties of
La, _,Sr,MnO;. In the model used, the two components
of abinary mixture represent the core and the envelope
of fictive particles making up the composite. This
model issimilar to the cluster modification of the mean-
field theory made in the spirit of the Bethe—Peierls
approximation. We note that the effective-medium
model has been employed to advantage [10] in inter-
preting the temperature dependence of the Seebeck
coefficient for arelated system, La, 5;Cay 33MNOs.

The data on the bare dielectric permittivity of
undoped LaMnO; were taken from [1, 2] and approxi-
mated by Lorentzians. The dielectric permittivity of
drops of the conducting phase was expressed through
the Drude relation

Q;

w(w+iy)’ “)
where the plasma frequency Q, and the reciprocal
relaxation time y were considered to be fitting parame-
ters. To include the interband transition appearing near
4.5 eV for x > 0.2, a Lorentzian was added to Eq. (4).
The particles of the conducting and dielectric phases
were assumed to have spherical shape.

Figure 1 illustrates the calculations of the optical
conductivity and the corresponding experimental spec-
tra The parameters of the Drude relation are Q, =
1.9eV and y = 0.5 eV. The curves are not the best fits
and are shown for illustration. Nevertheless, they cor-
rectly reproduce, on the whole, the main features of the
o(w) variation under doping.

The temperature dependence of optical conductivity
can be described by properly varying the model param-
eters, more specifically, the concentration, plasma fre-
guency, and reciprocal relaxation time of the metallic
phase. Let us consider, for instance, the calculated
spectra presented in Fig. 2 that simulates o(w, T) rela
tionsfor polycrystalline La;gSr;sMnO; inthe T = 210-
to 15-K range[3]. According to the phase diagram [11],

gw) =1
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Fig. 2. (8) Spectral dependence of the optical conductivity
of polycrystalline LaggSr1;gMnO3 [3] at different tempera-
tures T: (1) 210, (2) 180, (3) 160, (4) 120, (5) 80, and
(6) 15 K; and (b) simulation by the effective-medium the-
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y=07eV;(2)p=03,0w,=09¢eV,andy=05¢V; (3) p=
0.35, W, =0.99 eV, andy=0.45eV; and (4) p = 0.4, wy, =
1.0eV,andy=0.47¢eV.

when the temperature is lowered down to the critical
point (T, ~ 190 K), the paramagnetic dielectric trans-
forms into a ferromagnetic dielectric. Following the
general concepts of the double-exchange theory, we
assume that the transition to ferromagnetic ordering
favors the formation of the metallic phase in the dielec-
tric matrix; indeed, the concentration of the nuclel
increases and the plasma frequency grows because of

the proportionality Qé ~ 1my; ~ tcosB, where 8 isthe

angle between the spins of the nearest neighbors and t
is the transfer integral. As is evident from Fig. 2, by
varying the parameters properly in accordance with the
above reasoning, one succeeds in reproducing gradual
growth of the spectral density in the band near 0.4 eV,
which isin full agreement with experimental data [3].
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At the same time, in our model, this maximum in
absorption is due to geometric resonance, whose posi-
tion is determined primarily by the shape of the metal-
lic-phase nuclei. Thus, the constant position of thisband
pointed out in [3] aso finds a consistent explanation.

4. CONCLUSION

Phase separation is one of the most interesting areas
in the physics of strongly correlated systems, which is
currently being actively pursued. In doped cuprates and
manganites, phase separation finds experimental sub-
stantiation in the manifestation of the quasi-metallic
free-carrier band in absorption spectra, which is cen-
tered at about w=0eV. A simple, informative phenom-
enology can be developed for nanoscopically inhomo-
geneous systems in terms of the effective-medium the-
ory. We have applied this approach to describe the
concentration and temperature dependences of the opti-
cal conductivity for the La _,Sr,MnO; system and
obtained reasonable agreement with experiment. We
found that some spectral features are not associated
with electron transitions and, being due to phase inho-
mogeneities in a doped system, can be related to sur-
face plasmon excitation at phase boundaries (the Mie
resonances).
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Abstract—A new method is proposed for semiquantitative description of the optical properties of doped
cuprates and related systems in the infrared region under the assumption of their phase inhomogeneity. The
available experimental data are used to cal culate the spectra of optical conductivity and electron-energy-losses
for the La, _,Sr,CuO, system in the nonsuperconducting phase. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Experimental studies of the optical properties of
cuprates and other low-dimensional oxides have
revealed a number of nontrivial relations common to
these systems. The main phenomenon associated with
doping isthe transfer of spectral weight from the region
of interband transitions of the origina undoped dielec-
tric (1.5-2.0 eV for La,_,Sr,CuO,) toward lower ener-
gies, which isaccompanied by collapse of thedielectric
gap, the appearance of a MIR absorption band, and the
formation of a quasi-metallic peak in the ab-plane
optica conductivity o(w). In some systems
(L&, ,Sr,CuQ,, Nd,_,Ce,Cu0,), this evolution exhib-
its an interesting feature: the o(w) curves obtained at
different x intersect at almost one point [1]. The low-
energy part (0-1000 cm™2) of the optical conductivity of
HTSCs, aswell as of some nonsuperconducting oxides
(Lag_,SrCugOy [2]), has a complex structure and is
characterized by an anomalous temperature behavior,
which is traditionally described using the pseudogap
concept.

Wewill show that many of the above unusual optical
properties of doped cuprates can be explained in a
straightforward way in terms of a semiempirical model
based on the assumption that these systems possess
phase inhomogeneities. The models of the spatialy
inhomogeneous state of cuprates belong to an area of
HTSC science that is exhibiting explosive growth and
are usualy connected with the formation of structures
of the type of stripes or electronic molecules [3]. Other
approaches assume there to be an inhomogeneity in the
reciprocal space, which is associated with hot and cold
parts of the Fermi surface detected by angle-resolved
photoel ectron spectroscopy (ARPES).

2. EFFECTIVE-MEDIUM MODEL

The physical principles underlying the model devel-
oped by us are essentially as follows. A charge defect
(nonisovalent substitution, oxygen vacancy) appearing
in the original dielectric matrix givesriseto the forma-
tion of a potential well and creates conditions condu-
civeto nucleation of anew conducting phase capabl e of
efficiently screening the Coulomb potential of the
impurity. This local metal-insulator transition occur-
ring in the vicinity of an impurity can be qualitatively
described in terms of the theory of Brinkman-Rice [4],
in which the effective mass of a quasiparticle depends
on the Hubbard potential U at the site, mg/m = (1 —

U2/U§)—1; this mass goesto infinity at the critical value
U, corresponding to localization. If a system isin the
immediate vicinity of the metal—insulator transition,
the Coulomb field of an impurity can lower the repul-
sion potential so that the quasiparticles will acquire a
finite mass within a limited region. On the other hand,
the stability of the new phase can be provided by its
nontrivial topology [5].

It appears logical to assume that this transition pri-
marily affects the low-energy part of the electronic
spectrum. Therefore, the formation of a conducting
phase should reduce the effective number of electrons
near the fundamental absorption edge and transfer a
part of the spectral weight toward lower energies.

When describing physical processes whose charac-
teristic length is of the order of theinhomogeneity scale
(spectroscopy at wavelengths A = 0-2.0 um), doped
cuprates can be considered a granular system consist-
ing of dielectric and metallic grains. Thispermitsoneto
use the effective-medium approximation, whose devel -
opment for calculation of the properties of composites
proceeds from as far back as the 1920s.
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The optical properties of a binary mixture are
described in the effective-medium approximation
through the dielectric permittivity €4, whichinthesim-
plest case can be found from the equation

fD(€ur €1) + (1 —f)D(€ar, €5) = O, 1

where f is the concentration of the first component and
D(&g, &) Is the polarizability of the ith component
embedded in the effective medium and cal culated from
the Clausius-M ossotti relation. This version of the the-
ory can actually be identified with the mean-field
approximation.

To simulate the concentration dependence of the
optical conductivity of the La, _,Sr,CuQ, system, we
made use of a modified effective-medium theory [6] in
which the two components of a mixture represent either
the core or the coating of the composite constituent par-
ticles. This improved version of the theory, which is
similar to the mean-field cluster approximation (the
Bethe—Peierls approximation in the Ising model),
allows a more consistent description of the percolation
transition and of some fine featuresin the optical spec-
trum.

It should be noted that representing a doped cuprate
in the form of a composite and invoking the effective-
medium formalism offers no more than a convenient
phenomenology for description of its complex, spa
tially inhomogeneous electronic structure.

To calculate the effective dielectric permittivity, one
has to prescribe the permittivity of each component of
the mixture. The data for the dielectric permittivity of
undoped La,CuQ, in the O- to 2.5-eV region were taken
from [1]. The imaginary part of €(w) was fitted by two
Gaussians corresponding to the fundamental absorp-
tion edge and by a Lorentzian centered at 0.6 eV.

The conducting phase was simulated using the
Druderelation

wz
— p
&(w) 1oo(w+ ek (2
in which the plasma frequency and the relaxation rate
are, in general, frequency-dependent, but for the sim-
plest case were chosen to be constant: w, = 1.65eV and
y=05eV.

The fitting parameters of the theory, which deter-
mine the shape of the ellipsoidal particles of the dielec-
tric and metallic phases, considerably affect the profile
of the calculated optical conductivity spectra. The
parameters are the ratio of the ellipsoid semiaxesin the
ab plane (parameter a, 0 < a < 1) and the ratio of the
out-of -plane semiaxisto the larger of the in-plane semi-
axes (parameter 3, 0 < 3 < 1). These parameters enter
the relations for the particle polarizabilities through the
depolarization factors.
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3. COMPARISON WITH EXPERIMENT

The caculated optical conductivity spectra of
La, _,Sr,CuO, aredisplayedin Fig. 1a. They are shown
for illustration and are not the best fits to the experi-
mental curves presented in Fig. 1b. The figures adjoin-
ing the curves identify the volume fraction p of the
metallic particles dependent on the doping level x. The
calculation reproduces a fast decrease in the spectra

L.75

(a)

1.25

0.75

0.25

0,100 Qlem™!

Photon energy, eV

Fig. 1. Room-temperature optical conductivity spectra of
Lay, _4SrCuO, in the ab plane: (a) calculation and (b)
experiment [1]; pisthe volumefraction of metallic particles
dependent on the doping level x.
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Photon energy, eV

Fig. 2. Dependence of the optical conductivity on the shape
of the metallic- and dielectric-phase regions. The smaller
values of (3 correspond to more flattened particles.
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Fig. 3. (8) Experimental electron-energy-loss spectrafor k=
0[1] and (b) spectra calculated with the parameters used to
obtain the optical conductivity responsein Fig. 1a

weight in the charge transfer band at about 2.2 eV and
the formation of a Drude response, as well as the
appearance of a new feature at 1.5 eV, starting from
fairly large p. We assign this feature, which is indeed
observed in the experimental spectrum, to surface plas-
mon excitation at the interface separating the metallic
and dielectric phases. Resonance absorption of this
type is specific of inhomogeneous media and is not
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related to transitionsin the el ectronic spectrum of pure
phases. Its parameters depend substantially on the
geometry of the particles making up the composite
medium. To demonstrate the effect of particle shape on
the optical-conductivity profile, Fig. 2 presents three
spectra calculated for fixed physical parameters and
different particle shapes of the composite medium.
Interestingly, the noticeably stronger resonance at
1.5eV was observed in the transmission spectra of
La,_,Sr,CuQ, thin films [7]. Based on the geometric
nature of the feature in question, this behavior can be
readily explained, because the method of sample prep-
aration, the internal stresses in it, etc. can affect the
shape of the phase boundaries.

The theoretical spectra shown in Fig. 1a reproduce
quite well another characteristic feature in the concen-
tration dependence of the optical conductivity of
L&, _,Sr,CuOQ,, namely, the intersection of o(w, X)
curves corresponding to different x at the same point
near 1.7 eV. The existence of this point follows natu-
raly from the two-phase model. The curves drawn for
the mixture should intersect at the point where the opti-
cal-conductivity curves of its pure metal and dielectric
constituents cross, because at this frequency variation
of the volume fraction of one phase at the expense of
the other does not change the numerical value of the
conductivity.

Figure 3a presents the experimental spectra, and
Fig. 3b showsthe cal culated el ectron-energy-loss spec-
tra (EELS) described by the relation Im[—Ll/e(w)],
which explicitly depends on both theimaginary and the
real part of the dielectric permittivity. We note that, in
contrast to traditional approaches, the EEL S peak pre-
dicted by the effective-medium theory is not directly
related to the plasma frequency, which entersthe Drude
formula.

Whilethe simplest above model satisfactorily repro-
duces many characteristic features seen in the optical
spectra above 0.2 eV, it requires modification to be
applicable to the low-energy region; here, the optical
conductivity spectra of various cuprates exhibit a uni-
versal behavior which is characterized by two compo-
nents, at zero 0 and 1000 cm, separated by adip. This
structure appears with decreasing temperature and is
usually assigned to the formation of a pseudogap; recent
publications suggest, however, the possibility that it
may form as aresult of a phase inhomogeneity [8].

To describe low-energy processesin thismodel, one
has to take into account, first, the contribution of the
various absorption mechanisms and, second, the inho-
mogeneity of the systems under study. While a charge
defect becomes surrounded by a well-conducting
screening phase, characterized by a low quasiparticle
relaxation rate vy, in the peripheral regions, at the edge
of the potential well, the quasiparticles are close to
localization, with their relaxation rate y increasing due
to strong fluctuations. The magnitude of y can also be
affected by the small finite size of the quasi-metallic
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Fig. 4. Spectraof low-frequency optical conductivity calcu-
lated for various metalic-phase concentrations p and
parameters wy, Y;, and y,. The vertical lineis the cutoff fre-
quency wy of the crossover from the low- to the high-fre-
quency mode. The ranges of the effective relaxation rate
Y1 <Y<Y, and of the plasma frequency wy; < wy, < Wy, are
specified in the figure.

droplet itself. The optical absorption of such a system
is contributed by electron transitions inside the con-
ducting-phase nucleus, as well as by mechanisms
which, while not being associated with the internal
structure of the nucleus, characterize this phase as a
whole, for instance, the drift of the nucleusin an exter-
nal field. This latter mechanism is a simplified notion.
We believe that the formation of a collective modein a
system of nuclei (of the type of charge density waves)
and the associated absorption are more probable.
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The above factors can be taken into account in a
simple phenomenological model by making the effec-
tive parameters in the Drude relation (2) frequency-
dependent. We considered, in particular, stepwise y(w)
and wy(w) dependences for which the “good”-metal
mode (y; = 0.05 eV, w,, = 0.6 V) crosses over to a
“poor”-metal mode (v, =0.5eV, w, = 1.75¢eV) at afre-
guency y,. Experiment suggests a value of about
25 meV for wy. Figure 4 presents optical conductivity
spectra calculated for various concentrations of the
metallic phase and for various values of wy, y;, and Y,.
We readily see that only a slight complication of the
model, which makes it more redlistic, leads to a non-
trivial optical conductivity response whose characteris-
tic features are observed experimentally.

4. CONCLUSION

Thus, the phenomenological model proposed hereis
of afairly general nature and is applicable to a broad
class of strongly correlated systems comprising, for
instance, various HT SC oxides and the lanthanum man-
ganites. The model is based on the concept of the nuclei
of the conducting phase forming at the minima of the
potential relief, which is created by doping of the origi-
nal dielectric. To describe the optical properties of such
an inhomogeneous system, we have used the effective-
medium theory, which permits one to simulate the
dielectric permittivity of the system within a broad
dopant concentration range. The optical conductivity
and electron energy loss spectra of the La, _,Sr,CuQO,
system calculated in the 0.2- to 2-eV region agree rea
sonably well with the available experimental data and
allow interpretation of many of the characteristic fea-
tures in the spectra within a common framework.
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Abstract—The results of studies of photoinduced lattice vibration modes associated with charged 3d impuri-
ties (in particular, Ni) in 111V semiconductors (ZnSe, ZnO) and solid solutions ZnSSe and ZnCdSe are pre-
sented. Experimental optical exciton—vibration spectroscopy studies revealed that the local vibration modes are
coupled, which is due to strong anharmonicity of the local vibrations. Analysis of phonon replicas of the zero-
phonon line in the spectra allows one to elucidate the nature of the anharmonicity. Model calculations per-
formed for ZnSe : Ni and ZnO : Ni crystals revealed that the nearest neighbor environment of a charged Ni
impurity is highly distorted. A change in the charged state of Ni leads to shiftsin lines of calculated and exper-
imentally measured x-ray emission spectra and, therefore, should be taken into account. © 2002 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Photoinduced effects in semiconductors have been
much investigated, because these effects have a consid-
erable application potential in dynamic holography,
ultrarapid communication, data processing, etc. Among
these effects is the poorly investigated photoinduced
lattice deformation in the vicinity of 3d-impurity atoms
ionized under exposure to light. Local and quasi-local
vibrations occur in the deformed regions of the crystal
produced by illumination.

2. EXPERIMENTAL TECHNIQUE

The exciton—vibration spectroscopy study is based
on the interaction of a vibrating system with so-called
impurity excitons of 3d-impurity atoms[1]. In addition,
charged impurity centers produce highly distorted
regions in the crystal. In these regions, the vibration
modes differ significantly from those of the host crystal
(new vibration modes occur). These modes manifest
themselves as phonon replicas of the zero-phonon line
corresponding to the impurity exciton in the absorption
spectrum (Fig. 1). In order to separate the exciton con-
tribution to impurity absorption and to improve the sen-
sitivity of the technique, we used el ectric-field modula-
tion. Such a technique allows high-order processes to
be recorded [2, 3].

3. RESULTS AND DISCUSSION

Model calculations of the lattice distortion near the
charged Ni impurity show [4, 5] that only theionsof the
first coordination shell are significantly displaced. The
amount of displacement in ZnSeisroughly 4.5% of the
lattice constant or 10% of the initial bond length
(Fig. 2, Ab/b = 0.1). The nearest neighbor ions are
shifted away from the defect in the case of Ni* (accep-
tor) and toward the defect in the case of Ni®* (donor).
The displacement of atoms in the second coordination
shell is 1% of the initial bond length (Fig. 2, Ad/d =
0.01). In ZnO, according to calculations of the lattice
relaxation near the Ni* impurity (which has adeficiency
of positive charge with respect to the lattice), the near-
est neighbor O ion lying on the hexagonal axis C is
shifted by 0.275 A, which amounts to 14% of the Ni-O
bond length; the other three nearest neighbor O2 ions
are shifted by 0.25 A (13% of the bond length). These
significant displacements are consistent with the notion
that the distorted regions around impurities are distinct
in properties from the other regions of the crystal and
their vibration spectrum differs from that of undoped
crystal.

We aso calculated the x-ray emission spectrum
(XES) for Ni inthe ZnSe crystal with allowance for the
displacements of Seions (the changein the Ni—Se bond
length in the first coordination shell by £10%) caused
by the change in the charge state of Ni d® — d’ and
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Fig. 1. (a) Exciton—vibration spectrum of the solid solution
ZnSySe; _y : Ni withy = 0.02 a T = 4.2 K. Allowance is
made for the shift of the zero-phonon line (ZPL) due to the
shift of the absorption edge of the solid solution. (b) Exci-
ton—vibration spectrum of ZnSe: Ni in theregion where the
Ni-acceptor exciton exists, T=4.2 K.

d® — d°. The x-ray emission spectrum of Ni isfound
to have two peaks, L, and Lj, associated with the
4s3d —= 2pys,, 2pg;, transitions. For the Ni*(d®) ion
with charge deficiency, the distance between the L, and
L; peaksislarger: the L, peak shiftsto higher energies.
Tentative measurements of XES fluorescence from
ZnSe: Ni sampleswith Ni*(d®) revealed a shift of peak
L, relative to the L; peak in comparison with the spectra
of crystals doped only by Ni without a charge defi-
ciency. These results suggest that the change in the
charge state of the impurity should be taken into
account when interpreting the experimental XES data.

An experimental exciton-vibration spectrum of a
ZnSe : Ni crystal is shown in Fig. 1b. In the region of
one-phonon replica, the zero-phonon line (ZPL) and
peaks at frequencies wy, w,, and Q4 are clearly seen; in
the region of many-phonon replicas, this structure is
repeatedly reproduced at intervals equal to the fre-
guency of the dominant mode [2, 3]. The differencein
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Fig. 2. Displacements of theions of thefirst (Se*) and sec-
ond (Zn2+) coordination shells around the Ni impurity in
ZnSe: Ni caused by achangein its charge state (Ni2" —»

Ni*). The directions of displacements are indicated by
arrows.

intensity of the phonon replicas involving the dominant
mode (at frequencies nQ,, measured from the ZPL) and
of the phonon replicas involving a combination of
modes (w; + nQ,) with different values of the replica
repetition n is suggestive of energy transfer from one
mode to another, that is, of intermode coupling and,
therefore, strong anharmonism of vibrations of the
impurity crystal. On the other hand, in an anharmonic
potential, the vibrational energy levels are not equidis-
tant, which qualitatively explains the increase in the
efficiency of energy transfer with increasing replica
repetition. The fact that there are no phonon replicas at
frequencies nw, isaso indicative of nonequidistance of
vibrational energy levels and, therefore, of asymmetry
of the potential curve corresponding to the vibrational
mode with frequency w,, for which the one-phonon-
replicaisfairly strong.

A changein the nearest neighbor environment of the
Ni impurity can affect anharmonic vibrations. We
investigated this effect on the vibration spectrum of the
crystal using a solid solution with different concentra-
tions of foreign atoms. Figure 1a shows the exciton—
vibration electroabsorption spectrum of the Zn§Se, _, :
Ni solid solution corrected for the shift of the zero-
phonon line due to the shift of the impurity absorption
edge in the solid solution. It is seen that al lines are
much weaker than those in the exciton—vibration spec-
trum (electroabsorption spectrum [2]) of ZnSe : Ni.
However, it is more important that the relationship
between the line intensities has changed. The phonon
replicas nQ and (w, + NQ;) are clearly seen, whereas
the line Q, and its phonon replicas (w, + NQ;) are
entirely absent. We also note that the relative intensities
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of the phonon replicas nQ4 differ essentialy from the
relative intensities of the corresponding phonon repli-
cas for ZnSe : Ni. This difference can be explained by
the fact that the change in the nearest neighbor environ-
ment of the Ni impurity (cluster NiSe,Zn,, transforms
into NiSe;S,Zn,,) leadsto a change in the anharmonic-
ity of vibrations, which affects both the spectrum of
vibration modes and their coupling.

In closing, we note that analysis of the experimental
exciton-vibration spectroscopy data allows one to bet-
ter understand the structure of anharmonic vibrationsin
distorted regions of the crystal lattice. However, one
should also use other methods in order to obtain more
detail ed information on the amount and character of lat-
tice distortions near charged impurity centers and
extract such information from experimentally mea-
sured integral characteristics, which will allow one to
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take into account the effect of |attice deformation on the
properties of impurity crystals.
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Abstract—The phonon heat conductivity in ZnSe : Ni and ZnS : Ni compounds is investigated. The tempera-
ture dependences of the heat conductivity coefficient for these crystals are measured by the method of stationary
heat flux. It isfound that the heat conductivity exhibits minimain the temperature range 15-20 K. It isassumed
that the quasi-resonant behavior of the low-temperature heat conductivity is associated with the umklapp pro-
cesses due to phonon scattering by anharmonic vibration modes of the cluster. © 2002 MAIK “ Nauka/ I nter pe-

riodica” .

1. INTRODUCTION

Impurities of 3d transition metals have attracted the
particular attention of many researchersfor along time.
These compounds have partially occupied 3d shells
and, under exposureto light, can either donate an elec-
tron to the conduction band or accept an electron from
the valence band, thus changing their charge state. For
example,

Ni2* + o — Ni3* + electron,
Ni%* + A — Ni* + hole.

In the case when impurity atoms substituting for a lat-
tice cation are charged relative to the lattice, they cause
a lattice distortion due to displacement of the nearest
neighbor ionsto new equilibrium positions. Inturn, this
gives rise to new vibration modes of the cluster. We
observed these modesin ZnSe : Ni and ZnS: Ni mate-
rials with the use exciton oscillation spectroscopy.
Analysis of the electroabsorption spectra revealed the
fact that these modes intensively interact with each
other (as the number of oscillation repetition increases,
the energy istransferred from the dominant modeto the
combined modes). The assumption was made[1, 2] that
the coupling between these modes is caused by their
strong anharmonicity of the third and fourth degrees. In
order to verify this assumption, we investigated the
phonon heat conductivity of our samples, because
phonon scattering in acrystal isvery sensitive to anhar-
monicity of thelattice vibrations. The heat conductivity
was measured by the method of stationary heat flux in
the temperature range 5-80 K. The measurements were
performed with ZnSe : Ni samples (both undoped and

doped with nickel at different concentrations) and
ZnS: Ni.

Earlier [3], we obtained the temperature depen-
dences of the heat conductivity coefficient for four
ZnSe: Ni samples (samples 1-4 with nickel concentra-
tions of 4.3 x 10Y, 5.4 x 10v, 3.6 x 10'°, and 10%° cm3,
respectively). These results demonstrated that, as the
temperature increases, the heat conductivity of samples
with high nickel concentrations (3.6 x 10*° and 1 x
10%° cm®) decreases drastically beginning with the
lowest temperatures and has a minimum at a tempera-
ture T,;, = 15+ 1 K. It was found that the heat conduc-
tivity is approximately 40 times less in the former case
and is more than 200 times less in the latter case than
the maximum heat conductivity of pure ZnSe. With a
further increase in the temperature, the heat conductiv-
ity increases and smoothly reaches the values corre-
sponding to pure ZnSe. To the best of our knowledge,
such a pronounced resonant behavior of the tempera-
ture dependence of the heat conductivity has never been
observed in semiconductors and dielectrics. In this
work, we obtained new temperature dependences of the
heat conductivity coefficient both for ZnSe: Ni samples
with a different nickel concentration and for ZnS : Ni
samples. The results of measurements are represented
inFigs. 1 and 2. For comparison, Fig. 1 shows the tem-
perature dependence of the heat conductivity coeffi-
cient for pure ZnSe taken from [4].

2. RESULTS AND DISCUSSION

The results of the heat conductivity measurements
indicate that the temperature dependence of the heat
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Fig. 1. Temperature dependences of the heat conductivity
coefficient k for four ZnSe samples with different nickel
concentrations (samples 1-4). Numerals near the curves
correspond to the sample numbers. The solid line represents
the dependence for pure ZnSe [4]. The inset shows the dif-
ferences Ak between the heat conductivity coefficients of
(1) sample 1 and pure ZnSe [4] and (2) sample 2 and pure

ZnSe[4)].
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Fig. 2. Temperature dependences of the heat conductivity
coefficient kK for ZnSe and ZnS samples with a nickel con-

centration of 3 x 1018 cm™3.
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conductivity coefficient for ZnS : Ni has aminimum at
a temperature of 23 K. This minimum is less pro-
nounced than the minimum of the heat conductivity for
ZnSe: Ni. This difference can be due to alower nickel
concentration in ZnS as compared to that in samples 3
and 4. Such behavior of the temperature dependence of
the heat conductivity can be explained by the coinci-
dence of the phonon frequency either with the fre-
guency corresponding to the energy gap between the
states of the impurity center or with the frequency of
the lattice vibrations. The first assumption was used to
explain the temperature dependence of the heat conduc-
tivity in CdTe : Fe and ZnS : Fe samples, in which the
separation between the impurity levels is equal to 2—
25¢eV and scattering of acoustic phonons inducing
transitions between these |evel s becomes possible at the
given frequency. However, the separation between the
impurity levels for nickel is one order of magnitude
larger than that for iron. Asin [1], we assume that Ni*
(d®) impurity centers charged with respect to the lattice
exist in ZnSe : Ni and ZnS : Ni crystals. The lattice
undergoes deformation in the same manner as for the
ionization of an impurity under exposure to light. In
turn, this gives rise to new vibration modes of the
Ni*Se,Zn,, cluster which interact with each other due
to pronounced anharmonicity [1, 2, 5]. It isthese modes
that bring about the strong phonon scattering responsi-
ble for the quasi-resonant behavior of the temperature
dependence of the heat conductivity. In what follows,
this scattering will be referred to as an A-process.
Peierls [6] demonstrated that the heat conductivity is
governed by the so-called umklapp processes. These
processes manifest themselvesif the anharmonic terms
proportional to the third and fourth powers of the
atomic displacements are taken into account in the
potential energy of the interacting atoms. Hence, we
canwritetherelationshipg=g+k + k', wherek and k'
are the wave vectors of the initial phonons and q is the
wave vector of the new phonon. The vector g is equal
either to zero or to a vector of the reciprocal lattice at
which the vector g remains in the first Brillouin zone.
In the case when g = O (i.e,, when |k + k'| < 2173,
where a, is the lattice constant), no umklapp processes
occur and thermal resistance of the sampleis absent. If
g # 0, umklapp processes responsible for the heat con-
ductivity proceed in the sample. The high efficiency of
the A-process can be explained as follows. The anhar-
monic modes are associated with the motion of ions
involved in thefirst two coordination spheres surround-
ing an impurity ion. These spheres are comparable in
size to the unit cell (in the Ni*Se,Zn,, cluster, the Ni—
Se and Ni—Zn distances are estimated to be b = 0.433g,
and d = 0.707a,, respectively). Therefore, these modes
correspond to the quasi-momenta gz = (2170.866a)
and (2171.414a,), which are comparable to the recipro-
cal lattice vector. In the course of phonon scattering by
these modes, the phonon momentum can become equal
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to the reciprocal lattice vector. It is this circumstance
that is responsible for the umklapp processes.

In order to explain the resonant behavior of the tem-
perature dependence of the heat conductivity in our
materials, we consider the form of the atomic potential
energy. If the anharmonic terms of the third and fourth
orders are taken into account, the form of the potential
changes significantly. At low temperatures, the atom, as
an oscillator, is located in the vicinity of the energy
minimum and can be considered a harmonic oscillator.
As the temperature increases, the fourth-order anhar-
monicity begins to manifest itself due to the higher
energiesin theinteraction with phonons. The frequency
of anharmonic modesin this range of energies depends
on the amplitude. In most cases, this dependence is
unknown; however, it should correspond to the condi-
tion of the generation of the resonant anharmonic
mode. The oscillator can interact only with phonons
whose energy corresponds to its frequency. However,
only part of these phonons has quasi-momenta satisfy-
ing the necessary condition for the occurrence of
umklapp processes: |k + k'| = 217a,, wherek and k' are
the guasi-momenta of the oscillator and the phonon,
respectively. The thermal resistance should be maxi-
mum at a temperature that corresponds to a maximum
in the phonon distribution in the range satisfying the
two aforementioned conditions. This explains the reso-
nant behavior of the temperature dependence of the
heat conductivity and the origin of the experimentally
observed minima in the heat conductivity at certain
temperatures. these minima correspond to selenium
and sulfur ions (each of them hasits own frequency; for
the ZnS : Ni sample, the minimum is shifted to the
right). In our case, the minima observed for the ZnSe :
Ni and ZnS: Ni samples correspond to acoustic phonon
frequencies of 0.5 and 0.6 THz, respectively.
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3. CONCLUSION

Thus, the temperature dependence of the heat con-
ductivity of ZnSe : Ni and ZnS : Ni crystals exhibits
resonant behavior. This confirms the assumption made
in our recent work [3] that phonon scattering by anhar-
monic modes occurs through the mechanism of the
umklapp process. The efficiency of this process at two
temperatures once more confirmed the inference
regarding the strong anharmonicity of the modes of
clusters of the materials under study. This mechanism
callsfor further investigation.
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Abstract—The YbB;, Kondo insulator was studied by EPR. The energy spectrum of YbB,, was established
to have a gap of width 2A = 12 meV. The experimental data are interpreted in terms of the excitonic-dielectric
model. The temperature behavior of the gap was determined; it wasfound that A(T) = 72 K at absolute zero and
vanishes at ~115 K. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The ytterbium dodecaboride YbB,, is an intermedi-
ate-valence material whose electronic excitation spec-
trum exhibitsagap 10-25 meV wide. Despite extensive
application of various experimental methods (see, e.g.,
[1-5]), the origin of the electronic gap in Kondo insula-
tors remains unknown. The experimental data on the
unusual low-temperature properties of the Kondo insu-
lator have been considered primarily in terms of the f—
d hybridization gap, which is renormalized partially by
correlation effects [5]. This model cannot, however,
account for some fine details in the low-temperature
behavior of thismaterial; therefore, more advanced the-
ories (the exciton-polaron model developed in [6, 7],
the Wigner crystallization model [8]) have to be
invoked. This communication reports on an EPR study
of ytterbium dodecaboride; the method was found to be
very appropriate for the investigation of the electronic
band gap in SmBg, which is a classical model Kondo
insulator [9].

2. EXPERIMENT

EPR measurements were conducted on powder
samples of ytterbium dodecaboride doped by gadolin-
ium Gd** to concentrations ¢ = 0.1, 0.5, and 1 at. %
(Y bo.999G0.001B12, Y Po.995GU0.005B12, Y Bo.g9Gp.01B12)
and of lutecium dodecaboride doped by 1 at. % Gd**
(LUg g9Gdy01B12). The YbB;, compound was synthe-
sized in an rf furnace in vacuum at 1700 K by baromet-
rically reducing theY b,O; oxide. Next, it was melted in
an arc furnace and dissolved in nitric acid to remove the
remaining Y bBg. A single-phase sample in the form of
ablack powder was subjected to x-ray characterization.
A lutecium dodecaboride sample was prepared in a

similar manner. The powder grains were 10-20 um in
size, which is less than the skin-layer thickness of the
Y bB,, semiconductor and the LuB;, metal. To facilitate
electromagnetic-field penetration into the grains, the
powders were mixed with melted paraffin.

The measurements were carried out at a frequency
v =9.4 GHz in the 1.7- to 80-K temperature range.

All samples exhibited a strong EPR signa of the
Gd* ion. Figure 1 displaysthe temperature dependence
of the linewidth dH(T) for the'Y by ¢¢Gd, 0B 1, Semicon-
ductor and L ug gsGdy 6;B15, which has metallic conduc-
tion. Lug ¢¢Gd, 0;B1, produced an EPR signal dueto the

Gd** ions, which exhibited alinear linewidth tempera-
ture dependence dH = a + bT typical of metals. The
temperature slope was b = dH/3T = 1.25 Oe/K. For
Y by 9eGdy01B12, this relation is more complex: below
10K, dlight line broadening is observed, whereas above
20 K, the EPR linewidth grows nearly exponentialy,
reaches saturation at 50 K, then falls off, and above
80 K, the EPR signal linewidth cannot effectively be
determined.

Samples with lower Gd concentrations (Fig. 2)
exhibited EPR signalsup to 17 K for ¢ = 0.1 at. % and
to 25K for c= 0.5 at. %. Theresidual linewidth (dH at
T = 0) increases with Gd concentration; however, this
concentration dependence vanishes with the tempera-
ture increasing to 13-14 K. The values of dH for all
three Gd concentrations fall on the same curve. This
behavior impliesthat for T > 14-15 K, the linewidth is
determined by pure relaxation processes. At 13-14 K,
the samples exhibit a clearly pronounced kink in the
linewidth dH.

Figure 3 shows a temperature dependence of the g
factor of Gd® ions in LuB,, and YbB,,. Gadolinium

1063-7834/02/4408-1532%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Temperature dependence of the Gd®* EPR linewidth
in the dodecaborides of (1) ytterbium YbBq, and (2)

lutecium LuB . Salid lineis theory. Gd** concentration is
1at. %.

Gd® has a pure spin paramagnetism (the ground state
4f7, 8S,.); therefore, its g factor is close to 2.00. The
Korringa metallic LuB,, does indeed exhibit a g factor
closeto 2.00, g, , = 1.990 £ 0.005.

The behavior of the gadolinium g factor inYbB,, at
low temperatures (<12 K) correlates fully with that of
the linewidth; namely, the line broadening is accompa-
nied by an increase in the g factor. This correlation is
explained as being due to ferromagnetic ordering of the
Gdions.

For T > 12 K, the g factor does not depend on tem-
perature and is 1.945 + 0.015. The g factor of YbB,,
(Fig. 3) is seen to be fairly strongly shifted (dgy, =
—0.045) compared to dg in conventional metals (for
L Ug 99Gdg 01B12, 09, , = —0.01). It iswell known that the
density of states at Fermi level N(gg) is substantially
higher in Kondo insulators than in conventional metals
because of the sf hybridization. Because g ~ N(gg), this
shift impliesthat YbB,, existsin an intermediate state.

Indeed, the average valence state of arare-earth ion
correlates strongly with the g-factor shift in Kondo
insulators; the average valency of YbinYbB,, is 2.90,
and the g-factor shift is dg = —0.045, whereas the aver-
age valency of Smin SmBg is 2.65 for a g-factor shift
0g =-0.080[9]. In addition, the existence of intermedi-
ate valence in ytterbium dodecaboride is demonstrated
by the semiconducting character of the dH(T) tempera-
ture dependence. The latter is similar to the one
observed in SmBg, a classical Kondo insulator [9], and
differsstrongly from thelinear 8H(T) relation for dode-
caborides of other rare-earth elements, which is charac-
teristic of metals.

3. DISCUSSION OF RESULTS

The ytterbium dodecaboride YbB,, is a cubic, nar-
row-band-gap Kondo insulator (Kondo semiconduc-
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Fig. 2. Temperature dependence of the Gd®* EPR linewidth
in the ytterbium dodecaboride YbB, at low temperatures.

Gd®* concentration (at. %): (1) 0.1, (2) 0.5, and (3) 1.

tor), unlike the lutecium dodecaboride LuB,;, with
metallic conduction, which is an isostructural com-
pound. The Gd® EPR linewidths of these two com-
pounds behave differently with temperature (Fig. 1).
While LuB,, exhibitsalinear 8H(T) dependence with a
relatively small Korringa relaxation characteristic of
metals, the exponential line broadening observed in
Y bB,, inthe 14- to 80-K interval isdueto the existence
of a band gap in the electronic excitation spectrum of
this semiconductor. This gap can form, for instance, as
aresult of the s conduction electrons being hybridized
with the f electrons of the Yb valence band. The Gd**
spin coupling with the spins of electrons and holes
givesrise to EPR line broadening. Since the amount of
s excitation grows exponentialy with temperature,
the OH(T) dependenceis also exponential .

Thereis, however, avariety of opinionsontheorigin
of the gap. It has been attributed to sf hybridization [5],
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203r | 05at % Gd*
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Fig. 3. Temperature dependence of the Gd®* g factor in the
dodecaboridesof ytterbiumY bB4, and lutecium LuB 5. See

the figure for notation.
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Fig. 4. Temperature dependence of the band gap width A(T)
in the ytterbium dodecaboride Y bB 5.

Wigner crystallization [8], and exciton coupling of d
electrons with f holes [9, 10]. The results predicted by
theory for finite temperatures differ substantially. For
instance, the hybridization gap does not vary with tem-
perature, whereas the excitonic one forms as a collec-
tive effect and disappears at temperatures of the order
of the band gap itself. Calculations made within the sf
hybridization model with a constant gap did not fit well
to our experimental data.

The theory of the ground state and of the unusual
properties of Y bB,, has not been developed as compre-
hensively as for SmBy; therefore, we shall draw from
theoretical studies on samarium hexaboride.

The exciton-polaron model of Kikoin and Mishchenko
[6] apparently provides the best description of the
unusual properties of SmBy, including the phonon
spectrum anomalies [11] and the magnetic-excitation
dispersion studied by inelastic neutron scattering [12].
The model is based on the idea that the ground state of
the system is a superposition of the f © state of the Sm?*
ion with the f 5p state corresponding to the excitonin an
intermediate coupling state, in which the hole isin the
samarium ion f shell (Sm®*) and the electron resides in
an orbit representing a linear combination of the p
states of the boron atoms surrounding the samarium (in
the first coordination sphere). The excitonisin the sin-
glet (i.e.,, nonmagnetic) state. The exciton states at dif-
ferent sites become correlated apparently through exci-
ton interaction, which cannot exist in the mean-field
approximation. Thisis how the macroscopically coher-
ent state forms. The exciton formation gives rise to the
opening of a gap in the eectronic spectrum. Because
the intermediate state fluctuates with phonon frequen-
ciesof 10'2-10% Hz, thereis nothing strangein that the
fluctuations become coupled with lattice vibrations.
This results in the softening of a phonon mode and
renormalization of the electronic (excitonic) states,
with the formation of a mixed exciton-polaron state.
The phonon modes become mixed with both the charge
excitations (the polaron) and the spin excitations (spin-
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polaron). It is the Jahn—Teller effect observed in SmBg
that accounts for the latter [13, 14] (see also [15]).

Unfortunately, the spin relaxation rate in the Kondo
insulator was not calculated in the Kikoin—-Mishchenko
model. Therefore, we had to analyze our results in
terms of the calculations of Khaliullin and Khomskii
[9], who developed a model of an exciton dielectric
with large-radius (Mott—Wannier) excitons consisting
of ad electron and an f hole. Basically, the calculations
of Khaliullin and Khomskii followed the model of pair
electron correlations in superconductors. Asin the the-
ory of superconductivity, atemperature-dependent gap
opens naturally in the excitonic-dielectric spectrum and
its temperature dependence can be determined from a
comparison with experiment. The relation derived for
the spin relaxation rate [9] can be written as

T,! = 21T £(8)(bg + b)
x{1+a[1-f(8)](A/2T)In2AT} ,

f(A) = [1+exp(A/T)] 7,

b = 3N, a = (bg+by)%(bg+b?),

where A = A(T) is the excitonic gap; Jy and J; are
exchange integrals for Gd interaction with the d elec-
tron and the f hole, respectively; Ny and N; are the den-
sities of states of the respective bands at the Fermi level
inYbB,; and T is the momentum relaxation time (the
time in which the correlations vanish).

We abtained a satisfactory fit to the experimental

values of T;l (see the theoretical curvein Fig. 1) with
the following values of the parameters:

by = —0.701x 107, b; = —1.902 x 102,

a =165 T1=100K™
Although by, by, and T areindependent fitting param-
eters, they should also satisfy the other experimental
data. It isknown that nb§ is of the order of the temper-
ature slope of the Gd linewidth in LuB,,, namely,

Tb; = 1.54 Oe/K, 3H/ET(exp) = 1.25 Oe/K. The g-fac-

tor shift in Kondo dielectricsis proportional to the sum
of by and by:

8g = by+yb;, y = [433(3+ )]
3g = -0.09, &g, = —0.045.

As seen from the comparison, the agreement with
experiment is quite good. It is possible that the differ-
ence between the effects that the intermediate-coupling
and Mott—Wannier excitons produce on the Gd** spin

relaxation rate T;l does not radically affect the com-

parison of theory with experiment. Figure 4 presents
the temperature behavior of the gap obtained by us. We
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seethat the gap A(T) is 72 K at the lowest temperatures
reached and remains virtually constant up to 40 K, after
which it decreases and possibly vanishes at 115 K.
Because the gap width is 2A = 140 K, it is of about the
same order of magnitude as T, ~ 115 K, whichisinfull
agreement with theoretical predictions. Our results
(2A = 12 meV) should be compared with the experi-
mental data on photoelectron emission [4] and optical
conductivity [3] inYbB,,. The former study revealed a
gap in the spectrum with an energy of 10 meV which
opened below ~75 K when approached from the high-
temperature side. In the latter study, a 25-meV-wide
band gap also appeared below 70 K.

Thus, our results agree satisfactorily with the data
obtained by other methods.

We note the kink in the temperature dependence of
the EPR linewidth at low temperatures (Fig. 2). This
kink is observed to exist at two levels of YbB,, doping
by gadolinium. The kink is not seen at 1% Gd doping
because of ferromagnetic ordering. Interestingly, we
observed the same kink in SmB; at the same tempera-
tures; it aso did not depend on the impurity concentra-
tion. Theincreasein the linewidth at 13-14 K is appar-
ently due to a nonzero electron density of statesin the
correlation gap, which is a point of considerable inter-
est. The simplest explanation consists in the existence
of impurity statesin the gap, which, however, isat odds
with our results revealing an independence from the
gadolinium dopant concentration. A more promising
suggestion connects this el ectron density of states with
specific features of the ground state of the system, for
instance, with the formation of abound polaron, whose
existence is discussed by Curnoe and Kikoinin [7]. At
any rate, the available experimental dataare insufficient
for convincing conclusionsto be made and the nature of
the observed additional excitations requires more com-
prehensive study.

Our EPR investigation showed that the band gap in
the Kondo dielectric YbB,,, aswell asin SmBg [9], is
of a cooperative nature rather than of single-particle
origin, i.e., caused by sf hybridization alone. Unfortu-
nately, our EPR measurements do not make it possible
to choose between the excitonic-dielectric and Wigner
crystallization models. We can, however, maintain that
the gap is described satisfactorily in terms of the exci-
tonic-dielectric model and, in view of the lack of exper-

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

2002

1535

imental evidence on Wigner crystallization, we believe
the excitonic-dielectric model to be preferable.
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Abstract—An EPR signal from ytterbium ions with an integer valence of +3 was detected in the Y bB;, inter-
mediate-valence compound. The measurements were carried out on anY bB, single crystal in the 1.6- to 4.2-K
temperature interval. The EPR spectrum isinterpreted as being due to the existence of exchange-coupled ytter-

bium ion pairs. © 2002 MAIK “ Nauka/lInterperiodica” .

The ytterbium dodecaboride YbB,, belongs to the
class of Kondo insulators [1-8], whose classical repre-
sentative is the samarium hexaboride SmBg. The
samarium valency fluctuates between the Sm?* (4f6)
and Sm3* (4f ®) valence states with afrequency of 10%—
10 Hz. The average valency of the samarium ionsis
+2.6; i.e., for 40% of atime interval, one of the elec-
tronsislocalized at thef level, and for 60% of the inter-
val, it stays in the conduction band. The vacancies and
defects were found to affect the stoichiometry of the
system and to increase the average samarium vaency
[9, 10]. Only the SmBg metal sublattice deviates from
stoichiometry, while the boron sublattice exhibits high
stability. It was shown in [9] that when the concentra-
tion of vacancies V in Sm;_,V,B;s reaches 30% (X ~
0.3), the system crosses over completely to the integer
valence state Sm*. The average samarium valency
increases not through a change in the fluctuation fre-
guency but rather through its stabilization. Even in
high-quality single crystals with a low defect and
vacancy density, one observes an EPR signal of samar-
ium ionsin the stabilized valence state Sm** (c = 0.05—
0.1 at. %).

Recently, another intermediate-valence compound,
the ytterbium dodecaboride Y bB,,, became a subject of
intense investigation. Its electrical properties [1, 2],
magnetic susceptibility [1, 2], specific heat [3], and
optical conductivity in the far infrared region [4] have
been studied, and it has been investigated by inelastic
neutron scattering [5, 6] and photoemission [7] and
NMR [8] spectroscopy. We are not aware, however, of
any study of the stoichiometry and valence-state stabi-
lization of ytterbium in pureYbB,, samplesat low tem-
peratures. At the same time, valence-state stabilization
of ions on the meta sublattice in a fluctuating system,

besides being of interest in itself, offers apossibility of
studying this compound by EPR without having to
dope it by paramagnetic ions as markers. The EPR
proved to be useful in studying the SmBg ground state;
it was employed in detecting the Jahn—Teller effect [11,
12] and in measuring the temperature behavior of the
electronic band gap [13].

Thiscommunication reportson an EPR study of sin-
gle-crystal YbB,,.

The study was carried out on an'Y bB, single crystal
grown by the floating-zone technique with the use of
four xenon lamps, which made it possible to stabilize a
high temperature everywhere over the furnace at alevel
of 2200 £ 50°C. The homogeneity of the single-crystal
phase was testified to by Laue patterns and powder dif-
fraction analysis. The total amount of the rare-earth
impurity did not exceed 0.05% [14]. The EPR studies
were performed on a Bruker spectrometer at 10°° Hz in
the 1.6- to 4.2-K temperature interval.

The rare-earth dodecaborides RB,, crystallize into
an NaCl-type cubic fcc lattice, with the metal occupy-
ing the position of sodium and with a cubic octahedron
of 12 boron atoms at the chlorine site. The Yb3* (4f 13,
8F,) multiplet is split by the cubic crystal field into a
s doublet, a3 quadruplet, and al"; doublet. In these
conditions, the ground statein RB,, can bethelzor I,
Kramers doublet and each of them can produce an EPR
signa. YbB,,, however, is an intermediate-valence
compound, with the valence-state fluctuation frequency
(10'3-10** Hz) being higher than the X-range EPR
spectrometer frequency (10%° Hz); therefore, no EPR
signa from the fluctuating ytterbium ions can be
detected. However, an EPR signal was detected in the
1.6- to 4.2-K temperature interval. At 4.2 K, the spec-
trum consisted of two lines, with an additional, weaker
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Fig. 1. EPR spectrum of aYbB,, single crystal for an angle
@ =0° between the magnetic field vector and the fourfold
axis. T=4.2K.

peak seen between them (Fig. 1). The peak separation
does not exceed 100 Oe, the EPR linewidth is of the
same order of magnitude (dH 180 Oe), and the g factor
of the centra line is 2.57, which is close to g = 2.59
obtained for the Yb®* "5 doublet [15]. As the tempera-
turewaslowered downto 1.6 K, theintensity of thetwo
sidelinesincreased by morethan an order of magnitude
(Fig. 2) to mask the central peak. The average g factor
of thesetwo linesis2.55, whichisalso closetog=2.59
obtained for the ' doublet. A comparison with EPR
signals of Gd and Er ions in known concentrations in
YbB,, and DPPH powder samples showed the rare-
earth concentration to be not less than 0.3%. This
result, as well as the value of the g factor, provides a
convincing argument for the EPR spectrum observed
being indeed due to the Yb® ions. Here, apparently,
defects and vacancies stabilize part of the ytterbium
ions in their valence state, as they do in samarium
hexaboride.

Figure 3 displays the dependence of the EPR line
positions on the angle between the magnetic-field
direction and the cubic axis, with the magnetic field

[++0 +G, + (1/4)J, 0

[+—C] 0 —(U4),
=+ 0 (U4)(Jx + 3Jy)
0 (wa) (3. 3y) 0

where G, = gBH, isthe Zeeman splitting of the ', state
and 3 3y, and 3, are the components of the
exchange-integral tensor for the states of a pair of cou-
pled spins. Exchange interaction of the pair spins gives
riseto alevel splitting and the appearance of two EPR
lines at frequencies shifted by the same amount from
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Fig. 2. EPR spectrum of aYbB,, single crystal for an angle
@ = 0 between the magnetic field vector and the fourfold
axis. T=1.64.2K.

vector rotated in the (110) plane. As could be expected,
the position of the central peak of the 'y doublet does
not depend on the angle. The angular dependence of the
two strongest lines, which lie symmetrically on both
sides of the central peak, is well fitted by the function
H = 2635 + 14(5c0s3¢ + 3cos@). The figure 2635 Oe
corresponds to g = (7148v)/2635 = 2.55. This value of
the g factor and the virtually isotropic behavior of the
average g factor (the anisotropy does not exceed 5%)
permit one to identify theY b®* ground state, as already
mentioned, with the I state. The g factor modulationis
described by a Legendre polynomial of the third kind,
Y 30(cos@). At the same time, in place of one resonance
line corresponding to the Iy state, two lines are
observed at resonance frequencies differing from the
average frequency by the same value for opposite signs
of the shift. This behavior directly indicates the pres-
ence of two identical coupled oscillators. Thissituation
iswell known in the EPR theory and corresponds to a
pair of identical exchange-coupled ions [16]. The spin
Hamiltonian of a pair of coupled spins (S= 1/2) can be
written as

0 WHR-IY
AR+ 0|
—(U4H)J, 0
0 -G, + (U4)3,

the average frequency characteristic of the ' state: hv =
3 ] 1 1 Y
gBHzi Z%z’ where Sz = %z_ é(%x + RSy + ?SZ)
The splitting of one resonance line into two induced

by spin coupling in a pair is observed only if the
exchange interaction is anisotropic; otherwise, the
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Fig. 3. Experimental (curves 1, 2) and theoretical (dashed
lines) dependences of the positions of ytterbium ion pairs
on the angle @ between the magnetic field vector and the
fourfold axis, with the magnetic field rotated in the (110)
plane. T = 1.6 K. Curve 3 describes the position of the cen-
tral peak observed at T=4.2K.

terms of the pair split into a triplet and a singlet, but
with no frequency shift in resonant transitions within
the triplet. We note that in our experimental conditions,
one might expect anisotropic exchange, but the fre-
quency shift will be described in this case by the cos?@
function rather than by the Legendre polynomial of the
third kind. Therefore, the model described by Abragam
and Bleaney [16] does not interpret our results properly
and needs to be complemented by an interaction having
the symmetry required by the experiment.

If the Hamiltonian of our problem

H = gBH,T,+ (12)(JT+ JyTy + JT2)
+(U2){T(T+1)-3/2
is modified to include the term
AT, T, =T T (T,H),

where, using the notation of Abragam and Bleaney, T, =
S, + S, isthe projection of the total spin of the pair,
then this Hamiltonian will transform as (3cos’p— cos)
with the rotation of the magnetic field. This expression
differs somewhat from the Legendre polynomial of the
third degree but can be complemented by an exchange
correction b(T,T,)(T,H), which transforms as cos*.

It is assumed that the exchange between closely
located spins forming a pair isisotropic.

The strong temperature dependence of the reso-
nance intensity can be accounted for by the small
exchange splitting of the ground-state triplet and the
excited singlet, which brings about a nearly equal fill-
ing of all pair levelsaready at 4.2 K.

Asfar aswe know, exchange pairsat Y b* ions have
been observed only in CsCdBr; [17, 18]. The EPR

spectrum of the even 1°Y b isotope generally resembles
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the one observed by us and shown in Fig. 1. There s,
however, a substantial difference: in contrast to

CsCdBr3;, where the pairs are in an anisotropic Déh

crystal field, in our case, the pairs reside in a cubic O,
crystal field.

We note the absence of a hyperfine structure (hfs)
dueto the odd ytterbium isotopes. Thereason for thisis
probably as follows. In'YbB,,, the separation between
the two lines is of the order of the linewidth itself and
the linewidth 0H islarger by nearly an order of magni-
tude than that for CsCdBr; and is apparently deter-
mined by inhomogeneous broadening, which isrespon-
sible for the mutual extinction of the hfs lines. It can
also be conjectured that the hfs constants in Kondo
insulators are smaller than those in conventional ones.
At any rate, this problem requires further study.

The main results of this work can be summed up as
follows.

(1) An EPR study of the YbB;, Kondo insulator
revealed asignal of ytterbiumionsin aninteger-valence
state Yb** at a concentration of not less than 0.3 at. %.
The dependence of the EPR spectrum on the angle
between the magnetic field vector and the fourfold axis
in the (110) planewas measured at T = 4.2 and 1.6 K.

(2) The observed spectrum can be described if the
formation of exchange-coupled ytterbium-ion pairs is
taken into account. The reason for the ytterbium
valence-state stabilization lies apparently in the sam-
ples having defects and vacancies.
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Abstract—Nitrided Sm,Fe,;-based material s possess excellent intrinsic magnetic properties. In this study, we
investigate two compositions, Smy 5 7Fegs 3 and Smy; gFeg, sTau o The stoichiometry of each phase was deter-
mined and the SmFeTa material was found to include TagFe;,, in addition to the SmyFe;;, SmFe,, and SmFe;
phases observed in the Sme alloy, but without the a-iron dendrites characteristic of the binary material. SEM
and TEM studies revealed that in the cast structure, approximately 2.0% Ta is initially dissolved in the
Sm,(FeTa),7 phase; however, HDDR processing causes the formation of Ta-based precipitates, leavinga?2 : 17
phase with much less dissolved Ta. The HDDR process, with subsequent nitrogenation, was used to prepare
coercive powders. The coercivities of these powders were found to be very dependent on the HDDR conditions
and Ta addition. The highest coercivity achieved was 1280 kA/m for the composition with Ta. © 2002 MAIK

“ Nauka/Interperiodica” .

Because of their excellent intrinsic magnetic proper-
ties, SmFeN [1] magnets are being treated as potential
candidates for certain types of high-energy permanent
magnets. However, because of their instability at tem-
peratures above 500°C, where they decompose into
oFe and SmN, their production is limited to bonded
magnets. The most common processes used for the
preparation of highly coercive powder for bonded mag-
netsare mechanical aloying [2, 3], melt spinning [4, 5],
and conventional powder metallurgy [1, 6]; however,
the HDDR process [ 7, 8] appears to be the most prom-
ising.

The Sm,Fe;; phase is produced by a peritectic reac-
tion, resulting in some unreacted aFe (up to 25%) [9],
which, because it is magnetically soft, has an adverse
effect on the hard magnetic properties. Regardless of
the method used for the preparation of the aloy, the
crystallization of aFeisdifficult to avoid. Asaresult, a
long and expensive heat treatment is necessary in order
to remove the aFe phase. Previous studies, however,
have shown that with the addition of athird element 4—
5% Nb [10] or Ta[11] or 1% Zr [12], the primary aFe
crystallization can, to alarge extent, be avoided.

The HDDR process used for the preparation of
highly coercive powdersis based on the reaction of the
alloy with hydrogen at different temperatures. The
addition of athird element to the system causes signif-
icant changes in the behavior of the material: Ga[13],
Zr [14], or Nb [15] have been observed to stabilize the
2 : 17 phase against disproportionation.

L This article was submitted by the authorsin English.

In this paper, we will attempt to explain the differ-
ence between SmFe and SmFeTa aloys arising from
their different microstructures and phase composition.

1. EXPERIMENTAL PROCEDURE

SmFe and SmFeTa cast aloys were produced by
conventional induction melting methods in 5-kg
batches by Less Common Metals Ltd. The metals were
carefully prepared using standard metal lographic meth-
ods and examined by an energy dispersive x-ray spec-
troscopy (EDX)-equipped SEM. As-cast materias
were aso investigated using x-ray difractometry to
determine their lattice parameters. The cast aloys and
alloyswhich had been HDDR-treated once were inves-
tigated with TEM in order to explain the different
behavior during the HDDR process between the binary
material and the Ta-containing material. TEM samples
of apowdered material were prepared using 3to 5wt %
phenol-formaldehyde resin pressed at 0.5to 1 MPaand
cured at 180°C for a few minutes. The resulting pellet
was mechanically very strong, so subsequent grinding,
dimpling, and ion erosion proceeded without any prob-
lems. Due to the high proportion of powder particles,
no liquid-nitrogen cooling during the ion erosion pro-
cess was necessary and no charging effects were
observed in the transmission electron microscope.
Samples were examined using a Jeol 2000 FX TEM
operating at 200 kV. The chemical composition was
investigated using a Link AN-10000 EDX system with
an Ultra-Thin Window Si(L1) detector mounted perpen-
dicular to the electron beam. The sampleswere tilted at
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Results of the lattice-parameter refinement cal cul ations
SmFe aloy SmFeTaalloy
Phase a, A c, A vV, A3 Phase a, A c, A V, A3
2:17 |8545+0.002|12.428+0.004 | 785.812+0.364 | 2:17 |8.558+0.002| 12.441 + 0.005 | 789.096 + 0.005

an angle of 30.5° during the EDX S spectrum collection.
The TagFe; phase from the SmFeTa cast material and
the Sm,Fe;; phase from the binary cast material were
used as standards for the k-ratio determination. The
Cliff—Lorimer [16] method and absorption correction
[17, 18] were used for the quantitative analysis. The
sample thickness required for the absorption calcula-
tions was estimated using the contamination-spot
method.

2. RESULTS AND DISCUSSION
2.1. X-ray Diffraction and EDX Spectroscopy

The SmFeTa material was found to contain signifi-
cant amounts of TagFe;, aswell asthe Sm,Fe;;, SmFe,,
SmFe; phases observed in the SmFe material, but with-
out the a-iron dendrites characteristic of the SmFe
material. Analyses of the Sm,Fe;; phase in the SmFeTa
sampl e show that 2—-3% of Tais dissolved in this phase.
More detailed information relating to this investigation
has been published previoudly [19]. Results of the lat-
tice-parameter refinement cal culations are shown in the
table. These refinements reveal that the presence of Ta
inthe Sm,Fe;; phase, in agreement with Sgjeet al. [20],
causes a significant lattice expansion. The volume of
the 2 : 17 unit cell for the SmFeTa alloy was observed

Fig. 1. A TEM image of the as-cast Sm—Fe-Tadlloy.
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to be some 0.42% greater than that of the binary SmFe;
this is somewhat smaller than the 0.7% expansion
reported by Gutfleisch et al. [21] for a4% Nb aloy.

2.2. TEM Investigations

In order to assess the influence of Ta on the different
behaviour observed during the HDDR process, both
materials were studied using analytical electron
microscopy (TEM-EDX). First, the SmFeTa cast mate-
rial was investigated (Fig. 1). The phase composition
obtained using SEM-EDX analyses was confirmed. It
was found that the 2 : 17 matrix phase has some Tadis-
solved init. In contrast, Ta can be found in the form of
Tarich precipitates in the Sm-rich phases SmFe, and
SmFe;. In the SmFe, phase, some planar defects were
observed. Using bright-field and dark-field experi-
ments, it was confirmed that these defects are most
probably antiphase boundaries (APB) (cf. Fig. 1).

Then, the SmFeTa sample subjected to the HDDR
run (Fig. 2) wasinvestigated and some differenceswere
observed. It was found that the 2:17 matrix phase con-
tains less Ta than the same phase in the cast material.
The Tawas found in the form of Ta-based precipitates
located within the original 2: 17 phase. To find the
exact difference in the Ta concentration in the Sm,Fe;;

SmFez)
precipitatef

!

Fig. 2. A TEM image of the HDDR-processed Sm-Fe-Ta
material.
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Fig. 3. Calculated absorption-correction and secondary flu-
orescence correction factors vs. foil thickness: (1) absorp-
tion-correction factors for Ta, (2) secondary fluorescence
correction factors for Sm—Fe, and (3) for Fe-Ta.

phase between the cast material and in the sampl es after
the HDDR run, we performed rigorous, quantitative
EDXS andysis.

During the 5 min required for the collection of an
EDXS spectrum, we observed that the drift of the sam-
ple and the sample contamination (carbon build-up)
were relatively low. By limiting the time to 300 s and
taking into account that around 5000 counts per Ta L,
peak for a 3% error limit (at a 95% confidence level)
should be used, we found that the foil thickness at the
measuring points had to be at least 150 nm. At this
thickness, the influence of the amorphous contamina-
tion layer, originating from the ion erosion process, is
also minimized. In addition, due to the relatively high
mass absorption coefficient of Ta L, lines in Sm
(433.9 cm?/g) [18], the influence of absorption should
be tested if the errors are to be kept as low as possible.
In Fig. 3, the calculated absorption-correction coeffi-
cients for Ta as a function of foil thickness in the
Sm,Fe;; phase are shown. For a thickness of around
150 nm, the correction factor is higher than 2.5%; thus
absorption should not be neglected. We performed a
similar calculation [22] for the secondary fluorescence
correction (Fig. 3) and found that the effect isvery low;
therefore, thistype of correction was not used.

From the measured concentrations we calculated
the reproducibility (precision defined as the relative
standard deviation of measurements) of the Taconcen-
tration measurements in various phases. It was found
that in the TagFe; phase (cast material), the reproduc-
ibility was better than 2%, justifying the use of this
phase as astandard for Ta. In the Sm,(FeTa),; phasein
the cast aloy, the relative standard deviation of mea-
surements was better than 5%, and in the same phase
in the sample after asingle HDDR cycle, it was around
12%. The relatively high value of the standard devia-
tion in this case can be explained by the presence of
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TagFe; nanoprecipitates in the analyzed volume. After
discarding the points where a high concentration of Ta
indicates the presence of Tarich precipitates, it was
found that in the Ta-containing cast material the con-
centration of Tain the Sm,Fe;; phaseis2.0+ 0.1 at. %,
while after the HDDR process, this phase contains
1.2+ 0.1at. % of Ta

In summary, theintroduction of Tahasavery signif-
icant and beneficial impact on the cast material: mag-
net-processing problems associated with the presence
of iron dendrites are removed due to formation of the
TagFe, phase rather than peritectic iron.

The Ta-containing alloy was also observed to be
significantly more stable in terms of the resistance of
the 2 : 17 hydride phase to disproportionation. This
can be attributed to the dissolution of 2.0% of Tainto
the 2 : 17 phase increasing its stability with respect to
decomposition in a hydrogen atmosphere. SEM and
TEM studies revealed that the Tais initially dissolved
in the Sm,(FeTa),; phase in the cast structure; how-
ever, the HDDR process causes the formation of Ta-
based precipitates leaving the 2 : 17 phase with 1.2%
dissolved Ta.
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Abstract—The field and temperature dependences of the magnetization of a LiTbF, single crystal are mea-
sured at temperatures ranging from 2 to 300 K in magnetic fields (up to 5 T) directed parallel and perpendicular
to the crystallographic axis c. It is revealed that the temperature dependence of the induced (van Vleck) trans-
verse magnetization exhibits nonmonotonic behavior with a maximum in the vicinity of the liquid-nitrogen
temperature. The results of magnetization measurements are used to determine the parameters of the crystal
field and interionic magnetic interactions. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Lithium terbium tetrafluoride LiTbF, is an Ising
dipole ferromagnet in which the magnetization axisis
aligned parallel to the crystallographic axis c. Single-
crystal LiTbF, undergoes a phase transition from the
paramagnetic state to the ferromagnetic state with a
decrease in temperature to T, = 2.874-2.885 K [1, 2]
due to the magnetic dipole-dipole interaction between
non-Kramers Tb** ions. Different physical properties of
LiTbF, crystalsasamodel system with the specific fea-
tures of dipole—dipole ordering have been thoroughly
investigated by many researchers. In particular, Chris-
tensen [3] measured optical absorption spectra and the
energies of Stark sublevels for a number of multiplets
(such as'Fg, ’F3, 'F,, 'F4, and °D,) of the Tb3* 4f 8 elec-
tron shell in the temperature range 2.3-150 K. Ahlers
et al. [4] analyzed the temperature dependence of the
heat capacity in the vicinity of the phase transition. In
[5-7], the effects associated with the interaction
between the 4f electrons localized on terbium ions and
the lattice vibrations were studied using the Raman
spectra. It was found that the magnetically ordered
phase is characterized by spontaneous splitting of
degenerate optical branches of the vibrational spectrum
due to coupled el ectron—phonon excitations [5-7]. Als-
Nielsen et al. [1] experimentally investigated magnetic
scattering of neutrons and obtained the temperature
dependence of the spontaneous magnetization. Holmes
et al. [8] evaluated the exchange interaction constants.
The Curie-Weiss paramagnetic temperature (3.6 K)
and the characteristics of the ground state of terbium
ions were determined from measurements of the mag-
netic susceptibility in weak magnetic fields [9] and
from the electron paramagnetic resonance spectra[10].
Krotov et al. [11] investigated the magnetoel astic inter-

action, spontaneous magnetostriction, and forced mag-
netostriction in LiTbF, single crystals. The specific fea
tures of the magnetic properties of both the magneti-
cally concentrated and diluted (LiY,Tb, _,F,) crystas
inthevicinity of the Curie temperature were considered
in[2, 12-15].

In the present work, we measured the longitudinal
and transverse magnetizations in the paramagnetic and
ferromagnetic phases of LiTbF, singlecrystalsin exter-
nal magnetic fields directed paralel and perpendicular
to the symmetry axis of the corresponding crystal lat-
tice with the aim of refining the data available in the lit-
erature on the parameters of the crystal field and interi-
onic magnetic interactions.

2. EXPERIMENTAL TECHNIQUE

A single crystal of LiTbF, was grown by the Bridg-
man-Stockbarger method according to the procedure
described in [16]. The single crystal was first oriented
using an x-ray diffractometer and then shaped into a
sphere approximately 2 mm in diameter. In order to
exclude rotation of the single-crystal sample in strong
magnetic fields (due to strong magnetic anisotropy), the
crystal was fixed in a cryostat with the use of a Stycast
1266A low-temperature epoxy resin.

The magnetization measurements were performed
on a SQUID quantum magnetometer (MPM S-2 Quan-
tum Design), which made it possible to measure the
magnetization of samples over wide ranges of magnetic
fields (up to 5.5 T) and temperatures (2—400 K). How-
ever, for the single-crystal sample studied in thiswork,
the linearity limit of the magnetometer used in measur-
ing the magnetization was equal to 1.25 emu, because
the quantum-mechanical amplifier went out of linear

1063-7834/02/4408-1544%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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operation when the magnetic flux changed drastically.
For this reason, our attempts to measure the saturation
magneti zation were unsuccessful.

The experimental data obtained in this work were
compared with the results of the theoretical analysis
described below.

3. CALCULATION OF THE MAGNETIZATION
AND DISCUSSION OF THE EXPERIMENTAL
RESULTS

Crystals of the LiLnF, tetrafluoride serieshave atet-
ragona structure of the CawQ, scheelite type with

space-group symmetry Cﬁh (14,/8). Theunit cell param-
eters at a temperature of 100 K are as follows. a =
0.5181 nmand ¢ =1.0873 nm[1]. Theunit cell contains
two magnetically equivalent Ln®* ions at sites with
point-group symmetry S, [17]. The energy of interac-
tion between the electrons localized on the 4f unfilled
shell of the rare-earth ion and the static crystal field is

determined by the parameters B‘,‘) of the single-electron
Hamiltonian

H = aB0; + B[B;0; + B;O; + B, Q;']

)
+y[ BSOS + BgOg + B5'Q51,

where a, 3, and y are the reduced matrix elements (the

Stevens coefficients) and Of and Q} are the Stevens
operators [18]. In the crystal field, the fundamental
term "F4 of the Th3* ionis split into seven sublevels cor-
responding to the irreducible representations I'; (three
singlets), I, (four singlets), and I3, (three doublets) of
point-group symmetry S,. The ground state of the Th%*
ion is characterized by a quasi-doublet consisting of
two singlets I'; (k =1, 2) with the initial splitting 6 =
1 cm; inthis case, the A energy of the nearest neigh-
bor excited state (the I3, doublet) is of the order of 100
cm! [3]. At low temperatures (ks T < A, where kg isthe
Boltzmann constant), only the fundamental quasi-dou-
bletisvirtualy filled and, since sublevelsof thel™, sym-
metry are mixed only with the component of the exter-
nal magnetic field B, that is oriented along the [001]
axis of the crystal lattice (in the present work, we used
the crystal system of coordinatesin which the zaxisis
aligned parallel to the c axis), the magnetic properties
of the LiTbF, single crystal can be considered within
the model of an Ising three-dimensional magnet in a
transverse magnetic field whose role is played by the
initial splitting & of the quasi-doublet. The Hamiltonian
of the system can be represented in terms of the opera-
tors of the effective spin moment components S, of the
ith Tb* ion (S= 1/2) in the following form:
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Het = —%Z[%Kij + ‘]ij:|SzSJz
. e
- Z (6Sx T g Hs BOzgz)'

Here, g is the Bohr magneton, the first sum corre-
sponds to the pair magnetic dipole-dipole and

exchange interactions, K;; = v(3Z; —rf;)/r}, v = a%/2

is the volume of the unit cell, and ry; is the vector con-
necting two Th** ions. The intrinsic magnetic moment
of the Tb3 ionsis characterized by only the z compo-
nent oriented along the symmetry axis of the crystal lat-
tice. By virtue of the large effective g factor (g, =
29, [T5|3,|r30 = 17.85 [10], where g, = 3/2 is the
Landé splitting factor and J isthe total angular momen-
tum of theion), the magnetic dipole—dipole interaction
plays a dominant role in magnetic ordering. Since the
magnetic dipole-dipole interaction is a long-range
interaction, the calculation of the low-temperature
magnetic characteristics of the LiTbF, single crystal
within the self-consistent field approximation is
justified.

3.1. Exchange interaction. In the self-consistent
field approximation, the local magnetic field acting on
Tb3* paramagnetic ionsin asingle-crystal sampleaong
the [001] direction can be represented as the sum of the
external magnetic field B, the molecular field By, =
AM, and the demagnetizing field B, =-DM, whereM is
the magnetization of the sample, D is the demagnetiz-
ing factor (for a spherical sample, D = 4173), A = Ap +

A; isthe molecular field constant, and Ap = ) |, D;;/2 =

(41v3) x 1.3965 is the Lorentz field constant, which is
obtained by summation over thelattice (in our case, the
unit cell contains two paramagnetic ions). The

exchange field constant A, = vszij/Z(QHHB)z is

determined by the exchange interaction between the
nearest neighbor ions. In particular, based on analyzing
the data on quasi-€elastic neutron scattering by aLiTbF,
crystal, Holmes et al. [8] estimated the exchange inte-
gras for interactions of terbium ions with the nearest
neighbor ions (for four ions located at a distance of
0.375 nm, J; = -0.3624 + 0.125 cm™) and with the
next-to-nearest neighbor ions (for ions located at adis-
tance of 0.518 nm, J, = 0.07 + 0.14 cm™). In this case,
the molecular field constant is estimated to be A =
5.23 £ 0.56. In the self-consistent field approximation,
the molecular field constant A can be related to the
observed temperature of magnetic ordering through the
relationship

_ (9||HB)2 0% [
1=A v tanh[QkBTCD' (©))
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By substituting d = 1.1 cm? and T, = 2.88 K into rela
tionship (3), we can estimate the molecular field con-
stant from below: A > 4.32. For the paramagnetic phase
at sufficiently low temperatures (T, < T < A/kg) and in
weak magnetic fields By, < d/(gyug) = 0.1 T, the mag-
netization of the studied sample along the crystalo-
graphic axis c of the lattice can be represented by the
expression

anh(3/2ksT,)

M, = BOZ[A Otanh(3/2ksT)

15+ DT. 4)

In the case when the dipole-dipole interaction
between paramagnetic ions dominates in the crystal, a
decrease in temperature below the Curie point leads to
the formation of domains with a zero demagnetizing
factor (i.e., long thin cylinders with a generatrix along
the magnetization axis are formed) [3]. Note that the
total magnetic moment of the crystal MV (V isthe crys-
tal volume) remains zero. In aweak external magnetic
field, the domains are partially reoriented; as a result,
the demagnetizing field By, completely compensates
for the external magnetic field By, and the magnetiza-
tion of the crystal isequal to the limiting magnetization
defined by expression (4);i.e, M,=B/Da T — T,
and under the condition By, < My/D = B... Here, M, isthe
spontaneous magnetization at a specified temperature
of the sample, which satisfies the relationship

0
[8° + (gieAMo)]
 tenh{[8° + (gueAMo)] " 12ke T}

©)

1

tanh(8/2kgT,)

Magnetization, emu/g

Fig. 1. Magnetization of the LiTbF, single crystal asafunc-
tion of the external magnetic field strength (M || Bg || C) at
temperatures of (1) 2, (2) 5, (3) 10, (4) 20, and (5) 77 K.
Symbolsindicate the experimental data, and solid linesrep-
resent the results of calculations.
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Thus, the dependence of the induced magnetization
on the external magnetic fieldislinear at T < T, and the
saturation of magnetization occurs upon reorientation
of al thedomainsinvolved. Ascan be seenfrom Fig. 1,
the magnetization measured at atemperature of 2K is
alinear function of the external magnetic field (straight
line 1); in this case, the demagnetizing factor is esti-
mated to be D = 3.91 + 0.2. The experimental tempera-
ture dependence of the magnetization measured in a
very weak magnetic field is shown in Fig. 2 (curve 6).
The observed increase in the magnetization with a
decrease in the temperature is adequately described by
expression (4) with the molecular field constant A, =
4.525 and demagnetizing factor D = 4.11, which corre-
spond to the horizontal portion of the curve M(T). The
solid linesin Figs. 1 and 2 (except for curve 7 in Fig. 2)
represent the results of our calculations with the same
molecular field constant (A, = 4.525). Therefore, the
ratio of the energy of exchange (antiferromagnetic)
interaction between the nearest neighbor ions to the
energy of their magnetic dipole—dipole interaction can
reach a value of -0.42. The derivative (OM,(T,

Bo)/0T)g,, has adiscontinuity at the point of intersec-

tion of the curves M(T) and My(T), which represent the
temperature dependences of the induced magnetization
and the spontaneous magneti zation, respectively. Curve 7
in Fig. 2 depicts the temperature dependence of the
spontaneous magnetization of the LiTbF, crysta
according to the magnetic neutron scattering data
obtained in [1]. It can be seen from the temperature
dependences of the magnetization measured in mag-
netic fields of 0.0009 and 0.1 T (Fig. 2) that, in actual
practice, similar information on the spontaneous mag-
netization of adipole ferromagnet can be obtained from

~
9]

Magnetization, emu/g
(9]
S

SRS
RO

1 1
0 0.1 0.2 0.3 0.4 0.5
71 K!

Fig. 2. Temperature dependences of the magnetization of
the LiTbF,4 single crystal in the magnetic field Bg || c. Mag-
netic field strength By: (1) 5, (2) 1, (3) 0.6, (4) 0.3, (5) 0.1,
and (6) 0.0009 T. Symbols indicate the experimental data,
and solid lines represent the results of calculations.
(7) Spontaneous magnetization taken from [1].
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significantly simpler measurements of the induced
magnetization.

3.2. Parametersof the crystal field. For high tem-
peratures (at which the populations of the excited Stark
sublevels of the fundamental term "F4 for the Th** ions
should be taken into account) and strong magnetic
fields with considerable mixing of the wave functions
of thefundamental quasi-doublet and excited sublevels,
the magnetization can be calculated as afunction of the
temperature and the local magnetic field B,,. = By +
By + Bp intheframework of the single-ion approxima-
tion; that is,

_ 20 Mg Sp[Jexp(—H/kgT)]
M== Sp[exp(-H/kgT)] ©)

Here, H is the single-ion Hamiltonian operator involv-
ing the energy of the rare-earth ion in the crystal field
and the energy of the Zeeman interaction:

H = Hcf +gLUB‘]BI0c- (7)

The dependence of the magnetization on the external
magnetic field B, can be obtained from relationship (6)
by comparing M (Bloc) and B0 = BIoc - ()\ - D)M (Bloc)-
It should be noted that there is a wide scatter of the
data available in the literature on the crystal field
parameters for terbium ions in isostructural crystals
LiTbF, [3, 11, 19] and LiYF, : Th% (Tb* ions substi-
tute for Y3* ions) [20]. Since the form of Hamiltonian
(1) remains unchanged upon an arbitrary rotation of the
coordinate system about the [001] quantization axis
and, in particular, the x and y axes can be chosen in the
basal plane of the crystal lattice in such away that one

of the four parameters B, B;*, By, and B becomes

zero, information regarding the g factors and relative
energies of the sublevels of the fundamental term of the
paramagnetic ion, which is derived from investigations
into the linear magnetic susceptibility and optical spec-
tra, makesit possible to determine only six of the seven

parameters B';, involved in the Hamiltonian operator

(2). With the aim of determining the parameters of the
crystal field in LiRF, crystals (R=Tb, Dy, Ho, Er, and
Yb), Nevald and Hansen [19] studied the nonlinear
magnetic susceptibility anisotropy in the basal plane of
the crystal system and analyzed the results of magnetic
measurements in terms of the single-ion Hamiltonian
(7). However, the magnetic anisotropy of concentrated
rare-earth paramagnets at low temperatures is charac-
terized by a substantial contribution of the magne-
toelagtic interaction. Therefore, in the general case, the
Hamiltonian operator (7) should contain terms account-
ing for the interaction between the rare-earth ion and
the lattice strain induced by the magnetic field.

In LiTbF, crystals, the magnetoelastic interaction is
suppressed by virtue of the large difference between the
energy of the ground state (quasi-doublet) and the
energy of the nearest neighbor excited states [11]; for
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Magnetization, emu/g
(@)}

[\

10 100
T,K

Fig. 3. Temperature dependences of the magnetization of
the LiTbF, single crystal in the magnetic field Bo O c. Mag-
netic field strength By: (1) 5, (2) 3, and (3) 1 T. Symbols
indicate the experimental data. Theoretical temperature
dependences of the magnetization are calculated using the
crystal field parameters obtained in this work (solid lines)
and (at By = 5 T) the parameters taken from (a) [20] (dotted
line), (b) [3] (dashed line), and (c) [19] (dot-dashed line).

the same reason, the van Vleck paramagnetic suscepti-
bility in the ground state is small and its anisotropy in
the basal plane is virtualy absent. Nonetheless, the
transverse magnetization can change significantly with
an increase in the temperature and upon filling of
excited non-Kramers doublet states, which are charac-
terized by a considerable mixing with closely spaced
singlet states in the magnetic field B, [ c. Figure 3 pre-
sents the results of our measurements of the transverse
magnetization of the LiTbF, single crystal over awide
temperature range in magnetic fields with inductions of
1, 3, and 5 T. Owing to the very large difference (up to
two orders of magnitude in a magnetic field with an
induction of 1 T) between the longitudinal and trans-
verse magnetic susceptibilities of the terbium ions,
even an insignificant deviation of the sense of the exter-
nal magnetic field from the basal plane may introduce
large errors into the results of the magnetic measure-
ments. We compared the results of magnetic measure-
ments at different senses of the external magnetic field
with respect to the symmetry axis of the crystal lattice
and estimated the error d¢ < 0.8° in the orientation of
the magnetic field with respect to the (X, y) planein the
experiments, the results of which are presented in
Fig. 3. An insignificant increase in the magnetization
with an increase in temperature from 3 to 20 K is
caused by adecrease in the contribution from the longi-
tudinal component of the magnetic moment of the ter-
biumions(cf. Fig. 2). With afurther increase in temper-
ature, the transverse magnetization increases substan-
tially and reaches a maximum at a temperature of 80—
90 K. The magnetization M || B, O ¢ was calculated
according to relationships (6) and (7). The results of
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Crystal field parameters Bl;, (cm™)

ROMANOVA et al.

Reference

(LiYE,: Tb™) [19] [3] [11] Thiswork
B) 200 227.5 237 237 236
B, ~100 ~1212 -54.1 -54.1 -58
BY -3.56 -30.3 4 4 5
B -1103 —946.5 —854.2 —854.2 —854.2
B, 0 0 —739 —739 —739
Bq -529 -845 -526 —477 —477
By 0 +93.8 -335 -291 -291

these calculations are presented in Fig. 3. The non-
monotonic behavior of the temperature dependence of
the transverse magnetization can be explained by the
anomaloudly large field-induced magnetic moment at
the lower sublevel of the non-Kramers doublet I3,

(nearest to the ground state) with an energy of 108 cmr.
Figure 4 showsthe splitting of thisdoublet asafunction
of the magnetic field in comparison with the shiftsin
the energy sublevels of the fundamental quasi-doublet.
Ascan be seen from Fig. 3, the results of magnetization
calculations with the use of the data available in the lit-
erature on the crystal field parameters (see table) differ
significantly from the results of magnetization mea-
surements. The small correction to the crystal field
parameters calculated in [11] within the model of

r
100F 34

el
(=
T

E, cm

By, T

Fig. 4. Energy of the ground and nearest neighbor excited
states of the Th°* ion as a function of the magnetic field
strength (Bg O ¢).

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

exchange charges made it possible to describe ade-
quately both the energy of Stark sublevels of the "Fg
term (in particular, we calculated the splitting of the
fundamental quasi-doublet & = 1.09 cm™, the splitting
factor g, = 17.90, and the energy of the nearest neighbor
doublet A = 106.6 cm™) and the temperature and field
dependences of the magnetization. The results of our
calculations are shown by solid linesin Figs. 1-3.

In conclusion, we note that the results obtained in
the present work can be useful in systematizing infor-
mation on the exchange interaction and crystal field
parameters for crystals of double rare-earth fluorides.
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| sotropic and Anisotropic Exchange I nteractions
in the Orbitally Degenerate Excited (*A, x 2T,) State
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Abstract—Experimentally observed optical absorption spectraof isolated pairs of chromiumionsin Cs;Cr,Brq
corresponding to transitions of pairs from the ground (A, x 2A,) state to asingly excited (*A, x 2T,) State are
theoretically interpreted. It is shown that the position of the exchange multiplets in the excited (*A, x 2T,) state
is determined mainly by the resonance exchange interactions removing the degeneracy with respect to the
exchanzge by an excitation within the pair. It is established that the observed fine structure of the pair in the

("Ay %

T,) stateis due to a superposition of the contributions from the one- and two-center spin—orbit interac-

tion and resonance antisymmetric exchange. © 2002 MAIK “ Nauka/lInterperiodica” .

1. The Cs,Cr,Brg crystal (D, Symmetry group) isa
concentrated two-nucleus system in which the chro-
mium-ion dimers possess high local symmetry (Dj,)
[1]. Aninvestigation of the polarized absorption spectra
in awide interval of temperatures and magnetic fields
[2] made it possible to reveal agreat number of narrow
lines in the range from 18500 to 19000 cm. All the
lines were identified and ascribed to the allowed zero-
phonon electric-dipole transitions from the ground
(*A, x 2A,) state of theion pair to asingly excited (“A, x
2T,) state. The wavelengths of the identified lines and
the energy-level diagram of the ion pair in the (*A, x
2T,) statewere also found in[2] (Table 1) by processing
the experimental data.

This paper is devoted to investigation of the specific
features of the exchange interactions in the excited
(*A, x 2T,) state of the Cr®* ion pairsin Cs,Cr,Brg. The
positions and the fine structure of the exchange multip-
letsin the (*A, x 2T,) state are calculated in the frame-
work of the effective-Hamiltonian method. The param-
eters of the effective Hamiltonian are found by compar-
ing the theoretically calculated and experimentally
determined energy-level diagrams. The microscopic
mechanisms responsible for the formation of the energy
spectrum of the ion pair in the excited (*A, x 2T,) state
are established.

2. The ground state of apair of Cr3* ions (*A, x 2A,)
can be adequately described by the Heisenberg-Dirac—
Van Vleck Hamiltonian

H = J(SS) +i(SS) 1)

where the indices a and b refer to theions and J, and |
arethe exchange parameters: J,=4.9+0.3cm*andj =
-0.21+0.06 cm™ [2].

The group-theoretical approach makesit possible to
determine the allowed terms of the ion pair from the
states of the isolated ions. This significantly simplifies
calculation of the fine structure of the spectrum of the
(%A, x 2T,) state, whose degeneracy factor is 48. In this
case, the set of the allowed multiplets of the pair is[3]

4 2. KN 3an 3 3
)

+5A‘2+5AI+5El+5E",

where I = A,, A}, E', E" corresponds to irreducible
representations of the Dy, group. Taking into account
the spin—orbit and spin—spin interactions |eads to addi-
tiona splitting of the exchange multiplets in Eq. (2)
(Table 1). When constructing the wave functions of the
allowed terms of theion pair and the effective Hamilto-
nian of one- and two-center interactions, it is very
important to properly choose the local coordinate sys-
tems associated with individual ions and the pair coor-
dinate system, which is necessary in writing out the
spin-dependent pair interactions. We defined these sys-
tems of coordinatesin the same way aswas donefor the
first-order pair of Cr3* ionsin ruby [4].

3. The structure of the energy spectrum of the ion
pair inthe (“A, x 2T,) state depends on the ratio between
the energies of one-center (spin—orbit, trigona field)
and pair exchange interactions. In the case under con-
sideration, the spin—orbit interaction and trigonal-field
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Table 1. Fine-structure energy levels of the excited (*A, x T,) states of apair of chromium ionsin Cs;Cr,Brq

Energy levels, cm™ - ; ;
Term Fine structure ' Fine structureH in t(_elrtms_of the effective
theory experiment [2] amiftonian
N A;(0) 18661 18661 Ko—4D
2
E"(x1) 18661 Ko+ 2D
A A5(0) 18730 18730 Ko—4D
E'(x1) 18730 Ko+ 2D
e E"(x1) 18696 18696 Ko+ A +2D
E'(0) 18699 18699 Ko—4D
AL+ Ap(+1) 18701 18701 Ko+A+2D +2./6|B|
= E'(x1) 18768 Ko+A+2D
E"(0) 18787 Ko—4D
AL+ Ay(£1) 18802 Ko+A+2D+2./6|B|
°A, A5(0) 18786 18786 Ko—12D
E'(x2) 18786 18786 Ko+ 12D
E"(x1) 18786 Ko—6D
5" E'(x1) 18608 18608 Ko—6D
2 E'(22) 18608 18608 Ko+ 12D
A;(0) 18608 Ko—12D
°E" A+ A (£2) 18653 Ko+ 2\ + 12D
E'(x1) 18643 18645 Ko+ A —6D
E"(0) 18635 18631 Ko—A + ((12D —\)? + 144B?) 12
E'(x2) 18621 18620 Ko—A — (12D — \)? + 144B2)12
A+ AL (1) 18627 18630 Ko—A—6D +6./6 B
°E' Al + Ay (£2) 18878 Ko+ 2\ +12D
E"(x1) 18892 18892 Ko+ A —6D
E'(0) 18901 18901 Ko—A — ((12D — \)2 + 144B?)12
E'(x2) 18904 18904 Ko—A + ((12D —\)? + 144B?)2
A+ A(£1) 18905 18905 Ko—A —6D =+ 6./6 B

in the 2Tz(tg) state do not appear in the first-order per-
turbational approximation. Therefore, the position of
different multiplets 25* 1" is determined mainly by the
exchange interactions. The effective Hamiltonian can
be represented in the form [3]
H = Hg+H,
Hy = Ki[Xoa(T1) + Xop(T2)]
+J5(5.S) + Jo[ Xoa(T2) + Xop(B)] (S.S), 3)

Hr = ROTOa(Tl)TOb(Tl)(QaQb)
+ R{T4a(T) Tp(T0) + T a(T) Tun(To)} (QaQp)-
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Here, the Hamiltonian H, describes the pair interaction
in the case where the excitation is localized at one ion
of the pair and the operator H, is responsible for the
exchange interactions removing the degeneracy with
respect to the exchange by an excitation within the pair.
The term with K; appears in the second-order approxi-
mation with respect to the trigonal field and spin-inde-
pendent exchange interaction, and the term containing
J, describes the orbital modification of the Hamilto-
nian. The matrices of the orbital operatorst, and X,(T,)
and of the spin operator Q were determined in [3].

The energy levels of the exchange multiplets in the
(“A, x °T,) state are

ECST) = To—Ky+ (3, +n3)0(9 £ RV(S), (4)
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Table 2. Parameters of the effective Hamiltonian (6) for dif-
ferent terms of the (*A, x 2T,) state

Tem |Kg,em™| A,cem™ | D,em? | B,cm™

3, 18670

A 18730

°A, 18786

SAr 18608

SE" (theory) | 18786 -16.8 -0.27 0

3 18698 | -25 | -008 ||B|<0.81
S 18636 7.9 008 | |B|<0.27
5 18896 | 65 | —042 ||B|<0.27

where ¢(S = [S(S+ 1) - 9/2])/2 and V(S = SS+ 1)/3.
Here, uy=-land R =R, for" = E', E"and p = 2 and

R=R,forl = A,, A;.

The effective Hamiltonian describing the fine struc-
ture of the exchange multiplets can be written as

H, = Hy+H,,
Has = Aol Xoa(T1) Soa + Xoo(T) Sor)
M Xoa(T2) Sop + Xoo(T2) Soal
+(D + D[ Xoo(To) + XouTINI[SSIS, (B
Da{ oo T To(T0) =TT T} [QaQel S
+ DyToaT) Too(T)[Qa Q]

+ Daf ToaTDT(T0) + Ta(TDTen(T} [QaQul .

Along with the usual terms, the Hamiltonian Hg
includes a number of new terms describing the spin—
other-ion orbit (A,) and resonance antisymmetric
exchange (D,) interactions. At the first step, it is desir-
ableto calculate the fine structure of the exchange mul-
tiplets by using the effective Hamiltonian in the total-
pair-spin representation [3]:

Heff(zs+lr1) = Ko+ Dog)z),
Hat(°7'M,) = Ko+ AX(A)SY + DS (6)
+B[X(E)S? - X.(E)S7],

Hrs =

where ', = A,, A] and ', = E', E". In the effective
Hamiltonian (6), the constants corresponding to differ-
ent terms do not necessarily coincide. In particular, for
the parameters A, we have

1 _()\o+5)\)

3y _
ACE") = 4[201 ™
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)\3 N — 1 l_()\0+5)\)
(E) +4JéD 4./3
MEY = +4J§D1+ 4.5 '
| (Ao +3N)
ACE) = 4ﬁDl+ i

Agreement between the theoretically calculated
energy-level diagrams and the energy diagrams experi-
mentally found in [2] is achieved for the following val-
ues of the constantsin Eq. (3):

IRy = 445cm™, |R| =65cm™,
J,=767cm™, J, = —466cm
K, = -195cm™.

The values of the constantsinvolved in the effective
Hamiltonian (6) and describing the fine structure of the
multiplets of the (A, x 2T,) state are listed in Table 2.

It is seen that the parameters of the isotropic
exchange in the ground and excited states are of the
same sign and are comparable in magnitude. In this
case, the resonance exchange interaction makes a dom-
inant contribution to the formation of the energy spec-
trum of the pair. The relatively large value of the con-
stant K; is due to the second-order contribution from

the trigonal field V,: K, ~ =V /A, where A ~ 500 cm
is the distance to the lowest excited state of (*A, x 2A,).
The fine structure of the spectrum of the ion pair is
determined mainly by the spin—orbit interactions and
resonant antisymmetric exchange: A\, = 28.9 cmr, A =
—7.6 cm™, and D, = 40.5 cm™. Therelatively large val-
ues of the constantsin the effective Hamiltonian (6) and
Eq. (7) are probably due to the uncertainty in the exper-
imentally measured positions of the spectral lines.
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Abstract—The local structure of titanium pair centersin SrF, : Ti crystalsisinvestigated using electron para-
magnetic resonance (EPR) and electron—nuclear double resonance (ENDOR) spectroscopy. It isfound that tita-
nium pair centers with spin moment S= 2 and tetragona symmetry of the magnetic properties are formed in
SrF, : Ti cubic crystals under certain growth conditions and during annealing. The tensor components of the
fine and ligand hyperfine structures in the EPR and ENDOR spectra are determined. A model of the Ti*—Ti3*
paramagnetic dimer is proposed. This model provides an adequate interpretation of both the ferromagnetic
nature of the exchange interaction and the observed displacements of four ligands in the first coordination
sphere of titanium impurity ions in directions perpendicular to the impurity ion-Higand bonds. © 2002 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Earlier, we investigated the conditions of the forma-
tion of different-type centers of transition metal impu-
rity ions in crystals of the fluorite structural type (see,
for example, [1, 2]) and demonstrated that crystals
grown from amelt under certain conditions contain sin-
gle-type stable clusters whose composition involves
two or more impurity ions. It has been found that the
formation of a cluster in the bulk of a growing crystal
occurs through diffusion in the bulk of the aready
formed crystal lattice rather than through crystalliza-
tion of a molecular cluster formed in the melt in the
immediate vicinity of the crystallization front. This
inference is confirmed by the results of electron para
magnetic resonance (EPR) investigations, according to
which the concentration of clusters (dimers, trimers,
etc.) formed upon annealing of a crystal activated by
paramagnetic impurities increases at the expense of a
decrease in the concentration of single impurity cen-
ters. We believe that the possibility of the solid-phase
synthesis of stable impurity polymers proceeding in
crystals of the fluorite structural type is determined by
their physicochemical properties. As is known, these
crystals belong to a large group of ionic compounds
with the so-called superionic conductivity [3]. The
effect of superionic conductivity residesin thefact that,
at high temperatures (close to the melting temperature
Tmat), the amplitude of lattice vibrations becomes large
to such an extent that intensive processes of partially
correlated ionic diffusion occur in the crystal. In this
case, F~ lattice anions possess the highest mobility. Itis
evident that, under these diffusion conditions, stable

impurity polymers can be formed only in the case when
thelattice energy decreases asaresult of coal escence of
singleimpurity centers. It isthis energy gain that deter-
mines the conditions of the formation of impurity clus-
ters and their stability.

It is quite reasonable that the crystal lattice in the
vicinity of an impurity polymer is distorted to such a
degree that the lattice atoms hearest to the impurity ions
will be displaced from positions corresponding to the
impurity-free crystal. To the best of our knowledge, in
all cases, the directions of these displacements are
approximately collinear with respect to the directions
of bonds between the impurity cations and the nearest
neighbor anions. The novelty of the results obtained in
the present work is as follows: in titanium impurity
dimers, which we synthesized in StF, : Ti cubic crystals
under conditions providing impurity ion diffusion in
the solid phase, four F-anionsinvolved in thefirst coor-
dination sphere of one of the titanium impurity ions are
displaced in the direction perpendicular to the impurity
ionHigand bonds. Prior to the above displacements,
these four fluorine ions occupy vertices of a square
fragment of one of the networks comprising the anionic
sublattice whose plane is perpendicular to the axis of
the impurity dimer. After synchronous displacements,
the same four F~ fluorine ions occupy vertices of
another square fragment that is rotated with respect to
theinitial square through 45°. This paper reports on the
experimental results underlying the proposed interpre-
tation of the unusual character of the lattice deforma-
tion observed in a StF, : Ti crystal in the vicinity of a
pair of titanium impurity ions.

1063-7834/02/4408-1553%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

Crystals of SrF, : Ti were grown by the Czochral ski
method in a helium atmosphere with small fluorine
additives. The crucible used was produced from chem-
ically pure graphite. Titanium impurities in the form of
TiF, were introduced into the melt. Fluorine was added
to the helium atmosphere used in the crystal growth for
the purpose of preparing a melt of nonstoichiometric
composition with an excess content of fluorine ions.
Thisencouraged an increase in the equilibrium concen-
tration of titanium ions dissolved in the melt. It turned
out that the presence of excess fluorine ionsin the melt
is the necessary condition for the incorporation of tita-
nium into the lattice of the growing crystal.

The grown crystals were examined by EPR spec-
troscopy. It was found that, depending on the growth
conditions, the grown crystals contained either predom-
inantly cubic centers of bivalent titanium (the tempera-
ture gradient in the vicinity of the crystallization front
satisfied the condition (dT/dz) = 50 deg/cm, and the
velocity of the crystallization dz/dt front was approxi-
mately equal to 20 mm/h) [4] or titanium centers of tet-
ragona symmetry with spin moment S = 2 (dT/d2) <
5 deg/cm and (dz/dt) = 20 mm/h). The latter titanium
centers were described for thefirst timein [5].

The electron paramagnetic resonance measure-
ments were carried out on an E-12 Varian EPR spec-
trometer at temperatures of 4.2 and 77 K and at fre-
guencies of 9.3 and 37 GHz. The angular dependence
of the measured EPR spectra of titanium pair centersis
typical of tetragonal paramagnetic centers with spin
moment S= 2 and coincides with that obtained earlier
in [5]. At atemperature of 4.2 K, the line width in the
EPR spectrum is approximately equal to 15 Oe. At

17.15
20.9

|
12 16 20
Frequency, MHz

Fig. 1. ENDOR spectrum of a paramagnetic center formed
by a pair of titanium ions in the SrF, crystal. The external
magnetic field is aligned parallel to the C4 crystallographic
axis.
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77 K, the EPR lines in the spectrum are dlightly broad-
ened and the distances between the components of the
fine structure decrease by approximately 10%.

The electron—nuclear double resonance (ENDOR)
investigations were performed at an electron paramag-
netic resonance frequency of 9.3 GHz and at atemper-
ature of 4.2 K. The ENDOR measurements were car-
ried out on the same spectrometer equipped with a spe-
cia nuclear pumping oscillator operating in the
frequency range 1-100 MHz. The maximum input
power of the pumping oscillator was 100 W.

The angular dependences of the ENDOR frequen-
ciesof titanium pair centerswere measured in two crys-
tallographic planes, namely, the (110) and (001) planes.
The ENDOR spectra of titanium dimers were recorded
for electronic states in which the electron spin had the
following projections: Mg=-2, -1, 1, and 2.

3. EXPERIMENTAL RESULTS

Figure 1 shows the ENDOR spectrum for an elec-
tron transition (|-20~—— |-10J in one of the orientations
of the SrF, : Ti samplewith respect to the external mag-
netic field B, ([0010]| By). As can be seen from Fig. 1,
the low-frequency portion of the ENDOR spectrum is
similar to the high-frequency portion. Thisimplies that
the ENDOR transitions between nuclear sublevels of
both electronic states, |-20(the high-frequency portion
of the spectrum) and |-10(the low-frequency portion),
occur simultaneously. The angular dependences of the
ENDOR frequencies measured upon rotation of the sta-
tionary external magnetic field vector B, in two crystal-
lographic planes, namely, (001) and (110), are depicted
in Figs. 2a and 2b, respectively. It is seen that from
Fig. 2athat, for the sample orientation [0010]| B, four
ENDOR lines intersect at a point corresponding tov =
20.9 MHz and @ =0° and eight ENDOR lines meet at
v = 17.15 MHz and ¢ =0°. This indicates that the
ENDOR spectrum is characterized by three groups of
BF nuclei (I =1/2). Inthe spectrum shown in Fig. 1, the
ENDOR lines observed at frequencies of 20.9 and
14.7 MHz correspond to one of these three groups of
1F nuclei that consist of four equivalent ligands, the
lines at frequencies of 17.15 and 13.36 MHz are attrib-
uted to the second group composed of eight ligands,
and thelinesat frequenciesof 17.05and 13.25 MHz are
assigned to the third group. The ENDOR linesthat cor-
respond to the third group of ligands exhibit a low
intensity. For this reason, our attempts to determine the
number of F~anionsin thisgroup and their arrangement
with respect to the titanium impurity cations were
unsuccessful. As regards the first and second groups of
ligands [Fig. 3, F(I) and F(I1), respectively], we deter-
mined the parameters of the tensor components for the
ligand hyperfine interaction. With knowledge of the
parameters of the ligand hyperfine interaction tensors
(see below) and the number of ENDOR lines, it is pos-
sible to determine the arrangement of these ligands
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with respect to the titanium impurity ions and the num-
ber of ligands in the particular group, respectively.
Apparently, the second group of ligands is formed by
fluorine anions that are involved in the second coordi-
nation sphere of the anionic environment of one of the
titanium impurity ions and belong to one of the anionic
networks of the crystal lattice whose plane is perpen-
dicular to the axis of the impurity dimer. Note that four
ligands of the first group are involved in the first coor-
dination sphere of this titanium ion. The plane passing
through these ligandsis a so perpendicular to the dimer
axis. However, the surprising thing isthat the directions
toward these four ligands do not coincide with those
observed for the undistorted crystal lattice. Analysis of
the angular dependences displayed in Figs. 2a and 2b
indicates that these directions are rotated through 45°
about the dimer axis.

Unfortunately, we cannot cite decisive evidence that
ligands of the first and second groups belong to the
same anionic network (this situation is illustrated in
Fig. 3). However, our tentative calculations of the
ligand hyperfine interaction parameters and the compo-
nents of the g tensor predicted precisely this mutual
arrangement of ligands involved in the first and second
groups. These calculations will be described in detail in
a separate work.

4. THEORETICAL BACKGROUND

The spin Hamiltonian of an impurity dimer can be
represented in the following form:

H = BYO;+g.B(B,S,+B,S)

+9iBeB,S, + 5 (SAIT —gnBBIY),

where summation over i isperformed over al ligandsin
the nearest environment of agiven pair of titaniumions
and A is the tensor of the ligand hyperfine interaction
(for the other quantities, we used the universally
accepted notation). From analyzing the angular depen-
dence of the EPR spectra of titanium pair centers, we

obtained the only nonzero component Bg of the tensor
of the fine structure in the EPR spectrum and the com-

ponents g, and g, of the g tensor: Bg =356+ 16 MHz,
g, = 1.883+ 0.005, and g = 1.975 + 0.005.

For ligands of the first group, the ligand hyperfine
interaction tensor can be represented in the coordinate
systeminwhichtheZ axisisaligned parallel to the axis
of theimpurity dimer and the X axisis directed in such
away that the ligand under consideration is located in
the XOZ coordinate plane. Reasoning from the symme-
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Fig. 2. Angular dependences of the ENDOR frequencies of
a paramagnetic center formed by a pair of titanium ionsin
the SrF, crystal for electron spin projections Mg= -2 (solid
lines) and Mg = —1 (dashed lines) and ¢ angles between the
direction of the external magnetic field and the C4 crystal-
lographic axisin the planes (a) (001) and (b) (110).

Fig. 3. Structure of the titanium impurity dimer in the SrF,
crystal. Ligands of the first and second groups are desig-
nated as F(I) and F(I1), respectively.
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try of the impurity dimer, the ligand hyperfine interac-
tion tensor for ligands of the first group in this system
of the coordinates can be written in the form

A 0 AcH
Ar=00 A, 00

O O
D AZX O AZZ D

Here, the experimental components obtained from ana
lyzing the angular dependences of the ENDOR fre-
guencies of titanium pair centers are given by

0 0
932 0 -567

Ar=0 0 -54 0 U(inMH2).
0-52 0 —44[

The angular dependences of the ENDOR linesfor eight
fluorine anions involved in the second coordination
sphere of the anionic environment of a titanium impu-
rity cation are described by the axial tensor with thefol-
lowing parameters: A, = 3.84 MHz, A, = -4.08 MHz,
0 =78.7°, and = 28.1°, where 0 is the angle between
the axis of the impurity dimer and the axis of the ligand
hyperfine interaction tensor and ¢ is the angle between
one of the [100Ckrystallographic axeslying in the plane
perpendicular to the dimer axis and the projection of the
axis of the ligand hyperfine interaction tensor onto the
same perpendicular plane. Judging from the angles 6
and ¢, eight ligands of the second group belong to the
second coordination sphere of the anionic environment
of apair of titanium impurity cations.

The angular dependences of the ENDOR fregquen-
cies calculated using the aforementioned components
of the ligand hyperfine interaction tensor for the elec-
tronic states |-2[J(solid lines) and |-1[{dashed lines) in
the (001) and (110) planes are depicted in Figs. 2a and
2b, respectively. The calculated angular dependences
shown in Fig. 2b have discontinuities, because the EPR
frequencies in two portions of the corresponding angu-
lar dependences dlightly differ from each other.

5. DISCUSSION

The basic experimental results obtained in the
present work are as follows: (1) the total spin moment
Sof the titanium impurity center under investigation is
equal to 2; (2) the intensity of the EPR spectra of the
studied center in SrF, : Ti samples subjected to special
annealing increases, whereas the intensity of the EPR
spectra of titanium single cubic centers decreases; and
(3) one of the groups of four fluorine anionsinvolvedin
the nearest environment of titanium impurity cations
proves to be rotated through 45° about the dimer axis.

As was noted above, the spin moment S of the tita-
nium impurity center under investigation is equal to 2.
This suggests that the studied center is formed by at
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least two titanium ions and that the exchange interac-
tion between these ions has a ferromagnetic character.
Itisquite possible that the impurity center isformed by
aTi?*—Ti?* pair. However, we believe that, in this case,
the formation of a Ti*~Ti%* pair is more probable. This
assumption is confirmed by the fact that the concentra-
tion of titanium pair centersin SrF, : Ti crystals exceeds
the concentration of titanium single cubic centers. In
actual fact, nonisovalent substitution for alattice cation
gives rise to an uncompensated electric charge in the
neighborhood of the impurity ion in the crystal bulk. In
the case under consideration, an effective negative
charge should be induced in the bulk of the coordina-
tion cube of one titanium ion and an effective positive
charge should arise in the bulk of the coordination cube
of the other titanium ion of the dimer. The Coulomb
interaction between these charges can result in a
decrease in the lattice energy upon clustering of two
titanium single centers.

In our opinion, the formation of aTi2*~Ti2* pair with
spin moment S= 2 is questionable because, in this case,
the orbital functions of the valence el ectrons of two tita-
nium ions are not orthogonal (the overlap integral of
these functions is nonzero); consequently, the ferro-
magnetic exchange between the titanium ions is
unlikely. Moreover, since Ti%* single centers are charac-
terized by cubic symmetry and a singlet ground orbital
level [4], there is no reason for the fundamental trans-
formation of the crystal lattice in the vicinity of an
impurity pair of Ti2* ionsisovalently substituted for two
neighboring Sr?* cations of the lattice. It should also be
noted that the model of a Ti%*—Ti?* pair fails to explain
why the resonance transitions revedled from the
ENDOR spectra occur only between the nuclear sub-
levelsof theligands of one of thetitanium impurity ions
[in our case, the Ti(2) ion in Fig. 3], whereas the reso-
nance transitions between the sublevels of the ligands
of the other titanium ion [in our case, the Ti(1) ion]
either are not observed at all or are characterized by
entirely different interaction parameters (when these
transitions manifest themselves as a low-intensity line
in the ENDOR spectrum shown Fig. 1).

It is evident that the observed rotation of a square
fragment of one of the anionic networks of the crystal
lattice (Fig. 3) should lead to a decrease in the energy
of thetitanium pair center involved. Thisis most easily
understood if the total energy of a pair of impurity ions
is represented as the sum of the energy components:

W = W; + W, + Wy, + Wy,

where W, is the energy of electron—electron and elec-
tron—nuclear interactions in one of the titanium single
centers forming the given pair, W, isthe energy of elec-
tron—electron and electron—nuclear interactions in the
other titanium single center involved in the given pair,
W,, isthe energy of interactions between these centers,
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and W, isthe energy of interaction between the crystal
lattice and the cluster as awhole.

It is clear that the rotation of one of the groups of
four fluorine anions involved in the nearest environ-
ment of a titanium impurity cation should lead to an
increase in the energy W,;. Consequently, the total
decrease in the lattice energy can occur only through
considerable changes in the energies W,, W,, and W,,.
We assumethat the above rotation is associated with the
mutual adjustment of the orbital motion of electronsin
the outer shells of two titanium impurity ions and the
nuclear configuration of the studied cluster. As aresult
of this adjustment, an increase in the energy W is
completely compensated for by a decrease in the
energy W,,. In our opinion, the impurity pair can be
formed by Ti* and Ti3* ions whose ground orbital states
are degenerate in the cubic crystal field. Therefore, the
observed local static distortion of the crystal lattice can
be explained by the static Jahn—Teller effect.
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Abstract—The luminescence spectraof aKZnF; : TI* crystal areinvestigated in the energy range from 4.75 to
5.9 eV at temperatures of 10-300 K upon excitation into the A absorption band (5.7-6.3 eV). At T = 300 K, the
luminescence spectra exhibit an intense band with a maximum at 5.45 eV, which is attributed to single TI* ions
substituted for K* ions. The 5.723-eV intense narrow band observed at T < 20 K is assigned to the 3 1u—1rlg
zero-phonon transition, which is weakly allowed by the hyperfine interaction. The luminescence decay is stud-
ied asafunction of temperature. The main characteristics of the luminescence spectra are adequately described
in terms of the semiclassical theory based on the Franck—Condon principle and the Jahn—Teller effect for an

excited sp configuration of the TI* ion with the use of the parameters obtained earlier from analyzing the
absorption spectra of the system under investigation. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Fluoride crystals with a perovskite structure that are
activated by transition metal ions are very promising
for usein near-IR tunable solid-state lasers[1-3]. A few
years ago, Furetta et al. [4] demonstrated that KMgF; :
TI* crystals are good scintillators. Owing to the broad
transparent region, fluoride crystals activated by rare-
earth ions (for example, LiCaAlF; : Ce** crystals) can
be used as active mediain UV tunablelasers[5]. In par-
ticular, Pazzi et al. [6] studied Csl : In(TI) crystals and
obtained considerable amplification in the visible and
UV ranges. In this respect, investigation of fluoride
crystals activated by mercury-typeions for the purpose
of producing materials promising for use in ultraviolet
lasersis an urgent problem.

Thefirst investigations into the absorption and pho-
toluminescence spectra of KMgF; : TI* crystals [7-9]
revealed the similarity of this system to the previously
studied alkali halide crystals containing mercury-type
ns? ion impurities. Beginning in the 1930s, the latter
crystals were thoroughly explored experimentally and
theoretically. The results obtained in these investiga-
tions were summarized in anumber of reviews (see, for
example, [10, 11]). On this basis, theoretical treatment
of the optical spectra of the systems involved can be
performed using well-developed methods. For exam-
ple, in our recent work [12], we simulated the shape of
A absorption bands of TI* ions in KZnF; and KMgF;
crystals in the temperature range 10-300 K and
achieved reasonable agreement between the cal cul ated
and experimental data.

In the present work, we investigated the lumines-
cence of TI* ionsin aKZnkF; crystal.

2. EXPERIMENTAL TECHNIQUE

Crystals of KZnF; activated by TI* ionswere grown
by the Bridgman—Stockbarger method according to the
procedure described earlier in [12]. The content of TI*
ionsin the melt was equal to 0.5 wt %.

The luminescence and luminescence excitation
spectra were measured upon excitation by a DKsEI-
1000 xenon lamp with the use of MDR-6 (in an excita-
tion channel) and MDR-23 (in a recording channel)
monochromators. The measured spectra were not cor-
rected for spectral response. The luminescence decay
was studied upon excitation with a DKSSh-150 lamp
operating in a pulse mode (the pulse duration was ~30
ns). The luminescence was recorded using a FEU-106
photomultiplier operating in a photon counting mode
(the dead time of the recording system was 0.2 us). The
luminescence measurements in the temperature range
4.2-300 K were carried out using a CF-1204 cryostat
(Oxford Instruments).

3. RESULTS

At T =300 K, the luminescence spectrum measured
upon excitation into the A absorption band of the
KZnF;: TI* crystal (Fig. 1, curve a) contains an intense
band with amaximum at 5.45 eV (Fig. 1, curve b). The
excitation spectrum of thisluminescence band virtually
coincides with the spectrum of the A absorption band.
This allows us to make the inference that the lumines-

1063-7834/02/4408-1558%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. (a) Absorption and (b) luminescence spectra of the
KZnF5: TI* crystal at T=300K.

cence band with amaximum at 5.45 eV is attributed to
single TI* ions.

At T = 10 K, the luminescence spectrum exhibits an
intense zero-phonon line at an energy of 5.723 eV
(Fig. 2). Analysis of the vibrational structure made it
possible to distinguish vibrations with frequencies of
115 and 300 cm. These values are in good agreement
with the effective phonon frequencies of the ground-
state modes ' and I3, which we used earlier in [12] to

simulate the absorption spectrum of the KZnF; : TI*
crystal.

In order to determine the energy spectrum of the
excited state of TI* ionsin the studied crystal, we mea-
sured the luminescence decay. It was found that the
luminescence involves two components, namely, fast
and slow components, which are characteristic of mer-
cury-typeions|[11]. The temperature dependence of the
lifetime of the slow component t(T) is displayed in
Fig. 3. Aswill be shown in Section 4, this dependence
can be treated in the framework of the standard three-
level model [11], which is schematically depicted in
Fig. 3. For the given system of energy levels, the lumi-
nescence can be caused by transitions from level 2
immediately after excitation (the fast component) and
transitions from states 2 and 1 after their thermalization
(the slow component). The contributions of the transi-
tions from these states to the stationary |luminescence
spectra depend on the transition probabilities ky, ks, ki»,
and k,; and on the energy gap AE between these states
(Fig. 3). Here, k; and k, are the rates of radiative transi-
tions from states 1 and 2 to the ground state and k,, and
k,, arethe rates of nonradiative transitions between lev-
elsland 2.

Under the commonly satisfied conditions k; < k, <
Ko, [11], the temperature dependence of the lifetime of
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Fig. 2. Luminescence spectra of the KZnF5 : TI* crystal at
temperatures of 10, 68, and 124 K.

the slow component 1, can be represented by the
expression
1 _ kg +gk,exp(-AE/KT) 1)
T, 1+gexp(-AE/KT) '

where g is the degeneracy ratio of the relaxed excited
states2 and 1 [in our case, g = 2 (see below)] and AE is
the energy gap between these states. In the low-temper-
ature range (of the order of 10 K), the lifetime of the
slow [uminescence component is determined only by
the probability k;, which, for the KZnF; : TI* crystdl, is
equal to 85 s™. Thefitting of the experimental dataled
to the following parameters: k, = (7.1 £ 0.1) x 10’ s
and AE = 0.146 + 0.002 eV. Let us now turn to the dis-
cussion of the results obtained.

10°g

ky ki 3r) 2
N4

104- 3rlu(l)

1/1,, 57!

L 1I_lg(o)
10%E

10%E

1

| |
0.06 0.09

/T, K!

Fig. 3. Temperature dependence of the lifetime of the slow
luminescence component for the KZnF5 : TI* crystal upon
excitation into the A absorption band and the fit of this
dependence according to (a) relationship (1) and (b) rela-
tionships (1) and (9). The inset shows the energy level dia-
gram used in analyzing the experimental data.
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4. DISCUSSION

The luminescence spectra, luminescence decay, and
absorption spectra of impurity s? ions in crystal matri-
ces can be satisfactorily described in terms of the semi-
classical theory based on the Franck—Condon principle
and the Jahn-Téller effect for an excited sp configura-
tion [10, 11]. In many materias, including the system
studied in the present work, impurity centers in the
ground state have cubic symmetry. With due regard for
the Coulomb interaction of electrons, the cubic crystal
field, and spin-orbit interactions, 12 states of the
excited sp configuration of the impurity center are dis-
tributed over four energy levels in order of increasing

energy: E;(°T 1), EA(3FZu), Ep(®ray + s, and

Ec(ll'zu). Here, ', are the indices of the irreducible
representations of the octahedron group O, according
to which the states relating to the specified levels are
transformed. The superscript on I, indicates the multi-
plicity of the spin components of the electronic states.
The states °T%,and 'T'%, are mixed through the spin—
orbit interaction, which is designated by the asterisk.
Making alowance for the atomic displacements
from equilibrium positions, we add the elastic energy
H, and the energy of vibronic interaction Hy to the
electron energy of the impurity center. The energy of
vibronic interaction Hy, as a rule, is treated in an

approximation linear with respect to atomic displace-
ments in the lattice and can be represented in the form

HY = § VQ. @
izzl—G

Here, Q; stands for interaction modes, i.e., the linear

combinations of atomic displacements, which can

transform upon rotation and reflection according to the
irreducible representations of the symmetry group of

the impurity_center: M1g(Qp), M34(Q2 Qs), and _r59(Q41
Qs, Qg). A rigorous treatment of only one excited sp
configuration should include six interaction modes in
the vibronic interaction Hé,l) . The vibronic interaction
terms quadratic in the displacements Q; can be taken
into account without formal complication of the repre-
sentation of the interaction Hamiltonian and the energy
matrix. The matrix form (H{ + H{) corrected for
certain errors encountered in the literature in the repre-
sentation of thematrix HY was described in our previ-
ouswork [12].

The elastic energy corresponding to the interaction
modes in the ground state can be written as

HY = 5 QP 3

This expression implies the appropriate choice of the
dimension of the coordinates Q; and their scale which
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can differ for three types of mode (I"yg, I3, and IMsy),
because the effective frequencies w, of these mode need
not be identical. For the excited configuration, we
obtain the relationship

H®Y = a,Qf + a,(Q5 + Q%)

+a5(Qs + Q2+ Q3),

in which the coefficients a,, a,, and a; account for the
possible difference between the effective frequenciesin
the ground and excited configurations.

(4)

Upon inclusion of the energies HY” and H{®? | the
excited levels E,, Eg, and E. are split and there arise
12 surfaces of the adiabatic potentials E(Q, ..., Q).
Minima of these potentias correspond to relaxed
excited states into which the impurity centers excited
by radiation are transformed after thermal relaxation
from the ground state at relatively small Q;; that is,

[QO=KT*/2 = (hw/4)coth(Fw/2KT).  (5)

As arule, the luminescence is associated with the
transitions from the relaxed excited states to the ground
state. The appearance of several luminescence bandsin
the spectrum can be explained by the fact that, after
excitation, the optical centersrelax into states with dif-
ferent potential minima. For alkali halide crystals, one
or two bands (A; and Ay) are observed upon excitation
into the A absorption band. The luminescence band A;
is assigned to impurity centers with tetragonal symme-
try. The coexistence of minima of two types on the
lower surfaces of the adiabatic potential, namely,
Ei(Qy, ..., Qg) and EA(Q4, ..., Qg), can beillustrated by
considering the cross sections of these surfaces E(Q,,
Q3) when the other interaction modes Q; are equal to
zero [10, 11]. This treatment offers a satisfactory
description of the experimental data provided the dom-
inant contribution to the vibronic interaction is made by
the coupling with the tetragonal modes Q, and Q; at the
large parameter b = [, |V, |p(the excited molecular
orbital p, is similar to the atomic function 6p,).

Analysis of the absorption spectra of KMgF; : TI*
and KZnF;: TI* crystalsrevealed that, in these systems,
the interaction with the trigonal modes Q,, Qs, and Qg
is predominant; i.e., ¢? > b? where ¢ = [p|V,|p,0
[8, 12]. Hence, asthe basic approximation, it is reason-
able to examine the minima of the functions E(Q,, Qs,
Qs) and the system of equipotential surfaces E(Q,, Qs,
Qs) = const. It should be noted that, if the functions
E(Q,, Q3) = const on the (Q,, Q3) plane are character-
ized by the trigonal symmetry C;,, the surfaces E(Q,,
Qs, Qg) = const in the (Q,, Qs, Q) three-dimensional
space have the tetrahedral symmetry T,: the points (Q,,
Qs, Qg) remain unchanged upon inversion in the rea
space; the fourfold rotations C, and S, in the Q space
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are represented as the mirror rotation S, about the Q,,
Qs, Or Qg axes; etc.

We performed similar calculationsfor the KZnF; : TI*
system with the use of the parameters obtained in our
earlier work [12] regarding the energy matrix of the
excited sp configuration of the TI* impurity center;
more precisely, we used the mean energy positions of
the absorption bands: E, = 6.03 eV, E; = 7.2 eV, and
Ec = 8.14 eV. Moreover, the unperturbed energy of the
lower level of this configuration was taken to be

E1(3r1u) = 5.72 eV, which approximately coincides
with the energy location of the zero-phonon line. In
these cal culations, we used the following parameters of
the vibronic interaction (eV):

b’ = 049, b? =025 c° =169, c?=1.

In the case when we restricted our consideration to the
trigonal distortions Q,, Qs, and Qg of the impurity cen-
ter, the parameters b and b' were not included in the cal-
culation. The parameter R = p?/v?, which determines
the degree of mixing of the states due to the spin—orbit
interaction, was assumed to be equal to 7. The elastic
constants a; in relationship (4) were taken equal to
unity.

Now, we consider the results of our calculations of
the energy levels E,, for the sp configuration of the TI*
impurity center as functions of the displacements Q,,
Qs, and Qg of this center from an equilibrium cubic
position. It is assumed that the displacements Q,, Qs,
and Qg satisfy the relationships Q, = mQ, Qs = nQ, and

Qs = kQ with @ = Q% + Q2 + Q;; in this case, the
coefficients m, n, and k are the direction cosines in the

(Qa, Qs, Q) SPCE.
Figure 4 displaysthe energies of thetriplet ’r%, and
thesinglet 3F1u asfunctions of thetrigonal distortion Q

specified by the direction at m=n= k. Thetriplet °T'%,
is split into a singlet and a doublet. The minimum
energy of the doublet at Q = —0.67 approximately cor-
responds to the absolute minimum of the function
EA(Qq, ..., Qg) = 5.88 eV. The ground (optically inac-

tive) state’T,, of the sp configuration is characterized

by aweakly pronounced minimum at the energy E,(Q =
0) =5.72 eV. At temperatures of ~100 K (0.01 eV), the
distortion fluctuations responsible for the broadening of
the line associated with the forbidden transition

Srlu — lrlg are estimated to be +/ EQZD ~0.4. There-

fore, an approximate analysis of the luminescence can
be performed on the basis of a three-level model (see
Fig. 3) in which the second excited level isthe trigonal
doublet formed as aresult of the splitting of the initia

cubic triplet 3FZU. The calculated spacing between the
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excited levels, AE = EA(Qnin) —E; = 0.16 eV, isin rea-
sonable agreement with the experimental data
(0.146 eV).

The luminescence pattern for single TI* centers can
be represented as follows. The impurity centers are
excited in a relatively narrow range of distortions Q
corresponding to distortion fluctuations Q? < KT* in the
ground state. Here, as was noted above, T* is expressed
through the effective frequency of the Is,-type modes

in the ground state 1I'1g (w=100cm™). The 3FZU trip-
let states with energies close to 6.03 eV are populated
upon excitation into the A absorption band. Upon dis-
tortion of the excited complex, the optical centers relax
into the state corresponding to the minimum energy of
the triplet. Some impurity centers undergo a dipole-
allowed (fast) luminescent transition from this state to
the ground state. The other centers are transformed into

the singlet state 3Flu due to the vibronic interaction
and, as aresult of the reverse distortion, again go to the
point Q = 0 in the (Q4 Qs, Qg) Space, which corre-
sponds to the minimum energy of the singlet. The radi-
ative transition with an energy of 5.72 eV from this
stateis alowed only through certain weak interactions.
Thetransition from thetriplet state is shifted toward the
low-energy range and occurs at E,,(Q =-0.67) —Q? =
5.43 eV. This agrees well with the observed location of
the luminescence band at temperatures of ~100 K, at
which the luminescence is governed primarily by tran-

sitions from the state °r’%, .

At T< 10K, theenergy states of theimpurity centers
are predominantly located in the immediate vicinity of

the minimum of the state 3I'1u and the zero-phonon line
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(ry — 'Tyy) attributed to the transition between
two minima has a very small width and a considerable
peak intensity (Fig. 2). With an increase in the temper-
ature, the Q fluctuations, as was noted above, increase
significantly, the zero-phonon line becomes broadened,
and its maximum shifts toward the low-frequency
range. At T ~ 100 K, the estimated linewidth is of the
order of Q? ~ 0.16 eV and the zero-phonon line is not
observed. Furthermore, an increase in the temperature
leads to a rapid increase in the probability of reverse
vibronic transitions 3F1u — 3FZU, which, in turn,
resultsin a decrease in the integral intensity of the for-
bidden line: °T;, —= 'I'y,. Consequently, the slow
luminescence is determined not by the direct transition
°Tu — T, but by the emission of theimpurity cen-
tersin the metastable state 3Fu through the active level
SFZU . The rate of this process is governed primarily by

the rate of the transition 3F1u — 3F4u accompanied

by phonon absorption. The latter rate almost exponen-
tially depends on the reciprocal of the temperature; that
is, ki, = Ky eXp(-AE/KT), where AE is the averaged

spacing between the energy levels E1(3F1u) and

Ex(°r%,) [cf. relationship (1)].
The luminescence band attributed to the transition

°r%, —= T, ischaracterized by aconsiderable width

even a very low temperatures. Since the initial state
corresponds to the energy minimum at |Q| = -0.67, the
final state corresponds to a steep portion of the parabo-
loid representing the adiabatic potential of the ground

state 'T 1 - Hence, the small fluctuations 8Q observed at

any temperature result in substantial variations in the
final energies and a considerable linewidth. Asthe tem-
perature increases, these fluctuations increase, the opti-
cal centers in the excited state occupy a progressively
larger region in the (Q,, Qs Qg) space (for the most

part, a large Q), the luminescence band becomes
broader, and its maximum shifts toward the low-fre-

quency range due to adecrease in the spacing E4(°r%,,
Q) — E('I';4) with an increase in the distortion Q to
within 6Q ~ KT.

In the electric dipole approximation, the forbidden
transition 3I'lu — 1rlg becomes allowed, for exam-

ple, with inclusion of the admixture of the states 3F2u

and 1FZU to the state 3F1u through the hyperfine inter-
action. Note that the main contribution to the hyperfine
interaction is made by contact interaction between the
6s electron and the nuclear spin of the TI* ion. This
mechanism was considered earlier in [13, 14]. The
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hyperfine interaction Hamiltonian has the following
form[15]:

an = gS”BanN!
N = Z{(l—s)/r3+3r(sr)/r5+(8Tr/3)36(r)} .

This Hamiltonian has a nonzero matrix element

between the states °r,, and 'T'%, . In particular, for the
contact contribution, we have

(6)

O 40 Z Nz(cont)|3F4UD
= (81/3./6) (Z,/3(r)| Z 0[&y|s] S, )
= (81U3./3)R:(0),

where [Z.0E (1//2)(Jsp, 0+ |p,sD), |sCand |p,Care the
6s and 6p, one-particle orhitals, Rs and Rg, are their

radial parts, and |S, ;0= (1/4/2)(|1/2, —1/20- |-1/2,
1/2[) are the spin functions [11]. The effective parame-
ter A of the hyperfine interaction (H,; = AlS) for the TI*
ionisof the order of 1-3 cm™ (see, for example, [13]).
The probability of emission from the metastable state
can be estimated as

w(T 1) = [A/(Ex— EDI*W(TE,) 010°w(T%). (8)

This estimate approximately coincides with the ratio of
radiative transition rates k;/k, determined from the
experimental data on the luminescence decay.

Aswas noted above, the temperature dependence of
the slow luminescence component iswell described by
formula(1) (Fig. 3, curvea). A noticeabl e disagreement
with the experimental datais observed in thevicinity of
an inflection in the curve at 20 < T < 140 K. It is quite
possible that, in this range of temperatures, the transi-
tion from the state °,, becomes alowed through
another mechanism, namely, due to the interaction of
electrons with librational modes I" 4, [16]. This mecha-
nism leads to atemperature dependence of the radiative
transition rate, and the coefficient k, in formula (1) can
be represented as the sum of two contributions,

ky(T) = Ky + kyqCoth(f00/2KT), 9)

where wisthefrequency of the " ,; mode. Theintroduc-
tion of additional parameters makes it possible to
describe adequately the dependence t1(T) over the
entire temperature range (Fig. 3, curve b). However, the
parameters kg, k14, @nd w become less definite.

5. CONCLUSION

It has been demonstrated that the simple theory
described offers a qualitative description of the main
features of the luminescence in the system under con-
sideration. The energies of the luminescence bands
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associated with single TI* impurity centers are ade-
guately described in terms of the vibronic interaction
parameters determined from the absorption spectra of
these centers.

Moreover, we investigated the optical properties of
KMgF; : TI* crystals. The results of our measurements
of the A absorption band [12], for the most part, arein
good agreement with the results of previous investiga-
tions into the optical properties of this system [7, 8].
However, our data on the luminescence spectra at low
temperatures differ from the results obtained by Scacco
et al. [9], because we observed an intense zero-phonon
line. The results of these investigations and their theo-
retical interpretation will be described in a separate

paper.
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Abstract—Absorption spectra of the Nd®* ion in the Nd,BaCuOs and Nd,BaZnOs ternary oxides were mea-
sured within broad spectral (1500-17000 cmi™) and temperature (4.2—200 K) intervals. The positions and
widths of the Stark sublevels were determined. The exchange splittings of the Nd®* Kramers doubletsin several
multiplets were found for the magnetically ordered state of Nd,BaCuOs (Ty = 7.5 K). © 2002 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

The R,BaCuO; cuprates related to high-temperature
superconductors (R stands for a rare-earth element
(RE) or yttrium) possess interesting magnetic proper-
ties. In particular, the so-caled brown phase of
Nd,BaCuQg reveals quasi-one-dimensional magnetic
fluctuations at temperatures of up to =10T,, where Ty =
7.5 K isthe antiferromagnetic ordering temperature [1,
2]. A neutron scattering study [2] established the mag-
netic structure of Nd,BaCuOg and showed that the
quasi-one-dimensional magnetic properties of this
compound, whose structure does not contain quasi-
one-dimensional elements, are accounted for by the
Dzya oshinski—-Moriya antisymmetric exchange being
dominant in the ground state.

To gain abetter understanding of the magnetic inter-
actions in this compound, the positions of the Nd®*
Stark sublevels and their exchange splittings in the
magnetically ordered state need to be known. The
information that can be found in the literature on the
spectroscopy of the Nd® ion in Nd,BaCuO; is frag-
mentary. For instance, publication [1], on the detection
of a magnetic-phase transition in Nd,BaCuO; from the
splitting of the Nd** Kramers doublets in the magneti-
cally ordered state presents the energies of the Stark
sublevels in the 4,5, and 4F5, multiplets. Data on the
Stark structureof thel;,, and “F 5, levelsare presented [ 3].

We report on a study of Nd** spectra made in the
4.2- to 200-K temperature region throughout the infra-
red and, partially, the visible wavelength ranges, deter-
mination of the Stark sublevel positions, and measure-
ment of the exchange splittings. To check the assign-
ment of the Nd* spectra lines in Nd,BaCuOs, we
recorded spectra of Nd,BaZnO; in the same conditions.

Replacement of the Cu?* magnetic ion by the nonmag-
netic Zn?* ion results in a substantial line narrowing in
the RE ion spectrum and in the disappearance of the
interfering strong d—d transition band of the copper ion,
which markedly facilitates identification of the spectra
[4]. Earlier spectroscopic studies of Nd,BaZnOs [3, 5—
7] are incomplete, contradictory, and were performed
with an inadequate spectral resolution.

2. ANALY SIS OF THE CRYSTAL
STRUCTURE

Both Nd,BaCuO; and Nd,BaZnO; crystallize in the
tetragonal structure. Their space groups, however, are

Fig. 1. Nearest neighbor environment of the Nd®* ion in
Nd,BaCuOs and Nd,BazZnOs (NdOg polyhedron). The data
on the Nd,BaCuOg structure are from [2].
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Fig. 2. Crystal structures of Nd,BaCuOsg and Nd,BaZnOs. The sketch shows the NdOg and MO, polyhedra. The unit cellsareiden-

tified by adashed line.

different: P4/mbm (Dih) for the copper compound [2,

8, 9] and 14/mecm (D3, ) for the zinc compound [10, 11].

Nevertheless, the structures of the two compounds have
much in common; in particular, the nearest neighbor
environment of the Nd** ion isthe same. In both oxides,
the neodymium ion is surrounded by eight oxygen ions
(Fig. 1). Six O* (2) ions make up a triangular prism
with an isosceles triangle at the base and the neody-
mium ion at the prism’s center. Two O? (1) ions face
the two rectangular faces of the prism. The structure
provides one position of C,, symmetry for the Nd®* ion.
The Nd-O bond lengths are specified in Table 1. The
bond lengths in the two compounds differ little, thus
giving one grounds to expect that the crystal fields and,
hence, the Stark splittings of the multiplets are aso
similar. The NdOg polyhedra are linked with one
another to form Nd-O layers perpendicular to the ¢
crystallographic axis (Fig. 2). The B&* and Cu?* (or
Zn?*) ions are located between the layers and are sur-
rounded by four and ten oxygen ions, respectively.
While the unit cell of the copper compound has only
one Nd-O shest, in the zinc compound, there are two
sheets turned through 90° relative to one another about
the screw axis passing through the Zn?* position.
Accordingly, the lattice constant along the c axisin the
zinc compound is twice that in the copper compound
(Table 1, Fig. 2). The copper and zinc ions have differ-
ent environments. The copper is located inside rectan-
gles; the zinc, inside tetrahedra. The coordination poly-
hedron for Ba?* is arectangular prism with two capsin
the copper compound and an antiprism in the zinc com-
pound.

Figure 3 shows the magnetic-moment orientation of
the Nd®* ion and of the nearest neighbor Cu?* ions in
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magnetically ordered Nd,BaCuOs [2]. The symmetric
part of the exchange interaction

4
H =% (gMSg+ M, + I M.Sy)
j=1

Fig. 3. Quasi-one-dimensional magnetic chains in
Nd,BaCuOs. The arrows show the orientation and relative
maghitude of the copper and neodymium ion magnetic
moments in the magnetically ordered state [2].
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Fig. 4. Absorption spectra of the Nd®* ionin Nd,BaCuOs (top linesin each panel) and Nd,BaZnOs (bottom lines) and the energy
level diagrams of Nd,BaZnOs taken from [3] (vertical bars under the arrows). The spectra contain regions corresponding to the
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transitions (a) "lgrp — "13/2, (0) "Tor2 — 132, (€) “lgiz — "l3572, and (d) “lgp — “lgpp.

[where M = (M,, M,, M,) is the neodymium-ion mag-
netic moment and S are the spins of the nearest neigh-
bor copper iong] vanishes for each j, because vector M
is perpendicular to vector S. The antisymmetric part of
the exchange interaction is dominated by the Dzya
loshinski—Moriyainteraction [2]

He = 3 DM xS),
j

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

where D; is the Dzyal oshinski—Moriya vector
D; = dj(ro; xr))

and ry and r; are the position vectors connecting the
oxygen ion in the Cu—O-Nd chain to the neodymium
and copper ions, respectively. This term is other than
zero only for the neodymium ion interaction with the
Cul and Cu2 ions. The Dzyal oshinski-Moriya vectors
for the copper ions denoted as 3 and 4 vanish, because
the Cu—O-Nd bond angle is close to 180°. Thus, only
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the anisotropic Dzyaloshinski-Moriya interaction is
capable of accounting for the magnetic-moment order-
ing in the system, with the magnetic coupling being
efficient only along Cul-Nd—Cu2 chains aigned with
the c axis.

3. EXPERIMENT

Nd,BaCuOg and Nd,BaZnO; polycrystalline sam-
ples were prepared from a stoichiometric mixture of
chemically pure oxides (Nd,O;, CuO, or ZnO) and bar-
ium carbonate BaCO; by solid-phase synthesisin air at
a temperature of 1100-1200°C. X-ray phase anaysis
revealed the presence of a small admixture of other
phasesin the Nd,BaZnOg samples and no admixturesin
Nd,BaCuQs.

The samples were mixed with ethanol, deposited on
a sapphire substrate, and placed into a helium-vapor
cryostat, where they were maintained at a temperature
controlled within the 4.2-to 200-K interval. The trans-
mission spectra of Nd,BaCuOg and Nd,BaZnOg were
measured on a Bomem DA3.002 Fourier spectrometer
in the 1800- to 18000-cm™ range with a resolution of
2 cm™L. In the 1800- to 5000-cmt interval, a KBr beam
splitter, an MCT detector, and aglobar asalight source
were used; in the 4500-to 12000-cm™ region, a quartz
splitter, an InSb detector, and a globar were used; and
in the 10000- to 18000-cm™ region, a quartz splitter, a
silicon detector, and a halogen lamp were used.

4. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 4 presents the absorption spectra of Nd** in
the two oxides studied. The spectra for Nd,BaCuOg
were obtained at a higher temperature than those for
Nd,BaZnOs, because the magnetic phase transition
occurring in the copper compound with decreasing
temperature makes the spectral pattern very compli-
cated. Asaresult of the relatively high temperature, the
spectrum exhibits lines corresponding to transitions
from excited Stark sublevels of the ground state. The
lines disappear with decreasing temperature because of
the upper Stark sublevels becoming depleted. These
lines are indicated in the figures by up-headed arrows.
As seen from Fig. 4, the assignment of some of these
lines in Nd,BaZnO; to ground-state transitions [3, 7],
i.e., their interpretation as lines originating from the
Stark sublevels of the upper multiplet (encircled in
Fig. 4), is erroneous. We determined the positions of
the Stark sublevels taking due account of the tempera-
ture dependence of the lines. The down-headed arrows
specify these positions. From the temperature depen-
dence, we also managed to derive the position of the
lines corresponding to transitions from the upper Stark
sublevels of the ground state, which are populated at a
high temperature, and to reconstruct the positions of
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Table 1. Nd—O bond lengths and lattice parameters (in
nanometers) for Nd,BaMOg

M = Cul[9] M =Zn[5]
Nd—-O(1) x 2 0.248 0.249
Nd-O(2) x 2 0.232 0.230
Nd-O(2) x 4 0.259 0.263
a 0.670 0.675
c 0.582 1.154

some Stark levelsfor the Iy, ground state from the dif-
ference between the line energies. All experimentally
measured energy levels of the Nd® ion are given in
Table 2.

A comparison of the spectra of the two compounds
reveals an important point, that the Nd** levels in
Nd,BaCuOg and Nd,BaZnO;, are close in energy. This
observation correlates well with the crystallographic
data on the two compounds and suggeststhat the crystal

4 4
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Fig. 5. Low-frequency part of the g, — %117, and

Ygpp —> 45 transitions in  Nd,BaCuOs; and
Nd,BaznOg measured at different temperatures.
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Table 2. Energy levels (E) and linewidths (dv) in Nd,BaCuOs and Nd,BaZnO5 and Kramers doublet splittings (Av) in mag-

netically ordered Nd,BaCuOg

Nd,BazZnOx Nd,BaCuOs Nd,BazZnOx Nd,BaCuOs
Term E ov E ov Av Term E ov E ov Av
cm? cmt
Yo 0 0 7 Fe, | 12278 8 | 12265 18 8
67 64 12293 7 12281 21 =0
228 — 12379 12 12373 25 =0
287 - H2,, | 12399 14 12386 25 15
460 - 12474 18 12472 30
12510 21 12491 35
110 1928 4 1935 | 20 8 12552 12548 30
1980 8 1991 20 <1 12625 40 12620 39
2004 7 2012 17 18
2114 2120 | 37 ‘F, | 13219 9 | 13206 24 6
2176 28 2174 51 13306 12 13296 34 =0
2230 14 2242 43 7 13329 12 13322 34 7
13375 18 13359 41
N3 3866 8 3870 | 20 4
3928 9 3936 27 6 4S5, 13541 13539
3941 8 3961 17 <2
4072 21 4054 40 4F9,2 14454 6 14447 16 =0
4096 35 4092 67 14475 4 14468 16
4198 9 4206 32 14595 11 14593 21
4223 18 4234 63 14698 20 14671 36
14714 20 14699 24
Y15 5784 | 10 5779 | 19 7
- 24 5838 33 4G5,2 16540 15 16514 44
5891 24 5893 38 16770 22 16743 37
5910 29 5902 57 16974 18 16955 48
6061 23 6057 80
6119 | 38 6112 | 80 4G,p | 17056 22 | 17026 | 22
6278 6295 - -
6362 19 6376 54
4Gy - 17161 46
4F3,2 11262 9 11260 20 3 - 17205
11323 19 11319 31 32

field is dominated by the nearest neighbor environment
of the neodymium ion, which is the same in both com-
pounds.

It should be noted that we did not detect any spectral
lines that could be assigned to transitions in neody-
mium ions occupying barium sites [3]. Because the
point symmetry group of the barium position in
Nd,BaCuOs, C,,, contains an inversion center, such
transitions can be only magnetic-dipole allowed. The
lines mentioned above should be the strongest for the

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

Hgp — 4145, transitions, which in afree ion are mag-
netic-dipole allowed. In Nd,BaZnQOs, the barium posi-
tion is noncentrosymmetric (D,); therefore, the spec-
trum of neodymium in this position would be primarily
due to electric-dipole transitions occurring in all the
multiplets. For this reason, the additional narrow lines
(identified by asterisksin Fig. 4), which are observedin
nearly al multiplets in both the copper and the zinc
compounds and coincide in frequency in both, cannot
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Fig. 6. Temperature dependences of the splitting of the low-
est-frequency line corresponding to the *lg;, —= *l155
transition in the Nd* ion in Nd,BaCuOs (circles) and the
halfwidth of this line in Nd,BaCuOg (squares) and
Nd,BaZnOg (stars).

be assigned to neodymium being at the barium site;
they are probably due to a parasitic phase. These lines
are considerably stronger in Nd,BaZznQOs, which corre-
lates with the x-ray phase characterization of our sam-
ples. Obviously enough, RE ion spectroscopy isamore
sensitive method of detecting small amounts of admix-
tures of other phases than x-ray phase anaysisis.

Table 2 dso lists the linewidths of transitions from
the ground state to the corresponding Stark sublevels.
Because the measurements were made on polycrystal-
line samples, these values should be considered to be
tentative. Nevertheless, we see (Fig. 4, Table 2) that the
spectral lines of the zinc compound are substantially
narrower than those of the copper one. This is associ-
ated with the broadening caused by copper magnetic-
moment disorder. Indeed, after the onset of magnetic
order in Nd,BaCuQOs, the absorption lines noticeably
narrow (see below).

Figure 5 shows parts of the Nd** spectrain the cop-
per and zinc compounds obtained at different tempera
tures. We readily see that some lines in Nd,BaCuO5
split and become much narrower with decreasing tem-
perature, which is a consequence of magnetic ordering
in Nd,BaCuO; (Ty = 7.5 K). The copper magnetic-
moment ordering brings about the creation of an inter-
nal magnetic field which splits the Kramers doubl ets of
the neodymium ion. The depletion of the upper compo-
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nent of the split Kramers doublet with decreasing tem-
perature is accompanied by line narrowing. The tem-
perature dependence of theline parametersis presented
graphically in Fig. 6 for both compounds. The changes
in the splitting Av and the in linewidth dv in the copper
compound are the strongest at Ty = 7.5 K. However,
splittings are also observed at temperatures consider-
ably higher than Ty. Thisisaconsegquence of the quasi-
one-dimensional magnetic correlations originating
from specific features of the magnetic interactions [1,
2]. The zinc compound reveal s neither line splitting nor
adecrease in linewidth down to 4.2 K, which indicates
the absence of magnetic order in Nd,BaznOs. The
exchange splittings measured experimentally on
Nd,BaCuQs arelisted in Table 2.
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Abstract—For Sm; _,RS (R = Ce, Gd, Y) systems with intermediate valence, the population of Sm 4f states
(valence) and populations of Ce5d, Gd 5d, andY 4d states are determined by the method of x-ray line displace-
ment. It is found that, in all the systems under investigation, the valence of Sm upon transition to the interme-
diate valence state increases from m= 2.5 (x = 0.15-0.25) to m= 2.65 (x = 0.8) and then decreases. The popu-

lations of Ce, Gd, and Y d states remain nearly constant over the entire region of compositions: ny = 0.78 =
0.03, 0.43 £ 0.04, and 1.07 £ 0.04 for Ce, Gd, and Y, respectively. The experimental dependence of the Sm

valence on the composition is explained under the assumption that the 4f electron of an Sm atom can be hybrid-
ized through two channels, namely, with the 5d electron of the neighboring Sm atom and with its own 5d elec-

tron. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

It is known that, in Ce, Sm, Eu, and Yb rare-earth
compounds, the states of localized 4f electrons are
closein energy to the states of outer (5d, 6s) conduction
electrons under certain conditions (composition, pres-
sure, temperature, etc.); asaresult, the so-called state of
intermediate (fluctuating) valence is formed in the sys-
tem [1, 2]. This state is treated as a resonance between
the degenerate states 4f " and 4f "~ 1 + a conduction el ec-
tron; in other words, this state is a consequence of
hybridization of localized 4f and collective 5d and 6s
electrons. In fact, the specific mechanisms of mixing
(hybridization) of thef, s, and d states and stabilization
of the intermediate valence state have been the subject
of discussions and experimental investigations. The
phenomenon of intermediate valence is of particular
interest because compounds with intermediate valence
exhibit anomaliesin virtually al their physical charac-
teristics. Moreover, this phenomenon is associated with
the fundamental problem of description of localized
and collective states within a unified approach.

Substitutional solid solutions are convenient objects
for investigation of the physics of intermediate valence.
In these solutions, by varying the type and concentra-
tion of substituting atoms, it is possible to purposefully
(gradually and over wide limits) change the character-
istics of the system and to investigate their effect on the
intermediate valence state. In their theoretical work,
Kikoin et al. [3] assumed that the 4f—5d hybridization
in Sm, _,RS solid solutions occurs through two mech-
anisms (channels), namely, two-center and one-center
mechanisms. Thefirst mechanism, which was proposed

by Kaplan and Mahanti [4] for SmS under pressure,
provides the hybridization of the 4f electron of an Sm
atom with the 5d electron of a neighboring Sm atom.
The second mechanism provides the 4f-5d hybridiza-
tion within a single Sm atom and becomes impossible
in the inversion symmetry field of pure SmS [4]. How-
ever, this mechanism manifestsitself in Sm, _,R.S due
to distortion of the crystal field potential in astate of the
Sm atom that isinduced by substituting Rions.

Earlier [5], we studied the classical system
Sm, _,Gd,Swith anintermediate valence. In addition to
the universally known increase in the valence mfrom 2
to 25 at the critica concentration x, = 0.15, we
revealed a decrease in the valence of Sm at small con-
centrations (x = 0.9) [5]. This effect was explained by
the fact that the intermediate valence state arises from
the hybridization of the 4f and 5d electrons of the
neighboring Sm atoms. However, the observed
decrease in the valence of Sm was substantialy less
than was expected for this mechanism (m — 2 at
x — 1). It isknown that parameters of the intermedi-
ate valence state of Smin Sm; _,R S systems (such as
the critical concentration of the transition, the valence
of Sm, and the dependence of the valence of Sm on the
concentration X) depend strongly on the type and con-
centration of R atoms substituting for samarium [2, 6].
For thisreason, it isinteresting and important in under-
standing the physics of the intermediate valence state to
elucidate how the decrease in the valence of Sm in
SM(R)S systems depends on the characteristics of the
substituting atoms.
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THE MECHANISM OF 4f-5d HYBRIDIZATION

In the present work, the electronic structures of Sm
(the population of 4f states), Ce (populations of 5d and
6s states), and Y (populations of 4d and 5s states) in
Sm, _,CeS and Sm; _,Y,S systems were investigated
by the method of x-ray line displacement (for com-
pleteness and generality, we aso considered the results
of our previous work on the Sm; _,Gd,S system [5]).
The choice of Sm; _,RS (R=Ce, Gd, Y) systemsas a
subject of investigation was made for the following rea-
sons. It is believed that the formation and stabilization
of the intermediate valence state are determined prima-
rily by the size effect (atomic or ionic radii r) and the
electronic factor (the electronic structures of compo-
nents of the compound). From the standpoint of the size
effect, the Sm(Y)S and Sm(Ce)S systems are opposite
to the Sm(Gd)S system (r3*(Y) = 0.905 A < r3+(Gd) =
0.938 A < r3*(Ce) = 1.034 A [7]). Consequently,
yttrium should bring about a stronger intracrystaline
contraction in the system as compared to gadolinium,
whereas cerium should lead to aweaker contraction. As
far as we know, the electronic factor (the electronic
structures of Ce, Gd, and Y) in these systems has not
been analyzed. In thiswork, primary attention was paid
to the range of low Sm concentrations, because, accord-
ing to [1-3], this range provides more valuable infor-
mation for understanding the mechanism of 4f—d
hybridization.

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

The compounds to be studied were prepared by rf
melting of SmS-CeS and SmS-Y S mixtures in a her-
metically sealed tungsten crucible. The batch concen-
trations of Sm, Ce, andY were checked by fluorescence
analysis. The samples were well-crystallized, single-
phase, and, as can be seen from Fig. 1, which represents
the results of an x-ray structure analysis of the com-
pounds under investigation, are almost identical in lat-
tice parameters to those studied earlier in [8, 9].

The method of x-ray line displacement is character-
ized by a high universality and selectivity and makes it
possible to perform independent investigations of the
electronic structures of components of the compound
for awide variety of elements and experimental condi-
tions. The experimentally observed effects, which are
caused by changes in the populations of thef, d, and s
states, are significantly different in magnitude and
exhibit characteristic dependences on the type of x-ray
diffraction lines involved (facsimile [10]). This makes
it possible to identify unambiguously the type of elec-
trons involved in chemical bonding and to determine
the population of the orbitals with an accuracy of ~0.01
electrongatom for 4f electrons and ~0.03 elec-
trong/atom for d and s electrons. It isimportant that the
effects of x-ray line displacement can be calculated
with a satisfactory accuracy in the framework of the
self-consistent Dirac—Fock formalism [11]. The physi-
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Fig. 1. Dependences of the lattice parameter on the compo-
sition of Sm; _,RS (R= Gd, Ce, Y). Closed symbolsindi-
cate our data, and open symbols represent the data taken
from[8, 9].

cal principles of the method of x-ray line displacement,
the experimental setup, the measurement procedure,
and data processing were described in detail in [10].

In this work, the displacements of the Sm Kg,;, Ce
Kq1, @ndY K, lines were measured with respect to ref-
erence substances, namely, ionic compounds of biva-
lent samarium (SmS) and trivalent compounds of
cerium and yttrium (CeF; and YF3). The valence of Sm
was determined from the following simple relationship:

m = M + AE/AE ;.

Here, m is the valence of Sm in the reference sub-
stance, AE is the experimental displacement of the x-
ray line for the sample under investigation, and AE is
the normalization displacement of the sameK line upon
elimination of one 4f electron. For normalization, we
used the averaged value for the trivalent compounds
Sm,05; and Smi; (with respect to SmS): AE,;=-1485 +
7 meV (hereafter, the errors are statistical). The elec-
tronic structure (the populations ny and ng = 1 — ny for
the d and s states, respectively) for cerium, gadolinium
(5d and 6s states), and yttrium (4d and 5s states) was
determined from a comparison of the experimental dis-
placements and those cal culated from the Dirac—ock—
Koopmans (DFK) model:

AE = AEP™(ng nY.

3. RESULTS AND DISCUSSION

The results of the determination of the valence of
Sm and the populations of the outer 5d and 4d states of
Ce, Gd, and Y are presented in Figs. 2 and 3, respec-
tively.

It can be seen from Fig. 2 that, in the studied systems
with x = x,, — 0.8, the valence of Sm increases almost
identically from m= 2.5 to m = 2.65, even though the
intracrystalline contraction for samarium atoms
increases in the Sm(Y)S and Sm(Gd)S systems and
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Fig. 3. Dependences of the population of Gd 5d, Ce 5d, and
Y 4d states on the composition of Smq _,R,S.

decreases in the Sm(Ce)S system with an increase in
the concentration x (Fig. 1). With a further decrease in
the Sm concentration, its valence somewhat decreases.
This decrease is less pronounced in the Sm(Ce)S and
SM(Y)S systems as compared to the Sm(Gd)S system.

In[5], we proved that the decrease in the valence of
Sm in Sm(R)S systems with concentrations x close to
unity is associated with the formation of the intermedi-
ate valence state through the two-center mechanism of
4f-5d hybridization. However, upon the 4f-5d hybrid-
ization through only this mechanism, the valence of Sm
should tend to m = 2 when x approaches unity due to a
decrease in the probability of Sm—Sm pairs meeting
(see the dotted curve! in Fig. 2). The residual interme-

L This curve corresponds to the dependence m(x) = 2 + (mp +

k(1 — x*2), where the multiplier (my + kx) accounts for the

experimental linear increase in the valence of Sm in the concen-
tration range X = Xg; — 0.8.
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diate valence of Sm at x = 1 suggests an additional
mechanism of 4f-5d hybridization upon formation of
the intermediate valence state, for example, the second
(one-center) mechanism in terms of the theory pro-
posed in [3]. At present, the x dependence of the prob-
ability of the second mechanism, unlike the first mech-
anism, remains unknown. For this reason, the contribu-
tion of the second mechanism to the formation of the
intermediate valence state can be estimated only for
x = 1, when the contribution of the first mechanism is
insignificant.

Ascan beseenfromFig. 2, thevalencesof Sminthe
SmM(Ce)S, SM(G)S, and Sm(Y)S systems at x = 0.95—
0.98 are asfollows: m* = 2.54 + 0.02, 2.43 + 0.02, and
251 + 0.01, respectively. Thus, we found that the
valence m* of Sm in the Sm(Ce)S system with intra-
crystalline stretching for samarium atoms is almost
identical to that inthe Sm(Y)S system with intracrystal-
line contraction for samarium atoms and is larger than
that in the intermediate Sm(Gd)S system. Hence, it fol-
lows that this channd of the 4f—5d hybridization is
unrelated to the size effects. Therefore, it is necessary
to consider the electronic factor.

The population of the 5d and 4d states of Gd, Ce,
andY in these systems can serve as a quantitative esti-
mate of the electronic factor (Fig. 3). It can be seen
from Fig. 3 that, within the limits of experimental error,
the popul ations of the outer d (and s) states are indepen-
dent of x. The weighed-mean values are ny = 0.43

0.04, 0.78 £ 0.03, and 1.07 + 0.04 electronsg/atom for
Gd, Ce, andY, respectively. A comparison of the values

m* and ny for the SM(R)S (R = Gd, Ce, Y) systems
under investigation indicates a weak correlation

between the valence of Sm and the population of d
states.

Thus, the experimental dependence of the valence
of Sm on the composition of the Sm; _,R,S solid solu-
tions can be satisfactorily explained by the superposi-
tion of two channels (mechanisms) of hybridization of
the Sm 4f electron: thefirst channel provides hybridiza-
tion of the 4f electron of an Sm atom with the 5d elec-
tron of neighboring Sm atom, and the second channel
provides hybridization of the 4f electron of an Sm atom
with its own 5d electron. In the case when the concen-
tration X approaches unity, the contribution of the first
(two-center) channel to the formation of the intermedi-
ate valence state becomes small due to the low proba-
bility of Sm—Sm pairs meeting. Because of this circum-
stance, the Sm valence in the system somewhat
decreases. However, owing to the second (one-center)
mechanism, the intermediate valence state in the sys-
temisretained up to x = 1. The valence of Sm and, con-
sequently, the efficiency of the 4f-5d hybridization
within the same Sm atom, most likely, are governed by
the electronic factor (the electronic structure of R
atoms) and are independent of the size effects (the radii
of Rions).
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Abstract—A model explaining electromotive-force generation in SmS under heating in the absence of external
temperature gradients is considered. An analysis of data on the density of SmS single crystals with composi-
tional deviations from stoichiometry in the homogeneity range suggests that excess samarium ions occupy
vacancies on the sulfur sublattice. Possible concentrations of defect samarium ions are determined (up to 2.8 x
102t cm™). The temperature interval within which electromotive force appears in various SmS samples
(440-640 K) and the critical conduction-electron concentrations at which the generation setsin [(6.0-8.5) x
10 cm] are calculated. An expression permitting estimation of the magnitude of the observed effect is pro-

posed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Samarium sulfide (SmS) samples heated in the
absence of external temperature gradients were found
to generate an appreciable emf of 2.5V inal.3-spulse
[1] and 0.6 V in a continuous regime [2]. The mecha
nism of the emf generation is related to the existence of
defect samarium ionsin this semiconductor material [1,
3]. When asampleis heated to the temperature at which
the emf generation setsin (T,), €lectrons excited prima-
rily from impurity levels (E; ~ 0.045 £ 0.015 eV [4])
build up in the conduction band to a critical concentra-
tion n,. These levels are associated with defect Sm?*
ions, whose position in the SmS lattice (NaCl type) is
not fully clear [5]. The concentration n, turns out to be
high enough to screen the defect ion Coulomb potential
to the extent necessary for complete delocalization of
electrons from the E; levels and crossover of the impu-
rity samarium ionsto the trivalent state. This collective
process has a stepwise character. However, the defect
ions are distributed nonuniformly over the sample;
therefore, the above process does not occur simulta-
neously throughout the sasmple. This resultsin the cre-
ation of large conduction electron concentration gradi-
ents; it is this that accounts for the emf. Indeed, diffu-
sion of carriers in a sample generates an electrical
current with adensity

j = eDgradn, (D)

where D is the electron diffusion coefficient in SmS.
Because the electrical resistivity of SmSat atime close
to the onset of emf generation and in the sample region
near that where the effect occursis p = (en,u)2, we can

write for the associated electric field
~.D
E= nbugradn, (2

where u is the conduction el ectron mobility.

An analysis in terms of this model requires more
accurate determination of the positions occupied by
defect samarium ions in SmS and of the range of their
possible concentrations. This will allow one to make
calculations similar to those performed by usin [3] and
to estimate the possible values of the emf generation
parameters (T, n,, €tc.), aswell asto choose the direc-
tion of research to be pursued.

2. DEFECT STRUCTURE OF SmS
IN THE HOMOGENEITY RANGE

In stoichiometric SmS (even single-crystal sam-
ples), one observes, as a rule, inclusions of a second
phase, Sm,S,, in amounts of ~1 vol % [6]. This means
that the remainder of the sample, nominally pure SmS,
should contain excess samarium ions. Because the
homogeneity range of SmS extends toward excess
samarium, one hasto study the properties of SmSin the
homogeneity range in order to learn the arrangement of
the defect samarium ions in the lattice and their energy
State.

It was established that samarium monosulfide is a
one-sided variable-composition phase extending from
50to 54 at. % Sm[7-9]. The Hall coefficient, electrical
conductivity, thermopower, and lattice thermal conduc-
tivity vary strongly with composition within the range
50.0-50.5 at. % Sm and smoothly in the range from
50.5t0 54.0 at. % Sm. The density of the solid solution
increases smoothly throughout the homogeneity range,

1063-7834/02/4408-1574%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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while the lattice constant varies very little. Within the
homogeneity range, the properties of SmS change from
semiconducting to semimetallic.

Figure 1 shows the experimental (points) and calcu-
lated density as a function of composition, the curves
being constructed for the following three models of
SmS crystallochemical structure: (1) the excess samar-
ium occupiesinterstitial lattice sites (curve 1); (2) inthe
SmS|atticewith excess samarium, vacanciesformonthe
sulfur sublatticein corresponding quantity (curve2); and
(3) the excess samarium ions fill the vacancies on the
sulfur sublattice (curve 3) (see below).

As seen from Fig. 1, model 1 does not conform to
the experimental composition dependence of the den-
sity. Model 2 is valid for low concentrations only.
Model 3 is applicable throughout the concentration
range covered. The deviation of the experimental den-
sity from that given by model 1 toward lower values
indicates vacancy formation in the | attice. Vacancy for-
mation through removal of sulfur atoms from the
samarium monosulfide latticeisimpossiblein our case,
because no sulfur-deficient SmS phase exists.

The mechanism of formation of an SmS-based solid
solution in models 2 and 3 can be schematically con-
ceived in the following way. Let us consider a sealed
container housing an SmS crystal and a quantity of
samarium. As the temperature is increased, sulfur
atoms escape from the crystal surface with the forma-
tion of surface vacancies. After this, sulfur diffuses
toward the surface and the vacancies move into the bulk
of the crystal. As for the samarium vapors in the con-
tainer, part of them react with the sulfur, diffusing out
onto the surface to form new unit cells, while the
remainder diffuse into the bulk. Curve 2 in Fig. 1 was
drawn under the assumption that the number of sulfur
vacanciesis equal to that of the incorporated samarium
atoms. This solid solution will have the following crys-
tallochemical formula:

1
1—_—68'“1+ psl—pvpa (3)
wherep =x/(2 + X) isthe number of sulfur vacancies (V)
and x is the samarium excess in the formula Sm, . ,S.
By expressing p through x, we obtain
2+X

SmS+xsSm = S22
2 (4)

X [SMy 42+ 30S1-x2+xVxi@+xl -

The density calculated within model 2 can be writ-
ten as

_Z X0 __x0
deac = Na3|:MSm%L+2+)dj+ Mg 2+)@] (5)

where Z = 4 is the number of samarium and sulfur
atoms in the SmS unit cell of stoichiometric composi-
tion; N is Avogadro's number; Mg, and Mg are the
atomic masses of samarium and sulfur, respectively;
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Fig. 1. Density of SmS samples with excess samarium vs.
their composition. Points are experiment and curves 1-3 are
calculations using models 1-3, respectively.

and a=5.97 A isthe SmS unit-cell parameter. As seen
from Fig. 1, the density calcul ated from this expression
fitswell (within the error of density determination) the
experimental results for low samarium concentrations,
~50.0-50.5 at. % Sm.

The densities determined experimentally for the
compositions ~50.5-54.0 at. % Sm lie below the values
calculated using Eq. (5). This presupposes an increase
inthefraction of vacanciesinthereal solid solution. We
made an assumption that the number of vacancies is
proportional not to the atomic fraction of sulfur, 1/(2 +
X), but rather to that of samarium, (1 + x)/(2 + x). The
crystallochemical formula for this model takes on the
form

2+ X
2

2-x ©)

SmS+ xSm =

X [Srn(l+ X)(2—X2)/(2+ X)S(Z—XZ)/(2+ X)Vx(1+ x)/(2+ X)] ’

and the density can be calculated from the expression

2-%
Mssox] @

As seen from curve 3 in Fig. 1, the calculated den-
sity agrees well with the experimental results through-
out the solid-solution concentration region covered.
Continuing the calculation with Eq. (7) beyond the
homogeneity range, we find a maximum at a composi-
tion of 55.3 at. % Sm. Beyond this samarium concen-
tration, the density of the solid solution decreases. The
number of vacancies grows so rapidly that the solid-
solution phase becomes unstable.

_Z 2%
deac = N_ag,|:MSm(l+X)m+

Thus, according to this model, excess samarium
ions with a concentration N, = (4/a%x/(1 + X) (curve 1
in Fig. 2) occupy vacancies on the sulfur sublattice. As
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Fig. 2. Concentrations of (1) impurity (excess) samarium
ionsand (2) vacancieson the sulfur sublatticein SmSwithin
the homogeneity range vs. deviation from stoichiometry.
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Fig. 3. Conduction electron concentration vs. composition
plot in the SmS homogeneity range. Points are experiment,
and curves are calculations (the area of calculated values of
np for 0.03 < E; < 0.06 eV is hatched).

seen from the ratio N\/N;, where N, = (4/a3)x?/(2 + x)
(curve 2 in Fig. 2), part of the vacancies remain
unfilled.

3. THE ENERGY STATE OF DEFECT
SAMARIUM IONS IN SmS

The excess samarium ions are responsible for the
carrier activation energy E; derived from the tempera-
ture dependences of the electrical conductivity of SmS
samples of various compositions measured in the
homogeneity range at temperatures from 100 to 500 K.
The activation energy E; decreases from ~0.1 eV to O
with increasing number of excessions [6, 8, 10]. The
vaue E; = 0isreached in the compaosition with 50.5 at. %
Sm, which corresponds to N; ~ 4 x 10%° cm (Fig. 2),
and remains unchanged in all compositions with higher
samarium contents [6].
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Stoi chiometric SmS samplesdid not exhibit any fea-
turesin the behavior of E;. However, asfollowsfrom an
earlier study by Zhuzeet al. [11], thevalue of E; in SmS
varies in the 0.04- to 0.07-eV interval. It was shown
later [4] that E; in SmS can vary from sample to sample
and is0.045 £ 0.015 eV.

Let us use the concentration model devel oped by us
for the piezoresistivity of SmS based on the solution to
the charge neutrality equation [12]. Using the values of
N; from Fig. 2 and taking into account the above reason-
ing on the magnitude of E; (E; = 0.03-0.06 eV for N, <
4x10®°cm2and E = 0for N; >4 x 10%° cm™3), we cal -
culate the behavior of the conduction electron concen-
tration ny for SmS samples in the homogeneity range.
The curve obtained (Fig. 3) satisfactorily describes the
experimental data of [8]. Thus, our values of N; and E;
areredigtic.

4. CALCULATION OF THE CRITICAL EMF
GENERATION PARAMETERS FOR SmS
SAMPLES OF STOICHIOMETRIC COMPOSITION

Determination of the temperature interval within
which emf generation can take place and, primarily, of
the lowest possible values of T, is an important prob-
lem. It appears natura that these values should be
reached in samples with the minimum E; and maximum
ny. Figure 4 presents the dependence of the conduction
electron concentration in SmS on the concentration of
defect samarium ions (curve 1). This dependence was
calculated within the concentration model [12] for the
following parameters: m* = m,, E; = 0.03 eV, and the
samarium 4f level depth E; = 0.23 eV and density N; =
1.8 x 10?2 cm3. As shown by a large number of our
measurements of the Hall concentration of carriersin
SmS single crystals of stoichiometric composition, n,
at T =300 K cannot exceed 3.5 x 10'° cm=3. Therefore,
asfollowsfrom Fig. 4, the maximum value of N; at E; =
0.03 eV can be~5 x 102 cm3.

As shown in [3], as the temperature increases, emf
generation sets in when the effective Bohr radius of the
impurity ag becomes equal to the Debye screening
radius a of the impurity electric potential by the con-
duction electrons,

gl
me®’
{Méesz”(koT)”2
ap = 3
TN
where g, = 18 isthe static dielectric permittivity of SmS
[13], Fua() = J‘;(—Ofo/GX)X”de, folx, 1) = [1 +

exp(x — W] isthe Fermi integral, and p is the reduced
chemical potential. Using the condition ag = ay with

ag

=12

Fuz(H)} )
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the above values of m*, E;, and N;, we numerically cal-
culated the temperatures T at which electrons are delo-
calized from the E; levelsin the case of arbitrary degen-
eracy for various values of N;. The functions T,(N;) are
presented in Fig. 4 for E; = 0.03 and 0.06 eV (curves 2,
3, respectively). Recalling that N; = 5 x 10%° cm™3, we
obtain from curve 2 the minimum value of T, = 440 K.
The maximum possible temperatures of the onset of
generation T, ~ 640 K, which can be derived from
curves 2 and 3, correspond to the minimum values of N;
and do not depend on E;. Thus, our calculations show
that the temperature T, for SmS single crystals can
range from 440 to 640 K in various samples. This con-
clusion is in accord with the experimentally observed
values 435455 [14], 375405 [1], 455 [3], 390-670
[2], and 530 K [15].

Figure 4 also displays calculated critical concentra-
tions n, for E; = 0.03 and 0.06 eV (curves 4, 5, respec-
tively). Asfollows from these data, in SmS of stoichio-
metric composition, n, can assume values in the inter-
val (6.0-8.5) x 10'° cm3,

The calculated values of n, can be compared with
experiment. Delocalization of electrons from the impu-
rity levels E; not only accounts for the emf generation
in SmS but plays, asit were, therole of atrigger for the
semiconductor—metal phase transition driven in SmS
by hydrostatic pressure. Thelatter was shownin[16]. It
follows that the values of n, should be equal to the crit-
ical concentrations of the conduction electrons n. at
which this phase transition occurs. The values of n,
were measured by us earlier [17]. Figure 5 shows
experimental values of n; (taken from [17]) together
with the calculated n, curves. Taking into account the
error of ~15% with which the values of n, were mea-
sured, the calculations can be considered to bein satis-
factory agreement with experiment. This provides sup-
port for our model of the emf generation and for itsinti-
mate relation with the model of the semiconductor—
metal phase transition in SmS, an observation that has
already been pointed out [1, 14].

5. DISCUSSION AND CONCLUSIONS

The above analysis of the electrophysical properties
and of the structural features of SmS shows the pres-
ence of excess samarium ions to play a decisiverolein
the emf generation in SmS samples under heating inthe
absence of external temperature gradients. The genera-
tion onset temperature depends on the samarium ion
concentration, and the emf amplitude depends on the
gradient of this concentration. Asfollowsfrom Eq. (2),

E = KgradN;. (8

The coefficient K depends in a complicated way on T,
m*, &, N, and E;, as well as on the actual conduction
electron scattering mechanism, and, hence, requires
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Fig. 4. SmS parameters calculated as functions of defect
samarium ion concentration: (1) conduction electron con-
centration (T = 300 K) for E; = 0.03 eV; (2, 3) emf genera-
tion onset temperature for E; = 0.03 and 0.06 eV, respec-
tively; and (4, 5) critical conduction electron concentrations
for the onset of emf generation for E; = 0.03 and 0.06 eV,
respectively.
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Fig. 5. Critica conduction electron concentration for the
semiconductor—metal phase transitionin SmSat T =300 K
(experimental points) and for the onset of emf generation
(calculated curves 1 and 2 for E; = 0.03 and 0.06 €V, respec-

tively) plotted vs. conduction electron concentration at T =
300K and P = 0.

empirical determination. The quantity gradN; can be
chosen by properly doping stoichiometric SmS by
excess samarium atoms. As seen from Fig. 3, the mag-
nitude of the effect under study (E) can be efficiently
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increased by doping only to alevel of 50.5 at. % Sm.
When doped to higher concentrations, the excess Sm
ions will play only a passive part under hesating,
because in this case E; = 0. The latter is apparently due
to thefact that a < ag already at room temperature and
that the conduction electron concentration is above the
critical level needed for the emf generation to set in.
Thus, Eq. (8) isvalid for stoichiometric SmS and com-
positions deviating from stoichiometry by up to
~0.5 at. % toward samarium excess.

Our analysis of the above model of emf generation
in SMS suggests that similar effects can also be
observed in other semiconducting compounds. The
condition necessary for this effect to occur is the pres-
ence of adonor impurity distributed nonuniformly over
the bulk of the sample at a concentration high enough
for the equality ap = ag to set in under the action of an
external factor (temperature, pressure, etc.). Indeed, we
observed emf generation under uniform heating of
SMg geGdy ;S and SMTe, S, _, with x = 0.02 and 0.05.
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Abstract—Fluoride-conducting superionic conductors in the PbF,~CdF,, PbF,~SnF,, PbF,—Sck;, CdF,—
HoF;, and CdF,—ErF; systems are studied over a wide range of temperatures (130-1073 K). The thermal sta-
bility of the electrical conduction characteristics and the smeared transition to the superionic state
(1071-1 S/em) areinvestigated in PoF,, Py ¢7Cdyg 33F,, and Pb, _,Sc,F, ., « (x=0.01and 0.1) single crystalsand
aPbSnF, polycrystallinesample. Inthe Cd, _,R.F> , « solid solutions (R=Ho and Er, 0.02 < x < 0.20), the cross-
over from one mechanism of ion transfer to the other mechanism isrevealed in the temperature range 600-800
K. The correlation between the anion transfer and specific features in the defect structure of crystals is dis-

cussed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Solid solutions of Pb;_,ScF,.« (0 < x £ 0.15),
Pb, _,CdF, (0O<x<1),and Cd,_,RF,.,(R=La-Lu,
x 2 0.1) with a fluorite-type (CaF,) structure and the
PbSnF, compound with a fluorite-derivative structure
are characterized by high fluorine anionic conductivi-
ties, which offers actual possibilities of using these
materialsin different devices of solid stateionics[1, 2].
The understanding of the mechanisms of anion transfer
in superionic conductors based on MF, (M = Pb and
Cd) callsfor investigation over awide range of temper-
atures. In the present work, we analyzed the specific
features in the anionic conductivity o of PbF,,
Pb, _,ScF,.« (x = 001 and 0.1), and Pb,_,Cd,F,
(x = 0.33) single crystalsin the temperature range 130—
873K; Cd,_,RF,,, (R=Hoand Er, 0.02 < x< 0.2)
single crystals in the range 293-1073 K; and PbSnF,
polycrystalsin the range 140-597 K. The choice of the
studied compositions of the fluorite solid solutions was
made for the following reasons. The isovalent substitu-
tion Pb** — Cd?* in Pb, _,Cd,F, leads to the highest
conductivity o of the solid solution a x = 0.33 (the
composition corresponding to a minimum in the melt-
ing curve) [1, 3]. The heterovalent substitution
Pb?* —» Sc® in Pb, _,Sc,F, ., resultsin the formation
of a nonstoichiometric phase with the highest conduc-
tivity at x = 0.1 [1]. In Cd, _,RF>.  solid solutions, a
decrease in the ionic radius of rare-earth cations (from
Lato Lu) isattended by an increase in the anionic con-
ductivity due to a decrease in the activation enthal py of
electrical conduction [4]. The preliminary results of
investigations of these crystalsin the temperature range
from 293 to 500 K were published in our earlier papers
[3-6].

2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

Single crystals of the Py g;Cdy 33F, Pb; _ SCFs 4 «
(x=0.01and0.10), Cd, _,Ho,F, . , (x=10.02, 0.03, 0.04,
and 0.11), and Cd, _,Er,F, ., (x = 0.03 and 0.20) solid
solutions were grown by planar crystallization from
melt at the Laboratory of Fluoride Materials of the
Shubnikov Institute of Crystallography, Russian Acad-
emy of Sciences [3-5]. The crystals were free from
scattering inclusions of oxygen-containing phases (the
oxygen impurity content was of the order of 0.01—
0.02wt %) and had a fluorite-type structure (cubic
crystal system, space group Fm3m), as was confirmed
by x-ray diffraction.

The chemical composition of the solid solutions
corresponded to that of the initial batches (the discrep-
ancy did not exceed £1 mol %). The content of impurity
components in the single crystals was checked against
the composition dependences of the lattice parameters
of the solid solutions. The parameter of the cubic lattice
a = 5.755 A for Pbys;,Cd,5F, coincides with the data
availableintheliterature[3, 7]. The single-crystal sam-
ples suitable for electrical measurements were cut from
transparent regions of the crystals grown under station-
ary conditions. The thickness of the samples was equal
to 1-2 mm, and their surface area was 2540 mm?2. The
operating surfaces of the single-crystal samples were
subjected to optical finishing and ultrasonic cleaning in
acetone (Bransonic 221). The quality of the samples
was examined using a Zeiss KL1500 optical micro-
Scope.

Samples of PbF, in the form of small-sized crystals
(1-2 mm) and PbSnF, in theform of afinely crystalline
powder were prepared by the hydrothermal method at

1063-7834/02/4408-1579%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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the Laboratory of Hydrothermal Synthesis of the Shub-
nikov Institute of Crystallography, Russian Academy of
Sciences [6]. Crystals of PbF, and, especialy, PbSnF,
are characterized by a complex polymorphism; hence,
their properties substantially depend on the synthesis
procedure and thermal prehistory. As a consequence of
this circumstance, there is disagreement between avail-
abledataon thethermal, structural, and conductometric
characteristics of these materials. X-ray powder dif-
fraction analysis revealed that the samples prepared
have a single-phase composition. Moreover, it was
found that, prior to thermal analysis, the PbF, samples
had an a-PbF, structure (orthorhombic crystal system,
space group Pcnm, a = 7.652 A, b = 6.439 A, and
c=3.899 [6]) and the PbSnF, samples had an
a'-PbSnF, structure (monoclinic crystal system, space
group P2,/n,a=4.191A,b=4.193A,c=22.96 A, and
y = 91°72' [6]). The ionic conductivity of PbF, was
examined using single-crystal samples. For measure-
ments of the ionic conductivity in PbSnF,, the powder
of this compound was carefully ground and pressed
into pellets 5 mm in diameter and 2—4 mm thick under
ahigh pressure (4-5 MPa).

The thermal analysis was performed on a Setaram
DTA/TG 92-12 instrument at arate of 5-10 K/minin a
flow of gaseous nitrogen in the temperature range from
29310 1073 K. The electrical propertieswere measured
on a Solartron 1260 impedometer under an alternating
current in the frequency range from 10 to 10’ Hz. The
electrodes were fabricated from asilver paste. Thevolt-
age across the sampleswas equal to 30 mV. The imped-
ance of the crystals was measured in a nitrogen flow at
high temperatures (from 293 to 1073 K) and under vac-
uum (at aresidual pressure of 10~ Pa) at low tempera-
tures (from 130 to 410 K). The experimental setups for
high-temperature and low-temperature electrical mea-
surementswere described in detail in [8, 9]. The param-
eters of the anion transfer were cal culated according to
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Fig. 1. Temperature dependences of the anionic conductiv-
ity measured normally to the c axis of a-PbF, single crys-
tals upon (1, 3) heating and (2, 4) cooling: (1, 2) sample 1
and (3, 4) sample 2.
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the formulaoT = Aexp(-AH/KT), where AH is the acti-
vation enthalpy of electrical conduction.

3. RESULTS AND DISCUSSION

3.1. Superionic conductors based on PbF.,. Fig-
ures 1 and 2 depict the temperature dependences of the
anionic conductivity measured in the studied samples
with the use of low-temperature and high-temperature
techniques. Table 1 presents the electrical characteris-
ticsof thecrystalsand the dataavailablein theliterature
for B-PbF, with afluorite structure.

The electrical investigations of the low-temperature
o-PbF, modification (space group Pcnm) were per-
formed with two single crystals (oriented perpendicu-
larly to the ¢ axis) upon heating from 300 to 873 K and
subsequent cooling to 327 K. As can be seen from
Fig. 1, both samples are characterized by agood repro-
ducibility of the results obtained upon heating and cool-
ing. An increase in the temperature leads to a drastic
increase in the anionic conductivity o(T) in the vicinity
of 600 K due to an irreversible polymorphic transition
from the orthorhombic (a) PbF, modification to the
cubic (B) PbF, modification. The occurrence of the a—
B irreversible phase transition is confirmed by a sharp
narrow peak appearing in the thermograms at ~630 K
upon first heating that is absent upon subsequent cool-
ing and in the second heating—cooling cycle. The acti-
vation enthalpy of electrical conduction in the temper-
ature range of the existence of the a-PbF, phase (300—
600 K) is equal to 0.38 eV. This suggests that the ion
transfer proceeds through the vacancy mechanism [11]
associated with the presence of background impurities
in the samples.

In the temperature range of the existence of the -
PbF, madification, the dependence o(T) at T = 710 K
exhibits the second feature, which reflects a gradual
transformation of the fluorite structure into the state
with ahigh anionic conductivity (the so-called smeared

~
=1

1037, K!

Fig. 2. Temperature dependences of the anionic conductiv-
ity of (1) PbggoScomFa01 (2) PbogScoiFzi. and
(3) Pbg67Cdp.33F> single crystals and (4) the B-PbSnF,
polycrystalline sample.
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Table 1. Electrical characteristics of PbF,-based superionic conductors

o, Sicm AH, eV o, Slcm AH, eV
Crystal T, K* T, K
T<T, 293K T<T,
B-PbF, 1098 711+7 1x 1078 [10] 0.67[10Q] 2 (873K) 0.30
Pby.993C0.01F2 01 ~1095 573-673 3x10° 0.60 1.2 (873 K) 0.30
Pbg 9SCo 1F21 ~1085 573673 1x10% 0.40 1.2 (873K) 0.30
Pbyg 67Cdg 33F> 1023 513-621 2x 10 0.39 2.5(873K) 0.32
B-PbSnF, 663-773 285-340 4x 10 0.39 0.2 (597 K) 0.16

* Melting temperature.

superionic transition in 3-PbF, fluorite crystals [12]).
The transformation of the fluorite structure into the
superionic state is accompanied by disordering of the
anionic sublattice (according to the data obtained by
different methods, the concentration of mobile defects
amounts to only several percent [12, 13]). This mani-
fests itself in the behavior of the thermal properties of
single-crystal samples upon thermal cycling: smeared
thermal effects are observed at ~709 K (first heating),
~684 K (first cooling), ~706 K (second heating), and
~696 K (second cooling). In the superionic “phase” of
the 3-PbF, modification, the estimated enthalpy of ion
transfer AH = 0.30 eV isin good agreement with the
results obtained by other methods, namely, AH = 0.26 £
0.05 eV [13] (neutron diffraction), 0.2 eV [14] (*F
NMR), and 0.25-0.30 eV [15] (conductometry). A sub-
sequent decrease in the temperature of lead fluoride
results in a crossover from the mechanism of intrinsic
conduction through migration of anion Frenkel defects
(F, interstitial ions and Vg vacancies) to the vacancy
mechanism of extrinsic conduction with the enthalpy
AH = 0.24 eV (according to [10, 15], the enthalpy of
migration of fluorine vacancies is equa to 0.23—
0.26 eV).

The behavior of the dependence o(T) changesin the
range 573-673 K for Pb, _,Sc,F, ., (x=0.01 and 0.1)
single crystals and in the range 513-621 K for
Phby s7Cd, 55, single crystals (Fig. 2), most likely, due
to a superionic transition in the fluorite structures. The
thermograms of the PhbygeSCogiFo0n Crystal exhibit
broad peaks in three heating—cooling cycles: theinitial
portions of the thermal effect upon heating and cooling
correspond to ~693 K and ~683 K, respectively. For the
Pby oSy, F, 1 crystal, no thermal effects are revealed
upon heating in two cycles and a very weak peak is
observed at 638-643 K upon cooling. The thermo-
grams of the Pb,g,Cdya3F, crystal show no thermal
effectsin two cycles.

Upon introduction of Sck; impurities, additional
anions are located at interstices of the fluorite matrix:

ScF; (PbF,) —» Scp, + F; + 2F= The mechanism of
ion transfer in anion-excessive solid solutions of

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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Pb, _,Sc,F, . is associated with the migration of F;
ions. An increase in the ScF; concentration in
Pb, _,ScF, .« solid solutions by one order of magni-
tude (from 1 to 10 mol %) resultsin an increase in the
anionic conductivity at 293 K by a factor of approxi-
mately 600. This change in the characteristics of ion
transfer can be caused by the increase in the mobility of
the impurity charge carriers F; involved in the transfer
dueto the decreasein the height of the potential barriers

[5,16]. At T < T, theenthalpy of migration of F; inter-
titial ionsisestimated to be AH = 0.60 €V (210-640 K)
for the Pby g9SCo01F2 01 Crystal and AH = 0.40 eV (153—
590 K) for the Pby ¢Scy 1 F» 1 Crystal.

The introduction of the CdF, component into the
PbF, fluorite matrix does not bring about the formation
of additional fluorine ions. At the same time, the mis-
match between the ionic radii and the differencein the
electronic configurations of Pb?** and Cd?* cations lead
to a decrease in the cation—anion interaction coeffi-
cients (a weakening of ionic bonds) for Pb, _,Cd.F,
solid solutions as compared to those for the B-PbF,
matrix [17]. In turn, this results in a decrease in the
energies of formation and migration of mobile defects
and, eventualy, is responsible for an increase in the
conductivity. In the temperature range below T, the
activation enthalpy of anion transfer in the
Pbys,Cdy53F, crystal is estimated as AH = 0.388 +
0.001 eV (132532 K). Thisisin good agreement with
the enthalpy AH = 0.38 + 0.01 eV (293480 K) deter-
mined in our earlier conductometric study [3].

In [18], the ion mobility and the structure of
Pb, _,Cd,F, solid solutions were investigated by *°F,
H1Cd, and 2"Pb NMR spectroscopy and x-ray diffrac-
tion. Analysis of the evolution of the 1°F NMR spectra
(the appearance of anarrow line, apartial narrowing of
abroad component, and a stepwise decrease in the sec-
ond moment) reveal ed two types of F~ions with differ-
ent diffusion mobilities. The high mobility of a number
of F~ions (the mobile subsystem) and structural disor-
dering of Pb?* ions are responsible for the deficit of
anionsin general 8c positions (space group Fm3m). As
the temperature increases, the number of F ions
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increases in the immobile subsystem and, correspond-
ingly, decreasesin the mobile subsystem. According to
x-ray diffraction analysis, a number of cations (for the
most part, Cd cations) are displaced from the general 4a
positions by adistance of ~0.2 A along the fourfold and
threefold axes. Most likely, this corresponds to the for-
mation of clusters composed of defects (defect regions)
in the solid solution crystal without a change in its
cubic macrosymmetry. Asavariant of theseregions, the
authors proposed an ordered (tetragonal) structure of
the Ba,ZnF, type which is misoriented with an equal
probability over three possible directions of the four-
fold axis in the general fluorite-type motif. The dis-
placement of cations from the regular lattice sites in
isovalent solid solutions provides space for anion
motion and, thus, facilitates ion transfer in the nearest
environment of the clusters.

The fluorine ionic conductivities in the superionic
states of the B-PbF, fluorite matrix and the solid solu-
tions on its base are close to each other and can be as
high as 1-2 S/cm at 873 K. For these crystals, the acti-
vation enthalpies of electrical conduction virtually
coincide with each other: AH = 0.30 eV for B-PbF,,
AH = 0.32 £ 0.01 eV for Pby,Cdys3F, (640873 K),
and AH = 0.30 £ 0.01 eV for PbygeSComFo0 (800—
873 K) and PbyoScy;F»; (620-873 K).1 However, the
mechanism of anion transfer in the superionic phaseis
still not clearly understood.

For PbSnF, polycrystalline samples subjected to
first heating from 311 to 597 K, the dependence o(T)
exhibits a feature in the range 350-370 K which is
attributed to the transformation of the monoclinic (a')
modification to the tetragonal (3) modification. In the
thermograms measured for the PbSnF, compound in
the heating—cooling cycle in the range from 293 to
573 K, the thermal effects manifest themselves at a
temperature of ~348 K for the ceramic samples and at
~353 K for the small-sized crystals upon heating and
are not observed upon cooling. The small enthalpy of
the a(a")- transition (440 cal/mol [19]) indicates that
thistransition is accompanied by an insignificant struc-
tural transformation. It isknown that, upon cooling, the
reverse transition from the (3-PbSnF, modification to
the a(a")-PbSnF, modification is hindered and occurs
either at temperatures below 77 K or under mechanical
actions (grinding) or a high hydrostatic pressure [20,
21]. Our x-ray powder diffraction data confirm that the
ceramic sample after conductometric investigations
(upon heating to 597 K) belongs to the 3-PbSnF, mod-
ification (tetragonal crystal system, space group
P4/nmm, a=b=4.215A, and ¢ =11.37 A). It should
be noted that, under normal conditions, the metastable
tetragonal [3-PbSnF, modification was obtained by

1 For the last two crystals, the conductometric data were processed
jointly.
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annealing at temperatures above 610 K [21, 22]. The
unit cell of thetetragonal 3-PbSnF, modification can be
treated as atetragonally distorted fluorite unit cell: g, =

b, = &/ /2 and ¢, = 2a, where the subscriptst and f refer
to the tetragonal and fluorite unit cells. According to
Chernov et al. [22], the structure of PbSnF, can be rep-
resented as a heterostructure of the atomic level in
which a Sn,Fg tetramer (an isolated fragment of the
crystal lattice of the monoclinic a-SnF, modification)
is located in the fluorite lattice of the 3-PbF, phase.

Thus, the data on the ionic conductivity upon first
cooling from 597 to 311 K and subsequent second heat-
ing from 293 to 410 K and second cooling to 143 K
refer to the 3-PbSnF, modification. It can be seen from
Fig. 2 that, in the temperature range 285-340 K, the
electrical conductivity of the 3-PbSnF, phase gradually
changes and the activation enthalpy of electrical con-
duction is characterized by adispersion. Thesefindings
are in good agreement with the assumption made in
[21, 22] that the tetragona (-PbSnF, modification at
temperatures of 190-340 K undergoes a smeared supe-
rionic transition similar to the phase transformation
observed in the cubic B-PbF, modification. The esti-
mated enthal py of anionic conduction in the superionic
phase is equal to 0.16 eV, which agrees with the previ-
ously determined enthalpies AH = 0.10-0.17 eV [1, 2,
19, 21].

The °F NMR [23], conductometric [19, 22], and
structural [24, 25] data indicate that the fluorine ionic
conduction in PbSnF, crystals occurs through the direct
interstitial mechanism. The structure of the monoclinic
o(a")-PbSnF, modification contains two types of F-
ions with different mobilities. Upon transition to the
high-temperature 3(B")-PbSnF, modification, F~ions of
both types become dynamically equivalent. In our
recent work [6], we studied the fluorine ionic conduc-
tivity of a'-PbSnF, in single-crystal and ceramic sam-
plesin the temperature range 293-450 K. Owing to the
perfect cleavage and the habit of the single crystals
(thin plates), we succeeded in measuring the electrical
conductivity of the a'-PbSnF, single crystals only
along the crystallographic axis c. The results of electri-
cal measurements performed with single-crystal and
polycrystalline samples of the PbSnF, compound indi-
cate a high anisotropy of fluorine transfer parallel and
perpendicular to the ¢ axis. Therefore, unlike the PbF,
fluorite crystals and PbF,-based solid solutions (three-
dimensional superionic conductors), the tetragonal
PbSnF, crystals can be characterized as two-dimen-
sional superionic conductorsin which fast transfer of F-
ions likely proceeds in the crystallographic planes per-
pendicular to the c axis.

3.2. Superionic conductors based on CdF,. Ear-
lier [4], we noted that, without resorting to special pre-
cautions at temperatures above 520 K, the pyrohydrol-
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ysis occurring on the surface of Cd,_,RF5. Single
crystals resulted in the formation of a conducting film.
This hampered correct determination of the bulk resis-
tivity. The formation of a CdO conducting layer on the
surface of the CdF, crystal is caused by the presence of
water or oxygen traces in the ambient atmosphere [26].
In our experiments, we took special precautions, such
as ultrasonic cleaning of the sample surface, prelimi-
nary annealing of the samples followed by removal of
the conducting layer, measurements in a flow of puri-
fied nitrogen and over awider frequency range (in order
to separate the contribution of the bulk resistivity of the
single crystalsfrom the contribution of the resistivity of
the film), and others. These efforts made it possible for
the first time to carry out high-temperature investiga-
tion of the electric properties of CdF,-based single
crystals.

The temperature dependences of the ionic conduc-
tivity of Cd, _,RF,., (R=Ho and Er) single crystals
areplotted in Fig. 3. All the studied crystals are charac-
terized by a good reproducibility of the ionic conduc-
tivities upon heating and cooling. No thermal effects
are observed in the thermograms of the samplesin the
temperature range under investigation. The depen-
dences o(T) at critical temperatures T, ~ 600-800 K can
be divided into two linear portions in accordance with
different mechanisms of ion transfer. It should be noted
that the activation enthalpy of ion transfer increases in
the high-temperature range. Two similar portionsin the
curves o(T) were also observed for Cgy _,RF, ., and
Nag5_xRo5+ xF2 + 2 SOlid solutions [8]. Table 2 lists the
preexponential factors A and the activation enthalpies
of electrical conduction AH for Cd, _,RF, ., (R=Ho
and Er) single crystals.

It should be noted that the ionic radii of Ho** and
Er3* cations are close to each other. For this reason, we
jointly processed the experimental data on the
Cd, _,Ho,F, ., and Cd, _,Er,F, ., solid solutions. Fig-
ure 4 depicts the concentration dependences o(x) and
AH(X) in the low-temperature range (T < T.). The
obtained parameters of anion transfer in Cd; _,RF5 . «
(R = Ho and Er) solid solutions agree well with the
parameters determined in our earlier work [4] for
Cdy78H00 22F2 22 and Cdy 75Er 27F 27 crystals measured
at temperatures no higher than 470 K. In the concentra-
tion range 3-27 mol % HoF; (ErF;), the activation
enthalpy linearly depends on the composition: AH =
AH,—Cx, where AH, = 0.85+ 0.05 eV and Cisthe pro-
portionality factor. The concentration dependences
o(xX) and AH(X) can be explained within the model
of defect regions, which we proposed earlier for
M; _,RF, . (M =Ca, S, and Ba) solid solutions[27, 28].

The nominaly pure CdF, compound is character-
ized by the formation of point anti-Frenkel defects
which are responsible for the sufficiently high ionic

conductivity: o ~ 1 x 10~ S/cm at 400 K [26]. As fol-
lowsfrom the results of density measurements[29], the
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Fig. 3. Temperature dependences of the anionic conductiv-
ity of (1) CdyggHoppoF202. (2) Cdo.g7EroosF2.0s:
(3) Cdpg7Hogp3F203 (4 CdogoHop11Fp11,  and
(5) Cdg gErg oF2 2 single crystals.

formation of Cd,_,RF,., solid solutions occurs
through the replacement of Cd?* by R®* cations and the
incorporation of additional fluorineions (compensating
for an excess charge of R®* cations) into interstitial
holes of the fluorite structure. It is known that, in
M;_,RF,., (M = Ca, S, and Ba) solid solutions, an
increasein the concentration of rare-earth trifluoridesis
accompanied by aggregation of isolated lattice defects
into defect formations (clusters). According to the

Table 2. Parameters A and AH for Cd; _,RF,.x (R=Ho
and Er) single crystals

Crystal AT, K AH, eV log(A, S/cm)

Cdy ggHOg 0oF2 02| 323-723 |0.813 +0.007 | 5.65 + 0.08
773-1073 | 1.29+0.03 | 8.78+0.18

Cdy g7HOg 03F203| 323-573 | 0.78+0.02 | 559+ 0.16
673-1073 | 1.13+0.04 | 7.97+0.22

Cdy g6H0g gaF204| 323-573 | 0.80+0.02 | 5.83+0.19
823-1073 | 1.29+0.03 | 891+0.14

CdygoH0Og 11F211| 323-573 |0.747 £ 0.007 | 5.54 £ 0.07
623-1073 | 1.000 + 0.008| 7.72 = 0.05

Cdyg7ErgoaF203 | 323-573 |0.863+0.009 | 5.58 £ 0.11
573-1073 | 1.118 £ 0.005| 7.86 + 0.03

CdygErgoFo2 323-523 |0.644 £ 0.007 | 5.20+ 0.09
573-1073 | 0.78+£0.02 | 6.60+ 0.10
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Fig. 4. Concentration dependences of (a) the conductivity
at atemperature of 500 K and (b) the activation enthal py
of electrical conduction for (1) Cd;_,Ho.F, ., and

(2) Cdy — «EryF> 1« Single crystals in the low-temperature
range (T <T).

NMR data [30], clusters containing two R ions are
revealed in CdygErg.F,; and Cdyg,YbggsFo06 SiNgle
crystals. Unfortunately, to the best of our knowledge,
no works dealing with a defect (cluster) structure of
concentrated solid solutions based on CdF, have been
performed.

SOROKIN et al.

Asinthecase of M, _,RF,., (M =Ca, St, and Ba)
solid solutions, the experimental dataon ion transfer in
Cd;, _,RF, ., crystals can be consistently interpreted
under the assumption that defect clusters are formed in
their structures. As regards imperfection of the anionic
motif, the Cd, _,RF, ., , solid solutionsare similar to the
anion-excessive fluorite solid solutions Ca, _,RF5 . .
Theresults of structural investigations[31, 32] demon-
strate that, in Ca _,RF, ., (R=Ho, Y, and Yb) solid
solutions, defects located at 48i crystallographic posi-
tions of space group Fm3m [F;(48i) defects] represent
the dominant type of fluorine interstitial ions and
RsFs6-37 cubic—octahedral clusters serve as cores of
defect regions. This suggeststhat, at T < T, clusters of
the RgF5; type are formed in the structures of
Cd, _,Ho,F, ., and Cd, _,Er,F, ., “impurity” fluorites.
In disordered solid solutions with cubic—octahedral
clusters, the percolation threshold of conductionis esti-
mated to be x, = 2-3 mol % RF; [28] and the activation
enthalpy of ionic conduction at concentrations x > X,
linearly depends on the composition. This situation is
actually observed for Cd; _,RF, . (R=HoandEr) sin-
glecrystals (Fig. 4).

A fragment of the [MgF5,] structure can be distin-
guished in the MF, (M = Caand Cd) fluorite matrix. In

this case, the heterovalent substitution in the crystal lat-
tice of the solid solutions can be represented by the fol-

lowing scheme: [MgFa,]2 — [ReFa7]'* — Frop

where F,, arefluorineinterstitial ionslocated outside
the RgF3; clusters. According to Archer et al. [33],
anion defects entering into the cluster compoasition do

not participate in ion transfer; hence, it is these F,

ions that are the most probable structural defects
responsible for the anionic conduction in cadmium
rare-earth fluoritesat T < T,.. Within the model of defect
regions, the enthal py AH, correspondsto the mean acti-

vation enthalpy of F, mobileionslocated around the
periphery of defect regions in which defect clusters

Table 3. Experimental conductivities and calculated concentrations and mobilities of charge carriers (F,,,,, ions) at atem-
perature of 500 K for Cd, _,RF, . x (R =Ho and Er) ionic conductors

Crystal a, A[39] o, Slcm n, cm= i, cm?/V s
Cdg.98H00 0oF 2 02 5.394 5.7x10°° 8.5 x 10'° 4.2x 107
Cdy.g7HOg 03F2 03 5.398 1.2x10° 1.3 x10% 59x 10”7
Cdo 66H00,04F2 04 5.401 1.4 x 107 1.7 x 10%° 52x 107
CdggHO0g 11F2 11 5.423 2.1x10° 4.6 x 10 29x 1077
Cdy 78H0g 25F 5 25 [4] 5.458 3.2x10% 9.0 x 10% 22x10°
Cdo 67Er0.03F 203 5.397 1.5x 10°° 1.3 x 10%° 7.4%x 1078
Cdy gErooFs2 5.448 1.0x 10 8.2 x 10% 7.6x1078
Cdyg 73Er.27F2 27 [4] 5.469 29x 10 1.1 x 10% 1.6 x 10°°
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serve as acore. The activation enthalpy AH, = 0.85 eV,
which was determined for Cd,_,HoF,,, and
Cd, _,Er,F, ., solid solutions in the present work, is
rather close to the enthalpy of migration of host (ther-
mal) F; ionsAH,,,; = 1.0 eV [34] in the CdF, matrix.

In the framework of the above structural model of
ionic conduction in Cd, _,Ho,F, ., and Cd, _,ErF, .,
solid solutions, the concentration n. of charge carriers

(Fmop 10NS) can be calculated from the formula ng =

2x/3a3, where a is the lattice parameter. The calculated
concentrations and mobilities of charge carriers at
500 K are given in Table 3. The concentration of fluo-
rine mobile ions varies from 9 x 109 to 1 x 10%* cm™
(with variations in the mole fraction of RF; from 0.02
to 0.27 and in the lattice parameter from 5.39 t0 5.47 A
[35]). Note that the number of anionic current carriers
constitutes only 0.2—2% of the total number of fluorine
ionsinthe crystalsunder investigation. Thisagreeswell
with the available data for solid solutions based on
other fluorite matrices MF, (M = Ca, Sr, Ba, and Pb)
[12]. Therefore, the difference in the conductivities of
the Cd,_,RF, ., phases is associated with different
concentrations of ionic current carriers and their differ-
ent mobilitiesin the crystal lattice.

Itisclear that the kinks observed in the dependences
o(T) at critical temperatures T, = 600-800 K reflect a
transformation of the defect structure of Cd, _,R.F, .,
crystals. Making allowance for the small coefficients of
cation diffusion in fluorite structures [12, 34], we can
draw the inference that the number of rare-earth cations
in clusters apparently remains unchanged. It should be
noted that the Cd,_,R/F, ., solid solutions (like the
Ca,_,RF, ., and Nays_Rys. 4 240 SOlid solutions
[8]) obey the relationship AH, > AH;, where AH; and
AH, are the activation enthalpies of electrical conduc-
tionat T<T,and T > T, respectively. According to [8,
33], the high-temperature portion of the dependence
O-(T) for Cal—xRxF2+x and NaO.S—xRO.5+xF2+2x solid
solutionsis associated with the dissociation of F, inter-
dtitial  ions from clusters. As applied to the
Cd,_,Ho,F, ., and Cd,_,Er,F, ., solid solutions, this
process can be described by the following scheme:

[R6F37]19_ I [R6F36]18_ I FaiS' The entha|p|es Of

dissociation of Fg interstitial anions are estimated to
be AH, = 2(AH, — AH,) = 0.5-1.0 €V. Note that the

anionic conductivity at 1073 K can be as high as 0.5~
1S/icm.

Figure 5 shows the dependence of logA on AH for
the Cd, _,RF, ., (R=Ho and Er) single crystals under
investigation. It is seen that the low-temperature and
high-temperature conductivity parameters are charac-
terized by the same compensation effect (with a corre-
lation coefficient of 0.96): logA = logA, + B,AH, where

A, = 23 S/cm and B, = 5.83 eVL. The temperature of

PHYSICS OF THE SOLID STATE Vol. 44 No. 8

2002

1585

11

\O
T

log(A, SK/cm)
~
T

1 1 ]
0.5 0.7 0.9 1.1 1.3
AH, eV

Fig. 5. Dependence of logA on AH for Cd; _,RFo .+ (R=
Ho and Er) single crystals at temperatures (1) T < T, and
@T>T,.

the compensation effect 6 = (2.3kB,) 1= 860K isinrea
sonable agreement with the critical temperatures T, =
600-800 K determined directly from the experimental
dependences a(T). The occurrence of the compensation
effect for Cd, _,R/F, ., crystalsindicates that ion trans-
fer at low and high temperatures proceeds through
interrelated mechanisms.

4. CONCLUSIONS

Thus, the results obtained in the above investigation
allowed usto make the following inferences. The PbF,-
based superionic conductors are promising fluoride-
conducting solid el ectrolytes. Upon heating, the electri-
cal characteristics are stable to a temperature of 873 K
for Pb; _,ScF,.« (X = 0.01 and 0.1) and Pb, _,Cd.F,
(x= 0.33) single crystals and to 597 K for PbSnF,
ceramic samples. The temperature dependences of the
anionic conductivity indicate the occurrence of
smeared transitions to the crystalline state with superi-
onic conductivity (10*-1 S/cm).

The specific features of anion transfer and the ther-
mal stability of the electrical conduction characteristics
were investigated for single crystas of the
Cd,_,HoF, ., and Cd, _,Er,F, ., (0.02 < x < 0.20) flu-
orite solid solutions. Under standard conditions, all the
single crystals studied are unstable at temperatures
above 500 K. The crossover from one mechanism of
ion transfer to the other mechanism is observed at tem-
peratures T, = 600-800 K. In the low-temperature range
(T < T,), the anionic conduction is determined by the
migration of F, interstitial ions and the conductivity o

(at 500 K) increases from 6 x 10 to 1 x 10 S/cm
with an increase in the HoF; (ErF;) content from 2 to
20 mal %. In the high-temperature range (T > T,), the
electrical conductionislikely associated with the disso-
ciation of F; ions from structural clusters and the con-
ductivity o at 1073 K isas high as~1 S/cm.
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Abstract—The spin-spin interaction of Dy3* ions in a KY (WQ,), single crystal is investigated by electron
paramagnetic resonance (EPR) spectroscopy at a temperature of 4.2 K and a frequency of 9.2 GHz. The EPR
spectraof ion pairslocated in different coordination shellsare analyzed. It isreveal ed that the considerabl e con-
tribution to the spin—spin interaction of the nearest neighbor ion pair nn is made not only by the magnetic
dipole—dipoleinteraction but a so by theisotropic exchange interaction with the parameter ¢,,, = (+601 + 17) x
10~ cmL. The exchange interaction in pairs of more widely spaced ions is substantially weaker: $g, = (-38 +
3) x 10*cm™ and $q, = (+18 + 4) x 10~ cmL. For the other ion pairs, the magnetic dipole—dipole interaction
dominates. It is found that the EPR spectra of singleions and ion pairs exhibit a superhyperfine structure asso-
ciated with tungsten nuclei. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The considerable interest expressed by researchers
in crystals of double tungstates of monoclinic symme-
try stems from a number of circumstances. First, these
materials doped with rare-earth elements hold promise
asameansfor producing laser action with unique prop-
erties [1-4]. Second, KDy(WQO,), and RbDy(WO,),
crystals at low temperatures undergo structural phase
transitions of the Jahn—Teller type during which lattice
distortions occur without a change in symmetry [5-8].
At temperatures below 1 K, these crystals also undergo
antiferromagnetic ordering [7, 9-11]. The electron
paramagnetic resonance (EPR) parameters for concen-
trated KDy(WO,) [7] and diluted (0.1-1.0% Dy?* inthe
diamagnetic analog KY (WQ,),) [12] crystalsdiffer sig-
nificantly. In crystalswith alow dysprosium concentra-
tion, the g factor has ordinary values: g, = 0, g, = 1.54,
and g, = 14.6. In crystals with 100% Dy?*, the g values
are as follows: g, = 0, g, = 0.82, and g, = 3.13 at tem-
peratures above the phase transition point Tg, and g, =
0,0,=1.19,andg,=1.98 a T < Tg,. Contradictory data
on the g factor have been obtained from analyzing the
susceptibility [10]. Such appreciable differences can be
associated with the specific features of the spin—spin
interaction. Inturn, these features are determined by the
crystallographic structure of the material. In this
respect, we carried out a detailed investigation into the
spin-spin interaction between dysprosium ions. For
this purpose, we analyzed the EPR spectra of ion pairs
located in different coordination shells.

Upon introduction of paramagnetic ionsinto a dia
magnetic matrix, the impurity ions substitute for dia-
magnetic ions and can appear to be located sufficiently

close to each other. In isomorphic crystals at low impu-
rity concentrations, the probability of forming an ion
pair is proportional to the impurity concentration
squared. If the energy of spin—spin interaction between
ionsof theformed pair turns out to be comparableto the
energy of microwave photons used in electron para-
magnetic resonance, the possibility exists of obtaining
information on the interaction forces on the micro-
scopic level from the EPR spectrum.

Such investigations are important not only in the
above specific case. These experiments are of genera
physical interest, because they make it possible to ver-
ify hypotheses rel ating the macroscopic magnetic prop-
erties of the studied materialsto their microscopic char-
acteristics. Detailed information on pair interactions
allows one to calculate the magnetic structure of mate-
rialsin amagnetically ordered state and to compare the
results of calculations with the available data obtained
by other independent methods. It should be noted that,
as arule, the isotropic exchange interaction makes the
dominant contribution to the nondipole component of
the spin—spin interaction. On this basis, the dependence
of the isotropic exchange contribution to the spin—spin
interaction on the interionic distance and the bonding
direction can be investigated either by inducing strains
in the sample under pressure and heat treatment or con-
sidering pairs of ions located in different coordination
shells.

2. CRYSTAL STRUCTURE

Potassium yttrium and potassium dysprosium tung-
states, KY(WO,), and KDy(WQ,),, are isomorphic
crystals in the monoclinic system [13-15] with space-

1063-7834/02/4408-1587$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Table 1. Unit cell parameters and rhombohedral angles in
KY (WO,), and KDy(WO,), single crystals

Crystal aA | bA | ¢ A |B, deg |Reference
KY(WO,), | 811 | 1035 | 754 | 933 | [1]
KDy(WO,), | 805 | 1032 | 752 | 944 | [2]

Table 2. Coordinates of rare-earth ions in unit cells of
KY (WO,), and KDy(WO,), crystals

lon no. A B C
1 0 0.2716 0.25
2 0.5 0.2284 0.25
3 0 0.7285 0.75
4 0.5 0.7716 0.75

group symmetry Cgh = C2/c. The unit cell contains

four formula units. The unit cell parameters for both
crystals are listed in Table 1. The coordinates of rare-
earth ionsin the unit cell are presented in Table 2.

The rare-earth ions are located in the ab plane and
form glightly bent chains lying along the line of inter-
section of the ab and ac planes. The nearest neighbor
chainsareintheline of intersection of the planestrans-
lated by 1/2c and 1/2a along the c and a axes. The next-
to-nearest neighbor chains lie in the original plane ac
at the distance c.

A paramagnetic impurity ion substituting for a dia-
magnetic ion brings about distortion of the unit cell (for
example, due to a difference in the ionic radii). A pair
of closely spaced impurity ions increases this distor-
tion. Conseguently, the distance between Dy** ions
should differ from the distances between Y3* ions in
pure [KY (WQ,),] or totally substituted [KDy(WO,),]
matrices but will likely not exceed them. For this rea-
son, the calculations were performed with unit cell
parameters equal to the arithmetical means of the cor-
responding parameters for the above matrices, i.e., a =
8.08+0.03A,b=10.335+0.015A,¢c=7.53+0.01 A,
and 3 =93.85+ 0.55° for Dy®* : KY (WQ,),. The calcu-
lated distances between the Dy3* ions and the bonding
directions for the first ten coordination shellsin arect-
angular laboratory system of coordinates are given in
Table 3. The axes of this coordinate system are chosen
as follows: the y axis coincides with the crystallo-
graphic axisb (C,), and the zaxisis aligned with the ac
plane and emerges from the acute angle between the a
and c axes at an angle of 20° to the ¢ axis.

The nearest neighbor ion pairs nn and pairs 7n
belong to the same chains. The bonding direction of the
nn pair is aligned with the ab plane and makes an angle
of 6.3° with the ac plane. The Dy3* ions forming the
pairs 2n, 3n, 4n, 6n, and 10n are located in the nearest
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neighbor chain, and the Dy** ions involved in the pairs
5n, 8n, and 9n are positioned in the next chain.

3. THEORY

Let usconsider aDy?* ion with the 4f ° electron con-
figuration (S=5/2, L =5, J = 15/2, Landé factor g; =
4/3). The ground state ®H,, is split by the crystal field
of monoclinic tungstate into eight Kramers doubl ets, of
which the lowest doublet exhibits an EPR spectrum.
The first and second excited doublets lie 10 and
135 cmr! above the ground doubl et, respectively [5, 6].
The even dysprosium isotopes (the natural abundance
€c is 56.1%) have a zero nuclear spin, whereas the odd
isotopes 63Dy (¢ = 24.97%) and ®Dy (*¢¢ =
18.88%) are characterized by the nuclear spin U = 5/2.

The EPR spectrum of a Dy®* single ion can be
described by the effective spin Hamiltonian

H = u(BgS) + SAl, @

where L isthe Bohr magneton, B isthe magnetic induc-
tion vector, g is the tensor of spectroscopic splitting,

A is the tensor of hyperfine interaction, S isthe elec-

tron spin operator (S= 1/2), and | isthe nuclear spin
operator (for the even and odd isotopes, | = 0 and 5/2,
respectively).

In the genera case, Hamiltonian (1) cannot be
directly diagonalized for odd isotopes. Let us consider
asimpler situation: (i) the principal axes of the tensors
g and A are aligned along the axes of the laboratory
coordinate system, (ii) the external magnetic field is
directed along the z axis, and (iii) the hyperfine interac-
tion is axial in character (i.e., A, > A and A). In this
simpler case, Hamiltonian (1) can be easily calculated
because it includes only diagonal components. More-
over, the EPR spectrum should consist of asingle line
assigned to Dy** ions of the even isotopes and two sex-
tets of equidistant hyperfine components attributed to
the odd isotopes with relative line intensities € : 63| :
161 = ec : 163¢/6 : 16%c/6 =56 : 25/6: 19/6 = 100: 7.4 :
5.6. The separations between the nearest hyperfine
components for each isotope are equal to %A, and
161A,.. 1t should be noted that, in the case when the com-

ponents of the tensor g are identical for Dy** ions of all
the isotopes, the centers of al the spectra coincide with
each other.

The absorption spectrum of apair of interacting ions
can be represented by the Hamiltonian

H = H1+ H2+ le. (2)
Here, H1 and H, are Hamiltonians (1) for single ions
and Ha is the interaction Hamiltonian. Phenomeno-
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Table 3. Interionic distances r (A), direction cosines of bonding directions (n,, ny, and n,), contributions of the magnetic
dipole—dipoleinteraction to the components of the tensor K, and numbers N of magnetically equivalent centersin thefirst ten

coordination shells involving Dy3* : KY (WQ,), ions (the energy parameters are given in terms of 10 cm™)
Pair type r Ny ny n, Kyy MbD Kzmpp Kyzmpp N
nn 4.06 £ 0.03 +0.906 —0.1098 +0.408 147+2 |6889+122| -195%2
+0.001 + 0.0005 +0.001
2n 6.04 + 0.02 +0.21325 0.78182 +0.58590 -389+02 | -125+1 | —-607+3 2
+ 0.00004 + 0.00007 + 0.00009
3n 6.76 = 0.02 +0.19050 —0.83052 F052340 | -356+01 | 532+2 411+ 2 2
+ 0.00004 + 0.00006 + 0.00009
4n 7.41+0.02 +0.671 —0.6970 F 0.697 -115+01 | 1827+4 | 1271 4
+0.001 + 0.0003 +0.003
5n 7.53+0.02 +0.34202 00 F 0.93969 240+0.1 |-3564+14 0+0 2
+0 +0
6n 7.71+0.04 +0.31089 F 0.670 ¥ 0.6738 —78+01 | -729+2 | 2882 4
+ 0.00009 +0.001 + 0.0009
m 8.08 £ 0.06 +0.912 0+x0 +0.410 195+0.2 | 866+ 16 0+x0 2
+0.001 +0.003
8n 8.29 £ 0.02 +0.755 —0.05385 F 0.654 17.86+0.06 | —-455+ 8 |-18.03+0.09| 2
+0.002 + 0.00003 +0.002
9n 8.81+0.04 +0.126 —0.0506 +0.9908 148+0.1 |-2620+20| —21.4+02 | 2
+0.001 + 0.0001 + 0.0008
10n 9.86 + 0.05 +0.8777 0.479 F0.023 |3.350+0.001| 960+7 33+03 2
+ 0.0006 +0.001 +0.001

Note: The parametersKypp are calculated according to formula(10) at g, =0, g, = 1.54, and g, = 14.6. The parameters Ky, ppp, Kyy MDD

and K, ypp &€ equal to zero.

logically, the interaction Hamiltonian H1> can be writ-
ten as

Hi = SKS, (3)

where K is the spin—spin interaction tensor and S and

S, are the spin operators of the first and second Dy3*
ions, respectively.

In order to calculate Hamiltonian (2) to the first
order in the perturbation theory, conditions (i)—(iii)
should be complemented by the following conditions:
(iv) the principal axes of the tensors g and K must be
aligned with the axes of the |aboratory coordinate sys-
tem, and (v) the spin—spin interaction must be axia in
character (K, > K, and K,). Then, we easily obtain the
energy spectrum and the wave functionsfor this pair of
interacting ions; that is,

E, = —g,uB, + K, /4—m A2 —m'AL/2,

[30= |-1/2, m', +1/2, m"[]
E, = g,uB,+KJ/4+mA/2+m"'A}/2,
[40= [+1/2, m,+1/2, m'[]

wherem' and m" vary from-5/2to+5/2 and A, and A,
take the value 0, 1A, and 16%A,. Therefore, each of the
levels E;—E, represents a singlet for even—even pairs, a
sextet for even—odd pairs, or is split into 36 sublevels
for odd—odd pairs.

Since only the energy-level transitions E; =— E,,
E, = E;, E, = E,, and E; = E, with equal proba

bility W, = | (lSa + Scldld” = 0.25 are allowed, we
can calculate the absorption spectrum for high-energy
photons (hv > |K/2 —mA,)|),

[10= 12, m,-1/2, m"[] Ei— B QB = hv+K,/2-mA,
E, = K4+ mA2-m"A}/2, E, = E;, QMBryp = hv+K/2-m"A;, (53)
20= |+1/2, m', -1/2, m"[] E, = E; OMBizis = hv—K/2-mA,
4
E; = —K/A—-mA,/2+m"'Aj/2, E; ==E,, Q,UBigo = hv—K,/2-m"A;
PHYSICS OF THE SOLID STATE Vol. 44 No.8 2002
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and the absorption spectrum for low-energy photons
(hv <[KJ2-mA,|),

E, =—E,, g,uB,5=K,/2-mA,—hv,
E, — E;, B,;, = K,/2—-m"'A,-hv,

1 3 9 B712 z 74 (5b)
E, ==E; OMBizis = KJ2—mA;+hv,
Es = E; OMBigo = KJ2—m"'A; +hv.

According to the above relationships, the experi-
mental EPR spectrum should have the following form
depending on the isotopic composition of the pairs:

(1) The even—even pair of Dy®* ions. In this case,
we have A, = A, = 0. The spectrum consists of two
lineswith the splitting 8B = K, for a high-energy photon
and oB = 2hv for alow-energy photon. The spectrumis
centered at B, = hv/g,u for the high-energy photon and
at By = K/2 for the low-energy photon. The intensity of
each lineis proportional to ¢c?/2.

(2) The even—odd pair ((Dy—'%Dy or Dy—*61Dy).
Here, wehave A, =0and A, = A, (where A, =1%A, or
161A ). The spectrum contains two singlets whose posi-
tions areidentical to thosein the spectrum of the even—
even pair. Each singlet is at the center of the sextet of
the equidistant components. The separation between
the componentsis equa to A,. The intensity of the cen-
tral line is proportiona to 2°cc/4, and the intensity of
the line in the sextet is proportional to ~2%cc/24 (where
c = 16%¢ or 1¢l¢).

(3) The odd—odd pair of likeions (**3Dy—%*Dy or
161py-161Dy). Inthiscase, A, = A, =A,. The spectrum
involves two sextets of equidistant components. The
sextets are centered in the same manner asthe linesin
the spectrum of the ®Dy—*Dy pair. The separation
between the nearest components in each sextet is equal
to A, and the line intensity is proportional to ~c%/12.

(4) The odd-odd pair of unlike ions (*3Dy-—

161Dy). Here, we have A, = 18A and A, = %A, The

spectrum is composed of two groups of lines. Each
group consists of two sextets with coinciding centers.
The separations between the components in the sextets
are OB = 163A, and OB = 16'A,. The positions of the cen-
ters of the groups and the center of the spectrum are
similar to those in the spectrum of the ®Dy—Dy pair.
The intensities of 24 spectral lines each are propor-
tional to ~2163¢161c/24.

If conditions (i)—(v) are complemented by condi-
tion (vi), according to which the spin—spin interaction
does not depend on the isotopic number, the spectra of
different-type ion pairs coincide with each other and
the overall spectrum containstwo groups of lines. Each
group consists of a central line and two hyperfine sex-
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tets. Note that the relative position of lines in each
group and therelative intensity of the components coin-
cide with those in the spectrum of singleions. Actualy,
the intensity of the central line is represented as

o) O%c?2 + 2°c™B¢c/4 + 2°c /4
= %c(c+ 2"%c+ 2"%¢c)/2.

The intensity of the hyperfine component correspond-
ing to the %Dy isotope in the spectrum of single ions
can be written as

163 163 2

c’112 + 2'%c™® /24
ey,

For the 161Dy isotope, this intensity can be represented
by the relationship

161

| 02°¢™%c/24 +

163 163
= >c(c+ e+

| D161C(ec+ 163, 161C)/12'

From these relationships, we obtain the relative line
intensities in the overall spectrum:

0 163 161 163 161
271 =% cl6: “cl6.

Judging from the line positions in the spectra of ion
pairs, we can obtain directly only information on the
magnitude of the spin—spin interaction tensor compo-
nents. In order to determine the sign, it is necessary to
examine the temperature dependence of the spectra
line intensity. The calculations can be most easily car-
ried out for even—even pairs exposed to high-energy
photons (hv > |K/2]). In this case, expressions (4) take
the form

E, = —g,uB,+K,/4, [10= |-U/2,-1/2[]
E, = K4, [|20= |£1/2, F1/2[]
E, = guB,+K,/4, [30= |+1/2, +1/20

Theintensity | of the absorption lineis proportional
to the difference between the energy level populations.
By using the Boltzmann relationship, we obtain

Inigh = [1—eXp(=Dypign)]/[1+ exp(=Dpign)
+ exXp(—Danign) I,
liow = [€XP(—D2iow) — €XP(=D1jow)]/[1 + €XP(=Dyjon)
+exp(=Daion) ], (6a)
L high! 1 1ow
= Q[1—exp(=D1ign/ KT)]/[ €Xp(=Dion/KT)
— eXP(—Dyon/KT)]
aK,>0and
lhigh = [€XP(=Dapign) — €XP(=D1pgn)]/[1

+ eXP(—D1hign) + eXP(—Danign) 1
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I low — [1 - exp(_Dllow)] /[ 1+ exp(_Dllow)
+exp(—Daiow) ],
Ihigh liow = QL EXP(—D2high)
— &XP(—Digh) 1/[1 — exp(=Dyjon)]
a K, < 0. Hee, Q = [1 + exp(-Dypg) +
eXP(=Dhign) 1/[1 + €Xp(—Dyjon) + eXP(=Djjon)], D1 =
(E; — E)/KT, D, = (E; — E,)/KT, and the subscript high
(low) indicates that the magnetic induction B, corre-

sponding to the high-field (low-field) lineisused in cal-
culations of E,,

As follows from relationships (6), the increase
(decreasg) in the ratio Iy, g/l,0, UpoON cooling indicates
that the parameter K, has positive (negative) sign.

(6b)

4. SAMPLES AND EXPERIMENTAL
TECHNIQUE

The measurements were performed at a frequency
of 9244.5 MHz and atemperature of 4.2 K. Singlecrys-
tals of KY(WO,), doped with Dy** ions at concentra-
tionsof 0.02, 0.1, 1, 2, and 10% served as samples. The
crystals were grown through spontaneous crystalliza-
tion from a K,W,0; solution upon cooling from 950°C
a arate of 3 K/h. The linear dimensions of the grown
crystals varied from 2 to 3 mm, and a number of crys-
tals possessed a clearly pronounced faceting. The crys-
tals were oriented using x-ray diffraction.

Analysis of the angular dependences of the EPR
spectrum in the studied range of impurity concentra-
tions demonstrates that the absorption spectrum is
strongly anisotropic. The spectrum is observed at the
lowest external field Hy in the case when the field is
aligned along the z axis of the laboratory coordinate
system. The general view of the EPR spectrum for two
characteristic impurity concentrations is displayed in
Fig. 1.

At alow impurity concentration (0.02% Dy?*), the
absorption spectrum iswell resolved (the linewidth AB
isequal to 0.7 mT) and consists of the central singlet M
and two sextets (A—Ag and B,—Bg) of equidistant lines
(Fig. 2) with relative intensities corresponding to the
natural abundance of dysprosium isotopes. The centers
of the sextets coincide with the line M. The satellitesm
and S(not shownin Fig. 2) with substantially lessinten-
sities can be seen in the EPR spectrum at alarger ampli-
fication. The low-field (my,,) and high-field (myy,) sat-
ellites are equidistant from the line M. The satellites S
arelocated at equal distancesto theleft (S, and S,) and
totheright (S; and S,) of the A, M, and B lines each.

An increase in the impurity concentration is
attended by the following changes in the spectra.

(1) 0.1% Dy?* : KY(WOQ,),. There arise the satellites
-4, bi—h,, s, and s; at low (Fig. 3a) and high (Fig. 3b)
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0.1% Dy3*

10% Dy**

1 1
0 100 200
B, mT

Fig. 1. A general view of the EPR spectra of Dy?’Jr ionsin
KY(WQ,), at concentrations of 0.1 and 10% Dy>*. The
upper spectrum, in addition to the Dy lines, contains
absorption lines assigned to Gd®* and Fe3* (uncontrollable
impurities in the sample and sample holder). The signal
with a reversed phase is attributed to Cr3* ions in Al,O5
placed in the cavity for calibration. For Bq || z, the satellite

fhigh coincides with the Fe3* line (the upper and lower spec-
traaretaken at © = 10° and 0°, respectively).

Fig. 2. EPR spectrum of 0.02% Dy3* : KY(WQ,), at © =
0°. To avoid overloading of the figure, the satellites Sof the
hyperfine components and the satellites m are not shown.

fields and the satellite fy, ¢, at even higher fields (Fig. 1).
The positions of the satellites ay g, —auow aNd byon—Paon
with respect to the satellite m,, and the satellites
alhigh_a,4high and blhigh_b4high W|th reSpeCt tO the SaIel | |te
Mgy and also their relative intensities (except for the
intensities of the satellites b, and b;) are similar to those
observed in the spectrum depicted in Fig. 2. The sepa-
ration between the satellites s, (s;) and the satellites m
isidentical to that between the satellites S, (S;) and the
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(a) (b)
Mg Ay Ag Mpigh
S S
W\g}lz_45 r214]5 i24§i2”é
alow|2 |1 K |4 |4 13 |2 |1 Ahigh
ool 12 13 || |a L1a 13 12 Jiby
Clowl 1 | 12 |3 | 3(\/ 2 | 1 Chigh
| oL ]2 E 3 I2 |1 dyign | |
0 10 20 30 70 80 90 100
B, mT B, mT

Fig. 3. (a) Low-field and (b) high-field parts of the EPR spectrum of 0.1% Dy>" : KY(WOQ,),at ©=0°.

linesA, M, and B. The symmetry is broken by the satel-
lite a;, because the satellite g, has no analog in the
high-field part of the spectrum, whereas an analog of
the satellite ay, 4, should be observed at negative fields.
Moreover, the intensities of the low-field satellites a,,
b @nd my,, exceed the intensities of the correspond-
ing high-field satellites: I/l ignh = 1.14 £ 0.03. The sat-
ellite f, 4, also stands out in the spectrum. The single
line of this satelliteis noticeably broader (AB = 2.1 mT)
than the other lines (AB = 0.81 mT).

(2) 2% Dy** : KY(WQ,),. The lines in the spectrum
are broadened to AB = 2.6 mT. Asaresult, the structure
of the spectrum becomes substantially smeared.

(3) 10% Dy3* : KY(WQ,),. The lines in the spec-
trum are so broadened that the fundamental spectrum
with satellites transforms into a single line with the
width AB = 33 mT. The satellite fy; 4, has the same width
(Fig. 1).

Anaysis of the concentration dependence of the
spectral intensity demonstrates that the intensities of
thelinesA, M, and B and the satellites Sincreasein pro-
portion to the impurity concentration. At the sametime,
the intensities of the satellitesa, m, b, and s are propor-
tional to theimpurity concentration squared. Theinten-
sity of the satellite fi;q, increases even more steeply:
l/1,=0.2 at 0.1% Dy** and 8.5 at 2% Dy**. At a con-
centration of 10% Dy**, theintensity of the satellite fy,,
becomes comparableto theintensity I, of thelinerep-
resenting the overall spectrum, including the other sat-
elites: lg, /I = 7.8.

5. DISCUSSION

5.1. The spectrum of single ions. The AMB spec-
trum (the fundamental spectrum) is assigned to the sin-
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gle Dy®* ions. Analysis of the angular dependences
showsthat the spectrum is described by the spin Hamil-
tonian (1) with the parameters g, = 0, g, = 1.54, g, =
14.6, 163A,=582.8 x 10* cmt, 161A, = 416.5 x 10 cmr,
163A =146 x 10 cmt, and 1%!A = 104 x 10 cm™. The
axes are aligned paralel to the axes of the laboratory
coordinate system.

In order to determine the spin—spin interaction tensor
components, it isimportant to identify correctly thelines
in the experimental spectrum. In this respect, the satel-
lites S are noteworthy. The low intensity of these satel-
lites (Figs. 3a, 3b) suggests that they belong to the spec-
trum of ion pairs. However, the linear concentration
dependence of the intensity is a convincing reason to
assume that the satellites Sare attributed to the spectrum
of singleions. Their origin can be explained by the supe-
rhyperfine interaction revealed in our recent work [12].

In the KY (WQ,), crystal, 60 nuclei do not possess
magnetic moments. For this reason, the superhyperfine
structure of the spectrum can be attributed to 3°K (3¢ =
93.08%) and 'K (*'c = 6.91%) nuclei with nuclear spin
| = 3/2 and W (*¥c = 14.28%) nuclei with nuclear
spin | = 1/2. The other even tungsten isotopes *W have
zero nuclear spin. Since the rare-earth ion is located at
the twofold rotation axis, there should exist two identi-
cal ligands responsible for the superhyperfine structure.
By ignoring the interaction between the ligands, the
analysis can be performed using Hamiltonian (1) with
an additional term describing the interaction of each
ligand with the Dy®* ion; that is,

Sad' +8Adl", 7)
where T' and 1" are the nuclear spin operators of the

first and second ligands, respectively, and Agisthe ten-
sor of the superhyperfine interaction. We assume that
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thisinteractionisaxial in character and does not depend
on the mass of the ligand isotope. The calculations will
be performed only for the even dysprosium isotopes,
because the hyperfine components of the spectrum
under the aforementioned assumptions (i)—(v) should
exhibit asimilar behavior.

First, let us assume that potassium ions are respon-
sible for the superhyperfine structure. In this case, the
EPR lineis split into an octet with the relative intensi-
tiesl:2:3:4:3:2:1andthe separation between the
nearest components dB = A,q.

Now, we consider tungsten nuclei. There exist three
possible combinations of isotopes: (1) #W-Dy3—
183, (2) B3W-Dy3*—W, and (3) *W-Dy3*—°W.

It followsfrom relationship (7) that, in the first com-
bination, theinitial lineissplit into atriplet with therel-
ativeintensities 1 : 2 : 1 and the separation between the
nearest components dB = A, In the second case, the
initia line is split into two components with identical
intensities and the same separation. In the third case,
the absorption line remains unchanged.

Feller [16] demonstrated that, if there are a suffi-
ciently large number of objects of two sorts o4 and 9B
and the concentration of objects of the sdth sort isequal
to x, the probability V of finding m objects of the sdth
sort in the sample of the volume n is defined as

V = Cox(1=-x)""" (8)
Hence, the probabilities of forming the above combina-
tionsareasfollows; V; = C3, 183¢2 = 1832, \/, = 2183¢(1 —
183¢), and V5 = (1 —18c)2. Therelative intensities of the
spectra are determined by theratiol; : 1, : 13=V; 1V, :
V3. Since the centers of the spectra coincide with each
other, the superposition of the spectra gives an equidis-
tant pentad with the relative intensities [8c?/4] :
[1830(1 _ 1830)] : [183C2/2 + (1 _ 1830)2] : [183C(1 _ 183C)] :
[183c?/4] = 1: 24 : 146 : 24 : 1 and the separation
between the nearest components dB = A4/2.

As follows from the positions of the spectral lines,
their relative intensities, and the concentration depen-
dence in the experimentally observed spectrum AMBS,
the satellites S—S, are the components of the superhy-
perfine structure with A= +(177 £ 14) x 10* cmtin
the spectrum of individual ions and are associated with
tungsten nuclei.

5.2. Pairs of Dy®* ions. The dominant contribution
to the spin—spin interaction tensor K (3) is made by the
magnetic dipole—dipole (MDD) and isotropic exchange
(Ex) interactions, that is,

Kij = Kijwop ¥ Kijexw 1, ] = XV, 2. 9

To sufficient accuracy, we can calcul ate only the contri-
bution of the magnetic dipole—dipoleinteraction [17]:

(10)

ij

Kijmop = Uz/r3(5ij _3ni2)gigj’
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where r is the interionic distance, n; are the direction
cosines of the bonding direction with respect to the cor-
responding aXiS, and 6” =lati :j and 6” =0ati ¢J

The isotropic exchange interaction parameter $ can
be determined only experimentally. Note that thisinter-
action can manifest itself in an anisotropic manner. By
ignoring the admixture of excited states, the contribu-
tion (written in terms of effective spins) of the parame-
ter $ to the tensor K has the following form [17]:

Kijec = (8i/9:)(9:-1)°F- (12)

From relationships (10) and (11), it follows that the
contributions of the interactions under consideration
are quadratic in g;. Since g, > g, and g,, the spin-spin
interaction is virtually axial and exhibits the character-
istic spectrum described above. Therefore, taking into
account the quadratic dependence of theintensity of the
satellites a, m, and b on the concentration and disre-
garding the anomalously high intensities of the satel-
lites b, and b, we can draw the inference that the satel-
lites @, m, and b belong to the spectrum of Dy3* ion
pairs. The amb spectrum is represented by Hamilto-
nian (2) with the same parameters of the tensors A and
g asfor the single Dy3* ion. Moreover, we have K, =
—(4074 £ 27) x 10 cm and condition (vi) is satisfied.
The signisdetermined with the use of relationships (6):
at T =42K, the calculated ratio l,4,/lyg, IS equal to
0.906 at K, > 0 and 1.12 at K, < 0. The latter value
almost coincides with that observed in the experiment.

The calculated amb spectrum of ion pairs is sche-
matically depicted in Fig. 3. The asymmetric positions
of the satellites a, stem from the fact that, for the satel-
lite ay4 the strong field condition is not satisfied and
its position should obey relationships (5b).

Within the limits of experimental error, the intensity
of the satellite b, isequal to the sum of theintensities of
the satellites a; and b; and the intensity of the satellite
b is twice as high as the intensity of the satellite b;.
Thisindicates a superposition of the amb spectrum and
a spectrum that is characterized by the same intensities
and relative positions of the components but is shifted
toward the center of the spectrum of singleions, as can
be seen from the cd spectrum in Fig. 3. In turn, this
might suggest that the spectrum involves satellites of
another pair with K,y = £(2373 + 39) x 10 cm™. The
sign cannot be uniquely determined, because the cd
spectrum overlaps with the amb satellites and the spec-
trum of singleions. Further argumentsin support of the
cd spectrum are given below.

Let usdwell on the satellites s. The spectrum of sin-
gleions contains additional lines due to the interaction
of the Dy3* ion with tungsten nuclei. It is not improba-
blethat the sameinteraction manifestsitself in the spec-
trum of ion pairs and is responsible for the satellites s.
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For analyzing this situation, Hamiltonian (2) is comple-
mented by the term

SAJ +5A0" +SAT" +5AT"Y, (12)
which describes the interaction of the first and second
ions of the pair with the corresponding four tungsten
nuclei. Term (12) will betreated as a perturbation of the
initial system. As before, we assume that the superhy-
perfine interaction tensor A, is axial, ligands do not
interact with each other, and the external constant mag-
netic field is aligned along the z axis.

The following combinations of tungsten isotopes
and the Dy®* ion pair with different absorption spectra
become possible.

(1) All four ligands are odd isotopes. From for-
mula (8), we obtain the probability of forming this
combination V; = ¥c*, With due regard for the above
assumptions, simple calculations of Hamiltonian (2)
complemented by term (12) demonstrate that each line
in the spectrum of ion pairsissplit into atriplet with the
relative intensities 1 : 2 : 1 and the separation between
the nearest components B = A,..

(2) One ligand is an even isotope, and the other
ligands are odd isotopes. In this case, we have the prob-
ability V, = 4(1 — 18¢)'8¢c3, Each satellite is split into a
pentad with the relative intensities1: 2: 2: 2: 1 and the
Separation between the nearest components 6B = A,4/2.

(3) Two ligands are even isotopes, and two ligands
are 1B\ isotopes. Here, there are two variants.

(3a) Each Dy3* ion interacts with one even W iso-
tope. We obtain the probability Vs, = 4[(1 — 18¢)8¢]2.
The spectrum is represented by a doublet with the rela-
tiveintensities1: 1 and 8B = A,

(3b) Both 83w isotopes interact with one Dy3* ion.
In this case, we have the probability V;, = V;,/2 and a
triplet with therelativeintensities1:6: 1 and 8B = A.

(4) Oneligand is a'®W isotope, and the other three
ligands are even isotopes. The probability V, isequal to
418¢(1 — 183¢)3, The spectrum consists of atriplet with
relative intensities1:2: 1 and 0B = A,J/2.

(5) All four ligands are even isotopes. We have the
probability Vs = (1 — )4 The initial spectrum
remains unchanged.

The overall spectrum isapentad of equidistant lines
with the separation 8B = A,4/2 and the relative intensi-
ties [183c%/4] : [8c(1 — 8c)] : [1 + 8¢(33c/2 - 2)] :
[183c(1—183C)] : ['8c?/4] =1:24:146: 24 1. Judging
from the spectrum calculated at A, = A, = £177 X
104 cm (Fig. 3), it is beyond question that the satel-
lites s and S belong to the superhyperfine structure of
the EPR spectrum.

It remainsto elucidate the origin of the satellite fi;q,.
At low impurity concentrations, the number of interact-
ing triads of Dy3* ions s proportional to the concentra-
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tion cubed. Taking into consideration that the intensity
of the satellite f,;q, increases steeply, it can be assumed
that this satelliteis associated with the spectrum of Dy3*
triads. However, this circumstance is not confirmed
experimentally. Actually, if the interaction between the
first and third ion is disregarded, the Hamiltonian of the
triad, by analogy with Hamiltonian (2), can be written
in the form

H = Hy+Ho+ Hs+ Hyo + Has, (13)

where H1, Hz, and Hs are Hamiltonians (1) of single

Dy3* ions and Hamiltonians H1, and Hzs describe the
interaction between the first and second ions and
between the second and third ions, respectively [see
formula (3)]. By calculating Hamiltonian (13) for even
dysprosium isotopes under the above assumptions (i)—
(vi), we found that the spectrum for a high-energy pho-
ton should be represented by a pentad with the relative
intensities1:4: 2: 4 : 1, the separation between the
nearest components B = K,/2, and the center coincid-
ing with the center of the spectrum of singleions. Since
no considerable differencein the parameter K, for apair
(for example, amb) and atriad can be expected, the sec-
ond and fourth lines in the spectrum of triads should
coincide with the satellites m,, and my ¢, and the first
and fifth lines should be located in fields of 14.5 and
105 mT. However, this disagrees with the experimental
data, according to which the satellite fiy, occurs at
154.3 + 0.5 mT. If the satellite fy; 4, belongs to the spec-
trum of triadswith adifferent parameter K, itisunclear
how we can explain the absence of the other linesin the
pentad.

Consequently, the satellite f,y, cannot be attributed
tothetriad. We are forced to assumethat this satelliteis
associated with an ion pair characterized by the param-
eter K = +(14900 + 110) x 10 cm™. In this case, the
low-field satellite f,, should be observed in a field of
63.8 mT and be overlapped with the fundamental spec-
trum, as can be seen from Fig. 1. This situation is con-
sistent with our assumption but does not alow us to
determine the sign of the parameter K.

So far, we have not concentrated on the problem of
the assignment of the experimental spectrato a particu-
lar type of pairs. In order to identify the spectra, we now
consider the data on the calculated contributions of the
magnetic dipole-dipole interaction to the spin-spin
interaction (Table 3) for different types of pairs. First,
let us assume that the interaction between Dy®* ions
occurs only through the magnetic dipole—dipole mech-
anism. In this case, the spectrum can contain satellites
attributed to the pairs (in decreasing order of splitting)
nn, 5n, 9n, 4n, and 10n (the satellites of the last pair are
amost completely hidden by the spectrum of single
ions). For the other types of pairs, the contribution of
the magnetic dipole—dipole interaction is too small to
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shift satellites from the range of the fundamental spec-
trum.

Now, we consider the additional effect of the isotro-
pic exchange interaction. For pairs of closely spaced
ions, this interaction rapidly weakens with an increase
in the spacing; as aresult, the spectrum can noticeably
change compared to the spectrum associated only with
the magnetic dipole—dipole interaction. However, it is
highly improbable that the exchange interaction can
substantially affect the spectra of the pairs of widely
spaced ions, because the interionic distancer 5, even for
the 3n pair is again half the distancer .. Therefore, the
satellitesamb and cd cannot belong to the spectra of the
pairs nn, 2n, or 3n. Indeed, otherwise, the absence of
the spectral lines attributed to the 5n, 4n, 9n, and 10n
pairs of widely spaced ions can be explained only under
the unrealistic assumption that the exchange interaction
for al these pairsis not only sufficiently strong but also
has a sign capable of compensating for the magnetic
dipole—dipole interaction. Making allowance for the
same intensities of the spectra amb and cd, these satel-
lites also cannot be assigned to the 4n pair, because the
probability of forming this pair is twice as high as that
of forming the other pairs (Table 3). With the elimina-
tion method, we should aso exclude the pair 10n from
our consideration, because the contribution of the mag-
netic dipole—dipole interaction to K,y,, substantially
differs in sign and magnitude from the contributions
Kavppsn ad Kaopgn Whereas the difference between
|Kzmpl @nd |Kq| is dlightly larger than 50%. For the
remaining pairs, we assign the amb spectrum to the 5n
pair and the cd spectrum to the 9n pair. This choice is
made for the following reasons. The parameter K, ,.p
coincides in sign with K,,pps, and differs from it in
magnitude by only 13%. The difference between
Kvposn @ad Kippgn, 1S equal to 30%, which is closeto
the difference between |K | and |K |- The parameter
K mppen IS 1€ss than the parameter K,,ppsn; hence, the
cd spectrum with a smaller splitting should be attrib-
uted to the 9n pair. This suggests that K4 and K,
have the same sign. By using the experimental results,
the datagiven in Table 3, and relationships (9) and (11),
we obtain$s, = (38 + 3) x 10* cmand $,, = (18 +
4) x 10 cm. A similar change in the sign of $ for
widely spaced neighbors was observed for pairs of Ni2*
ionsin ZnS: Fg - 6H,0 [18].

It only remains for usto identify the pair nn and the
origin of the satellites f. Taking into account that r,, is
half as large as rg, Or rg,, it can be expected that the
spectrum of the nearest neighbor ion pair substantially
differsfrom the spectrum associated only with the mag-
netic dipole—dipole interaction. Therefore, we can
make the inference that the satellite f,;q, is attributed to
the nn pair. In this case, the parameter $,,, is equal to
(601 + 17) x 10* cmr! at K4 > 0 and (1636 + 17) x
104 cmt at K4 < 0. Both these values are appreciably
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larger than the parameters $ for pairs of the other types.
The sign of the parameter K, can be uniquely deter-
mined only from analyzing the EPR spectra at higher
frequencies at which the satellite f,,, appears to be
located outside the range of the fundamental spectrum.
However, with due regard for the fact that the magnetic
properties of the compound studied are governed by the
spin—spin interaction of the nearest neighbor ion pairs,
the sign of the parameter K can be predicted from indi-
rect data. Our earlier investigation into the magnetic
properties of KDy(WQ,), [8] demonstrated that this
compound is antiferromagnetically ordered; hence, the
parameter $,, should have positive sign; i.e., $,, =
(601 £ 17) x 10* cm~t and K, > 0.

As was shown above, the experimental spectrum of
Dy?* ion pairsis a superposition of the spectra of pairs
with different isotopic compositions. The spectrum of
pairs has a sufficiently well-defined structure similar to
that of the spectrum of singleionsonly in the case when
the spin—spin interaction does not depend on the isoto-
pic number. The dominant contribution to the spin—spin
interaction of the pairs 5n and 9n is made by the mag-
netic dipole-dipole interaction, which is independent
of the isotopic mass. Therefore, the spectraamb and cd
are characterized by a rather high resolution. By con-
trast, the contribution of the i sotropic exchange interac-
tion energy for the nn pair isequal to morethan half the
total interaction energy. Hence, if the isotropic
exchange interaction depends on the isotopic composi-
tion of the pair, smearing of the spectrum structure
should occur, which is observed for the satellitesf.

The isotropic exchange interaction primarily
depends on two factors, namely, the interionic distance
and the bonding direction. The bonding directions in
the pairs 5n and 9n make angles O, = 20° and Oy, =
7.8° with the z axis. In pairs of the other types, the
angles © are larger and vary from ©,, = 45.8° t0 ©,,, =
88.7°. Therefore, the absence of the considerable con-
tribution from the exchange interaction for these pairs
can be explained by the elongation of electron clouds
along the z axis. On the other hand, the exchange inter-
action at short interionic distances can be sufficiently
efficient even for an “unfavorable” direction, as is the
case with the pair nn in which ©,, = 66°. Note that,
among all the types of pairs, only the pairs nn, 5n, and
9n are inside an €ellipsoid with the semiaxes a, = a, =
4A anda,=10A.

6. CONCLUSIONS

Thus, it was established that the strongest interac-
tion in the KY (WQ,), crystal is observed between the
nearest neighbor Dy3* ions located along the crystallo-
graphic axis a. Theisotropic exchange interaction ($ =
+601 x 10* cm™?) is comparable to the magnetic
dipole—dipole interaction. The magnetic dipole—dipole
interaction is predominant in pairs of widely spaced
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ions. The contribution of the isotropic exchange inter-
action to the spin—spin interaction was determined for
pairs 5n ($ = =38 x 10* cm™) and 9n ($ = +18 x
10*cm™). It should be noted that the g value for the
Dy3* ion up to a concentration of 10% remains con-
stant. In order to answer the question asto why the con-
centrated crystal exhibitsadifferent value of g, itisnec-
essary to examine crystals with a gradually increasing
impurity ion concentration. We assume that, in our pre-
vious work [7], we recorded only part of the spectrum
due to the low-energy photons used in the experiments.
Theoverall spectrum can be obtained at higher frequen-
cies.

In the spectra of ion pairs, the superhyperfine struc-
ture attributed to tungsten nuclei was observed for the
first time. The hypothesis was proposed that the isoto-
pic composition of Dy3* ions affectsthe exchangeinter-
action. This effect manifests itself in a broadening of
thelinesin the spectrum of nn pairs. However, the prob-
lem cannot be considered to be solved conclusively. It
is necessary to investigate crystals containing monoiso-
topic dysprosium impurities. The factor responsible for
the drastic increase in the intensity of the lines in the
spectrum of the nearest neighbor ion pairsremainsto be
revealed.
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Abstract—Temperature dependences of the dielectric permittivity of betaine phosphite crystals are studied
both without and under application of an electric bias. It is shown that, in view of the fact that the high-temper-
atureimproper ferroelastic (antiferrodistorsive) phasetransition at Ty = 355 K isnearly tricritical, the nonlinear
temperature dependence of inverse dielectric permittivity in the paraelectric phase and the effect of thefield on
the dielectric permittivity can be described within a phenomenological model containing two coupled (polar
and nonpolar) order parameters with a negative coupling coefficient. An analysis of the model revealed that, in
the case where two phase transitions, anonpolar and aferroel ectric one, can occur inthe crystal, all of itsdielec-
tric properties, including the polarization response in afield, can be described by one dimensionless parameter
a. For the crystal under study, we have a = -2.5. This value of the parameter corresponds to a second-order fer-
roelectric transition far from the tricritical point, at which a=—1. It is shown that the polarization response in
the paraelectric phase in an electric field calculated within this model differs radically from that in the ferro-
electric phase-transition model for which the Curie-Weiss law holds in the paragl ectric phase. © 2002 MAIK

“ Nauka/lInterperiodica” .

1. INTRODUCTION

Betaine phosphite (BPI) (CH3);NCH,COO - H;PO;
belongs to afamily of compounds based on the betaine
aminoacid (CH3);N*CH,COO~ [1]. The BPI crysta
consists of zigzag chains of HPO; inorganic tetrahedra
coupled by hydrogen bonds. Each tetrahedron connects
to a betaine molecule, aso via a hydrogen bond. Two
phase transitions were identified in BPI crystals,
namely, an improper ferroelastic (antiferrodistorsive)
P2,/m Z2=2 — P2)/c,Z=4a T, =355 K and afer-
roelectric P2)/c, Z=4 — P2, Z=4 a T, = 196—
225 K [1-3]. Ferroel ectric ordering setsin along chains
parallel to the Y(b) axis (Y isthe twofold axis).

Studies of the temperature dependences of dielectric
permittivity €, showed that the g,(T) relation changes
slope in the region of the structural phase transition at
T, = 355K [2]. Inthe phase stable at temperatures T, <
T < T, which we shall call the paraglectric antiferro-
distorsive phase, the dielectric permittivity grows sub-
stantially faster with decreasing temperature than in the
symmetric high-temperature phase for T > T,; and the
dependence of itsinverse dielectric permittivity on (T —
T.,) is nonlinear [2]. The ferroelectric phase-transition
temperature in nominaly pure BPI crystals varies
withintheinterval T, = 196-225 K, apparently because
of aresidual impurity present in a small amount [2, 4—
6]. Measurements of the lattice parameters of BPI crys-
tals with different T, temperatures revealed only slight
differences in the lattice parameter and monoclinic

angle[4]. In some samples, additional anomaliesin the
dielectric permittivity were observed for T < T, which
are tentatively assigned to additional phase transitions

[5].

The temperature behavior of the dielectric permit-
tivity in the paraelectric antiferrodistorsive phase has
been analyzed in terms of the quasi-one-dimensional
Ising model [4, 6], as well as within Landau’s theory,
with aterm proportional to (T —T,)? introduced into the
thermodynamic potential [6]. Another approach to the
description of the BPI dielectric properties is based on
Landau’'s theory with two coupled order parameters,
polar and nonpolar [7]. The dielectric anomaly at the
improper ferroelastic (antiferrodistorsive) phase transi-
tion (T, = 355 K) and the temperature behavior of
dielectric permittivity in the paraelectric antiferrodis-
torsive phase (T, < T < T) are described satisfactorily
if aninvariant &n2P? (n isthe nonpolar order parameter
for the phasetransition at T, = 355 K, P isthe polariza-
tion) with anegative sign of the & coefficient isincluded
into the thermodynamic potential and if it is recalled
that the improper ferroelastic phase transition is close
to thetricritical point [7, 8].

Investigation of the effect of abiasfield on dielectric
permittivity is an efficient method of studying phase
transitions which permits one to obtain information on
the phase-transition mechanism, establish the order of
the phase transition, and determine some constants of
the thermodynamic potential. The dielectric permittiv-

1063-7834/02/4408-1597$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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ity of BPI crystals under the application of abias field
was studied in [6]. It was shown that the shift of the
maxima in the dielectric permittivity toward higher
temperatures with increasing bias is described in terms
of Landau’stheory for second-order ferroel ectric phase
transitions. It should be pointed out, however, that stud-
ies of the effect of bias on the shift of the maximain
dielectric permittivity is limited to a narrow tempera-
tureregion of about 10 K near T, where one may expect
a noticeable manifestation, for instance, of the influ-
ence of defects. By contrast, investigation of the field-
induced variation of € in the paraelectric phase at tem-
peratures more distant from the phase-transition point,
while being more difficult experimentally, offers the
possibility, by excluding or reducing the influence of
defects or of other mechanisms near T, not only of
establishing the order of the phase transition but also of
more reliably estimating the parameters of the thermo-
dynamic potential from the properties of the crystal in
the paragel ectric phase alone.

The purpose of this work was to perform an experi-
mental study of the effect of an electric biasfield on the
dielectric permittivity of the BPI paraelectric antiferro-
distorsive phase over a broad temperature range and a
thermodynamic analysis of the polarization responsein
abiasfied in terms of amodel assuming coupled polar
and nonpolar order parameters with anegative coupling
coefficient.

2. EXPERIMENTAL RESULTS

For dielectric studies, we used samples measuring
4 x 1 x5 mmwith the edges oriented along the X, Y, and
Z axes, respectively. Y(b) is the twofold axis along
which spontaneous polarization forms.
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Figure 1 presents the temperature dependences of
dielectric permittivity €, and tand measured at 100 Hz,
1kHz (U.=25V), and 1 MHz (U_. = 0.25V). The
dielectric permittivity is seen to pass through a maxi-
mum at atemperature of 204 K, which almost coincides
with the lower temperature limit for ferroel ectric phase
transitions in nominally pure BPI crystals. Above T =
204 K, asis evident from Fig. 1, the dielectric permit-
tivity exhibitsvirtually no dispersion in the paraglectric
phase and tandis small.

Figure 2 displays the temperature dependence of
inverse dielectric permittivity in the paraglectric phase;
it does not follow the linear Curie-Weiss relation.

Figure 3 shows temperature dependences of the
dielectric permittivity measured at 1 MHz in various
bias fields. The maxima in dielectric permittivity are
seen to decrease in magnitude with increasing bias and
to shift toward higher temperatures.

The effect of an external electric field on dielectric
permittivity of the paraglectric phase within a broad
temperature range was investigated in the following
way. The sample was cooled to a temperature T, and,
after the temperature had stabilized, which was
checked with high accuracy by the absence of variation
of dielectric permittivity, an external bias E was applied
to the sample. The difference between the values of
dielectric permittivity in the field and without it, As =
€(E) — €(0), was measured to within £0.05 above the
temperature at which the dielectric permittivity was
maximum.

Figure 4 depicts Ae vs. (T — T,) dependences
obtained in fields E; = 4 x 10* and E, = 10° V/m. For
temperatures (T — T,) < 60 K, we found the dielectric

0.10
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0.06

tand

0.04

0.02

0
140

T,K

Fig. 1. Temperature dependences of (a) dielectric permittivity and (b) tand measured at frequencies of (1) 100 Hz, (2) 1 kHz, and

(3) 1 MHz.
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Fig. 2. Temperature dependences of inverse dielectric per-
mittivity. The solid curveisaplot of Eq. (12).

permittivity to decrease under application of abias. For
(T - Ty > 60 K and up to room temperature, no
changes in the dielectric permittivity were observed in
the bias range covered.

3. ANALY SIS OF EXPERIMENTAL RESULTS

A specific feature of BPI crystalsis that the temper-
ature dependence of inverse dielectric permittivity in
the paraglectric phase is not described by alinear rela
tion (Fig. 2). As shown in [7], this deviation of the
inverse dielectric permittivity from the Curie-Weiss
law fits nicely into the thermodynamic model with two
coupled order parameters and is accounted for by the
high-temperature improper ferroel astic phase transition
at T, = 355 K being close to the tricritical point.

Thethermodynamic potential, including therelation
between the polar and structural order parameters and
the structural phasetransition at thetricritical point, can
be written as[7]

EEVCTE W
E_Zalr] +6ylrl +2X0P
(1)

1 1
+ ZBzP4 + EEWZPZ— PE,

wherea; = Ay(T—Ty), B, >0, § <0, n isthe nonpolar
order parameter for the phase transition a Ty, P is
polarization, E is the macroscopic electric field, and
Xo 1S the background dielectric susceptibility.
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Fig. 3. Temperature dependences of dielectric permittivity
measured at 1 MHz without and with application of an elec-

tric field E equal to (1) 0, (2) 4 x 10%, (3) 10°, and (4) 2 x
10° V/m. Solid curves are plots of Eq. (11) for a=-3.5.

Thermodynamic potential (1) can be reduced to the
dimensionless form

-1
2
wheret = (T —T,)/AT isthe reduced temperature; AT =

f = Sta’q’ + 2o’ - ap’+ 3p'~ o’p’+ 2ape, (2

>— determines, as will be shown later, the region

100 T T T T T

e(E) - €(0)

-300

-400

0 10 20 30 40 50 60
(T-To).K

=500 : '

Fig. 4. Temperature dependences of the variation of dielec-
tric permittivity at 1 MHz in the paraelectric phase with an
electric field applied. E: (1) 4 x 10* and (2) 10°V/m. Solid
curves are plots of Eq. (13) for a=-3.5.
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of stability of the paraelectric antiferrodistorsive phase
2 2

(q#z0,p=0);a= B—Z\gl < 0Qisadimensionless param-
Xo

eter determining (see below) the region of stability of

the polar phase (g # 0, p # 0); and

£ = F&%Vi, 2 _ 2Bay1 2

e
2 2[33\’1 2 «/2_\/1[32X0
p- = ——P°, e=-~———F—E.
& (&)

From Eg. (2), one can derive equations of state in the
absence of afield:

q(ta®+q‘-2p°) = 0,
p(-a+p’-q°) = 0.

Asfollows from Eq. (3), the system can reside in three
states, namely, (q=0,p=0), (q#0,p=0),and (g% 0,
p#0) [inzerofield, the (q=0, p # 0) state cannot exist],
whose regions of stability are determined by the ine-
qualities

©)

0°flaq°>0, 9°f/ap>>0
and [(3%F/09%)(3%F19p) — (82F/3qdp)’] > 0.

Equations (3) and (4) can be used to obtain expressions
for the equilibrium values of the order parametersin the
corresponding phases and the regions of stability of
these phases.

L et us consider regions of the dimensionless param-
eter awhich differ in the temperature interval of stabil-
ity of the polar state (q # 0, p # 0).

(4)

Region| (a< -1)

In this region of values of parameter a, a sequence
of atricritical high-temperature phase transition and a
continuous ferroelectric phase transition sets in. The
phase sequence, the equilibrium values of the order
parametersin the phases, and the regions of stability of
the states can be presented in the following way:

(1) g=0, p=0 (high-temperature symmetric phase).
The phase is stable for t > 0 in dimensionless units or
for T > T, in absolute units.

(2) g # 0, p = 0 (paraelectric antiferrodistorsive
phase). The equilibrium value of the order parameter is

q' = -a’t. (5)

The phase is stable for -1 <t < 0 or, in absolute units,
for T, < T< Ty, where T, = T, — AT isthe temperature
at whichthe (g # 0, p = 0) state loses stability.

PHYSICS OF THE SOLID STATE Vol. 44 No. 8
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(3 g#0, p#0(polar phase). The equilibrium values
of the order parameters can be written as

o = | +J1-ta’+2a,
p’ = a+1+.1—ta’+2a.

The phase is stable for t < =1 or for T < T. In this
region of values of parameter a, T, is also the temper-
ature of the continuous ferroel ectric phase transition.

(6)

Regionll (<1< a< -0.5)

In this region of values of parameter a, a sequence
of a tricritical structural phase transition and a first-
order ferroelectric phase transition is realized. The
phase sequence, the equilibrium values of the order
parametersin the phases, and the regions of stability of
the states can be presented in the following way:

(1) g=0,p=0fort>0(T>Ty);

(2)gqz0,p=0for-1<t<0 (T, <T<Ty).

The equilibrium value of the order parameter is given
by Eq. (5). Inthisregion of values of parameter a, asin
the preceding case, T, is the temperature at which the
(g # 0, p=0) state loses stahility.

(3)g#z0,pz0fort<(2a+1)/a®(T<Ty=Ty+
AT(2a + 1)/a?),
where T, isthe polar-state stability-loss temperature; in
the region of values of parameter a at hand, thistemper-
ature lies within the interval of the (q # 0, p = 0) state
stability (T, < T < Ty).

The equilibrium values of the order parameters are
given by Egs. (6). The temperature hysteresis of the
first-order ferroelectric phase transition is described by
the following expression (which also characterizes the

closeness of the second-order ferroelectric phase tran-
sition to thetricritical point):

To—-Te = [(a+1)/a]°AT. 7)

For T, < T < T,, the temperature of the first-order fer-
roelectric phase transition is found from the equality of
the energiesf(qz 0, p=0) =f(q# 0, p# 0).

Asfollowsfrom Eq. (7), for a=-1, the temperature
hysteresis of the transition is absent. This means that
the value a = —1 corresponds to the tricritical point for
the ferroel ectric phase transition.

Region Il (0> a> —0.5)

For these values of parameter a, afirst-order phase
transition fromthe (g =0, p=0) phasetothe (q#0, p #
0) phase is possible (the trigger transition):

(1) g=0,p=0fort>0(T>T);

(2 qz0,pz0fort<(2a+ 1)/ (T<Ty=Ty +
AT(2a + 1)/a).
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In thisregion of values of parameter a, the temperature
T, a which the polar state loses stability lieswithin the
stability temperature interval of the (q =0, p = 0) state,
Ty > Ty. The temperature hysteresis of the first-order
trigger ferroelectric phase transition is characterized by
To— T =AT(2a+ 1)/a?, and the temperature of thetrig-
ger phasetransition isfound by equating the energies of
the two states, f(q =0, p=0) = f(q# 0, p # 0), in the
temperatureregion T, < T <T,. (Notethat, for a=-0.5,
wehavef(q=0,p=0)<f(qz0,p#0) for T>T, and
the trigger transition does not occur.)

Because BPI crystals undergo two phase transitions
and the ferroelectric transformation is of the second
order of a first-order phase transition occurring very
closetothetricritical point, we shall restrict our consid-
eration to theregion of parameter a <-0.5. In thiscase,
the points of the improper ferroelastic and of the ferro-
electric phase transitions permit one to immediately
find the value of the parameter AT = T, — T, which
definesthe stability region of the (q# 0, p=0) stateand
is used to reduce the temperature to a dimensionless
form. All information concerning the polarization
response of the crystal and the closeness of the ferro-
electric phase transition to the tricritical point is con-
tained in the value of parameter a.

Relations for the dielectric susceptibility can be
derived from the equations of state in an electric field.
In the presence of abias field, the system under study
can support two states:

(1) g=0, p# 0. The equation of statein an electric
fieldis
)

Equation (8) yields arelation for the dielectric suscep-
tibility,

—ap+p° = -ae.

2
—a+3p?

(9)

where the value of p isfound numerically from Eg. (8).
In the absence of abiasfield (e=0), Eq. (9) takeson the
form

X =Xo for T>T,.

(2)g#0, p#0.Using Eq. (2) for the potential, we
obtain the following equations of state in an electric
field:

ta’+q'—2p° = 0,
aramer (10)
—ap+p —-pq = —ae.
Equation (10) can be used to derive an expression for
the dielectric susceptibility in an electric field,

\(E) = —axo(2p’ —ta’) "
(—a+3pY)(2p°—tad)? +ta’ — 4p?

(11)
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where the value of p is found numerically from the
equations of state (10). With no external field present
(e=0), theexpression for the dielectric susceptibility in
the parael ectric antiferrodistorsive phase (q # 0, p = 0)
has the form

Xo

X(©0) = o -1<t<0 (T<T<Ty). (12

The field-induced variation of the dielectric permittiv-
ity in the paraglectric phase can be derived from
Egs. (11) and (12) to be

Ag = ¢(E) —¢€(0)

_ SEE _a(2p?—tad)"”?
Q-a+3pY)(2p° —tad)* + ta’ —4p?

(13)
__t H
1-./—t0

where the p(t) relation is determined numerically from
the equation of state (10) and €* = 1 + 4711y, is the back-
ground dielectric permittivity determined in the high-
temperature symmetric phase for T > T,.

As follows from Egs. (10) and (13), the field-
induced variation of dielectric permittivity depends
only on one dimensionless parameter, a, whose value
can be found by comparing the experimenta with the
theoretical curves.

2 T T T T
1+ 4
s 0—
@ By
I
w1 i 1
|
_2F #/3 i
I
|
1
-3 HELE 1 1 1
-10 -08 -06 -04 -02 0

(Te) t (Te1)

Fig. 5. Temperature dependences of the variation of dielec-
tric permittivity in the parael ectric phase under various el ec-
tric fields calculated from Eq. (13) for a=-1.1 and E equal
to (1) 2.5 x 10°, (2) 1.25 x 10°, and (3) 5 x 10* V/m (tisthe
reduced temperature; t = 0 and —1 correspond in absolute
units to the phase-transition temperatures To; and Teo,

respectively).
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Fig. 6. Temperature dependences of the variation of dielec-
tric permittivity at 1 MHz in the paraelectric phase mea-

sured in an electric field E = 10° V/m. The solid curveis a
plot of Eq. (13) for a=-2.5.

Let usanalyzethe effect of electric biason dielectric
permittivity in the parael ectric phasein the case of con-
tinuous phase transition (a < —1). Figure 5 shows tem-
perature dependences of the variation of the dielectric
permittivity €(E) — €(0) induced by electric fields E; >
E, > E; calculated for parameter a=—-1.1. Asseen from
Fig. 5, these dependences exhibit reversal of the sign of
£(E) —¢(0) at acertain temperature which depends only
weakly on the biasfield. Positive values of the variation
of dielectric permittivity relate to a field-induced
increase in dielectric permittivity; the negative ones, to
a decrease in the dielectric permittivity. The positive
variation of dielectric permittivity increases with
increasing field. We note that the value a = —1.1 corre-
sponds to the second-order ferroelectric phase transi-
tion, whose closeness to the tricritical point is deter-
mined by Eq. (7) andisT,— T, = 15K for AT 0150 K.

Thus, the polarization response in the paraglectric
phase with applied bias, considered within the model
with coupled order parameters, differs radically in the
case of the high-temperature nonpolar phase transition
at thetricritical point from that in amodel of ferroelec-
tric phase transitions involving one polar mode. In the
latter model, a field-induced increase in the dielectric
permittivity is observed only in first-order phase transi-
tions[9].

As the parameter a decreases, the effect of electric
field on the dielectric permittivity retains its character
but the region of positive changesin the dielectric per-
mittivity shifts toward higher temperatures and the
magnitude of the positive change in € decreases to a
level where it becomes difficult to experimentally
detect anincrease in € in certain fields.
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Now, let us analyze the experimental data in terms
of the above model with coupled order parameters. Fig-
ure 2 presents the temperature dependence of the
inverse dielectric permittivity calculated from Eq. (12)
for AT = 151 K and for a background diel ectric permit-
tivity in the high-temperature phase €* = 62. We readily
see that the experimental relation is fitted well by the
theoretical curve, except in a narrow temperature
region of about 5 K near the phase-transition point,
where the effect of crystal imperfections can be domi-
nant. As follows from Eg. (12), in the absence of an
electric field, the temperature behavior of dielectric
permittivity in the parael ectric phase does not carry any
information on the order of the phase transition. This
information can be gained by analyzing the dielectric
permittivity with an electric field applied. In our model,
this information is contained in the magnitude of
parameter a.

To determine the value of parameter a, we carried
out numerical calculations of the temperature depen-
dences of the dielectric permittivity and of the variation
of dielectric permittivity in various fields in the
paraelectric phase using Egs. (11) and (13). The value
of parameter a was determined by optimizing the devi-
ations of al experimental curves obtained with the
field, asdisplayed in Figs. 3 and 4, from the theoretical
relations plotted in the same figures. The best fit of the
experimental to calculated relationsis observed for a =
—3.5. This value of the parameter corresponds to the
case of the second-order ferroelectric phase transition,
whose closeness to the tricritical point, according to
Eq. (7), isapproximately 75 K. Let us estimate the bias
which should be applied to the crystal in order to make
the increase in the dielectric permittivity in the
paraelectric phase for this value of a experimentally
detectable. Calculations performed with Egs. (10) and
(13) show that, for a =—-3.5, the region of positivefield-
induced changes in the dielectric permittivity shifts
very strongly up in temperature, so that anincreasein €
can be detected experimentally at temperatures T, —

15K < T< T, infieldsE > 4 x 105V/m.

Because, as is evident from Fig. 2, at temperatures
near T, (204-210 K), the experimental temperature
dependence of the inverse dielectric permittivity devi-
ates noticeably from the calculated curve, let usanalyze
the effect of an electric field on the dielectric permittiv-
ity in the paraelectric phase for T > 215 K, where the
theoretical curve fits well to experiment. Figure 6
shows experimental and calculated temperature depen-
dences of the dielectric-permittivity variation for T —
T, > 10 K. It is seen that far from the ferroelectric
phase transition, the experimenta field-induced varia-
tion of the dielectric permittivity is fitted better by a =
—2.5. The difference in determination of parameter a
(2.5 vs. —3.5) can be associated with the fact that far
from the phase transition, some mechanisms, for
instance, the effect of defects on dielectric permittivity,
that are significant in the vicinity of the phasetransition
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were excluded; therefore, the value a = —2.5 appears
more readlistic.

Thus, our studies showed that the temperature
dependence of dielectric permittivity with no electric
field applied and with afield applied are described well
by a phenomenological model in which there are two
coupled, polar and nonpolar, order parameters with a
negative coupling coefficient and which takes into
account that the high-temperature improper ferroelastic
phase transition is nearly tricritical. An analysis of the
model revealed that in the case where two phase transi-
tions, nonpolar and ferroelectric, can occur in the crys-
tal, all its dielectric properties, including the polariza-
tion responsein afield, are described by one parameter,
a, which is—3.5 (or —2.5 far from the phase transition).
This value of the parameter corresponds to a second-
order ferroel ectric phase transition sufficiently far from
the tricritical point. Application of an electric field
reduces the dielectric permittivity almost everywhere
over the region of existence of the paraelectric phase
(except in the temperature region near T,;). As parame-
ter a increases, i.e., as one approaches the tricritical
point, where a = —1, calculations show the situation to
changeradically. Inthiscase, the electric field increases
the dielectric permittivity almost throughout the region
of the paragelectric phase, despite the fact that the ferro-
electric phase transition is continuous.

Considered within this model, the polarization
response in the parael ectric phase under the application
of an electric field differsradically from that in the case
of a ferroelectric phase transition where the Curie—
Weiss law holds in the paraelectric phase. In the latter
case, afield-induced increase in the dielectric permit-
tivity is possible only in afirst-order phase transition,
while in a continuous phase transformation, an electric
field always decreases the dielectric permittivity in the
paraelectric phase. By contrast, in the model of coupled
order parameters, there exists a temperature region,
determined by the magnitude of parameter a, in which
an electric field increases the dielectric permittivity in
the paragl ectric phase even for a continuous phase tran-
sition. Thereason for thisunusual behavior of dielectric
permittivity under an electric field to the paraelectric
phase above a ferroelectric phase transition lies in the
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fact that the high-temperature nonpolar phase transfor-
mation is a phase transition at the tricritical point. The
nonlinear effect of the nonpolar order parameter
(through biquadratic coupling of the nonpolar order
parameter and polarization with a negative coupling
coefficient) on the polar instability brings about both a
nonlinear temperature dependence of the inverse
dielectric permittivity in the parael ectric phasein azero
electric field and the specific features of polarization
responsein an electric field considered above. It should
be pointed out that investigation of crystalline betaine
phosphite with higher ferroelectric phase transition
temperatures can more clearly reveal the specific fea
tures of the polarization response in systems with cou-
pled order parameters placed in an electric field.
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Abstract—Different methods are considered for analyzing the temperature dependence of the relaxation rate
intheArrheniusform. It isemphasized that the possible changesin the barrier to elementary actswith variations
in temperature should be taken into account in order to determine the relaxation activation energy correctly.
Changesin the barrier to elementary acts areillustrated using experimental data on the temperature—frequency
dependence of the diel ectric relaxation in polymers. A theoretical approach offering realistic activation energies

is proposed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A large number of processeswhose rates are charac-
terized by a strong (exponential) temperature depen-
dence are referred to collectively as relaxation pro-
cesses. These are diffusion, evaporation, viscous flow,
plastic deformation, fracture, and many other pro-
Cesses.

The activation energy is an important characteristic
of these processes. The phenomenological meaning of
the activation energy is that it determines the tempera-
ture dependence of the process rate. For thisreason, the
activation energy isused for describing the temperature
dependences of the kinetics of processes.

However, since relaxation processes involve a
sequence of elementary acts dueto local fluctuations of
the heat energy (in the classical limit), the activation
energy has the meaning of a barrier whose height gov-
erns the probability of elementary acts. Hence, reliable
(correct) determination of the activation energy is a
necessary condition for in-depth analysis of elementary
acts of processes.

In experimental studies on the kinetics of processes,
different characteristics @; (such as rates, frequencies,
time parameters, and concentrations) are measured as a
function of temperature T. When processing the exper-
imental temperature dependences of @,, it is common
practice to represent the dependences ®,(T) in the
Arrheniusform

®(T) = Aexp(tU/KT). (D

Thisrepresentation is based on a strong temperature
dependence ®;(T) and justified concepts of the mecha-
nisms of elementary acts, which rest on the basic prin-
ciples of fluctuation dynamics[1].

Since the temperature range of measurements, as a
rule, is relatively narrow and, consequently, the values
of ®,(T) vary in arather narrow range (most frequently,
by one or two orders of magnitude), the dependence
IN®;(1/T) appears to be virtualy linear. This circum-
stance is considered to be evidence of the validity of
relationship (1) as applied to analysis of the experimen-
tal data. The value of U;, which is determined from the
slope of the dependence Ind;(1/T), istermed the activa-
tion energy.

It should be noted that, as arule, the preexponential
factor A; isnot derived and is not even discussed in sim-
ilar treatments.

When the activation energies U; are determined in
this manner, some doubts are cast upon the U, values,
which can be as large as 5-10 eV or higher; i.e., they
can be considerably higher than the interatomic (inter-
molecular) interaction energies, which are of the order
of 1 eV in condensed systems.

This situation is characteristic of molecular liquids
in the solidification range and, especially, polymersin
the glass transition range [2-5]. The high activation
energies U, thus obtained can be interpreted in the two
following ways.

(1) The high activation energy U, does not carry the
meaning of the potential barrier to elementary acts and
can be considered to be merely the temperature coeffi-
cient of therate of the processinvolved. In thiscase, the
guantity U, is termed the apparent activation energy.
Note that, in the framework of this interpretation, the
obtained value of U; is quite suitable for describing the
temperature dependence of the processrate (but only in
alimited temperature range).

1063-7834/02/4408-1604%$22.00 © 2002 MAIK “Nauka/Interperiodica’
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(2) The high values of U; account for the complex
cooperative character of elementary acts; however, the
quantity U, itself retains the meaning of the barrier to
elementary acts. In this case, either the value of U,
should be treated as the sum of the barriers related to
partners of a cooperative act or it is necessary to take
into account not only the potential barrier but also the
entropy contribution.

It should be emphasized that the concept of cooper-
ative character of elementary actsis undeniably reason-
able and correct. On the other hand, the interpretation
of the quantity U; = k(AIn®;(T)/A(L/T)) merely asacer-
tain sum of partial barrierswith subsequent quantitative
inferences about specific features of elementary acts
seems to be open to question. In many respects, thisis
associated with ignoring the preexponential factor in
the case when the activation energy U, is calculated
from the slope of the dependence In®;(1/T).

By analyzing experimental datain terms of relation-
ship (1), it isassumed that the activation energy U; (like
the preexponential factor A) does not depend on the
temperature. At the sametime, thereisevidencethat the
barriers to elementary acts vary with temperature (spe-
cificaly in the range of structural and dynamical transi-
tionsin materials) and that this change affects the tem-
perature dependence of the processrate[2, 3, 5]. How-
ever, an approach taking into account these findings has
not been developed in detail.

In the present work, we developed this approach
and, onits basis, proposed a method of processing and
analyzing the dependence ®,(T). This alowed us to
explain the increase in the slope of the dependence
In®;(1/T) and to derive more redlistic results. In order
to justify the proposed method, we analyzed the exper-
imental data obtained for a compound that can be
regarded as a model abject.

2. PHYSICAL JUSTIFICATION

The mean expectation timefor alocal energy fluctu-
ation E; (at one atom or a small group of atoms) as a
function of the temperature can be represented in the
form [1]

Ty OtoexpEg /KT, 2

where 1, = 102103 s is the period of atomic vibra-
tions in condensed materials.

Relationship (2) for energy fluctuations was directly
confirmed by computer simulation of atomic dynamics
in solids [6]. It was demonstrated that energy fluctua-
tions are efficiently localized in time (~1,) and space
(virtually at one atom) [7].

In an elementary act, the barrier U isovercome at an
energy E; = U. Then, the mean expectation time for the
elementary act can be written as

T, O1oeXpU/KT. 3
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Since the processes involve a statistical sequence of
elementary acts, relationship (3) leads to the following
expressions.

(i) The process rate has the form

V = dN/dt ON/t, ON/Toexp(=U/KT),

where N is the concentration of particles that change
their state (or position) in elementary acts.

(i) The effective time a system takes to reach a state
close to equilibrium (this attainment of equilibrium by
the system is called relaxation) can be represented as

T, Ot t,expU/KT.

In this case, the time T, is referred to as the relax-
ation time. However, it should be emphasized once
again that this macroscopic characteristic of the system
is close (within logarithmic accuracy) to a microscopic
characteristic, namely, the mean expectation time for
elementary acts.

(iii) When the systemitself isin equilibrium but par-
ticles involved in the system undergo reversible local
transitions between their states (positions), the mean
frequency of these transitions for a particle is repre-
sented by the formula

v 01.'0 (1/71,) exp(-U/KT),

because the mean expectation time for atransition (the
expectation time for the corresponding fluctuation) is
equal to the mean time between two sequential transi-
tions for the same particle.

Therefore, the characteristics of the system V, 1,
and v (collectively designated above as ®;) are directly
related to such an important characteristic of the ele-
mentary act asthetimeTt,. Consequently, by analyzingthe
dependence @,(T) with due regard for relationship (3), it
ispossibleto determinethe barrier U to elementary acts
and the preexponential factor. The preexponential fac-

tor either is directly taken equal to r§1 (from expres-
sionsfor 1, and v) or can be obtained from the rate V at
aknown concentration N.

If the barrier to elementary acts remains unchanged
(U = congt) in the temperature range under consider-
ation, the dependence Int(1/T) obtained from mea-
surements of @;(T) should have the form depicted in
Fig. 1 (line 1), i.e, the form of a straight line extrapo-
latedto ~10*sat /T = 0. The dope of thisdependence
dint/d(1/T) isequa to U/k.

Note that similar linear dependences Int (1/T)
extrapolated just to ~10 sat 1/T = 0 (what is espe-
cialy important) were repeatedly observed (see, for
example, the results given below and in [4, 8, 9]).
Hence, the calculated value of U can be actually treated
as the height of the potentia barrier to elementary acts
and the inferences that follow from a comparison of U
with the energy parameters of interatomic (intermolec-
ular) bonds are correct.
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Fig. 1. Schematic temperature dependences of the mean
expectation time for elementary acts: (1) temperature-inde-
pendent barrier to transition and (2) barrier decreasing with
an increase in temperature.

Let us now discuss the stuation when the barrier
changeswith variationsin the temperature; i.e., U = U(T).

This situation can occur in materials with a molecu-
lar structure when the elementary act of a process
involves a considerable number of atoms (i.e, an
ensemble activated by thermal motion occupies a sub-
stantial volume and exhibits a large number of internal
degrees of freedom). It can be expected that a decrease
in the temperature leads to an increase in the “rigidity”
and volume of the activated ensemble and to arisein
the barrier to elementary acts.

By consistently adhering to the concept of the fluc-
tuation mechanism of elementary acts, for the barrier
U = U(T), we can write

U(T
1(T) Orpexp o). @
The validity of this relationship for t,(T) was consid-
eredin[3, 5].

It is essential that the same preexponential factor T,

isretained in the expression for 14(T).

Hence, the slope of the dependence Int(1/T) can be
represented in the form

d(Inte) _ d[U(M)/KT] _ U(T) , 1 du(T)
d(/T) d(U/T) ~ k  kTd(U/T)
_ U@ _Tdum
Tk k dT

Therefore, the slope of the dependence Int(1U/T) is
related not only to the barrier height U(T) but also to the
derivative of the barrier height with respect to the tem-
perature. In particular, Kobeko [5] called attention to
this circumstance.

Now, we introduce the following designations:

d(Inty) _ U(T) du(m _ .
aTm - ko ar =Y

(%)
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where U; isthe barrier determined from the slope of the
dependence Int(1/T). From relationship (5), we have

U«(T) = U(M)-TU'(T). (6)

According to this formula, the barrier to elementary
acts at the temperature T is given by

U(T) = U(T) +TU'(T). (7)

For U'(T) < O (the barrier to elementary acts
increases with a decrease in the temperature), it
becomes clear from expression (6) that increased val-
ues of U; can be obtained as a result of changes in the
barrier height.

By assuming that the barrier reaches a steady-state
value U at sufficiently high temperatures and increases
with a decrease in the temperature, the dependence
T(L/T) can be schematically represented in the form
depicted in Fig. 1 (curve 2).

The curvature of the dependence Int(1/T) reflects
an increase in the barrier U; with a decrease in the tem-
perature, i.e., the temperature dependence of the bar-
rier. Since the mean expectation time for elementary
acts T, can vary in avery narrow temperature range (as
was aready mentioned, this situation often occurs in
experimental investigations), the impression can be
gained that the barrier U; is constant.

Thelinear extrapolation of asmall quasi-linear por-
tion of the curve Int (L/T) from the point Int(L/T) to
Ui(T)1

k T°
deviation of Int; from Inty 0 —-30 (the quantity T, is
expressed in seconds) toward smaller (1) values can
serve as a criterion for deviation of the barrier U; from
the barrier U to elementary acts.

Under the above assumptions, the barrier U(T) (an
important parameter in physics) can be determined
from the measured dependence Int (L/T) according to
formula (4); that is,

U(T) = KTInTJ/T,. (8)

This corresponds to the dope of the draight line
passed from each point Int(1/T) to the point Int, (Fig. 1).

In order to calculate the barrier to elementary acts
U(T) from expression (7) with the use of the quantity
U;(T), the derivative U'(T) must be known.

Thus, we justified that the slopes of the measured
temperature dependences do not necessarily corre-
spond to barriers to elementary acts. With the aim of
confirming the aforementioned theoretical inferences,
we now turn to analysis of the experimental data.

1T = 0 gives the quantity InT; = InT, — The

3. EXPERIMENTAL TECHNIQUE
AND RESULTS

3.1. Experimental technique. In the present work,
the relaxation processes were investigated by dielectric
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loss spectroscopy. The advantage of this technique is
that it provides a means for directly measuring the fre-
guencies at which particles with electric moments
reversibly transfer from one position to another. The
technique is based on observations of maxima in the
frequency and temperature (at specified frequencies of
an external electric field) spectra of dielectric lossesin
polar dielectrics. In the case when the transition occurs
through the fluctuation mechanism, the maximum in
the dielectric loss spectrum corresponds to fluctuation
resonance between the frequency v of an applied elec-
tric field and the mean frequency of reversible transi-
tions (hoppings) of polar particles. The latter frequency
is equal to the temperature-dependent reciprocal of the

mean expectation time for the transition r;l (see

above). Therefore, the measured temperature depen-
dence of the frequency v, which corresponds to the
maximum in the dielectric loss spectrum, can be used

to determine the dependence T(T) = v, (T).

In this work, the dielectric loss tangents (tano)
were measured over wide ranges of frequencies (10-2—
107 Hz) and temperatures (120420 K).

3.2. The object of investigation. Poly(vinyl ace-
tate) was chosen as the object of investigation. The
structure of a monomer unit of poly(vinyl acetate) is
schematically depicted in Fig. 2.

The choice of poly(vinyl acetate) is governed by its
following properties, which are favorable in the solu-
tion of the formulated problem.

First, poly(vinyl acetate) isapolar polymer owingto
the considerable dipole moment of its side fragment
(~OCOCHy). Asaconsequence, thispolymer is charac-
terized by relatively high dielectric losses; hence, it is
an appropriate object for investigation by dielectric loss
spectroscopy.

Second, the static devitrification (glass transition)
temperature of poly(vinyl acetate) T, 1300 K [4] falls
in a convenient temperature range; to be more specific,
intherange of T, the polymer transformsfrom the solid
state to the high-elasticity state in which polymer mol-
ecules are characterized by conformational dynamics
(segmental mohility). Hence, the dielectric losses in
poly(vinyl acetate) are conveniently measured in both
solid (vitreous) and devitrified states (below and above
the temperature T, respectively).

Third, the temperature spectrum of dielectric losses
in poly(vinyl acetate) (as in a number of other polar
polymers) exhibits two characteristic maxima (below
and above the temperature T,). A comparison between
the parameters of these maximaallows oneto judgethe
specific features of elementary acts (transitions).

Samples used for dielectric measurementswere pre-
pared in the form of plates from approximately one to
several millimetersin thickness.
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Fig. 2. Structure of amonomer unit of poly(vinyl acetate).

3.3. Experimental results. The temperature depen-
dences of thelosstangent (tand) at two frequenciesare
shown in Fig. 3. The maximain these dependences are
observed at low (below T, Fig. 3a) and high (above T,
Fig. 3b) temperatures. An increasein the frequency v of
the external field leads to a shift of the maximatoward
the high-temperature range (to an increase in the tem-
perature T,, corresponding to the loss tangent at a max-
imum). The dielectric measurements performed at a
number of other frequencies result in dependencessim-
ilar to those displayed in Fig. 3.

Sincethetransitionsat T< T,and T > T, are conven-
tionally termed the 3 and a transitions, respectively [4,
10], we denote the maximum of tand at low tempera-

tures by the 3 peak and the maximum of tand at low
temperatures by the a peak.

The temperature dependences 1,(T) Ov(T) deter-
mined from the dependence of the frequency v on the
temperature T, for each peak are plotted in Fig. 4inthe
logt—~L/T) coordinates. As can be seen, the depen-
dences logt(1/T) for the B and a peaks differ signifi-
cantly.

The dependencelogt (L/T) for the B peak appearsto
be linear (with a constant slope). It is worth noting that
the extrapolation of this curve to /T = 0 gives avalue
of ~10%3 s, whichiscloseto 1,

Therefore, the 3 peak can be described by the rela-
tionship T, O 1oexpUg/KT under the condition Ug =
AlogT,
A(L/T)

On this basis (judging from the linearity of the
dependence Int(1/T) and the extrapolated value of 1, [
103 s (Fig. 1)), we can draw the inference that the
value of Ug [10.37 eV determined from the slope of the
dependence logt(1/T) actually corresponds to the bar-
rier to elementary acts of the 3 transitions. Thisvalue of
Ug is close to the activation energy obtained by other
methods for the (3 transitions in poly(vinyl acetate) [4].
The temperature dependence of Ug is displayed in
Fig. 5.

Compared to the 3 peak, the dependence logt(1/T)
for the a peak appears to be substantialy steeper and,
what is particularly important, is nonlinear.

const. From the slope , we obtain Ug [10.37 €V.
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Fig. 3. Temperature dependences of the dielectric loss tangent in poly(vinyl acetate) at frequencies of (1) 3.2 kHz and (2) 1 MHz:

(8 T < Tg (B peak) and (b) T> Tg (a peak).

The stegpness of the curve logt(U/T) sharply
increases as the glass transition temperature T, is
approached (Fig. 4). With an increase in the tempera-
ture, the incline decreases and the slope of the a depen-
dence approaches the slope of the 3 dependence.

Therefore, the slope of the dependence logt(L/T)
for the a peak is not constant. The linear extrapolation
of different portions of this dependenceto 1/T =0leads
to valuesthat are many orders of magnitudeless(!) than
T, 010 3s,

By calculating the particular barrier Uy from the
slope of the dependence logt(1/T) with the use of the
dint,
d(1/T)
dence U(T) (Fig. 5). Itisseen from Fig. 5 that the val-
ues of U in the temperature range ~300—400 K are

formula U, = k , We obtain the strong depen-

2_
> —2r
e
ERs
—-10} -
_]4— 1 1 1 1 ]
0 1 2 3 4 5
103/T, K~!

Fig. 4. Temperature dependences of the mean expectation
time (the reciprocal of the frequency) for elementary acts of
(2) B relaxation transitions and (2) a relaxation transitions
in poly(vinyl acetate).
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rather high (compared to Ug) and increase drastically as
the temperature T is approached. With an increase in
thetemperature, the values of U; and Ug approach each
other. In this respect, it is necessary to elucidate why
the height of the barrier U; is high and depends on the
temperature.

4. DISCUSSION

It should be noted that the experimental depen-
dences shown in Fig. 4 are closely similar to the sche-
matic graph that is depicted in Fig. 1 and reflects the
influence of a change in the barrier with variations in
the temperature on the mean expectation time for ele-
mentary acts. This behavior of the barrier to elementary
actsis consistent with the modern concepts of molecu-
lar dynamicsin polymers.

Below the glass transition temperature, the internal
dynamicsin polymers, asin conventional low-molecu-
lar solids, is governed primarily by atomic vibrations.
However, low-molecular solids are also characterized
by fluctuation diffusion events, dislocation motion (in
crystals), and other processes. Similarly, fluctuation
jumpwise motion of individual small-sized segments of
macromolecules can also occur in vitreous polymers.
This motion of individual polar fragments is responsi-
ble for the diglectric loss, i.e., the 3 peak [5, 11]. The
barrier to these jumps (transitions) is determined by the
interaction of a polar fragment with surrounding atoms
(belonging to the same chain molecule and adjacent
molecules). It is quite reasonable that a number of
atoms (of the order of ten or more) should participatein
the jumpwise change in the fragment position. How-
ever, judging from the datarepresented in Fig. 4 for the
BB peak, this collective character of the transition virtu-
ally does not manifest itself in the description of the
process. The validity of relationship (3) for the poly-
atomic (3 transition implies that the transition occurs
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only through energy fluctuations without a noticeable
entropy contribution. Thus, the situation in the low-
temperature range (T < Ty seems to be sufficiently
clear.

An increase in the temperature leads to devitrifica-
tion of the polymer. As a result, virtually immobile
skeletons of chain molecules can change their position
and shape (conformational segmental mobility). Then,
the transitions of adjacent side fragments [polar in the
case of poly(vinyl acetate)] involved in the motion of
their molecule appear to be correlated. It isthese corre-
lated transitions of polar fragmentsthat are responsible
for the a pesk in the dielectric loss [5, 11].

At T < T, the correlated transitions cannot occur;
hence, it can be assumed that the barrier to correlated
transitionsisinfinitely high. At theinitial stage of devit-
rification, the barrier becomes finite but remains suffi-
ciently high. With afurther increase in the temperature
and the rate of segmental molecular motion, the corre-
lation between transitions of the fragment involved
should decrease and, correspondingly, the barrier to
correlated transitions will decrease and tend to the bar-
rier to the transition of a single fragment.

It is obvious that the above description is only a
rough approximation; however, it allows usto elucidate
the possible reasons for the changes in the barrier to
transitionswith variationsin temperature for the a peak
in the dielectric loss.

Let us now examine the dependence logt(1/T) for
the a peak (Fig. 4) under the assumption that this
dependence can be represented in the form t, O

Uq(T)

IopxpW [i.e., in the form given by relationship

(4)]. The validity of the representation of the experi-
mental dependence 14(T) in the form of relationship (4)
for an elementary act is supported by the fact that this
relationship turns out to be quite applicable to the
description of the temperature behavior of the B peak.
As was noted above, a large humber of atoms are
involved eveninthe 3 transition. Therefore, it isreason-
ablethat an increase in the number of atomsinvolvedin
the correlated a transition should not radically change
the description of the elementary act of the a transition
in terms of the fundamental relationship (4) at the pre-
exponential factor 1, 11023 s,

Consequently, from the dependence logt(1/T) for
the a transition (Fig. 4) and relationship (8), we obtain
the barrier to elementary acts of the a transition: U, =

KTInie.
To
The dependence U,(T) isdisplayed in Fig. 5. It can
be seen that the barrier U, is considerably less than the
barrier Uy;. As the difference between the temperature
and T, increases, the barrier U, decreases and
approaches the barrier Ug.
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Fig. 5. Temperature dependences of the energy characteris-
tics of relaxation transitions in poly(vinyl acetate): (1) Ugs,
(2) Ug, and (3) Ug.

The dependence U,(T) obtained can be described
analytically.
Ferry [12] proposed an empirical relationship

between the barrier to the a transition and the tempera
turein theform

-1
U@ = U(T Hm)%_;ﬁ . 9)

We constructed the dependence of Iog% on

B
—Iog%l—%% according to formula (9) (see Fig. 6).

This dependence exhibits virtually a linear behavior,
which agrees with expression (9). However, the slope
of the curve is approximately equal to 0.3 rather thanto
1, as could be expected from expression (9). Asaresult,
from the data on the barrier U,(T) in Fig. 6, we abtain
the relationship

0.3

Uy(T) DUB%L—TT%_ (10)

Consequently, the derivative of the barrier height with
respect to the temperature is determined as Uy(T) =
dU(T) Tote

dT TU

T
0-03U; 3
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Fig. 6. Illustration of the validity of relationship (9) for
Uq(T) in poly(vinyl acetate).

The use of the function U, (T) for determining the
dependence U,(T) from relationship (7) givesthe same
values of U(T) as those obtained from expression (8).

Certainly, relationship (10) isalso empirical and has
hitherto defied rigorous physical justification. How-
ever, the construction of even an empirical temperature
dependence of the barrier to a relaxation (taking into
account that the barrier to B relaxation is almost inde-
pendent of temperature) is of considerable importance
in further investigation.

5. CONCLUSIONS

In thiswork, we considered the problem concerning
the influence of the temperature dependence of the bar-
rier to elementary relaxation acts on the slope of the
function Int(1/T) and, consequently, on the method of
determining the barrier height.

It was emphasized that the inferences regarding the
“simple” [U(T) = const] and “complex” [U(T) # const]
character of the elementary act should be made reason-
ing from an analysis of the preexponential factor in the
temperature dependence of the relaxation rate of the
process.

The actual barrier to complex elementary acts and
the temperature dependence of the barrier were esti-
mated for the specific case of relaxation phenomena—
the dielectric loss in a polar polymer at temperatures
above the glass transition point (the a relaxation).

It was found that, at T = 320 K, the obtained barrier
to the a relaxation in poly(vinyl acetate) U, (00.75 eV
is considerably less than the activation energy U, O
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2.5 eV [4] determined without regard for the complex
character of the a relaxation.

In many works devoted to the investigation of the a
relaxation with the use of different methods[4, 10, 13],
the available data, as arule, were treated without con-
sidering both the possible temperature dependence of
the barrier and the preexponentia factor. This led to
unjustifiably high activation energies.

We believe that the inclusion of these factors is
required to examine thoroughly the kinetics of the pro-
cesses involved and to obtain information on e emen-
tary acts—the main physical characteristic of the kinet-
ics of processes.
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