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Abstract—This paper presents the results of plasmochemical synthesis of fullerene derivatives with hydrogen,
iodine, iridium, platinum, and scandium. The synthesisis carried out under atmospheric pressure in a carbon—
helium plasma stream formed by an ac arc in the rf range. © 2002 MAIK “ Nauka/l nterperiodica” .

The synthesis of fullerene derivatives with H,, I,
S, Ir, and Pt was carried out in a plasmochemical reac-
tor developed earlier in [1, 2]. The reactor differs con-
siderably from the widely used Kretschmer reactor in
that the synthesis occurs under atmospheric pressurein
a stream of carbon-helium plasma generated by an ac
arcintherf range. Thereactor makesit possible for par-
ticles of theintroduced substanceto stay for along time
in the carbon plasma jet and, hence, become atomized
completely. Consequently, this reactor can be used for
the synthesis of fullerenes both with light elements and
with refractory metals.

In accordance with the concept of the effect of the
electron concentration on the formation of fullerenes
and fullerene derivativesin acarbon plasma, which was
developed in our earlier work [3], we synthesized
fullerene derivatives by adding both donors and accep-
tors of electrons (hydrogen, iodine, scandium, iridium,
and platinum). The initial metallic powder or meta
wire was placed in ahole (d = 1.2 mm) made in one of
the electrodes between which the plasma jet of carbon
with a metal was formed. Hydrogen and iodine were
introduced into the reactor in the form of agasflow and
vapor, respectively, in different temperature regions of
the plasma. We tested fullerene-containing soot and
fullerenes extracted from it.

An analysis of the x-ray spectrarevealed that Ir, P,
and Sc metals are present in afullerene-containing soot
only in the amorphous state.

The fullerene yield increased upon the introduction
of a metal from 4 to 12%. The introduction of iodine
virtually nullifies the concentration of fullerenesin the
soot.

The electronic absorption spectra for the fullerene
extract from soots obtained during the synthesis with
the introduction of hydrogen exhibited the following

changes (as compared to the spectrum for a fullerene
mixture): anew band appeared at 434 nm and the band
at 334 nm was displaced to the UV region by 17 nm.
This variation is usualy attributed to fullerene com-
plexes with hydrogen of the CyH,, type [4, 5].
Emission spectroscopy revealed the presence of Sc

at acontent of the order of 10-3% in the fullerene-con-
taining extract.

Highly effective chromatographic separation of the
fullerene mixture prepared by extraction from Ir- and
Pt-containing soots was carried out in a Cosmosi
Buckyprep column. The mass spectra of the separated
fractions were measured. It was found that the given
extract contains 55% Cg, 25% C,,, 15% higher
fullerenes (mainly, C.5, Cyg, Cgy, Cgy, and Cgg), and 5%
oxidized fullerenes Cq, and C,.

Mass spectrometry did not revea the presence of
any platinum or iridium derivatives in the extracts sep-
arated from Ir- and Pt-containing soots. This can be due
to poor volatility of the formed metal compounds.
Moreover, Pt- and Ir-containing derivatives involved in
soots may be insoluble in organic solvents. In this con-
nection, we made an attempt to convert them into vola-
tile chelate complexes of metals, which are soluble in
organic solvents and similar to those described in [6].
Fullerene-containing soots with Pt and Ir (samples |
and |1, respectively) were treated with acetylacetone
(Hacac) in solutions of HF (a) and HCI (b) acids during
heating, and, then, reaction products (la, I1a, Ib, and
[ 1b) solublein organic solventswere extracted from the
reaction systems.

The el ectronic absorption spectra of productslaand
I1a are shifted to the UV region as compared to samples
| and Il. The x-ray diffraction pattern of the toluene
extract of the Ir-containing product 11a contains reflec-
tions of fullerene (for small angles) and reflections of
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an unknown substance (for large angles); the latter
reflections can be associated with Ir complexes.

Toluene extracts of the synthesis products contained
fractions of greenish yellow and yellow color which
were soluble in protogenic solvents (acetone and alco-
hal). The electronic absorption spectra of compounds
obtained from fullerene-containing soots and the spec-
tra of halogenated iridium acetylacetonates contain
bands at 270-280 nm, which are similar to the bands of
iridium y-fluoroacetylacetones but are displaced by 10—
15 nm toward the long-wavelength range. The presence
of other bands can be associated with the presence of
fullerenes in the metal complexes; in addition, the for-
mation of carbon-bonded acetylacetonates and mixed
hal ogenacetylacetonates of metalsis also possible.

The results obtained demonstrate that, in the irid-
ium- and platinum-based fullerene-containing soots,
iridium and platinum arein the chemically active form.
Thisfollowsfrom thefact that the aforementioned reac-
tions with acetylacetone do not occur with the familiar
metallic forms of iridium and platinum (compact metal,
metallic sponges, and powders). It can be assumed that
the active form of Ir and Pt istheir oxidized statein the
form of insoluble fullerides; however, the results of
x-ray diffraction anaysis indicate the presence of
amorphous particles of a metal in soots, which proba-
bly exhibit a high chemical activity.

The experiments described here indicate that the
synthesis of metallocomplexes of fullerenesin prepara-
tion amounts is a complex problem associated with the
donor and acceptor properties of the substances being
introduced. Further investigations are required for
determination of the relation between the magnitude
and the variation of the electron concentration in a
plasma upon the introduction of various elements, on
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the one hand, and the yield of the resulting fullerene
derivatives, on the other. This will be the next step
toward the controlled synthesis of fullerene derivatives.
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Abstract—Multishell fullerenes are the smallest among multishell carbon clusters, such asthe larger graphitic
onions or multishell nanotubes. Unlike classical fullerenes, which have a cage structure and are known to have
been synthesized in avariety of sizes (Cgg, C7g, Cga, Cigp, €tc.), multishell fullerenes have a cage-inside-cage
concentric structure, such as double-shell Cgo@C,y4q or triple-shell Ceo@C,40@Csgo. We report on the synthesis
of multishell fullerenes by laser vaporization of Cgy-containing composite carbon targets. Transmission elec-
tron microscopy, Raman scattering spectroscopy, and other methods were used for characterization of the prod-
uct. The yield of the process reaches up to 40%, which permits production in gram amounts even in laboratory

conditions. © 2002 MAIK “ Nauka/lInterperiodica” .

Multishell fullerenes are the smallest among multi-
shell carbon clusters, such asthelarger graphitic onions
[1, 2] or multiwall nanotubes [2, 3]. Unlike classica
fullerenes, which have a cage structure and are known
to have been synthesized in avariety of sizes (Cgp, Cyo,
Cq, €tc.), multishell fullerenes have a cage-inside-cage
concentric structure, such as double-shell Cz,@C,,, Or
triple-shell Cy,o@C,,0@Csq,. These cage-inside-cage
structures were foreseen by Kroto et al. [4] as early as
in 1988, i.e., shortly after his pioneering discovery of
the basic buckminster fullerene Cq, [5]. Thefirst obser-
vation of several double-shell and triple-shell mole-
cules was, however, reported only recently [6, 7]. In
works [6, 7], the double-shell Cg,@C,,,, double-shell
Coug@Csqo, and triple-shell Cgo@C,,i@Csqy Were
found as products of 3000°C high-temperature treat-
ment of laser pyrolysis carbon blacks. The content of
multishell fullerenes was less than 0.01%, while most
of the material was dominated by hollow graphitic par-
ticles ~20 nm in size and ordinary, single-shell
fullerenes.

Though multishell fullerenes possibly possessinter-
esting and attractive properties [7], no measurements
could be performed until these fullerenes had been iso-
lated in, at least, milligram amounts. Therefore, thefirst
priority of the research in this field was to find an effi-
cient synthetic route of the production of multishell
fullerenes.

It is difficult to improve the method of high-temper-
ature treatment of laser pyrolysis carbon black [7].

L This article was submitted by the authorsin English.

Also, it seems reasonable to suggest that the actual
growth of additional shellsaround Cg, corestakes place
not during 3000°C treatment but during the cooldown
after the heat treatment. If this suggestion is correct, the
successful synthetic route should be comprised of at
least two steps: (1) the formation of carbon vapor con-
taining many Cy, moleculesand (2) cooling down at the
appropriate substrate. A hypothetical growth sequence
isshown in Fig. 1. We hypothesized that the method of
laser vaporization would meet the above conditions.
Another attractive feature of this method is that it
alows flexible control of different key parameters of
the process.

The purpose of the present work wasto find an effi-
cient synthetic route to the creation of multishell
fullerenes using the laser vaporization method.

1. EXPERIMENTAL

For laser vaporization, a KrF excimer pulse laser
(A = 248 nm) was used. The typical laser fluence and
repetition rate were 1.5 Jem? and 10 Hz, respectively.
Two different targets were used for vaporization. Both
targets contained 40 wt % fullerene Cyg,, but the remain-
ing components were different; amorphous laser pyrol-
ysis carbon black or, aternatively, carbon nanofibers.
The carbon nanofibers were vapor-grown carbon fibers
with a nanotube-like concentric multishell structure
[3]. The experiment was performed in a helium atmo-
sphere, with the He pressure varying in the range from
1 to 200 Torr. Substrates of stainless steel SUS304,
guartz glass, and pyrolytic graphite were used to collect
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Fig. 1. Hypothetical growth sequence of multishell fullerene evolving from (&) afullerene molecule and a full erene/nanotube frag-
ment, through (b) and (c), in which the shell fragment deposited onto a fullerene forms the embryo in which the second shell forms.

The sequence leads, in anatural way, to multishell fullerenes (d).

the deposit. The substrate temperature was 300°C. The
deposits were studied by transmission electron micros-
copy (TEM), Raman spectroscopy, and other methods.
Vacuum sublimation was used to separate the fractions
of the deposit. The details of the vacuum sublimation
technique can be found elsewhere [7].

2. RESULTS AND DISCUSSION

The deposits abtained by vaporization of either of
the targets at different He pressures were thin yellow
films (=500 nm thick after 20000 pulses). The films
could not be dissolved in organic solvents such astolu-
ene, xylene, or chloroform. Though the yellow color
implies the absence of graphite or graphitic particles,
the TEM study showed that the | atter actually did occur
in small amounts in the deposits.

The main result of the TEM study was, however, the
observation of large amounts of double and triple
fullerenes. The yield was higher at lower He pressure,
in the range of 14 Torr. Vaporization of Cgy/nanofiber
targets always gave a 3- to 5-times higher yield than
that of Cgy/carbon black targets. The best samples,
received by vaporization of a Cgyf/nanofiber target at
1 Torr, contained 40% multishell fullerenes. At least
two varietieswere observed: two-shell 14 A in size, and
three-shell 20 A in size. The two-shell fullerenes are
easily seen in Fig. 2. From the fullerene diameter it is
possibleto calculate mass[2], though the uncertainty in
the carbon—carbon bond length and other factors pro-
duce an inevitable error, which we estimate as £5%. As
aresult, it is possible to assign the following chemical
formulae to the observed fullerenes: Cg,@C,y to the
double fullerene 14 A in size, and Cgo@C,4@Csg, tO
thetriple fullerene 20 A in size.

The multishell fullerene fraction can be easily sepa-
rated by vacuum sublimation, though this requires at

least 1200°C in a vacuum of 10~ Torr. Therefore, the
high sublimation temperature is in sharp contrast with
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that of Cg,, which can be easily sublimated at 400°C.
The sublimate film has a yellow color and predomi-
nantly contains multishell fullerenes.

The comparison of Raman scattering spectra of
laser vaporization deposits and the sublimated films
(Fig. 3) shows how the strong “disordered graphite”
features at 1360 and 1590 cm* disappear after sublima-
tion. The sublimated film does not contain graphitic
nanoparticles with strong, overwhelming spectral lines,
and its spectra (Fig. 3b) clearly display three strong
broad peaks at 1430, 1464, and 1569 cmr™* and a num-
ber of weaker peaks below 1000 cm™. This pattern is
very similar to that of Cg, (1426, 1469, and 1573 cm™
features) [8]. Four of the weaker peaks, 530, 737, 757,
and 880 cm™, cannot be identified with the vibrations
of the Cg, molecule, even though the peaks at 730 and
757 cmt were earlier observed in the spectraof a“ pho-
totransformed” Cg, solid [8], i.e., the Cg, solid after
photoinduced immobhilization of Cg, molecules in the
polymer network.

It is reasonable to suppose that most of the peaksin
Fig. 3b are produced by the core Cg, molecules immo-
bilized inside the multishell fullerenes. No peaks, with
the possible exception of the 530 and 880 cm features,
can be assigned to the outer shells, because the latter
produce many weak Raman peaks due to their gener-
ally lower symmetry, larger number of degrees of free-
dom, and/or possible isomers. Also, it was predicted by
Iglesias-Groth et al. [9] that the strongest vibrational
lines of the outer shells lie at much lower frequencies,
65-120 cm.

The growth of the outer shells is probably deter-
mined by the mechanism shown in Fig. 1 and discussed
above. This hypothesisis supported by the above-men-
tioned fact that laser vaporization of the Cgy/nanofiber
targets gave a much higher yield of multishell
fullerenes than that of the Cgy/carbon black targets.
Indeed, the difference between thetargetsisin the pres-
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SYNTHESIS OF MULTISHELL FULLERENES BY LASER VAPORIZATION

Fig. 2. TEM images show multishell fullerenes in large amounts. The concentric dark rings are the electron images of multishell

fullerenes.

ence of nanofibers. Those nanofibers, comprised of
multiple curved shells, are a good source of shell frag-
ments for initiation of the multishell fullerene growth
process according to Figs. 1a, 1b. On the other hand, the
vaporization of the Cgy/carbon black target cannot pro-
duce the shell fragments; hence, even if the embryos of
multishell fullerenes do appear, this happens due to the
much less probable process of spontaneous nucleation
of corannulene-like carbon networks from the carbon
vapor, as was suggested by Kroto et al. [4].

Apparently, the uncertain stage of the hypothetical
growth mechanism is the shell closure (Figs. 1c, 1d).
The growth may well lead to elongation of the outer
shell with the formation of a tubulene, as shown in
Fig. 4a. Indeed, we observed such objects more than
once in the laser vaporization deposits; see, for exam-
ple, Fig. 4b. Thiskind of nanocluster, called a “bucky-
shuttle,” represents a nanometer-sized, two-level sys-
tem which can be used as a computer memory element
and was recently discovered in the products of heat
treatment of nanodiamond [10]. We have good reason
to believe that the laser vaporization method can be
controlled so as to selectively synthesize buckyshuttles
in high yields.

In conclusion, a method of large-scale synthesis of
multishell fullerenes was found. The method of laser
vaporization of composite Cgy-containing carbon tar-
gets gives ayield of up to 40%, which permits produc-
tion in gram amounts even under laboratory conditions.
The results suggest that the method can be controlled so
as to selectively synthesize certain types of multishell
fullerenes and other multishell carbon clusters.
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Fig. 3. Raman scattering spectra: (a) laser vaporization
deposit on stainless steel; (b) sublimated film. The spectrum
of the deposit (a) is dominated by two overwhelming “dis-

ordered graphite” features: the peak at 1590 cm L isidenti-
fied with the well-known Eyq vibrational mode of graphite,

upshifted by ~10 cm™ from the position 1582 cm™
reported for single-crystal graphite [2]; the peak at
1360 cm ! is identified with symmetry-forbidden modes
associated with the maximum in the graphite density of
states (activated lattice disorder and/or small crystalline
size) [2]. For features of the (b) spectrum, see commentsin
the text.
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(a)

OO =@ )

(b)

Fig. 4. A buckyshuttle (fullerene molecule enclosed in a tubulene) as a result of deviation from the normal growth sequence of a
multishell fullerene: (a) hypothetical growth sequence after deviation from the path, which isshownin Figs. 1c, 1d; (b) TEM image

of adeposit, showing a buckyshuittle.
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Abstract—The DC and AC conductivities and the magnetoresistance and thermopower of carbyne samples
were studied over the temperature range 1.8-300 K at frequencies 10 MHz-1 GHz. It was established that a
variation in the fraction of sp? bondsin carbynesinduces atransition from one- to two- and then to three-dimen-
sional conduction. The physical properties of the new carbyne-based solids may be understood within the
model treating carbyne as ananocluster material based on linear carbon chains and having acharacteristic clus-
ter size of 1to 10 nm. © 2002 MAIK “ Nauka/Interperiodica” .

1. Carbyne is an alotropic carbon form based on
Sp-type bonds and possesses a pronounced linear-chain
structure [1-3]. Contrary to other allotropic modifica-
tions with sp? (graphite) or sp?® (diamond) bonds, car-
byne cannot be synthesized as a perfect crystal, because
its chains contain “built-in" disorder, probably due to
the instability of large linear carbon clusters [3].
Although to date thereis no commonly accepted model
structure of carbyne, it is customarily believed that lin-
ear sp segments of the polymeric carbon molecule in
carbyne aternate with sp?-hybridized carbon atoms[1-
3]. The sp?-centersgiverise to chain kinks, and the dan-
gling bonds appearing at the kinks may attach to impu-
rity atoms or form interchain links (in the absence of
sp?-defects, the carbon chains are bonded by weak van
der Waals forces). As a result, the carbon chains may
form complex globular structures.

The fraction of sp>bonds in carbyne can be varied
smoothly by applying high pressure and temperature
[1]. Anincrease in the synthesis temperature T, under
pressure induces the sp — sp? transition, i.e., the for-
mation of a disordered 2D graphite-like network from
the structure dominated by 1D chains. Therefore, car-
bynes synthesized under high pressure open an intrigu-
ing opportunity of creating experimental systems with
variable dimensionality [4]. In the present work, we
report on results of studying DC and AC conductivity
and magnetoresi stance and thermopower measured in

L This article was submitted by the authorsin English.

the temperature, frequency, and magnetic field domain
18<T<300K,1MHz<v<1GHz,andB<7T.

2. A carbyne with chains ...=C=C=C=C-=... of the
cumulene type was synthesized at the Nesmeyanov
Institute of Organoelement Compounds, Russian Acad-
emy of Sciences, and used as the starting material.
Sampleswere prepared by the method used in[1]. Syn-
thesis was carried out at a pressure of 7.7 GPa. At dif-
ferent Ty, values, the sample structure was identical to
that described in [1]. The temperature dependences
p(T) for different T, temperatures are shown in

Fig. 1a. Inthe coordinates log(p) =f(T), linear seg-
ments characteristic of the variable range hopping
(VRH) conductivity are clearly seen in the curves at
T<T*~40K downto T~ 1.8K. Theindex a, which,
for a constant density of states and space dimension d,
isgiven by [5]

a = 1/(d+1), D

increases with decreasing synthesis temperature
(Fig. 1). The value of 1/4 found for this parameter for
Tgn = 890°C corresponds to the 3D Mott's law, while
thereductionin Tgnt0800°C increases a to 1/3, which
is characteristic of 2D hopping conduction (Eg. (1)). In
the vicinity of Ty, ~ 700°C, the exponent changes to
12 (Fig. 1, Ty, = 690°C), which suggests a transition
to 1D hopping transport.

Thus, one can assume that the rise in the tempera-
ture of synthesis under pressure induces a crossover
from 1D to 3D hopping conduction. In the transition
region 700 < Tg,, < 800°C, the carbyne matrix repre-
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Fig. 1. Temperature dependence of the conductivity (&) and hopping conduction exponent (b) for carbyne samples synthesized at

different temperatures.

sentsaset of mutually noninteracting 2D carbon layers.
Such an interpretation qualitatively agreeswith the data
[1] on the sp — sp? transition, because the “ degree of
crosslinking” between the carbon chainsincreases with
Tyn and the effective dimensionality of the system
should increase. Note that, according to [1], carbyne
samples undergo “graphitization” at Tg,, ~ 700°C, so
that the crossover first to 2D and than to 3D conduction
at Ty, > 700°C seemsto be quite natural.

At the sametime, it was assumed in [1] that a quasi-
one-dimensional structure occurs in carbyne at Ty, <
500°C, while in the samples obtained at higher temper-

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

atures, the fraction of sp?-bonds is appreciable.
Because of this, the interpretation of the datain Fig. 1
asalD — 2D — 3D transition is not unique. For
example, the a = 1/2 value may be explained by the
appearance of a Coulomb gap in a 2D hopping system
[4,5].

The latter possibility is eliminated from analyzing
the AC conductivity data. In the 2D or 3D case with
Coulomb correlations, the hopping conductivity o(w) =
0,(w) + i0,(w) at frequency wisgiven by [4, 6]

0., 0, DW’TY, )
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with an effectively temperature-independent index s.
Contrary to this expectation, the experiment shows a
strong s(T) dependence (Fig. 2) characteristic of 1D
systems. Indeed, according to Hunt's calculation for the
1D system [7, §],

S(T) = [(ATYT)Z=21/[(ATyT)+2],  (3)

where T, is the same as in the temperature dependence
of DC conductivity Ing ~ —T,/T)* while parameter A
depends on the length of linear hopping chain L and
localization radius a: A = exp(2)L/a. Comparison of
Eq. (3) with the experiment shows that Hunt's theory
well describesthe observed §(T) data, assuming therea-
sonable value L/a ~ 680 (curve 4 in Fig. 2).

An additional argument against opening of the Cou-
lomb gap in carbynes obtained at Ty, < 700°C is pro-
vided by thermopower measurements. In the VRH
regime at T < T*, thermopower is proportional to the
first derivative of the density of states (DOS) [6]. There-
fore, for the Coulomb gap regime where DOS is sym-
metric with respect to the Fermi level, the Seebeck
coefficient should be equal to zero. At the same time,
wefind that for all the samples studied, including those
with o = 1/2, the thermopower remains finite in the
hopping region. The observed behavior is consistent
with the above explanation of the values a > 1/4 in
terms of the 1D — 3D crossover and disagrees with
the opening of the correlation gap at the Fermi level.

3. Study of the VRH regime opens the opportunity
of determining the localization radius. The shrinkage of
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the wave function in a magnetic field givesrise to pos-
itive magnetoresistance:

In[p(B)/p(0)] = tqa'B*(T/T)*Ic’h?, 4)

where coefficient t, depends on the space dimension: in
2D, t,=1/360[9], and in 3D, t; = 5/2016 [10]. Experi-
mental p(B) dataat T = 4.2 K areshownin Fig. 3g; itis
seen that Eq. (4) provides a good approximation of the
magnetoresistance of carbynes synthesized at different
Tgn- Taking slopes of linear parts in the coordinates
Inp = f(B?) together with the T, values calculated from
Fig. 1a, we found localization radius values for Ty, >
700°C (see Fig. 3b, regions 2D, 3D). In the 1D case
(i.e, a Ty, < 700°C), the exact value of ty is unknown;
therefore, we used t, to get an estimate (Fig. 3b).

The obtained a(Ty,) data demonstrate a clear
increase in localization radius with synthesis tempera-
ture. In the 1D case, we find a ~ 60 A, whereas for
the 2D case, the localization radius reaches ~80 A. The
region of 3D VRH (T, > 840°C) is described by a ~
140 A; it is 2.3 times higher than in 1D (Fig. 3b). It is
worth comparing the obtained data on the localization
radius with the structural characteristics of the disor-
dered carbyne matrix. X-ray structural analysis gives a
medium range order length Lyro ~ 8-10 A for the ini-
tial carbyne powder, and, for the samples studied in the
present work, Lyro isabout 10-12 A. These values are
of the same order of magnitude as expected for the
maximal stable linear cumulene fragments in the car-
byne structure [2, 3] but are 5-14 times lower than the
observed values of the localization radius. Therefore,
the localization in the disordered potential of the car-
byne matrix has a multicenter nature.
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Fig. 3. Magnetoresistance (a) and localization (b) for carbyne samples synthesized at different temperatures.

On the other hand, in a strongly disordered solid,
like carbyne, the spatial scalea > Ly,zo May berelevant
to some structural elements of the disordered network
[11]; for instance, it may correspond to clusters or
physical inhomogeneties of size ~a with a higher con-
ductivity formed from linear fragments of size ~Lygo.
Verification of this hypothesis requires further struc-
tural study of carbynes synthesized under high pres-
sure.

The obtained results allow oneto refine the scenario
of the sp —» sp? transition [1]. Since the 1D conduc-
tion persists up to Ty, ~ 700°C, the appearance of new
sp?-centers likely leads to the disorder and bending of
individual chains in this range of synthesis tempera-
tures. At Ty, > 700°C, theincreasein the fraction of the
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sp?-bonds induces crosslinking between the chains,
rendering the conduction two-dimensional. With a fur-
ther increase in Ty, raising the concentration of sp*
centers in the carbyne matrix, the topology of quasi-
two-dimensional carbon layers becomes more compli-
cated and they start to interact with each other, leading
to the 3D character of conduction.

The obtained values of the localization radius and
x-ray structural data suggest that the carbyne matrix
can be likely treated as a nanocluster material with a
characteristic cluster size of 1 to 10 nm and based on
linear fragments of carbon chains. The complicated
gpatial hierarchy of the disordered carbyne matrix
together with the intriguing possibility of varying the
effective dimension of space where charge carriers
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move from 1D to 3D via 2D makes future fundamental
and applied studies of these solids prospective.

ACKNOWLEDGMENTS

Thiswork was supported by the Russian Foundation
for Basic Research (project nos. 00-02-16403 and
99-02-17408), INTAS (grant no. 00-807), and the pro-
grams of the Ministry of Industry, Science, and Tech-
nology “Fullerenes and Atomic Clusters,” “Physics of
Microwaves,” and “Fundamental Spectroscopy.”

REFERENCES

1. A. G. Lyapin et al., Phys. Status Solidi B 211, 401
(1999).

2. Yu. P. Kudryavtsev et al., Izv. Ross. Akad. Nauk, Ser.
Khim., No. 3, 450 (1993).

PHYSICS OF THE SOLID STATE Vol. 44 No. 4 2002

3.

4,

10.

11

B. M. Bulychev and I. A. Udod, Ross. Khim. Zh. 39, 9
(1995).

S.V. Demishev et al., Pis maZzh. Eksp. Teor. Fiz. 72, 547
(2000) [JETP Lett. 72, 381 (2000)].

N. F. Mott and E. A. Davis, Electronic Processesin Non-
Crystalline Materials (Clarendon, Oxford, 1979; Mir,
Moscow, 1974), Vol. 1.

I. P. Zvyagin, Kinetic Phenomena in Disordered Semi-
conductors (Mosk. Gos. Univ., Moscow, 1984).

A. Hunt, Solid State Commun. 86, 765 (1993).

A. Hunt, in Proceedings of the 5th International Confer-
ence on Hopping and Related Phenomena, Glasgow,
1993, Ed. by C. J. Adkins, A. R. Long, and J. A. Mclnnes
(World Scientific, Singapore, 1994), p. 65.

M. E. Raikh et al., Phys. Rev. B 45, 6015 (1992).

B. I. Shklovskii and A. L. Efros, Electronic Properties of
Doped Semiconductors (Nauka, Moscow, 1979; Springer,
New York, 1984).

S. V. Demishev et al., Zh. Eksp. Teor. Fiz. 110, 334
(1996) [JETP 83, 180 (1996)].



Physics of the Solid Sate, Vol. 44, No. 4, 2002, pp. 612-614. From Fizika Tverdogo Tela, Vol. 44, No. 4, 2002, pp. 589-591.

Original English Text Copyright © 2002 by Kaluo Tang, Xianglin Jin, Youqi Tang.

PROCEEDINGSOF THE V INTERNATIONAL WORKSHOP

“FULLERENES AND ATOMIC CLUSTERS’

(St. Petersburg, Russia, July 2-6, 2001)

Syntheses, Structures, and Properties of Novel M olybdenum
and Tungsten Complexes of Fullerenest

Kaluo Tang, Xianglin Jin, and Yougi Tang
Institute of Physical Chemistry, Peking University, Beijing, 100871 P. R. China
e-mail: jt1939@pku.edu.cn

Abstract—The synthesis and characterization of several fullerene-based organometallic complexes containing
Mo and W is reported. © 2002 MAIK “ Nauka/Interperiodica” .

Since the time the crystal structure of the first orga-
nometallic complex of fullerene (n?-Cgy)Pt(PPhy), -
C,HzO was first reported in [1], severa other com-
plexes have been synthesized and characterized by the
x-ray diffraction method. However, among them, most
are metals from group VI, such as Pt, Ir, Pd, Rh, etc.
Only afew molybdenum or tungsten complexes of Cyg,
have been described in the literature, such as
[M(n*Ceo)(CO)3(dppb)] (M = Mo, W) [2], [M(n*
Ceo)(CO)5(dppe)] (M = Mo, W) [3], [Mo(n*
C.0)(CO)5(dppe)][3], etc. with phosphorous-containing
ligands.

The key problems in growing single crystals of
fullerene-based complexes are the instability of their
solution and low solubility. We synthesized four air-
table organometallic Cg, derivatives of molybdenum
(0) and tungsten (0) with nitrogen-containing ligands
(N?-Cso)M(CO)5LL (M =Mo, W, LL =2,2-bipyridine or
1,10-phenanthroline) [4]. They areonly slightly soluble
in chlorobenzene and o-dichlorobenzene. No crystals
suitable for x-ray diffraction studies were obtained.
However, when one carbonyl group of (n%*
Ceo)M(CO)5(0-phen) was displaced by dibutyl fuma-
rate (dbf), the resulting complexes had good solubility
in a number of organic solvents, even much better than
Cqp itself. Here, we report on the syntheses, crysta
structure, and properties of novel molybdenum and
tungsten complexes of Cgy and Cy,.

A series of Mo/W complexes of fullerenes (n*-
C)IM(CO),(0-phen)(dbf)], (x = 60 or 70, M = Mo or
W, n=1, 2, 3, phen = 1,10-phenanthroline) were syn-
thesized by heating a solution of fullerene (Cg, or Cyp)
with [M(CO),(0o-phen)(dbf),] in toluene followed by
column chromatography over silica gel. They are
remarkably stable in air and have unusually good solu-
bility. The complexes were characterized by chemical

L This article was submitted by the authorsin English.

anaysis, IR, UV/vis, *H, and 3C NMR spectroscopy
and single crystal x-ray diffraction analysis[5, 6].

The x-ray structure analysisindicates that molybde-
num and tungsten complexes of Cg, are isomorphous
compounds, (N%-Cg)M(CO),(0o-phen)(dbf) - 2CH¢ -
CsHy, (M =Mo (1) or W (2)). The molecular structure
of unsolvated complexesis shownin Fig. 1 [5].

In the molecules of complexes (1) and (2), the Mo or
W atom coordination is distorted octahedrally with the
two CO groups cis to each other and each trans to a
nitrogen atom of o-phenanthroline. The metal (M)
atom, two CO groups, and o-phen are in the equatorial
plane. They are coplanar within 0.050 A. The M atom
binds in an n? fashion to the C-C bond [C(1)-C(2)]
between two six-member rings of Cg,. The distances of
W-C(1) and W-C(2) are amost equa (2.30(2),
2.30(3) A). The M atom binds also in an n?2 fashion to
the C-C bond [C(85)—C(91)] of dibutyl fumarate
(W-C(85) 2.28(3) A and W—C(91) 2.29(3) A). Thetwo
C—C bonds (C(1)—C(2) and C(85)—-C(91)) are almost
orthogonal, and each alkene ligand eclipses an N-M-
CO vector (av. 171.4°). The coordination about the
metal atom closely resembles that observed in the
molybdenum complex of methyl acrylate (n%
CH,=CHCOOMZe),Mo(CO),(bipy) (3), the structure of
which has been determined by us. Actually, we pre-
pared complex (3) as an electronic model for the corre-
sponding Cg, compound [7].

The molecular structure of the molybdenum com-
plex of C, (N>C,,)Mo(CO),(o-phen)(dbf) - 2C;HgO -
2.5H,0 (4) is shown in Fig. 2 [6]. The Mo atom binds
in an n? fashion to the Ca—Cb bond of C,, (C(1)-C(2)),
and the distances of Mo—C(1) and Mo—C(2) bonds are
very close (2.29 and 2.28 A). Typical distances can also
been found in other molybdenum complexes of
fullerenes. For example, the distances of Mo—C(1) and
Mo—C(2) are 2.31 and 2.32 A in complex (1), 2.33 and
231 A in [Mo(n?Cq)(CO)4(dppb)] [2], 2.31 and
2.31 A in [Mo(n2-Cq)(CO)s(dppe)] [3], and 2.29 and

1063-7834/02/4404-0612%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 2. Perspective view of the structure of [Mo(n 2-C7O)(CO)2(phen) (dbf)].
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2.28 A in [Mo(n2-C,,)(CO)4(dppe)] [3]. Crystal struc-
ture analysisindicates that the molecular configuration of
complex (4) issimilar to that of Mo—Cg, of complex (1).

The electrochemical behavior of these complexes
has been studied in a dichloromethane solution, and the
EPR spectra of electrogenerated monoanions have also
been studied [8, 9]. The eectrochemistry of complexes
(1) and (2) shows that they undergo four sequential
reduction processes. As with free Cg,, the first three
electrons add reversibly (even if the relevant potentials
are shifted ca. 0.15V toward negative values), whereas
the fourth reduction features chemica irreversibility
[8]. Comparison with the redox behavior of the
C-analog reveas significant differences, namely,
complex (4) exhibitstwo reversible one-electron reduc-
tionsfollowed by asingletwo-electron reduction, all of
these reductions being centered on the fullerene ligand.
A further cathodic step centered on the metallic frag-
ment is present, which, also in this case, causes frame-
work destruction, which releases the C,, ligand. Under
the same experimental conditions, the cathodic shift
induced by appending the Mo(CO),(phen)(dbf) unit to
C,o islower than for Cg, (0.10 vs. 15 V), thus suggest-
ing that the extent to which the double bond conjuga
tion is broken by the coordination to C,, should be
lower than that with Cg, [9].

The optical limiting property of molybdenum com-
plexes of fullerenes Cy, and C,, wasinvestigated under
irradiation of a 10-nslaser pulse at 532 nm. The exper-
imental results demonstrated that the complexes per-
formed with better optical limiting behavior than the
parents Cy or C,. The absorption of each
(N?-Ceso)[M0o(CO),(phen)(dbf)] molecule was as much
as 3 timesthat of a Cy, Cgy molecule[10], whereas each

(N?-C40)[Mo(CO),(phen)(dbf)] molecule absorbed as

PHYSICS OF THE SOLID STATE Vol. 44 No. 4
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much as 1.7 times more than a C,, molecule [11]. An
explanation based on the enhanced tripl et-state absorp-
tion being caused by the intramolecular charge transfer
was put forward.
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Abstract—The methods of synthesizing fullerene-containing polymer composites are analyzed. It is estab-
lished that the technique of determining the intrinsic viscosity can be used for evaluating the effect of the
fullerene involved in the polymer composite on the polymer chains. The influence of the synthesis procedure
on the fullerene content in a water-soluble fraction is demonstrated using the poly(N-vinylpyrrolidone)—Cgg
(PVP—Cqgp) system as an example. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Synthesis of fullerene-containing polymersisanew
line in the production of polymer materiads. The
increasing urgency of thismethod is due to the fact that
composites, for example, of polyconjugated polymers
with afullerene, possess el ectron conduction, magnetic
properties, and photoinduced charge transfer [1-3].
The basic problem concerning the production of com-
posites is associated with the dispersion and mixing of
initial components on the molecular level. It is found
that fullerenes manifest the highest activity when they
are introduced into composites without aggregation.
The development of special techniques providing a
means for the molecular dispersion of fullerenes in
composites is atopical problem. Moreover, it remains
unclear how the complex formation in polymer—
fullerene systems affects the flexibility of polymer
chains, the segment dynamics, the ball size, and the
ability to associate and form supramolecul ar structures.

2. SAMPLES
AND EXPERIMENTAL TECHNIQUE

In this work, the polymer—fullerene composites
were synthesized from widely used initial polymers,
such as poly(2,6-dimethyl-1,4-phenylene oxide)
(PPhO), linear and cyclic poly(acrylonitriles) (PAN)
and their copolymers, poly(methyl methacrylate)
(PMMA), and poly(N-vinylpyrrolidone) (PVP). The
synthesis was performed according to two basic meth-
ods: (1) vacuum evaporation of a mixture of solvents
from a solution of the components or their sedimenta-
tion and (2) the solid-phase reaction between the com-
ponents under vacuum.

3. RESULTS AND DISCUSSION

The low solubility of Cg, fullerenes, asarule, leads
to the formation of aggregates when using synthesis
method 1. In method 2, aswas shown in [4], the disper-
sion can proceed up to the formation of small-sized
aggregates.

The PPhO composites with Cg, at a fullerene con-
tent in the range from 0.5 to 4% were studied using IR
spectroscopy (a shift of the 525- and 575-cm absorp-
tion bands by 1.5 cm) and photoluminescence (a shift
in the maximum toward the high-energy range). These
measurements revealed the complex formation in the
given system. In recent works|[5, 6], the PPhO complex
with Cg, (0.5 wt %) in benzene was examined by high-
rate sedimentation, free diffusion, and viscometry. It
was demonstrated that, in this system, the complex for-
mation manifestsitself in adecreaseintheintrinsic vis-
cosity of the initial PPhO polymer by approximately
14%. This finding agrees with the inferences regarding
both the local nature of the interaction within a single
macromolecule and the lack of association of the poly-
mer complexes in the solution. It can be stated that the
Ceo fullerene has a restructuring effect on the PPhO
chain units (distant chain unitsincluded), for which the
hydrodynamic radius of the equivalent spherein aniso-
lated state is almost 50 times larger than the radia size
of the Cg; molecule.

The simplest method of testing for the formation of
polymer composites turned out to be viscometry. In the
case when the composites were examined by viscome-
try, the dilution was accomplished with both a solvent
and a fullerene solution in the solvent in order to dis-
place the equilibrium toward complex formation (see
table). The observed decrease in the intrinsic viscosity
of the studied composites permits intramolecular com-

1063-7834/02/4404-0615%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Viscometric characteristics of polymers and their complexes with Cgg fullerene
No. Sample Solvent [n], cm®/g
1 PMMA Toluene 0.34
2 PMMA-Cq, Toluene (+Cg) 0.25
3 PAN Methylpyrrolidone 1.55
4 PAN—Cq¢, Methylpyrrolidone (+Cgp) 1.40
5 PAN (cyclization) Methylpyrrolidone 0.25
6 PAN (cyclization)—Cgq Methylpyrrolidone (+Cgp) 0.25
7 Copolymer (PAN-BA)* Methylpyrrolidone 2.70
8 Copolymer (PAN-BA)*—Cyqq Methylpyrrolidone (+Cgp) 2.00
9 PAN Dimethylformamide 3.70
10 (PAN—Cgp)** " 2.90

* The copolymer (PAN-BA) contained 8 mol % butyl acrylate.

** The compositewas preliminarily prepared by precipitation in water from adimethylformamide-toluene solution with thevolumeratio 5: 1.

plex formation, a decrease in asymmetry, and compac-
tion of the polymer chain involved in the complex. The
lack of the effect for the cyclic PAN and aweaker effect
for the homo-PAN indicate a larger inflexibility in this
polymer. A comparison of the results of the dilution
(when determining the intrinsic viscosity) with the sol-
vent and the fullerene solution alows us to make an
inference regarding the relative intensity of the interac-
tion between the componentsin the system under inves-
tigation.

It was found that the PAN composites with Cg,
(0.5wt %) in solutions of dimethylformamide in the
form of films are capable of decreasing laser radiation
(by 5-7%) and retain no lessthan 50% of their transpar-
ency inthe process. At ahigher content of thefullerene,
the ability to limit laser radiation decreases, which indi-
cates the presence of Cy, aggregates in these systems.

It should be noted that a system such as water-solu-
ble complexes of PVP and Cyg, is of considerable inter-
est both from the practical standpoint (this system is
capable of suppressing virus activity [7]) and with
respect to investigation of the properties of Cg
fullerenes. The use of porphyrine (TPhP) admixturesin
the preparation of PVP—Cg, complexes according to
method 1 makes it possible to increase the relative con-
tent of the fullerene (6 wt %). Elucidation of the mech-
anism of the interaction in the ternary PVP—Cy—TPhP
system demonstrated that an increase in the fraction of
Cep inthis system is achieved at an optimum content of
water that is strongly bound to PVP and affects the
polymer conformation. Apparently, TPhP prevents
aggregation of the fullerene during the synthesis of the
composites. 3C NMR solid-state  spectroscopy
revealed the formation of complexes between Cg, and
TPhP in the ternary system (a shift of the Cg, signal
from 143 to 142 ppm). In the solution free of PV P, the
Ceo—TPhP complex was not detected by the NMR tech-

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

nigue. The preparation of PV P-Cg, composites accord-
ing to method 2 in a vacuum system with an admixture
of anhydrous KBr increases the relative fraction of the
fullerene in the water-soluble fraction to 3%. The intro-
duction of KBr favors a decrease in the fraction of
fullerene aggregates in the composite. This can be
judged from a comparison of the electronic spectra of
water solutions of the PVP-Cg and PVP-Cy—KBr
composites.
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Abstract—Experimental results on the gas-phase formation of neutral and cationic phosphorus clusters are
presented. The clusters were synthesized by visible (532 nm) or UV (193 nm) laser ablation of crystalline red
phosphorus under high vacuum conditions and were analyzed using TOF mass spectrometry. Neutral P, clusters

produced by 532-nm ablation are found to be even-numbered while P; cations are mainly odd-numbered, with
P> and P,, being the most abundant ions. For UV laser ablation, stable compound clusters, neutral P;H; and

PyHs, and cations P,3Hg were synthesized for the first time. The formation of P, clusters by thermal vapor-
ization of red phosphorus into a cold He gas was a so investigated and only small clusters (n < 6) were found.
Possible structures of the observed phosphorus clusters, as well as their formation mechanisms under different
conditions, are discussed. © 2002 MAIK “ Nauka/Interperiodica” .

The discovery of fullerenes has naturally raised the
guestion as to whether carbon is unique or other ele-
ments can also form stable closed cages. Recently,
there has been renewed interest in the study of phos-
phorus clusters [1-3], which are expected to display a
variety of structural forms. Two main structural fami-
lies have been considered theoretically, chains and
cages (polyhedra) [1, 3-9]. A number of closed-shell
structures for P, clusters have been proposed to be
probably energetically more stable then tetrahedral P,.
Also, the viability of phosphorus nanotubes has been
theoretically predicted [10].

These theoretical suggestions, however, still have
not been confirmed by experiment. Only a few experi-
ments have been performed on clusters larger than P,
[11-13]. Recently, a wide spectrum of neutral and cat-
ionic phosphorus clusters were synthesized in the gas
phase by visible laser ablation of crystalline red phos-

phorus[2]. The cationic P, cluster wasfound to bethe
most abundant ion. Based on atopological analysis, it
was suggested that dodecahedral fullerene-like Py, sta-
bilized with an additional phosphorus ion in the laser

plasma, could be particularly stable. It was also specu-
lated that the efficient generation of cagelike P, clusters

L This article was submitted by the authorsin English.

could be explained by the presence, in the laser plume,
of their building blocks, which are already formed in
the target and gjected from its surface under irradiation.

In this paper, we continue our investigations on the
gas phase formation of phosphorus clusters. This work
is focused mainly on the role played by particles
directly eected (vaporized) from red phosphorus.
Three vaporization regimes, principaly different in
terms of their particle gection mechanisms, were stud-
ied: ablation by visible (532 nm) and UV (193 nm)
laser light and thermal vaporization in a carrier gas.
Possible structures of the observed P, clusters, as well
as their formation mechanisms under different condi-
tions, are discussed.

1. EXPERIMENTAL

The apparatus used for laser ablation and cluster
generation and detection was described earlier in [14—
16]. In brief, the target was placed in a rotating holder
in a vacuum chamber (base pressure 10-° Pa) and irra-
diated a normal incidence by a 13-ns FWHM laser
pulse at 532 nm (the second harmonic of a Nd:YAG
laser) or at an incidence angle of 45° by a15-ns FWHM
ArF laser pulse at 193 nm. Crystalline red phosphorus
(also called Hittorf’'s phosphorus) of 99.999% purity
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(with respect to metals) was used asthetarget. The laser
fluence on the target was varied in the range
0.02-0.8 Jcm? at a fixed spot area of about 0.4 mm?
with the Nd:YAG laser and about 6 mm? with the
ArF laser.

The relative abundance of neutral and positively
charged particles in the laser-ablation plume was ana-
lyzed using areflection time-of-flight mass spectrome-
ter (RETOF MS). When ions were studied, the plume
was allowed to expand under field-free conditions,
while the neutral particles of the plume were analyzed
using a simple plasma suppressor [14]. The latter con-
sisted of a pair of deflection plates placed along the
plume axis in front of the ion source of the MS, where
neutral particles were pulse-ionized by 90-eV elec-
trons. The 900 V/cm deflection field was sufficient for
removal of the plasmaionsthroughout the studied laser
fluence range. At adistance of 6 cm (with 532-nm abla-
tion) or 7 cm (with 193-nm ablation) from the target,
the ions, either ablated or post-ionized, were sampled
perpendicular (at 532 nm) or parallel (at 193 nm) to the
plume axis by a500-V repeller pulse after atime delay
ty following the laser pulse.

P, cluster formation during thermal vaporization in
agas aggregation source [17, 18] has also been investi-
gated. In this source, phosphorus vapor was created in
an oven at 570-620 K and quenched in an aggregation
chamber in a cold He gas at a pressure of about 1 Torr.
The outer mantel of the chamber was cooled with liquid
nitrogen. The high efficiency of this type of cluster
source has been demonstrated previously for a number
of materials[11, 17-19]. The clusters condensed out in
the quenched vapor were transported by the gas stream
through a nozzle at a temperature of 80-100 K. They
crossed a differentially pumped region and were then
pulse-ionized with 90-eV electrons and analyzed with a
RETOF MS.

All spectra reported here represent an average over
~200 pulses.

2. RESULTS AND DISCUSSION

Figure 1ashowsthe TOF mass spectraof cation spe-
cies in the plume with 532-nm ablation under “opti-
mum” conditions corresponding to the maximum yield
of large P, clusters (n > 9). Figures 1b, 1c illustrate
typical mass spectra of P, cations obtained with 193-
nm ablation. Clearly, the spectra are quite different.
With visible laser ablation, large P, clusters are gener-
ated in abundance and their concentration in the plume
is found to be comparable to that of molecules and
small clusters. The mass distribution comprises mainly
odd-numbered P}, clusters and is rather smooth with
few magic numbers (Fig. 1d). The strongest peaks cor-

respond to P; and P,, cations.
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In contrast, with UV laser ablation, P, clusters are
presented in minor amounts in the plume. Even under
“optimum” conditions, the intensities of the strongest
cluster peaks are less by about two orders of magnitude
than those of molecular peaks (n = 2-5). The abundance
spectra represent only a few individual peaks corre-
sponding, presumably, to the most stable clusters under
these conditions. These stable species consist mainly of
compound (oxidized and phosphane) clusters, again in
contrast to 532-nm ablation in which pure P, clusters
dominate. The O and H atoms appear to come from
trace impurities in the red phosphorus. More efficient
generation of compound clustersunder UV light irradi-
ation may be attributed to photodissociation and photo-
dissociative ionization of the surface impuritiesin this
case. Thegenerated O and H atomsand ionsreact inthe
near-surface region with the ablated P, clusters, which
leads to the formation of stable structures.

The most intriguing feature of the mass spectra
obtained with UV laser pulsesis the strong dominance

of the P3Hg cluster cation, which was not observed
with visible lasers. It is particularly abundant at a very
low fluence of 0.06 Jcm? (Fig. 1b) and isthe only clus-
ter that survivesin the n > 15 range when the laser flu-
enceisdoubled (Fig. 1¢).

A study of the ablation plume dynamics by varying
the time delay t, also revealed different cluster expan-
sion behavior for the two considered cases. With
532-nm ablation, large clusters (n > 9) arefound to have
approximately the same expansion velocity (about
1.6 km/sfor the conditions shown in Fig. 1a) in spite of
the large difference in their mass. This implies a gas-
phase condensation mechanism of cluster formation
rather than their direct gjection. In the latter case, one
would expect the same kinetic energy of the plume par-
ticles rather than the same velocity. However, smaller
P, species (n < 9), and also oxidized clusters, are
mainly egected directly from the target [2]. With
193-nm ablation, the most probable velocities of the
observed clusters (Figs. 1b, 1c) are found to decrease
gradually with increasing cluster size, implying the
direct gjection mechanism of cluster generation. The
gjection of “building blocks” (P—Py) of larger P, clus-
ters is much less efficient than in the case of 532-nm
ablation and does not seem to be sufficient for gas-
phase cluster growth.

Figure 2 shows mass spectra of neutral clusters
obtained for the three experimental situations consid-
ered. Relatively large P, clusters are generated in abun-
dance during visible laser ablation (Fig. 2d). The clus-
ters are mainly even-numbered with “magic sizes” at
n =10, 14, and 40 (the | atter isnot shown in Fig. 2a). In
the n = 16-26 range, there is a prominent local mini-
mum at n = 22. The analysis of cluster velocity distri-
butions indicates again the gas-phase condensation
mechanism of their formation. For UV laser ablation,
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0.3 Jem?, time delay ty = 37 ps; (b) 193-nm laser ablation, E = 0.06 Jcm?, ty = 62 ps; and (c) same as (b) but E = 0.13 Jcm?.

the plume consists mostly of atoms and small mole- Figure 2c shows a mass spectrum of particles pro-
cules, among which P, dominates (Fig. 2b). In the duced during thermal vaporization of red phosphorusin
larger mass region, only two neutral compound clusters  the gas aggregation source. Only atoms and small mol-
P;H; and P,3H5 were registered. ecules have been registered with such asource when the
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initial vapor consists mainly of P, dimers [4]. The
strongest peak corresponds to the P, molecule. Obvi-
ously, the aggregation processin this caseis terminated
by the formation of the stable tetrahedral P,. The key
role of the glection of small P, clusters (n = 7-9) for the
gas-phase growth of larger clusters is thus again dem-
onstrated. It also seemslikely that such atermination of
the aggregation process can be avoided by adding a
reactant gas into the chamber [11].

Of particular interest is the question of the possible
structures of the observed phosphorus clustersand, spe-

cifically, of the abundant P, and P;Hg cations and
P,H; and P,3Hs neutrals. Note that the availability of
compound clusters, both neutral and ionized, can pro-
vide additional information on the structures of the
phosphorus skeletons. In particular, the presence of an

additional H atom in cationic P,;Hg , as compared to
the corresponding neutral cluster, support recent cal cu-

lations[1, 3, 12] suggesting that P, cations adopt struc-
tures with one four-coordinated atom.

The local abundance minimum at n = 22 for neutral
phosphorus clusters (Fig. 2a) provides convincing cir-
cumstantial evidence of the presence of fullerene-like
P, clusters in the plume induced by a 532-nm laser
pulse. In fact, all the even-numbered polyhedra can be
geometrically realized from P,y up to Py, (Somein more
than one form) except P, [20]. The chain structure is
till possible for P, [7] (a plausible stable structure is
shown in Fig. 3a). One would thus speculate that
dodecahedral fullerene-like P,, stabilized in the
plasma with an additional fourfold coordinated atom
(as shown in Fig. 3b), could be especialy stable and
explain the magic number of 21 in the cation spectra
obtained from visible laser ablation (Fig. 1a).

Since the observed compound clusters are ejected
directly from the target, they should adopt structures
with skeletons corresponding to the structural groups of
red phosphorus. We believe that the stable P,H; neutral
isacagelike cluster constituting 3 five-membered rings
and a triangle with three bridge P atoms and three H
atoms satisfying the dangling bonds (Fig. 3c). This
structure has been identified by x-ray spectroscopy as
the most stable P;-based skeleton in polyphosphides
[5]. Assuming the direct gjection mechanism to be in
effect, one can also easily design the structure of the

magic clusters PxHg and P,sHs. Their phosphorus

skeleton should represent the main unit of an infinite
double “tube”’ of crystalline red phaosphorus built from
successive tranglation of the chain P,; cluster [21]. Fig-

ure 3d shows a plausible structure for the PyHg ion,
which needs six H atoms to satisfy the dangling bonds

PHYSICS OF THE SOLID STATE Vol. 44 No. 4
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Fig. 3. Possible structures of some phosphorus clusters
observed in laser ablation plumes. Grey circles in (b) and
(d) show a four-coordinated P atom. Closed circles in (c)
and (d) stand for hydrogen atoms.

(assuming that one P atom is four-connected). In the
neutral P,3H; cluster, all P atoms are threefold.
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Abstract—The structure of a carbon crystal formed by (6, 0) nanotubes is simulated. The electronic spectrum
of the crystal is calculated by the crystalline-orbital method in the valence approximation. The band gap of the
studied crystal isfound to be equal to 1.3 eV. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The discovery of single-walled carbon nanotubes
(SWNTs) and their synthesis in large amounts [1, 2]
have lent impetus to agreat number of interdisciplinary
investigations. Quite recently, Schlittler et al. [3] pre-
pared molecular crystals with close-packed SWNTs
according to a special technology using SWNTSs of the
same diameter D (1.4 < D < 2.3 nmin each crystalline
stack). In recent works [4-6], the properties of similar
materials were investigated under high pressure. Popov
et al. [6] synthesized a material consisting of polymer-
ized nanotubes in a diamond chamber under shear load
(~10-20 GPa).

The possible formation of the dimer and trimer
SWNT structures connected by covalent bonds was
considered already in the first works concerning the
structure of SWNTs[7, 8]. Some variants of the forma-
tion of crystal phases from polymerized SWNTSs were
analyzedin [9].

Since the synthesis of bundles of small-diameter
(D < 1 nm) nanotubes has already been reported in [2],
in the present communication, the primary attention is
focused on the polymerization of SWNTSs that should
polymerizeat relatively low pressures and temperatures
owing to a large surface curvature. This assumption is
based on the fact that the layered polymer structures
were synthesized from Cg, fullerenes with a diameter
D = 0.7 nm under a pressure of 2-5 GPa at tempera
tures ranging from 200 to 300°C [10]. The main struc-
tural transformationsin these materials occur through a
simple reaction widely known in organic chemistry,
namely, the (2 + 2) cycloaddition.

2. SIMULATION
TECHNIQUE AND RESULTS

In this work, we simulated the structure and elec-
tronic properties of acovaent crystal composed of (6, 0)
nanotubes of the zigzag type with a hexagonal unit cell
(Fig. 18). Single-walled carbon nanotubes are aligned
parallel to each other. Each nanotubeis connected to its
six neighbors through covalent bonds. In the crysta
structure, four-membered and six-membered rings
aternate along the bonds between the nanotubes. The
cross sections of the nanotubes in the plane perpendic-
ular to the tube axesform aclose-packed structure. This
crystal structure is described by the space group
P6/mmm with 24 atoms per unit cell.

The unit cell of the crystal was simulated in the
framework of the MNDO/PM3 quantum-chemical
method using the GAMESS software package [11].
Note that, in our earlier work [12], we applied this
method to the description of the structure of a covalent
crystal consisting of (Dg,)—Cs fullerenes. The parame-
ters of the hexagonal unit cell of the nanotube structure
and atomic coordinates were chosen by optimizing the
energy of a C,s,Hq0g hydrocarbon molecule with Dy,
symmetry. Thisfragment of the lattice was cut out from
the crystal structure by acylinder, whose axis coincided
with the symmetry axis of the central nanotube, and
two planes perpendicul ar to the axis of the cylinder. The
C—C dangling bonds were replaced by the C—H bonds.
The coordinates of the nonequivalent atomsin the crys-
tal unit cell were found to be as follows (in A): 0.402,
0, 0.181 for C(1) and 0, 0.359, 0.340 for C(2). The unit
cell parameters of the hexagonal lattice area= 6.684 A
and c=4.206 A (thec axisisaligned parallel to the tube
axes). Thisstructure has four nonequivalent types of C—
C bonds: (i) the C,—C, bonds (1.522 A) are aligned par-
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Fig. 1. (@) Crystal structure consisting of polymerized car-
bon (6, 0) nanotubes and (b) the Brillouin zone and the el ec-
tronic spectrum of the crystal.

alld to the tube axes and participate in the formation of
the four-membered ring, (ii) the C,—C, bonds (1.350 A)
are aligned parallel to the tube axes and areinvolved in
the formation of the six-membered ring, (iii) the C,—C,
bonds (1.503 A) are perpendicul ar to the tube axes, and
(iv) the C,—C,. bonds (1.605 A) link the atoms of the
adjacent tubes.

The electronic spectrum of the crystal structure was
calculated in the valence approximation of the extended
Huckel method within the crystalline-orbital formalism
according to the program described earlier in [13]. Fig-
ure 1b represents the band structure of the energy spec-
trum and the Brillouin zone of the crystal. As is seen
from Fig. 1, thiscrystal is a semiconductor with aband
gap of =1.27 eV.

3. CONCLUSIONS

Thus, we simulated the geometric and electronic
structures of a new crystalline carbon form (Dg, sSym-
metry) composed of covaently bonded (6, 0) nano-
tubes. It was demonstrated that, upon changing over
from isolated nanotubes in a molecular crystal to the
polymer structure, the electronic spectrum of the semi-
metal transforms into the spectrum of a semiconductor.
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Since half thetotal number of atomsinthe crystal struc-
ture under consideration are bound by double bonds,
the crystal should exhibit high values of the elastic con-
stants; consequently, the hardness should aso be high
(comparable to the diamond hardness), as is the case
with the three-dimensional polymerization of Cg, [14].
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Abstract—The structural stability of the tetragonal and rhombohedral two-dimensional (2D) polymeric phases
of Cgo was studied under pressures up to 27 GPa at room temperature by means of in situ Raman scattering
spectroscopy. The results show that the tetragonal 2D phase undergoes an irreversible transformation in the
region of 20 GPa while no pressure-induced transitions were observed for the rhombohedral 2D phase. The
obtained data are discussed within the framework of recent numerical calculations, which predict the pressure-
induced transformation of the 2D polymeric phases of Cgj into three-dimensional (3D) polymersin the pressure
range 14-20 GPa. © 2002 MAIK “ Nauka/Interperiodica” .

Pristine Cg, in the condensed phase has great poten-
tial for polymerization dueto the existence of 30 double
C=C bonds in the fullerene molecular cage. Covalent
polymeric bonds between adjacent molecules are usu-
aly built up by the [2 + 2] cycloaddition mechanism,
which results in an sp*like four-fold coordination of a
number of carbon atoms of the molecular cage[1]. The
crystal structures of the known polymeric phases of Cg,
were identified as one-dimensional (1D) orthorhombic,
2D tetragonal, 2D rhombohedral, and 3D cubic [2-4].
These phases, as well as the so-called hard fullerite
phases of 3D polymeric nature [5], can be prepared
under various conditions of high pressure and high tem-
peraturetreatment. Recent theoretical cal culations have
predicted that the 2D polymeric phase of Cg, can be
transformed, at room temperature, by uniaxial com-
pression into a 3D polymeric phase [6]. This polymer-
ization will take place at P = 20 GPa and results in the
formation of a stable metallic phase having 24 sp*- and
36 sp?-like coordinated carbon atoms in each Cg, mol-
ecule. Another theoretical study [7] predicts that uniax-
ial compression up to ~14 GPa perpendicular to the
chainsin 1D or the planesin 2D polymers of Cg, leads

to 3D polymerization with 52, 56, or even 60 sp*-like
coordinated carbon atoms per molecule. To explore
these predictions, we studied the pressure response of
the 2D tetragona and rhombohedral polymeric phases
of Cg, at pressures up to ~27 GPa by means of in situ
Raman scattering using the diamond anvil cell (DAC)
technique.

L This article was submitted by the authorsin English.

1. EXPERIMENTAL

The 2D polymeric phases of Cg, were obtained by
high pressure and high temperature treatment of
99.99% pure pristine Cqp at T=820K, P= 2.5 GPaand
T=773K, P=5GPafor thetetragonal and rhombohe-
dral polymers, respectively. Raman spectra were
recorded using a triple monochromator (DILOR XY-
500) equipped with a CCD liquid-nitrogen-cooled
detector system. The 514.5 nm line of an Ar* laser with
a beam power of 2-10 mW, measured before the cell,
was used for excitation. Measurements of the Raman
spectra at high pressure were carried out using a DAC
of the Mao—Bell type. A 4 : 1 methanol-ethanol mixture
was used as the pressure transmitting medium, and the
ruby fluorescence technique was used for pressure cal-
ibration. The specimens had dimensions of ~100 pum
and were selected from a batch material by checking
their Raman spectrum such that they were spatially uni-
form and typical of the corresponding phase.

2. RESULTS AND DISCUSSION

The Raman spectra of the 2D tetragonal polymer of
Cep @t pressures up to ~27 GPa and room temperature
areillustrated in Fig. 1. The initial spectrum (Fig. 1a),
taken under normal conditions, isidentical to the spec-
traof this material reported earlier [8]. The spectrumis
richer than that of the pristine Cg, due to the lower sym-
metry of the molecule, which, in turn, results in the
splitting of degenerate phonon modes and/or the activa-
tion of silent modes. As the pressure increases, the
Raman peaks shift to higher energies and their band-
width gradually increases (Fig. 1b, P = 14.1 GPa). Dra-
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Fig. 1. Raman spectra of the tetragonal 2D polymeric phase of Cgg at high pressure and room temperature. Spectra (a), (b), (), (d)
are related to an increase in pressure from ambient to 14.1, 20.7, and 27.5 GPa, respectively. Spectra (€) and (f) are related to a
decrease in pressure from 12 GPato ambient. Spectrum (g) isrelated to the principal part of the detonated sample after the pressure
isreleased.
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PRESSURE-INDUCED TRANSFORMATIONS

matic changes are first recorded at a pressure of
~20.7 GPa (Fig. 1c). New features appear which grow
rapidly in intensity with increasing pressure up to the
highest pressure attained in this study (Fig. 1d, P =
27.5 GPa). The transformation of the Raman spectrum
is associated with the appearance of new intense peaks
near ~1000 and ~1920 cm?, as well as the disappear-
ance of some old ones. The total number of Raman
active modes in the new spectrum is smaller than,
whereas the intensity and position of other peaks differ
considerably from, those in the initial spectrum. The
majority of the peaks can be tracked back to the peaks
observed in the tetragonal polymeric phase of Cg4, and
may be related to the fullerene molecular cage. The
decreasein pressure (Fig. 1e, P= 12 GPa) up toitstotal
release to ambient pressure (Fig. 1f) resultsin agradual
shift of the Raman peaks to lower energies, as well as
in preservation of the spectrum to ambient pressure.
The pressure dependence of the Raman modes of the
tetragonal 2D polymeric phase of Cg, in the high-
energy regionisshowninFig. 2. The shaded areamarks
the pressure region around ~20 GPa where drastic
changes in the Raman spectrum took place. Similar
changes, at ~20 GPa, are shown also in the pressure
dependence of ailmost all Raman modes. The decrease
in pressure from ~27 GPato ambient pressure, in atime
period of about two weeks, does not lead to any observ-
able changes in the Raman intensity distribution, and
the new high-pressure phase remains stable. It isimpor-
tant to note that the recovered sample was in fact in a
metastable phase, which was detonated by the probing
laser beam during the Raman measurements after a
time period of afew daysfrom the moment of its expo-
sure to air. The main part of the detonated sample is
related to pristine or partialy dimerized Cq, (Fig. 1g),
but there was also asmall part related to “ diamond-like
graphite” that has strong Raman peaks at 1339 and
1595 cm* resembling those of diamond and graphite,
respectively.

The Raman spectrum of the rhombohedral 2D poly-
meric phase of Cg,, under normal conditions, is shown
in Fig. 3. Asin the case of the other polymeric phases
of Cgp, the lowering in symmetry resultsin avery rich
Raman spectrum, especially in the low energy region
[9]. The spectrum differs in many details from that of
the tetragonal 2D polymer of Cg,. An important differ-
enceisrelated to the frequency of the pentagonal-pinch
(PP) mode, which is gradually softened in the poly-
meric phases of Cg, in accordance with the increasing
number of sp-like coordinated carbon atoms per Cg,
molecule. Thus the frequency of the PP-mode
decreases from 1469 cm? for pristine Cq, to 1465,
1450, and 1408 cm* for dimerized Cg,, tetragonal, and
rhombohedral polymeric phases, respectively. The
pressure dependence of the Raman modes of the rhom-
bohedral polymeric phase of Cg, studied up to 10 GPa,
is shown in the insert to Fig. 3. The behavior of the
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Fig. 2. Pressure dependence of the Raman frequencies of
the 2D tetragonal polymeric phase of Cgqin the high-energy
region. Open (closed) symbols are related to the increase
(decrease) in pressure. The shaded area near 20 GPa indi-
cates the pressure region of the irreversible transformation
of the material.

material is reversible with pressure (open and closed
symbols indicate increases and decreases in pressure,
respectively) and does not show any peculiarity in the
pressure range investigated.

The obtained experimental data provide a strong
indication that the tetragonal 2D polymeric phase of
Cgp Undergoes a phase transition at ~20 GPa. Thetrans-
formationisirreversible and takes place viaan interme-
diate disordered pretransitional state. The retention of
the phonon modes of the Cg, cage and the reduction of
the total number of Raman active modes in the high-
pressure phase are indications that this phase may be
related to a 3D polymerized phase. This agrees well
with the expected higher symmetry for the 3D poly-
meric phase. Another argument in favor of the 3D poly-
merization is the metastability of the high-pressure
phase, which is transformed after a period of time into
pristine or partially dimerized Cq,. The most intriguing
feature of the new phase in its Raman spectrum is the
presence of a very intense peak at ~1840 cm, which
cannot be related to any of the fullerene molecular cage
modes. The appearance of this peak may be associated
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Fig. 3. Raman spectrum of the rhombohedral 2D polymeric phase of Cgq under normal conditions. Insert shows the pressure depen-
dence of Raman frequencies; open (closed) symbols are related to an increase (decrease) in pressure.

with the considerable distortion of the PP-mode of the
pristine Cg, molecule due to the breakdown of alarge
number of double C=C bonds and the sp-like hybrid-
ization of the carbon atoms involved in the intermol ec-
ular covalent bonding. The similar strong Raman peak
near 1840 cm™, in some chemical compounds of car-
bon, isrelated to the stretching vibration of theisolated
double >C=C< bond [10]. The existence of the
1840 cm mode in the high-pressure phase is not com-
patible with the theoretical calculationsin [7], as they
predict no phonon mode above 1600 cm. On the other
hand, the observed transition pressure near ~20 GPa
agrees well with the theoretical predictions in [6];
therefore, our results point to the polymerization mech-
anism predicted in that study.

In conclusion, the pressure-induced irreversible
transformation of the 2D tetragonal polymeric phase of
Ceo Was observed at ~20 GPa by means of in situ
Raman scattering. The data obtained provide a strong
indication that the new phase is related to a 3D poly-
meric phase of Cg,. The Raman study of the rhombohe-
dral polymeric phase of Cg, at pressures up to 10 GPa
does not show any structural phase transition or irre-
versible transformation of the material.
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Abstract—This paper reports on acomparative study of the solid-state fluorination of the cubic and hexagonal
fullerene Cg modifications by crystalline manganese trifluoride. It is shown that the variation of the fullerene
crystal structure does not noticeably affect the composition of the fluorination products. The enthalpy and
entropy of sublimation of the Cq, hexagonal phase are experimentally determined for the first time. © 2002

MAIK “ Nauka/Interperiodica” .

Cso molecules crystallizing from asol ution or resub-
limating from the gas phase form, as a rule, a three-
layer stack corresponding to the fcc phase, whereas the
two-layer stack corresponding to the hcp phase was
detected as an impurity forming in crystallization from
a solution or in structural transformation of the fcc
phase acted upon by an external factor and, therefore,
was less available until recently. The technique pro-
posed in [1] for the preparation of the hexagonal phase
in macroscopic amounts permits a systematic study of
its properties to be made.

Thiswork was aimed at a comparative investigation
of the solid-state fluorination of the cubic and hexago-
nal modifications of crystalline Cg.

In the experiments, we used the hexagonal modifi-
cation of Cg, prepared by the technique described in
[1]. X-ray characterization did not reveal any sign of
the cubic phase in the sample. Crystalline manganese
trifluoride was employed as the fluorinating agent; its
fluorinating properties have been studied most compre-
hensively for selective preparation of CgyFss.

The fluorination process was studied by Knudsen
mass spectrometry. The starting samples of Cg, and
MnF;, mixed and ground properly, were placed in a
Knudsen cell heated by a W/Re Ohmic resistor. The
temperature was measured with a Pt—Pt/Rh thermocou-
ple to within 1-2 K. The mixtures contained a molar

excess of the fullerene. The molecular beam effusing
from the cell was ionized by 75-eV electrons, and the
ionsthus produced were measured in an M1-1201 com-
mercial mass spectrometer modified for use in high-
temperature studies. Information on the conditions
under which the solid-phase fluorination reactions (1)
were performed is specified in Table 1.

Ceo(9.) + NMnF4(cr.) = CgoF(g.) + nMnF,(cr). (1)

During thefirst 10 h, CgyF55 was the main product of
thereaction in both cases. After 20 h of fluorination, the
main component in the mass spectrum became CgyF4g.
Nevertheless, in contrast to the case of the cubic phase,
the products of fluorination of the hexagonal phase con-
tained an excess of intermediate fluorofullerenes, from
CeoF3p 10 CygoF,6. Although their content in the total
reaction product did not exceed 1%, the total fraction of
these products in the mass spectrum 14 h after the
beginning of the experiment at 644 K was as high as
10%. The final composition of the condensate formed
inthereactionisgiven in Table 2. Onereadily seesthat
variation of the Cg, crystal structure did not noticeably
affect the final composition of the reaction products,
which may be considered an additional argument for
the fluorination process taking place at the interface
between the reacting phases without involving deep
layers of the interacting products.

Table 1. Experimental conditions in which the solid-phase fluorination was performed

Total sample | Cgomass, | Molar composition| Effusion hole| Fluorina | Temperature| Sample weight loss, mg

weight, mg mg N(MnF3)/n(Cqy) | diameter, mm| tiontime, h | range, K calc.* exp.
Ceo (fco) 213.10 46.98 22.74 0.36 26.92 354786 57.9 57.0
Ceo (hcp) 184.35 37.32 25.33 0.37 24.92 524-761 51.2 47.8

*Assuming only the main CggF3g product to form, and taking into account detachment of one fluorine atom from MnF3 per formula unit.

1063-7834/02/4404-0629%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Table 2. Integrated results of the fluorination experiment

Cgo (fecc)/Mn5 Ceo (hcp)/MnF;
na
P my/m, %° Jn m,/m, %
0 80795 6.7 8553 14
18 28762 25 51183 9.0
34 71318 6.3 52400 9.3
36 | 945697 83.2 451030 80.0
38 15602 1.4 2224 0.39
k! = [2.48x10°° 111 x 10
ks = [250% 107 5.73x 107

aNumber of fluorine atoms in the CggF,, fluorofullerene molecule.
b Integralsof theionic currents|(Cgg F; ) of thetypeJ,, = J’B I ~T(t)dt

taken over thetotal reactiontimeT.

€ Weight fraction of the CggF,, product in the total amount of the
condensate formed in the reaction.

dm ass-spectrometer sensitivity constant derived from sample weight
lossm.
€ M ass-spectrometer sensitivity constant derived from theionic cur-

rents I(Cg0 ) measured on completion of the reaction.

The Cg, fullerene was in excess in both cases, so
that, after the completion of the solid-phase reactions,
the effusion cell had to contain some unreacted
fullerene and manganese difluoride: a product of MnF;
decomposition by reaction (1), whose presence was
subsequently confirmed from x-ray diffraction data
Because these components do not interact with each
other, we measured the temperature dependence of the
partial pressures of the Cg, fullerene and determined the

InP (C60)7 Pa

1 1 1 1 1 1 1
126 130 134 138 142 146 1.50
1000/7, K~

Experimental values of InP(Cgp) for different /T obtained
for the cubic (sguares) and hexagonal (circles) modifica
tions of the Cgq fullerene. The data were treated using the
second law of thermodynamics. The dashed lineis aplot of
Eqg. (2); the salid line, aplot of Eq. (3).
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thermodynamic characteristics of sublimation of the
cubic and hexagona phases. The figure plots the loga-
rithm of the partial pressure of Cg, as a function of
inverse temperature. These data were used to derive
temperature dependences for the saturated vapor pres-
sure of both Cg, modifications:

In[P(Cg, fcc), Pa]

= —(19793 + 685)/T + (24.6 £ 0.9),
In[P(Ceo, hcp), Pel

= —(23778 +1010)/T + (30.4+ 1.4).

The enthalpy and entropy of sublimation of the fcc
phase calculated from Eq. (2) were found to be

Ag,HY = 165+ 6 kJ/mol,
AgyS = 108+ 8 kJmol,

which coincide with literature data[2] and can be con-
sidered additional support of the fullerene having unity
activity in a mixture with MnF,. This gives us grounds
to recommend the respective values calculated from

Ea. (3),

)

©)

AguHY = 198+ 8 kI/mol,
Ag,S = 157 + 12 kdmol,

as the first preliminary data on the thermodynamics of
sublimation of the hexagonal phase.

The differences in the enthalpy and entropy of sub-
limation between the two phases are seen to lie outside
the experimental error. This result comes as a surprise,
because the reasons for which molecular interactionsin
crystals of the hexagonal and cubic modifications could
differ noticeably are unclear. Nevertheless, this result
suggests the possible existence of a temperature range
over which the formation of the hexagonal phasewould
be preferable to that of the cubic one.

Thisissue obviously requires further investigation.
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Abstract—Cg, pellets, charged respectively with He, Ne, Ar, and O, under high pressure, were studied with
complex impedance spectroscopy. The latter two were found to depress the temperatures for both the phase
change (T¢) and glasstransition (Tg), although in time shifts, they stayed almost constant intheAr, but decreased
inthe O,, case. The effective barriersfor the glass transition were determined as 218 + 15 meV in Arg 49Cg and
182 + 20 meV in (O,)q5Cgp- IN contrast, neither He nor Ne had a discernibleinfluence on these material param-
eters. These observations could be explained asfollows. (1) Interstitial Ar causes areduction in the energy bar-
rier and a weakening in the restorative force of the cage libration mode, thereby depressing T.. (2) For
(0,)05Cs0, coupling between the cage libration and the tumbling of an O, diatomic molecule further weakens
the restorative force, so that a larger temperature shift results. (3) Its tumbling motion makes O, more sus-
ceptible to the “paddie wheel” action of rotating Cgy and more easy to diffuse even under ambient conditions.

© 2002 MAIK * Nauka/Interperiodica” .

Ceo fullerite displays a first-order phase transition
[1] from face-centered cubic (fcc) symmetry above T, =
260 K to simple cubic (sc) when the random rotations
of Cg, lock into specific orientations. In the ordered
phase, two possible orientations can be obtained by
rotating the molecules by either 38° or 98° around the
unit cell diagonal [1]. Further freezing of reorienta
tional jumps leads to an orientational glass; dielectric
measurements revealed a Debye-like relaxational peak
near 165K at 10 kHz [2].

Gases doped interstitially offer the advantage of not
altering the structure of the host lattice significantly to
affect the Cg, interaction potential. In the case of argon,
T, is shifted by AT = -10 K [3], whereas for oxygen,
AT = -20 K [4, 5]. The glass trangition is also highly
sensitive to the details of the potential; however, its
relation to gas intercalation has been little studied. We
have therefore sel ected the van der Waals gases He, Ne,
and Ar, as well as the diatomic gas O,, as guest mole-
cules and correlated the phase and the glass transition
temperatures with the potential barriers as determined
with complex impedance spectroscopy.

1. EXPERIMENTAL

Cep Of 3N purity was annealed at 510 K in dynamic
vacuum for 60 h before being compacted uniaxially
under 6.5 kbar in an evacuated mold for 15 min. The
rigid pellets thus produced measured 6 x 7 x 0.7 mm.
One batch was charged with He at 0.115 kbar after stor-

L This article was submitted by the authorsin English.

agefor 3daysinside asteel vessel at room temperature,
the other, with Neat 0.12 kbar. The molar concentration
(octahedral site occupancy) as calculated from the frac-
tional massincreasewasx =1.00+ 0.01 for Heand x =
0.62 £ 0.01for Ne. A third batch wastreated with Ar for
3 days at 300°C, the gas pressure reaching 0.16 kbar at
that temperature, to reach x = 0.49 + 0.01, which
remained constant for months at room temperature,
even in vacuum, as indicated by weighing. The last
batch of pellets was charged with 0.15-kbar O, for
7 days at room temperature, whence x = 0.50 + 0.01.

Silver films were evaporated onto the two large sur-
faces of each pellet. The AC impedance was recorded
using the three-terminal method on an HP 4284A pre-
cision multimeter under computer control as the pellet
was heated at arate of 1 K min™.

2. RESULTS

Figure 1arepresents the reduced dielectric constant
€' = (e —gy)ley and Fig. 1b shows the conductance G of
a representative sample from each batch, €, denoting
the minimum value obtained for €. The position of € =
€y or €' = 0 corresponds to the fcc-sc phase transition.
For HeCy, and Ney,Cqp (curves 2, 3), T, remained
unchanged from the undoped case (curve 1) but the
intercalation of Ar (curve 4) shifted it by =13 K and AT
remained the same after exposure of the pellet to vac-
uum at room temperature for up to 50 days (curve omit-
ted for clarity). In (O,)sCe (curve 5), there was a
larger shift of —20 K, but AT decreased as the pellet
spent a longer time in vacuum. These indications are

1063-7834/02/4404-0631$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Reduced dielectric constant (a) and conductance
(b)at 50 kHz for (1) undoped Cg, (2) HeCg, (3)

Neg 62C60, (4) Arg.49Ce0, and (5) (O2)g 5Ce0-

consistent with our previous observation [4] that, at
room temperature, Ar does not diffuse out of Cg, Signif-
icantly but O, does.

The curves al'so show a peak in conductivity and a
jump in the diglectric constant at almost the same tem-
perature for each sample, which increased with fre-
guency w of the applied field. This relaxational feature
points to the glass transition, and its activation energy
may be calculated from respective Arrhenius plots of
logw. Again, our dataindicate that charging with He or
Ne did not shift T, but with Ar and O, T, it was
depressed, and that the activation energy was virtually

Effective barrier energy

Sample Barrier, meV
Pristine Cgy 291+ 10
HeCq 314+ 30
Nep 6:Ceo 282+ 30
Arg.45Cs0 218+ 15
(02)05Cs0 182+ 20
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identical to that for undoped Cg, in the first two cases
but much smaller for Ar and O, (see table).

3. DISCUSSION

Infcc solid Cg, the voids belong to geometrical cat-
egories, octahedral (radius 2.06 A) and tetrahedral
(1.13 A); the latter lacks room for a rare-gas atom [6,
7]. Ar atoms (1.54 A) are charged into the octahedral
sites under high pressure [8]. Neutron-diffraction
reveals no modification in the lattice symmetry but
reveals an expansion in lattice parameter from 14.218
to 14.230 A [3]. The resulting extra “free volume”’
enables the Cg, moleculesto rotate more easily. Indeed,
Ar.49Cso has an effective barrier determined as 218 +
15 meV, approximately 70 meV lower than that in pris-
tine Cg. That explains our observation that its Ty is
depressed. For T, the suppression is usually attributed
to negative “chemical pressure” However, AT =-13 K
would invoke a pressure of 1.2 kbar [9], whereas the
pressure actually applied reached merely 0.16 kbar. We
therefore propose that the suppression is enhanced by
the reduction in effective barrier for molecule reorien-
tation. The consequential weakening in the restorative
force for the cage libration mode decreases T, beyond
what is expected from the negative pressure.

Being a diatomic molecule, O, has additional
degrees of freedom in rotation and vibration. It exe-
cutes a tumbling motion inside the octahedral void [6]
with a frequency close to that of the cage libration
mode [10]; thereby, the two may couple below T.. This
interaction will further weaken the restorative force in
cage libration. Indeed, the largest AT = —20 K and the
lowest effective barrier = 182 + 20 meV were deter-
mined for (O,),5Cs0-

In molecular weight and radius, oxygen differslittle
from argon (32 vs. 39; 1.40 A vs. 1.54 A), but the
former diffuses readily whereas the latter does not. Our
explanation is as follows. The intercalation of a gas
involvesits passage through achannel of radius~0.82 A
between adjacent octahedral sites [8]. The center of
each pentagonal face on Cg molecules is ~0.29 A
inside the surface defined by the molecular radius and
canincreaseto~1.11 A as molecules rotate the channel
size. This till suffices for argon or oxygen to pass, but
there is a further consideration. They are envisaged to
undergo random-walk rotational diffusion uncorrelated
with the motion of neighbors[1]; based on this picture,
a paddle wheel model was proposed for the intercala-
tion of Ne[8]. For oxygen, its tumbling will accentuate
the paddling and accounts for its fast diffusion at room
temperature. This diffusitivity has significant implica-
tions for the practical applicability of fullerenes.
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Abstract—Solid Cg, was stored in NO under high pressure, and the gas molecules NO were found to diffuse
into the octahedral interstitial sitesin its fcc crystal lattice. Its 23C NMR MAS spectra are composed of a pri-
mary resonance at 143.7 ppm accompanied by two minor peaks shifted 0.4 and 0.8 ppm downfield, respectively.
The dopant was found to depress its phase transition temperature at 260 K in pure Cgy and to substantially
reduce the drop A¢' at the phase transition temperature. Furthermore, the spectral features associated with relax-
ation during glass transition at lower temperature, as observed in impedance spectra, were smeared. The frac-
tion of P-orientation below T, was calculated to be larger than 11/12. These results show that a completely
P-oriented phase occurred in (NO), 1Cgo and that this phaseis favored by a negative pressure on the Cg lattice
exerted by NO, aswell as by the el ectrostatic interaction between the two. © 2002 MAIK “ Nauka/ I nter period-

ica” .

Gases accommodated interstitially in Cg, fullerite
have exerted significant influence on its order-disorder
phase transition [1-4]. As we known, the Cg, fullerite
accommodates a rotational disorder of Cg, molecules
and adopts aface-centered cubic (fcc) lattice, but bel ow
T, = 260 K, the structure changes to simple-cubic (sc)
when the random rotations lock into specific orienta-
tions with fluctuations characterized by discrete jumps
over an energy barrier. After Cq, fullerite was charged
with gases under high pressure conditions, the conse-
guential changes in the critical temperature for the
ordered phase were examined. In the case of argon, the
shift is AT = =10 K [2], and oxygen produces a large
shift of =20 K [1, 3]. CO was also found to depress the
fce-sc transition temperature T, from its normal value
by asmuch as 12 K [5-7]. Likewise, CO causesasdlight
expansion of the lattice [8]. However, no subsequent
changes in the lattice symmetry have yet been
observed. Being a paramagnetic molecule with a per-
manent electronic-dipole moment, NO was selected as
the dopant to form a candidate system, Cg, doped with
NO. To better clarify the roles played by foreign mole-
cules in the lattice, we further studied the dielectric
responses vs. temperature of Cg, solids charged with
NO; these characteristics are sensitive to the orientation
order. Meanwhile, the amount of NO in the Cg, solids
was estimated from the solid 33C NMR of Cg,. These
experimental findings may also contribute to a deeper
understanding of the order-disorder transition phenom-
enon itself.

L This article was submitted by the authorsin English.

1. EXPERIMENTAL DETAILS

Cep, Of better than 99.9% purity, was annealed at
280°C in dynamic vacuum for 72 h to remove solvent.
Rigid pellets 6 x 7 x 0.7 mm in dimension were then
fabricated by uniaxial compaction in an evacuated
mold under apressure of 7 kbar for 10 min. Some pow-
der was crushed from the pelletsfor 3 C NMR and DSC
experiments. One batch, each of powder and pellets,
was subjected to NO at 30 bar for 24 h at 200°C.

13C NMR measurements proceeded at room temper-
aturein aBruker M SL-300 spectrometer equipped with
a 7-T field with a resonance frequency of 75 MHz
under the condition of magic-angle spinning (MAS) at
a rate of 2.0 kHz and with a delay time of 60 s. In
dielectric spectral studies, silver films were evaporated
onto the two surfaces of the pellet in question for mea-
surement using the three-terminal method on an HP
4284 A multimeter. For DSC, two batches were studied.
The first consisted of powder prepared from crushing
pellets; the second, from pelletsthat had been subjected
to high-pressure NO. Samples 25-30 mg in mass were
examined at a same scanning rate of 10 K min? on a
Setaram DSC 92 instrument.

2. RESULTS

The high-resolution 3C NMR spectrum of pristine
crushed powder exhibited a primary resonance at
143.7 ppm related to freely rotating Cgo, Which is in
agreement with previous studies [3, 9]. Furthermore,
charging with NO at 30 bar and 200°C for 24 h led to
the introduction of two secondary resonances which
shifted 0.4 and 0.8 ppm downfield, respectively. Calcu-
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lated from the height of each resonance[9], the value of
the octahedral occupancies of NO reached 0.10. After
exposureto air for over 800 h, however, their intensities
remained the same.

Figure 1 depicts the dielectric constant and conduc-
tivity, €' 0 (€' — €y)/ €y and G, respectively, in arepre-
sentative pellet charged with NO; here, €, stands for

the minimum value obtained for €' indicative of the fcc-
sc structure transition. The measurement was repeated
after the pellet had sat in air for various lengths of time.
The permittivity in the “fresh” pellet, upon heating,
dropped to a minimum value at 230 K, as curve (2) in
Fig. 1 shows, and with longer exposure, this minimum
remained the same (curves 3, 4).

The conductivity G of the pellet, in its pristine state,
exhibited a peak at 170 K upon heating, and its dielec-
tric constant €' showed a step at the same temperature
T, (curves LinFig. 1). Theserel axation features related
to aglass transition disappeared entirely after the sam-
ple was charged with NO at 30 bar and 200°C for 24 h
(curves 2—4 in Fig. 1b). Meanwhile, the magnitude of

thedrop in Ag' = (€' — €;) induced by the fcc-sc transi-
tion reduced substantially.

The DSC scan for a freshly NO charged sample
shows abroad endothermic peak whose position shifted
down 20 K compared with that of pristine Cg,.

3. DISCUSSION

In the low-temperature phase, Cq, molecules have
two possible orientations, their difference in energy is
very small, and the fraction of molecules in the more
stable orientation P is only about 60% near 260 K,
increasing to about 84% near T, = 90 K. Below T, the
reorientational jumps of molecules are frozen and an
orientation glass is formed. A Debye-like relaxational
peak from this glass transition, probed by the dielectric
method [10], was observed and confirms that there
exists orientational disorder of the Cgy moleculesin the
sc phase and that these molecules adopt both H and P
orientations following the usual thermal distribution.

In our case, solid Cg, was stored in NO under high
pressure and the gas molecules NO were found to dif-
fuseinto the octahedral interstitial sitesinitsfcc crystal
lattice. The downfield shifts of the two minor peaksin
its13C NMR MAS spectrawere attributed to the Fermi-
contact interaction between paramagnetic NO and the
carbon atoms of the nearest neighbor Cg,. The shift in
temperature of the DSC peak for (NO), ,Cgp, cOmpared
with that for pristine Cg, arises solely from the doping
of these gas molecules. Moreover, the dielectric spec-
trum in Fig. 1 was seen to be virtually identical to that
of DSC. Furthermore, the spectral features of the pris-
tine Cgy at 170 K (curves 1 in Fig. 1) were smeared by
the interstitial NO (curves 2—4 in Fig. 1).
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Fig. 1. Reduced dielectric constant (a) and conductivity (b)
at 50 kHz measured for pristine Cgq (curves 1) and the pellet
charged with NO after various lapses of time: 0 (2), 192 (3),
and 388 h (4).

In the sample of (NO), ;Cqo, theinterstitial NO may
exert a negative pressure on the Cg, lattice, in analogy
to adilated lattice of (CO),Cg, by CO. Furthermore, the
interstitial NO would change the orientation of the
nearest Cg, moleculesto P-orientation and decrease the
guantity of intrinsic permanent dipoles. This viewpoint
is testified to by our experimental data. We calculated
the fraction of P-orientation for a sample charged with
NO from the drop in the dielectric constant near T, and
found that to fraction of P-orientation reached to over
93%. Because the fraction of orientational defects is
lower than 1/12, it is insufficient to induce a dipole on
essentially all molecules; therefore, there are too few
dipoles (density n) to contribute to the dielectric
response. That isthe reason why the peak at T,= 170K
disappeared after the sample was charged with NO.
Meanwhile, below T, the fraction of P-orientation is
larger than 11/12; therefore, a completely P-oriented
phase occurred in (NO), ;Cep.

Thus, a phase with almost completely P-oriented
molecules exists in solid Cg, containing NO with a
molar ratio exceeding 0.10.
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Abstract—The motion of H* and He* ions with energies of 230 and 2000 keV in Cgy and K4Cqyq Crystals was
calculated by the Monte Carlo method. 1on channeling was shown to occur in the [100Cand [1110directions.
The main parameters characterizing channeling were determined. Medium-energy ions were found to be pref-
erable in the detection of channeling in Cgj films. © 2002 MAIK “ Nauka/Interperiodica” .

Channeling of ions with energies on the order of 1—
0.1 MeV offers an efficient way of studying the perfec-
tion of crystal films. It is, however, only very rarely
used to investigate films of fullerenes and of fullerene-
based compounds. This may be due to the fact that, at
260 K, Cq, crystals undergo a phase transition from the
fixed state, in which the fullerenesin a crystal are ori-
ented with respect to one another and the carbon atoms
form atomic chains, to afree state, where the fullerenes
rotate freely. Thus, at room temperature, chains of
fullerenes rather than those of atoms are formed, as a
result of which the occurrence of channeling and its
possible use for structural diagnostics become prob-
lematic.

To explore the possibility and optimum conditions
of the channeling of fast ions in fullerene crystals, we
performed a numerical simulation of fast-ion motion in
such structures. The program used in the calculations,
based on the Monte Carlo method and the pair-collision
model, was similar to the one described in [1].

We considered the propagation of H* and He* ions
with energies of 230 or 2000 keV in an fcc cubic Cgy
crystal (lattice constant a = 1.41 nm) in the [1000and
[A110directions and in a K;Cg, crystal in the (1000
direction.

The calculations produced the yield of backscat-
tered ions Y as a function of the angle Y between the
beam direction and the chosen crystal axis. The main
characteristics of the angular dependence of the yield
Y(U) are the characteristic channeling angle Y, [equal
to the halfwidth at half-maximum of Y(y)], the mini-
mum yield Y(0), the yield Y, for a random orientation
(W > Yy)0), and the minimum relative yield x = Y(0)/Y,.

The calculations were carried out using three differ-
ent programs. FS (fixed state), FSA (free state, atoms),
and FSM (free state, molecules).

In the FS program, the fullerenes were assumed to
be oriented such that the twofold axes were parallel to

the principal crystallographic axes. In the calculation,
the crystal was separated into layers containing only
atoms located in the plane perpendicular to the chosen
crystallographic direction. The interaction of a carbon
atom with afast ion was described by auniversal poten-
tial [2],

V(r) = lezezr_lz o, exp(-pir/a), (1)

where o; = {0.1818, 0.5099, 0.2802, 0.02817}, B; =
{3.2,0.9423,0.4029, 0.2106} , and a = 0.8853a,/(Z5> +
ZO.23)

2 .

The nuclear-collision probability was calculated
from the relation

p = KZ2Z2E2(2nd®) " exp[-b¥(26%)],  (2)

where K is a constant assumed to be unity; b is the
impact parameter; Z, and Z, are the ion and atom
charges, respectively; E isthe ion energy at the instant
of collision; and o is the rms amplitude of thermal
vibrations.

After each crossing of alayer by the ion, the pro-
gram calculated the deflection of the latter suffered in
scattering from the nearest atoms and the probability of
anuclear collision with the nearest atom displaced from
the lattice site by thermal vibrations.

Straightforward calculation of channeling using
Egs. (1) and (2) under freerotation of the Cg, molecules
also required selection of an arbitrary orientation of
each fullerene, as well as a calculation over 240 layers
in each cell in place of 30 layers, which was sufficient
for the FS case. Such a program, FSA, was prepared;
however, because of the very long computational time
needed, it was used only to compare channeling in the
[10000and (11[directions.

1063-7834/02/4404-0637$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Caculated angular relations Y() for the He'—
CeoL11lbystem. (1, 3) FSM calculation; (2, 4) FS program.
lon energy is (1, 2) 0.23 and (3, 4) 2 MeV.

To compare the results obtained with different ions
and energies in the case of free molecule rotation, a
faster program was developed, FSM, in which each
fullerene molecule was approximated by a sphere of
radius R; equal to that of the Cq, molecule. The ion—
atom interaction was replaced by the interaction of the
ion with a spherical-surface element dS. The depen-
dence of potential energy on the distance between the
ion and the element dS was calculated from Eq. (1).
Integration over the surface of the sphere yielded the
following expression for the potential function:

Vi(R) = Z:Z,'R™ Y viexp(-BR/a),
) 3

V(R) = lezezR_lzéisinh(BiR/a), R<R;,
i=1
Minimum relative yield
Program
Energy,

lon | S FSA FS FSM

[1000] [1110] [100C] (1110] (1000 (11107
H* 230 [0.80|0.78|032|042|072|0.73
He' 230 0.33| 0.42 | 0.68 | 0.70
He' | 2000 0.32 | 0.44 | 0.67 | 0.68
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where y = o, aNR;B'snh(BR;/a), & =

a,aNR; "B exp(—B;R;/a) , Z, = 6, N = 60 (the number
of atoms in the fullerene molecule), and R is the dis-
tance between the ion and the center of the sphere.

The nuclear-collision probability P was calculated
in this case asfollows. First, the contribution dP due to
each element dS of the sphere was determined from
Eq. (2) and then multiplied by the probability of a car-
bon atom being within the element dS

dP = KZ?Z2E2(2nd) ™ @
x exp[—p(20%)] N(4TR?) ' dS,

p? = B+ R%sin’6 — 2BR, sinBcosd,
dS = Risin0dede,

where p istheimpact parameter in the ion- and dS-cen-
ter system, B is the impact parameter in the ion- and
sphere-center system, and 8 and ¢ are the polar and azi-
muthal angles, respectively (6 = 0isthe axisparallel to
the ion trgjectory). The P(B) relation was obtained by
integrating Eqg. (4) over the sphere surface with due
account of Egs. (5).

The dependence of theion deflection angle 6 on the
parameter B was calculated as

)

o(B) = —E* :_vi(A/z% BY)dz, ()
0

where V;(R) is defined by Egs. (3).

A comparison of the V;(R), P(B), and 8(B) functions
calculated from Egs. (3), (4), and (6) with the respective
Monte Carlo calculations for rea Cgz, molecules on
averaging over 10000 different orientations showed
them to practically coincide.

In all the programs (FS, FSA, FSM), the total back-
scattering probability for an ion having crossed a
50-nm-thick layer was cal culated asthe sum of nuclear-
collision probabilities over the whole ion path inside
this layer for each incidence angle Y. The calculations
were carried out for afilm 350 nm thick.

The rms thermal-vibration amplitudes o used in the
calculations were 0.019 nm for carbon and 0.022 nm
for potassium [3].

The Y(y) relation was calculated for 230-keV pro-
tons by the FS, FSA, and FSM programs and for He*
ions (230 and 2000 keV) in a Cg crystal and H*
(230 keV) inaK;Cq, crysta by the FS program. Figure 1
shows some of the calculated Y(W)/Y, relations. Therel-
ative minimum yield after the passage through a
100-nm thick layer is given in the table.

Channeling was observed to occur in all the cases
studied. Because the particle flux passing through Cg,
molecules in the fixed state is governed by stable car-
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Fig. 2. Visualization of the FSM program operation for the [111Corientation. lons are H*: energy 230 keV, @ = 0. Circles are Cgy
molecule projections on the (111) plane; lines are ion trajectory projections. The rhomboid is the region on the surface populated

by particles of the incident beam.

bon-atom chains, the decrease in X in this case is
observed to be larger than that in the case of free mole-
culerotation. An analysis of the particleflow inthe case
of freerotation showsthat, for the 100 brientation, the
ion beam is focused both into the channel s between the
Ceo rows (focusing of the first type) and in the vicinity
of the axes passing through the centers of moleculesin
these rows (focusing of the second type). Thefirst type
is standard channeling, which is characterized by a
small minimum yield, whereas the minimum yield
reached in focusing of the second type is close to Y,;
therefore, the value of x obtained in the calculationsis
aweighted mean over the two types of focusing. For the
(1110direction, the fullerene projections on the (111)
plane overlap it fully and channeling appears impossi-
ble, because only focusing of type two should exist in
this case. However, the calculations revealed that the
values of X obtained for the [(1110and [1000orienta
tions are close in magnitude. This is accounted for by
the fact that, in the case of the (111Corientation, the
beam focusing is enhanced near the axes passing

PHYSICS OF THE SOLID STATE Vol. 44 No. 4
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through the fullerene centers, which is associated with
the geometry of the structure (Fig. 2). Thisis also but-
tressed by the trapping of the particle flux observed to
occur into the planes perpendicular to the crystal sur-
face. The projections of these planes lie between the
chains of intersecting segments of the Cg, projections.
Note that, in the case of the [1000orientation, particle
trapping into planesis only weakly pronounced.

The minimum relative yields for different probing
ions (H*, He") werefound to be similar. Asfor the beam
particle energy, its increase from 230 keV to 2 MeV
reduces Y, from 0.4° to 0.12° (Fig. 1), which makes
the reguirements on the probing beam divergence more
stringent (it should be substantially smaller than y,,)
and, moreover, hampers experimental observation of
channeling in the presence of disordered crystallites,
because the average misorientation angle should also
meet the condition of its smallness compared to Y.
Thus, the use of medium-energy ions is advantageous
to the use of ionsin the megael ectronvolt energy range.
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Fig. 3. Calculated ion backscattering spectra for the H*—
K3Cgg system: (1) Y,(E). (2) Y(E), and (3) x(E). Incident
ion energy 230 keV. The arrows identify the leading edges
of the carbon and potassium signals.

The results of channeling experiments are usually
presented in the form of spectra of backscattered ions
for abeam aligned with the channel and for arandomly
oriented beam (Y > ;,,). Such aspectrumisdisplayed
in Fig. 3 for the K;Cq, compound. The part of the spec-
trum corresponding to the potassium sublattice is
shifted toward higher energies and has a minimum
yield x = 0.3. This means that the quality of the lattice
of intercalated fullerenes can be judged from the scat-
tering spectrum from the impurity atoms [4].

Calculations al'so permit one to reveal relations that
aredifficult to observe experimentally. In particular, we
carried out calculations for individual sublatticesin the
K3Cqo Crystal. It was found that the characteristic chan-
neling angles for the potassium atoms are Y, = 0.35°
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and 0.45° for the octahedral and tetrahedral sites,
respectively; therefore, it is possible to derive the posi-
tion of intercalated atoms from the Y({) relation.

In conclusion, we have studied specific features of
fast-ion propagation through fullerene crystals by the
Monte Carlo method. The calculations revealed that
channeling of fast H* and He* ionsin ordered fullerene
films occurs in both the [100Cand [(111[directions, and
we determined the main parameters characterizing the
channeling. It was a so shown that medium-energy ions
are preferable for studying channeling in fullerene
crystals. Thus, fast-ion channeling can be employed to
advantage in the determination of the structure of films
consisting of fullerenes and atomic clusters.
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Abstract—The molecular dynamics of Cgj crystals was studied by inelastic neutron scattering at T = 290 K,
i.e., above the first-order phase transition temperature (T = 260 K), in the region of free Cgo-spheroid rotation
in thelattice. The energy broadening of the original neutron spectrum 25 = 0.1 meV for amomentum transfer
q=2A1isin agreement with NMR data on the rotational relaxation time of the molecule T ~ 107! s~ A/l
This effect was observed to decrease in magnetic fields H = 2.5-4.5 kOe applied along the scattering vector:
'y = 0.7 ¢. The slowing-down of the molecular rotation is discussed in connection with the interaction of a
magnetic field with the molecular currents, which fluctuate when the Cg, cage rotates. © 2002 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The molecular dynamics of Cg, undergoes aqualita-
tive change in the first-order phase transition (T =
260 K) when the low-temperature phase transforms
from the simple cubic to an fcc lattice [1-3]. The fcc
phase is characterized by a high rotational mobility of
the molecules, because a molecule in this structure
resides in a spherically symmetric potential. Neutron
experiments [4, 5] have shown that, above T, thelibra-
tion excitation spectrum collapses into a single broad
quasi-elastic peak, which can be described in terms of
the orientational random-walk approximation, i.e.,
rotational diffusion, with aconstant D ~ 1 x 10'° s and
the corresponding relaxation time 1 ~ 1/6D ~ 10 ps.
This behavior is observed at high momentum transfers
q~5 AL, conditions under which the dynamicsis dom-
inated by temporal self-correlations of atomsin a mol-
ecule. Much less information is known about local dis-
placements for transfer momenta q lying in the range
from 2rfa~ 05 A1 t0 2R-= 1.8 A1 (R-=35A is
the fullerene radius, and a = 14 A is the lattice con-
stant). At the same time, scattering in this momentum
transfer region contains most of the information on
short-range molecular interactions. In this region, the
dynamics is particularly sensitive to external factors
(temperature, fields). For instance, if a macroscopic
perturbation (field) breaks the symmetry of the system,
a transition to correlated rotation of the molecules is
possible.

The effect of a magnetic field on the dynamics is
very specific, becausethisfield can interact with molec-
ular currents in the fullerene shell. The diamagnetic
response of Cg, crystalsto a static field does not differ
noticeably from that for aromatic molecules [6]. When
considering a Cg, cage rotating rapidly in thermal
motion, one should not neglect the T-electron delocal-
ization in the shell. Rotation can generate circular cur-
rents that screen the external field, whose interaction
with the currents slows down the rotation. The purpose
of our experiment wasto investigate the weak magnetic
properties of fullerenes, which are presently discussed
in the literature in connection with the van Vleck para-
magnetism [6] and possible antiferromagnetic spin cor-
relations[7].

2. NEUTRON-SCATTERING EXPERIMENTS

Experiments on inelastic neutron scattering from
crystalline Cg, powder were carried out at the Budapest
Neutron Center with atriple-axis spectrometer (wave-
length A = 3 A, momentum transfer g = 1.5-2 A1), A
magnetic field H = 2.54.5 kOe directed along the
momentum transfer was applied to a sasmple at T =
290K in order to observe dynamic correlations in
molecular chains oriented aong the field; these correla-
tions may be created through the interaction of the
moments induced by the field in the molecules. Refer-
ence measurements were performed without field
application. The instrument resolution W, = 150 peV
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was determined using vanadium, which is an incoher-
ent scatterer. We used samples containing 96 at. % Cg,
prepared by a standard technique at the St. Petersburg
Scientific Evaluation Center.

3. RESULTS

Figure 1 presents typical quasi-elastic scattering
spectra obtained on fullerene in the range of energy
transfers E from —0.5 to 0.5 meV in comparison with
the corresponding distributions for vanadium. In all
experiments, the lines have a Gaussian shape, I1(E)/I, =
exp(—2E3W?), where |, istheintensity at the maximum
and Wisthe total linewidth. Assuming a Gaussian dis-
tribution for the inelastic scattering function of the
fullerene, W) ~ exp[(hw)%/2r?] (hw is the energy
transfer in scattering), we found the characteristic
energy for the observed broadening of initial line
(width W, vanadium) determined by the Cg, dynamics:

i(E)

LEBEDEYV et al.

2 = (W2 — W})¥2, where Wis the linewidth measured

for the sample (Fig. 1a). In the case where the fullerene
is not perturbed by any magnetic field, the characteris-
tic energy is 2, = 102 + 10 peV, which indeed agrees
with therotational diffusion rate and the relaxation time
T~AIT,~ 10" sfor Cy, [4, 5]. At the sametime, the data
available for the fullerene in a magnetic field (Fig. 1b)
reveal a noticeable decrease in the linewidth compared
with that for the sampleinazerofield. For H=2.5kOe,
the broadening is 2I'y = 77 + 10 peV, which is ~25%
less than the value for H = 0. This slowing-down of the
rotation indicates field-induced ordering of the system,
which can be due, for example, to the interaction
between the induced dipoles of the fullerenes. In order
to estimate the greatest possible magnitude of this
effect, we assume that the molecular currents com-
pletely screen the external magnetic field at any interior
point of the fullerene. In this case, the magnetization of
the molecule is M ~ —B,,/4TT, its magnetic moment is

i(E)

(E/W)?

Fig. 1. Broadening of the neutron energy spectrum i(E) = I(E)/Iq in scattering from Cgq crystals: (a) no field applied and (b) H =
2.5kOeg; (1) datafor Cgq (solid lineis a Gaussian fit) and (2) data for vanadium.
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equal to Mg = M(4173)R?, and the interaction energy

between the moment and the external field equals E, ~
MgBg,; ~ 10 peV, which is comparable to the experi-
mentally observed inelastic effect. Therefore, this
mechanism of slowing down can be operative. Another
reason for the slowing-down may be field-induced |at-
tice distortions, which make the potential in which the
molecule rotates anisotropic. Further experiments car-
ried out within a broad range of fields and in the tem-
perature rangeincluding T will hopefully shed light on
the nature of the molecular magnetism and the specific
features of its effect on fullerite dynamics in magnetic
fields.
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Abstract—The electrical resistance of polycrystalline fullerene and graphite was studied at pressures up to
50 GPa within the temperature range 77-450 K. The temperature dependences of the resistance of both mate-
rials behave in a qualitatively similar manner. However, the resistances of these materials differ by severa
orders of magnitude. This showsthat fullerene and graphite retain some specific features of their microstructure
in the pressure and temperature ranges covered. © 2002 MAIK “ Nauka/Interperiodica” .

1. The physical properties and electronic structure
of Cg, at high pressures have been studied in consider-
able detail (see, e.g., [1-4]). Orientational phase trans-
formations were found to occur at relatively low pres-
sures. At higher pressures, fullerene was observed to
transform to diamond, graphite, and amorphous states.
It ismaintained, in particular in [1], that Cg, molecules
become unstable at pressures above 2025 GPa, with
the fullerene converting primarily to graphite. It has
been shown that, in intermediate stages of the transfor-
mation, covalent bonds may form between molecules
(one-, two-, and three-dimensional polymerization).
Some authors came to the conclusion that the elastic
moduli and the hardness of the high-pressure phases of
fullerene may be larger than those of diamond [4]. The
electrical characteristics of polycrystalline Cg, samples
were studied at pressures not exceeding 20 GPa (see,
e.0., [1, 4]). In addition, we are not aware of any inves-
tigationsinto the electrophysical properties of fullerene
at higher pressures.

This paper reports on a comparative study of the
conductivity of the polycrystalline Cg, fullerene and
graphite at pressures of 15-50 GPa.

2. To obtain pressures of up to 50 GPa, we used ahigh-
pressure chamber (HPC) with Vereshchagin—Yakovlev
anvils of the rounded-cone and plane type made of syn-
thetic polycrystalline black diamonds [5]. These dia
monds are good electrical conductors and can be
employed as electric contacts for samples. The resis-
tance of the short-circuited anvilsis 7-12 Q and varies
little with temperature. The pressure was derived from
the expression P = AF/mia?, where F isthe applied force,
aistheradius of the contact area, and A isan empirical
factor (in our case, A = 1.51). This method of pressure
determination was checked on a large number of vari-
ous materials over broad temperature and pressure
ranges [6, 7]. The technique used permits one to study

the same sample under a successive increase and
decrease in pressure. The samples under study, pre-
pared by compression in a HPC, were =0.2 mm in
diameter and 10-30 um thick. The sample resistance
was measured at temperaturesfrom 77to 450 K. Theac
measurements were conducted at room temperature.
The HPC temperature was monitored with a copper—
constantan thermocouple.

3. Figure 1 plots the room-temperature resi stance of
the Cg, fullerene as a function of pressure. In the range
15-50 GPa, the pressure dependence exhibited a hys-
teresis whose magnitude is dependent on the number of
pressure application—emoval cycles involved. The
applied pressure wasincreased smoothly up to the max-
imum value and, afterwards, reduced as smoothly to
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Fig. 1. Pressure dependences of the electrical resistance of
fullerene at room temperature obtained under thefirst appli-
cation of pressure. The arrows specify the direction of the
pressure variation.
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Fig. 2. Temperature dependences of the fullerene resistance measured at various pressures: (a) at the first application of pressure
and (b) after stabilization reached in afew successive pressure application runs.

zero. When loaded for thefirst time, the fullereneresis-
tance dropped sharply (at pressures above 45 GPa) by
two orders of magnitude at room temperature and by
nearly three orders of magnitude at liquid-nitrogen
temperature. After a few cycles of successive applica-
tion and removal of pressure, the fullerene resistance
stabilized and the hysteresis decreased considerably in
magnitude. No hysteresis of resistance as a function of
pressure was observed in graphite.

Figure 2 shows temperature dependences of the Cq,
fullerene resistance R(T) obtained at various pressures.
In the first loading of the sample, the temperature
dependences measured bel ow 44 GPa exhibit an activa
tion character with two activation energies. The slope
changes at a temperature of approximately 110 K.
When the pressure is increased, in the same tempera-
ture interval, the R(T) dependence passes through a
minimum. Metal-like conduction is observed at tem-
peratures above 115-125 K (for various pressures). We
attribute this semiconductor—metal transformation to
the orientational phase transition observed to occur in
[1, 3] at 90 K under atmospheric pressure.

After afew successive pressure application cycles,
the temperature dependence of the Cg resistance
acquires an activation character throughout the temper-
ature interval studied, with the sample resistance grow-
ing strongly. Thisis seen from the plot in Fig. 2b con-
structed in the logR-L/T coordinates. The activation

PHYSICS OF THE SOLID STATE Vol. 44 No. 4
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energy changes at temperatures from 325 to 345 K for
various pressures. At the same temperatures, a sharp
change is observed in the character of the temperature
dependences within the range 3744 GPa (compare
with the changes in the R(T) curves observed to occur
at 35, 37.5, 42, and 44 GPain Fig. 2b). This indicates
the occurrence of a structural phase transition at these
pressures.

The temperature dependences of the graphite resis-
tance measured at high pressures follow qualitatively
the same course as the resistance of fullerene; namely,
when loaded for the first time, the sample passes
through a minimum in the R(T) dependence (at T =
330 K), and after a few successive runs of increasing
and decreasing pressure, the R(T) plot (Fig. 3) becomes
monotonic and, unlike the situation with the fullerene
(Fig. 2), does not exhibit any features in the pressure
interval studied. Furthermore, the resistance of the
graphite samples did not exceed 100 Q, which is four
to five orders of magnitude lower than that of the
fullerene samples (Fig. 2b).

The activation character of the resistance of both the
fullerene and graphite is apparently associated with the
percolation nature of conduction in polycrystalline sam-
ples. This is supported by the measured frequency
dependence of theimpedance Z I f ¥ withthevaluev = 1
characteristic of randomly inhomogeneous media[8].
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Fig. 3. logR vs. /T plots obtained on graphite at various
pressures.

The high resistance of the fullerene (compared to
that of graphite) at high pressures indicates that
(i) fullerene graphitization does not occur at pressures
up to 50 GPa in the temperature interval studied and
(ii) both the fullerene and graphite retain some features
in their microstructure in this pressure range.

In conclusion, we note that while conductivity mea-
surements can provide information on the onset of
phase transitions of various types, their microscopic
nature can be established only in structural (for
instance, x-ray diffraction) studies. On the other hand,
the critical behavior of resistance at a phase transition
point indicates that the phase transition occurs through-

PHYSICS OF THE SOLID STATE Vol. 44 No. 4
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out the volume of the substance under investigation,
whereas structural studies detect only local phasetrans-
formations. Therefore, as follows from the above
results, investigation of transport phenomena can pro-
vide additional important information on critical phe-
nomenataking place at high pressures.
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Abstract—This paper reviews the prospects of fullerene-based materials for photovoltaics. The device struc-
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direction of solar energy utilization—the production of fullerenes and carbon nanotubes by concentrated sun-
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Pristine solid Cg, is known to exhibit semiconduc-
tor-like behavior inits optical and electronic properties,
while that of doped fullerenes can be “tuned” between
semiconductors, conductors, and even superconductors
[1]. There are, accordingly, great expectations that
fullerene-based materials will find practical applica
tions in electronic and optoelectronic devices and, in
particular, in photovoltaic solar cells.

This paper reviews the prospects of fullerene-based
materials for photovoltaics. However, we start with
another promising direction of solar energy utilization,
the production of fullerenes by concentrated sunlight.

1. PRODUCTION OF FULLERENES
AND CARBON NANOTUBES
BY CONCENTRATED SUNLIGHT

In 1990, Kratschmer et al. [2] discovered a simple
technique to produce fullerenes. The method uses arc
discharge between two graphite electrodes in a helium
atmosphere to vapori ze graphite and produce fullerene-
containing soot, the subsequent extraction of soluble
fullerenes from insoluble species of the soot by an
organic solvent (eg., toluene), and fina chro-
matographic separation of the isolated fullerenes (Cg,
Cx -..). At present, the most efficient methods of
fullerene production involve different modifications of
thermal evaporation of graphite in an inert atmosphere
(e.g., ac or dc arc discharge between graphite elec-
trodes, laser ablation of graphite) [1].

The €electric arc process requires the use of high
quality, electrically conductive graphite rods. On the
other hand, the yield of fullerene production from the
collected soot is low (5-10%) due to the photodestric-
tion of fullerene moleculesby UV radiation of the elec-

L This article was submitted by the author in English.

tric arc [3]. Furthermore, because the yield is low,
excessive amounts of toluene are required to separate
the fullerenes from the soot. These factors present seri-
ous limitations on the minimum cost obtainable with
this process.

Even though the yield from the laser ablation pro-
cess can be high, it is generally accepted that this pro-
cesswill not be cost effective on large production levels
[4]. The search for amore efficient and environmentally
safe method led to the use of concentrated solar energy
to evaporate the carbon and efficiently produce
fullerenes [3-8] and carbon nanotubes [8-10].

In all reported solar techniques, concentrated
(21100 W/cm?) sunlight is focused onto a graphite tar-
get, resulting in its heating up to temperaturesin excess
of 3500 K. Controlling the vaporization and condensa-
tion conditions leads to the formation of fullerene-rich
soot or/and carbon nanotubes (if the target consists of a
mixture of graphite and metal catalysts).

The UV component in sunlight is very small (com-
pared with theirradiation of an electric arc). Therefore,
the photodestruction processisvery weak and theyield
of fullerenesisashigh as20%[8]. Increased yield leads
to less solvent use, which reduces cost. Furthermore,
the relaxation of the requirement of using conductive
graphite rods opens the possibility of employing less
expensive forms of graphite, including mineral graphite
powders. A preliminary cost analysis[5] suggested that
solar production can be less expensive than the arc pro-
cess by at least afactor of four.

Fullerenes have been demonstrated to be purified
and crystallized via differential sublimation [1]. These
technological steps are certainly possibleto performin
asimilar solar furnace.

1063-7834/02/4404-0647$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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2. FULLERENE-BASED PHOTOVOLTAIC
SOLAR CELLS

2.1. Why are Fullerenes So Promising
for Photovoltaics?

We consider the following reasons that make Cyg,
unique among all known semiconductorsand, in partic-
ular, promising for photovoltaic application.

(1) There is probably no more environmentally
benign semiconductor than Cg, in that it can be sythe-
sized from graphite using nothing more than a beam of
concentrated solar energy and subsequently purified
and crystallized using the same energy source (as
described above).

(2) Early studies of Cq, as a materia for inorganic
solar cells were instigated by the theoretical prediction
[11] that a Cg4, crystal has a direct band gap of 1.5 eV.
On one hand, this value is close to the experimental
value of about 1.6 eV for the fundamental edge in the
optical absorption spectra[12] and that of 1.7 eV for the
photoconductivity spectra[13] of Cg, thin films. On the
other hand, thisisthe optimal value for high efficiency
photovoltaic devices of the single junction type [14].
Recent experimental studies [15, 16] have demon-
strated that the electronic structure of a Cg crysta is
more complicated. Specifically, the band gap value is
suggested to be about 2.3 eV (the mohility gap), but the
optical absorption extends from the gap energy to the
lower energy side (the optical gap isof ~1.6 €V). These
experimental works stimulated new theoretical calcula-
tions of the band gap value of 2.15 eV using a“ many-
body” approach [17]. However, even if thisis true, the
electronic structure and optical properties of Cg, thin
films are suitable for the use of this material in efficient
heterojunction solar cells (such as Cy/Si devices).

(3) If one contrasts a Cgy molecular crystal unit cell
with the corresponding Si cell, the former has
240 atomsto thelatter's 8. Thisallowsthe possibility of
doping to a much greater percent than would be possi-
ble with conventional semiconductors. Furthermore,
unlike the case of conventional semiconductors, for
which doping is only possible via the substitution of
atoms (e.g., P or B for Si), fullerenes may be doped in
three additional, distinct ways: intercalation of dopants
between the buckyballs, endohedral doping within the
buckyballs themselves, and adductive doping to the
outside of the buckyballs[1]. The spectrum of resultant
doping energy levelswill naturally differ for each man-
ner of doping, thus greatly increasing the probability of
finding successful dopantsfor high efficiency photovol-
taic devices.

(4) For organic donor-acceptor solar cells, a Cq,
moleculeisanideal candidate as an acceptor because of
its high electron affinity (2.65 eV [1]). Such cells are
now becoming a serious alternative to conventional
inorganic photovoltaic devices due to a number of
potential advantages, such as their light weight, flexi-
bility, and low cost of fabrication of large areas. The
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efficient photoresponse of donor-acceptor cells consist-
ing of conjugated polymers and fullerenes [18-22]
originates from an ultrafast (subpicosecond) photoin-
duced electron transfer from the conjugated polymer
(as adonor) to a nearby Cg, molecule (as an acceptor)
[23]. Since this process is faster than any other relax-
ation mechanism in the conjugated polymer, the quan-
tum efficiency of thisprocessis estimated to be closeto
unity. Accordingly, the best photovoltaic parameters
ever reported for organic solar cells—in particular, the
energy conversion efficiencies of 2.5% [24]—were for
bulk heterojunction fullerene/polymer devices.

2.2. Inorganic Photovoltaic Devices

In 1992, Hebard et al. patented an idea for the utili-
zation of the photoconductivity of fulleridesin the fab-
rication of fullerene-based solar cells [25]. The photo-
voltaic response of most device structures originates
from their rectifying properties. However, in that patent
publication, the authors described a symmetrical (non-
rectifying) Ag/Cgy/Ag device structure which exhibited
photoconductivity but no photovoltaic effect.

For the first time, a fullerene-based device display-
ing a remarkable rectifying effect in the dark and pho-
toresponse under illumination was demonstrated with a
sandwich cell consisting of a Cg, thin film (of 100 nm
thickness) and two Al electrodes [26]. The devices
without any exposure of the front electrode to oxygen
exhibited no rectification and photoresponse. The
devices with a front Al electrode exposed to oxygen
(before Cg, film deposition) exhibited a rectification
ratio of 66 (at £2 V) and a greatly enhanced photocur-
rent (the quantum yield of the photocurrent for amono-
chromatic irradiation of A = 400 nm was about 53%).
The observed excitation profile of the photocurrent
closely followsthe optical absorption of aCg, film. The
authors interpreted the results as the formation of an
oxide layer at the front Al electrode interface and the
M etal— nsulator—Semiconductor (MIS) configuration
rather than the Schottky barrier device. The Schottky
barrier solar cells based on Cg, crystals and films were
demonstrated later [27, 28].

A heterojunction behavior with a high rectifying
ratio in the dark (>10* at £2 V) [29] and photovoltage
generation [30] were demonstrated, first, for a Cgy/p-Si
interface. The properties of such a heterojunction were
then extensively studied in the dark and under irradia-
tion of various light sources [27-34]. Although differ-
ent groups studied various device configurations
(Nb/Ce/Si, TilCg/Si [29, 31], AU/Cgy/Si, ITO/Csy/S
[30, 34], Al/C4y/Si [27, 28, 32, 33]), all authors seem to
agree that potential barrier formation at the Cgy/p-Si
rather than metal/Cg, interfaces is responsible for the
strong rectifying properties of the heterostructures.

Detailed study of the photovoltaic properties was
performed for highly crystalline Cg, thin film/p-Si het-
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Fig. 1. Dark |-V curve of the Al/Cgo/p-Si/Al heterojunction
solar cell (inset shows a schematic diagram of the device)
[32].

erojunction solar cells [28, 32]. The dark 1-V curveis
shown in Fig. 1, which exhibits strongly rectifying
properties. the rectification ratio being approximately
10% at +2 V. Under sun irradiation (AM 1.5), the short-
circuit current density Jo. was found to be 42 pA/cm?,
open-circuit voltage V,. = 322 mV, and fill-factor FF =
0.3. Thelow values of J. and FF = 0.3 are attributable
to the high resistivity of pristine Cgq, films. SPV spec-
troscopy characterization of the devices (Fig. 2a) sug-
gested that the Cg, film acts as an active layer in the
device, in particular, for the conversion of short-wave-
length components of sunlight. This conclusion is
consistent with the spectral response of similar
Al/Cg/p-Si/Al solar cells (Fig. 2b) and that calculated
using the published optical absorption coefficient val-
uesfor Cqoand Si (Fig. 2¢) [33].

The maximum V,. of a heterojunction corresponds
to its built-in potential, i.e., the difference between the
Fermi levels of both semiconductors forming the junc-
tion, the Cg, thin film and Si in this case. The Fermi
level of Si can be controlled by changing the kind and
concentration of the dopant. Photovoltage generation
by a Csy/S heterojunction was studied with four differ-
ent types of Si substrates. heavily doped p-Si (8 x
10%8 cm3 of B), lightly doped p-Si (1.5 x 10% cm3 of
B), lightly doped n-Si (5 x 10* cm2 of P), and heavily
doped n-Si (5 x 10'® cm~2 of P) [34]. The lightly doped
n-Si/Cg, junction was measured to have the highest V.
(0.4 V), while the lightly doped p-Si/Cg, junction was
measured to have thelowest, 0.12V (Fig. 3). Thisresult
implies that the Fermi level of Cg, should be more than
0.4 eV below the Fermi level of lightly doped n-Si and
morethan 0.12 eV abovethat of lightly doped p-Si. The
Fermi level of Cg, was estimated to be at about 4.7 eV
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below the vacuum level. In our opinion, further
research is needed to understand the true electronic
structure of such heterojunctions.

Thevery intrinsic conductivity of aCg, solid is con-
sidered by most authors to be one of the main limiting
factorsto solar-cell efficiency. Therefore, doping of Cg
is one of the central chalenges in high efficiency
fullerene-based solar cell production. Photovoltaic
cells based on doped Cg, films were reported, for the
first time, in [35]. p-Type conductivity was observed for
Ceo films doped with Al in its simultaneous sputtering
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0
Glass

Fig. 4. Schematic device structure of the bulk heterojunc-
tion fullerene/polymer solar cells, together with the chemi-
cal structure of compounds used for the cell active layer
[24]. Poly[2-methoxy, 5-(3',7'-dimethyl-octyloxy)]-p-phe-
nylene-vinelyne (MDMO-PPV) was used as the electron
donor, while the electron acceptor was [6,6]-phenyl Cg;-
butyric acid methy! ester (PCBM). The enhanced solubility
of PCBM compared to Cgq alows a high fullerene-conju-
gated polymer ratio and strongly supports the formation of
bulk donor-acceptor heterojunctions. As electrodes, atrans-
parent indium—tin—oxide (ITO) film on one side and an
LiF/Al bi-layer contact on the other side were used. For
improvement of the I TO contact, the ITO was coated with a
thin layer of poly(ethylene dioxythiphene) (PEDOT).

during film deposition. Photovoltaic parameters of
Ceo/Si solar cellswere found to beimproved by doping.
In the same paper, anion implantation of P was demon-
strated to result in an increase in n-type conductivity of
Ceo films.
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Theideaof ionimplantation of P and B in Cg, films
wasthen devel oped and applied to solar-cell production
[36-38]. Implantation of B* (with an energy of 50—
80 keV and a dose of 10** cm™) into Cg, films, grown
on an n-Si substrate, was shown to lead to structural
changes from crystalline Cg, to amorphous carbon and
a dramatic increase in the Cg, film conductivity. The
Hall effect measurements of the implanted films indi-
cate p-type conduction. Boron implantation signifi-
cantly improved the parameters of the resultant p-C/n-
Si solar cells [36]. In particular, the cell series resis-
tance R, was improved by the implantation from 35 kQ
to 370 Q. J,. for the implanted cells was found to be
0.33 mA/cm?; V,. = 0.17 V, fill-factor FF = 0.415, and
efficiency n = 0.023%. (The latter is the highest value
reported for inorganic Cgy-based solar cells.)

The spectra response of these cells (not shown)
includes two broad features: 370-600 nm due to a-C
layersand 700-1150 nm dueto Si [36]. Thisresultisin
agreement with the experimental finding that the opti-
cal gap of the Cg, films decreases after B* implantation
[37]. Furthermore, it is possible to control this value by
varying the implantation dose. The optical gap was
found to decrease gradually with the ion dose. For
example, the gap was reported to be reduced continu-
ously from 1.6 eV for nonimplanted Cg, filmsto 0.8 eV

after implantation with adose of 8 x 10 cm[37]. The
authors explained this effect in terms of the structural
transformation from Cg, to a-C. We may attribute the
intermediate optical gap valuesto acomposite with var-
ious concentrations of Cg, and a-C. In our opinion, this
result is even more important than the improvement of
the solar-cell parameters (which are still not high).
Indeed, using this effect, together with the control of
the depth-implantation profile in the ion energy varia-
tion [38], it might be possible to produce a Cgy/a-C
composite with a nonhomogeneous depth-profile opti-
mized for maximum sunlight absorption and cell effi-
ciency. We may predict that the next step in this direc-
tion will be the production of efficient multijunction
Ce/a-CISi solar cédlls.

2.3. Organic Photovoltaic Devices

Over the last decade, tremendous progress has been
achieved in organic donor-acceptor solar cells and
fullerene/conjugated polymer devices in particular. A
number of detailed reviews are devoted to this topic
[20-22]. Thus, we will discussit here very briefly.

Immediately after the discovery of the photoinduced
electron transfer from the conjugated polymer to the
Ceo molecule [23], this molecular effect was used for
the preparation of a heterojunction between methyl-
ethyl-hydroxyl-polypropylvinyl (MEH-PPV) and a Cyg,
thin film [18]. The dark rectification ratio of 10* (at
+2%) and the following photovoltaic parameters (mea-
sured under illumination of an argon ion laser with
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wavelength A = 5145 nm and a light power of
1 mW/cm?) were reported: Jo. = 2 A cm?, V.= 0.5V,
FF = 0.48, and n = 0.04%. The spectral response mea-
surements reveal ed a clear minimum at a photon energy
of 2.5 eV. This minimum corresponds to the region of
maximum absorption in the polymer layer. Since the
light was incident from the polymer side of the device,
thisresult impliesthat the diffusion of charge carriersin
the devices is limited and the photoactive region is a
very thin layer adjacent to the heterojunction interface.

Significant improvement of the relatively low col-
lection efficiency has been achieved using a composite
material with a network of internal heterojunctions
between fullerene and conjugated polymer, forming so-
called bulk heterojunctions. Using this principle of
material construction, a solar cell without any macro-
junction (1) has been demonstrated [19]. The electric
field was created by asymmetric (with different work
functions) metallic contacts, one of which was trans-
parent 1TO. Photogeneration resulting in separated
charge carriers may occur over the whole depth of such
a device. Very recently [24], flexible and inexpensive
bulk heterojunction fullerene/polymer solar cells
(Fig. 4) with tremendously improved efficiency (2.5%
under AM 1.5 sunlight) were reported. The other
parameters were Jg. = 5.25 mA/cm?, V,. = 0.82 V, and
FF = 0.61. These results strongly demonstrate that
fullerene/polymer solar cells can be a viable technol-
ogy for future power generation, although further work
is needed to improve the stability of such devices.
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Abstract—Nitrogen-containing carbon nanotubes are synthesized using a gas-phase reaction. The synthesis of
nitrogen-doped carbon nanotubes from 100 to 500 A in diameter is accomplished through pyrolysis of aceto-
nitrile (CH;CN) at a temperature of 800°C. Cobalt and nickel metallic particles formed upon thermal decom-
position of amixture of maleate salts are used as catalysts. The materials synthesized are investigated by scan-
ning and transmission electron microscopy. Analysis of the x-ray photoelectron spectra demonstrates that the
content of nitrogen atoms in three nonequivalent charge states is approximately equal to 3%. A comparison of
the CK, x-ray fluorescence spectrum of the carbon nanotubes synthesized through electric-arc evaporation of
graphite and the x-ray fluorescence spectrum of the nitrogen-containing carbon nanotubes prepared by catalytic
decomposition of acetonitrileindicatesthat, in the latter case, the spectrum contains a certain contribution from
the sp? states of carbon atoms. The temperature dependences of the electrical conductivity for different types
of multi-walled carbon nanotubes are compared. The difference observed in the temperature dependences of
the electrical conductivity isassociated with the presence of additional scattering centersin nitrogen-containing
carbon nanotubes. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Multi-walled carbon nanotubes (MWNTS) synthe-
sized by different methods substantially differ in mor-
phology and microstructure. The structure with the
lowest content of defects is observed in carbon nano-
tubes produced in an electric arc [1]. Multi-walled car-
bon nanotubes prepared using different-type initia
organic compounds and catalysts at different tempera-
tures and pressures are characterized by different
degrees of ordering of the graphite layers. For example,
carbon nanotubes synthesized from gaseous acetylene
at atemperature of 700°C with the use of aniron-nickel
catalyst supported on zeolite contain a considerable
amount of defectsin the form of holes (formed instead
of atoms) in the network of carbon hexagons|[2, 3].

The electrical properties of carbon nanotubes can be
controlled by modifying their structure through doping
with atoms of different types. In turn, thismakesit pos-
sible to execute control over the electronic states in the
vicinity of the valence band and conduction band
edges. It can be assumed that nitrogen atoms incorpo-
rated into graphite layers of the carbon nanotube walls
serve as éectron donors and, hence, bring about an
increasein the electrical conductivity of the nanotubes.

At present, nitrogen-containing carbon nanotubes
(CN, nanotubes) can be synthesized using different

techniques. In particular, the nitrogen content in the
graphite layers of carbon nanotubes produced through
electric-arc evaporation of graphite in a nitrogen atmo-
sphere does not exceed 5% [4]. It wasfound that, in this
case, theinner core of multi-walled carbon nanotubesis
filled with gaseous nitrogen [5]. The nitrogen content in
CN, nanotubes prepared by low-temperature gas-phase
pyrolysis (magnetron sputtering) can be ashigh as 30%
[6].

In the present work, we devised a procedure for gas-
phase synthesis of nitrogen-containing carbon nano-
tubes and examined the nanotube structure by using
scanning and transmission el ectron microscopy. More-
over, we determined the electronic structure of carbon
nanotubes from an analysis of the x-ray photoelectron
and x-ray fluorescence spectra and investigated the
conducting properties of carbon nanotube samples.

2. SYNTHESIS AND CHARACTERIZATION
OF CARBON NANOTUBE SAMPLES

The catalytic pyrolysis of hydrocarbons and synthe-
sisof carbon nanotubes were performed in atube stain-
less steel furnace 1000 mm long and 36 mm in diame-
ter. The furnace temperature was varied from 200 to
1000°C with the use of a RIF 101 thermoregulator.

1063-7834/02/4404-0652%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Gaseous argon at atmospheric pressure served as a
buffer gas. The rate of gas flow was 3 I/min. Acetoni-
trile vapor entered the reactor through a bubbler, and
the stream consumption was controlled by choosing the
appropriate temperature of the bubbler.

A mixture of cobalt and nickel maleate saltsin the
form of abrown solid crystalline substance with 0.5- to
3-mm grains was used as a catalyst. The catalyst in an
alundum boat was placed at the center of the reactor.
Then, the reaction zone was blown with an argon
stream and heated to 450°C for the purpose of decom-
posing the catalyst into nanoparticles of the cobalt—
nickel alloy. Thereafter, thetemperatureinside the reac-
tor was raised to the synthesis temperature and acetoni-
trile was added to the argon stream. The duration of the
synthesiswas 1 h. The catalytic pyrolysisresultedinthe
formation of adark gray substance whose volume was
three or five times greater than the volume of the crys-
talline grains of the initial salt (Fig. 1a). Crystaline
grains of the product collapsed into powder under an
even insignificant mechanical action.

The electronic properties of catalytic nitrogen-con-
taining carbon nanotubes were compared with those of
carbon nanotubes synthesized through electric-arc
evaporation of graphite according to the procedure
described in our recent work [7].

The CK,, x-ray fluorescence spectra of carbon nano-
tube samples were recorded on a Stearat laboratory
X-ray spectrometer. The spectral resolution was~0.4 eV.
The spectra were measured using an NH,AP ammo-
nium biphthalate single crystal as an analyzing crystal
[8l.

The x-ray photoel ectron spectra were recorded on a
VG ESCALAB dectron spectrometer (VG Scientific
Co.). Electron emission was excited using x-ray radia-
tion of the AlK,, line. The instrumental broadening was
equal to 0.3 V.

The electrical conductivity of bulk carbon-nanotube
samples synthesized through catalytic decomposition
of acetonitrile and electric-arc evaporation of graphite
was measured by the four-point probe method in the
temperature range 4.2-300 K.

3. RESULTS AND DISCUSSION

We performed a series of syntheses of carbon nano-
tubes at different temperaturesin the range from 700 to
1000°C and revedled that the highest efficiency of the
formation of carbon nanotubesis observed at synthesis
temperatures ranging from 800 to 850°C (Fig. 1b). An
increase (or decrease) in the synthesis temperature by
100°C leads to a substantial decrease in the nanotube
yield due to carbonization and the formation of large-
sized (morethan 1000 A) particlesin the sample. These
particles undergo graphitization at atemperature above
900°C and do not exhibit a visible texture at low tem-
peratures. The carbon nanotubes synthesized at an opti-
mum temperature are oriented in arandom manner and

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

2002

653

Fig. 1. Micrographs of catalytic nitrogen-containing nano-
tubes: (a) Jeol-200E scanning electron microscope and
(b, ¢) JEM-2010 transmission electron microscopes.

contain virtually no impurities and amorphous carbon.
The nanotube diameter falls in the range 10-50 nm.
Judging from the electron microscope images, the car-
bon nanotubes have relatively thick walls, the nanotube
channels are virtually empty, and metallic catalyst par-
ticles are located at the tips of the carbon nanctubes.
The graphite layers arranged in the nanotube walls are
strongly distorted and partialy stratified. It should be
noted that the carbon nanotubes synthesized at an opti-
mum temperature can consist of two or more multi-
walled nanotubes (Fig. 1c) rolled up to form a concen-
tric structure.

The composition of the carbon nanotubes under
investigation was determined by analyzing the intensi-
ties of the x-ray photoel ectron spectra with due regard
for the photoionization cross sections. The nitrogen
content in the catal ytic nanotubes was found to be equal
to 3%. In the case when the carbon nanotubeswere syn-
thesized at higher (or lower) temperatures, the nitrogen
content in the product increased to 10%. Figure 2adis-
plays the N 1s photoelectron spectrum of the catalytic
nanotubes prepared through pyrolysis of acetonitrile.
Asisclearly seen from Fig. 2a, this spectrum consists
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dences of the electrical conductivity a(T) for samples of (1) multi-walled carbon nanotubes produced in an electric arc and (I1) cat-

aytic nitrogen-containing carbon nanotubes.

of three components with maxima at energies of
398.8 eV (maximum A), 401.5 eV (maximum B), and
404.2 eV (maximum C). This suggests that chemically
noneguivalent nitrogen atoms are involved in the nano-
tube structure. Terrones [5] assumed that nitrogen
atoms are incorporated into the carbon network with
the formation of a hole-type structure. Each nitrogen
atom located in a nanotube layer is bonded to two car-
bon atoms (the electronic state of the nitrogen atom in
the nanotube layer is similar to the electronic state of
the nitrogen atom involved in the CsHsN pyridine mol-
ecule). This chemica state is consistent with the B
maximum in Fig. 2a. In this figure, the A maximum is
attributed to the nitrile nitrogen atoms and the C maxi-
mum is associated with the nitrogen oxidized state.
The eélectronic state of carbon atoms can be judged
from the CK, x-ray fluorescence spectra of the carbon
nanotubes. The CK, x-ray fluorescence spectra of the
electric-arc-produced carbon nanotubes and catalytic

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

nitrogen-containing carbon nanotubes are depicted in
Fig. 2b. In both cases, the spectra exhibit three features
that can be assigned to electronic transitions from the
o-type energy levels (maximum A), the upper o- and
lowest Trtype level s (maximum B), and the upper occu-
pied Tetype energy levels (maximum C). The CK,, fluo-
rescence spectrum of the electric-arc-produced carbon
nanotubes is in good agreement with the spectrum of
graphite. This indicates that the electronic structure of
electric-arc-produced carbon nanotubesissimilar to the
electronic structure of graphite [1]. The CK,, fluores-
cence spectrum of catalytic nitrogen-containing carbon
nanotubes is characterized by aweak short-wavelength
shoulder C and a more intense maximum B. Such a
shape of the CK, fluorescence spectrum suggests a
decreasein the carbon 1€l ectron density. Thisdecrease
can be explained by thefact that thereisapartial carbon
hydrogenation with the formation of C-H bonds. The
fact that the CK, fluorescence spectrum of catalytic
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nitrogen-containing carbon nanotubes produced by
another method can have a different shape [3] indicates
that these carbon nanotubes exhibit a different micro-
structure and, most likely, a different growth mecha
nism.

The electrical conductivity of the electric-arc-pro-
duced and catalytic carbon nanotubes was measured in
the temperature range 4.5-300 K (Fig. 2¢). For an elec-
tric-arc-produced sample consisting of multi-walled
carbon nanotubes with a minimum amount of defects,
the temperature dependence of the el ectrical conductiv-
ity at temperatures below 50 K exhibits alinear behav-

ior (Fig. 2c, curvel): o(T) = (e?/21%h) L;l (T), where o
isthe electrical conductivity of the sample, eisthe ele-
mentary charge, % is the Planck constant, L, is the
localization length, and T is the temperature. As is
known, this behavior of the temperature dependence of
the electrical conductivity is characteristic of three-
dimensional effects of weak localization [9]. The local-
ization length L, is estimated as L,(4.2 K) = 200 A.
This suggests that interference effects are predominant
in nanotube bundles rather than in an individual nano-
tube.

For catalytic nitrogen-containing multi-walled car-
bon nanotubes, the temperature dependence of the elec-
trical conductivity can be described by a logarithmic
law (Fig. 2c, curvell). Thisbehavior of the temperature
dependence of the electrical conductivity corresponds
to a two-dimensional localization at temperatures
below 50 K due to the presence of defects in nanotubes
[10]. It should also be noted that the electrical conduc-
tivity of catalytic nitrogen-containing multi-walled car-
bon nanotubes (Fig. 1) is two orders of magnitude less
than that of multi-walled carbon nanotubes synthesized
through electric-arc evaporation of graphite (Fig. 2c,
curve 1). This difference is associated with both a
higher degree of structure imperfection of catalytic
nitrogen-containing carbon nanotubes and a smaller
amount of contacts between individual nanotubesin the
bulk sample.

4. CONCLUSION

Thus, nitrogen-doped carbon nanotubes can be pro-
duced by gas-phase decomposition of acetonitrile with
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a nickel—cobalt catalyst. The structure and transport
properties of nitrogen-containing multi-walled carbon
nanotubes substantialy differ from those of muilti-
walled carbon nanotubes synthesized through electric-
arc evaporation of graphite.
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Abstract— The high-yield synthesis of single-walled carbon nanotubes (SWNTS) is carried out in an electric-
arc discharge using the Ni—Cr alloy as a catalyst. A new method of introducing the catalyst into the plasma hot
region isused in the synthesis. In this method, the anode with a sandwich structure consists of two longitudinal
graphite rods of arectangular cross section, between which the Ni—Cr alloy in the form of afoil having athick-
ness approximately equal to 0.2 mm is placed. The obtained samples are investigated using transmission elec-
tron microscopy (TEM), Raman spectroscopy, and thermogravimetry. According to the results of TEM obser-
vations, SWNTs are tied into bundles with alength of several micrometers and adiameter of about 10 nm. The
Raman spectra indicate that the diameter distribution of SWNTSs lies between 1.2 and 1.5 nm with a peak at
approximately 1.24 nm. The SWNT content in the obtained samples is approximately 20%. Heat treatment at
various temperatures with a dosed air supply leads to a noticeable mass loss of the sample and to a change in
its composition. For example, thus heating to 600 K causes a mass loss of about 40%, leading to anincreasein
the content of SWNTSs up to 35% without their noticeable destruction. Further heating above 600 K leadsto a

virtually complete thermal decomposition of SWNTs. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The scientific and applied importance of preparing
and studying single-walled carbon nanotubes (SWNTYS)
[1, 2] is primarily due to the their potential application
as a basis for nanoelectronic devices [3], electron field
emitters [4], devices for gas storage [5], mechanical
nanomanipulators [6], etc. However, the practical real-
ization of these potentialities is hampered by the very
low efficiency and high production cost inherent in the
currently available methods of producing nanotubes|1,
2]. The most popular of these methods is based on the
thermal evaporation of graphite electrodesin an electric
arc in the presence of ametal catalyst. The metals used
asacatayst haveincluded Fe, Ni, Co,Y, Ce, La, Rh, Pr,
and their aloys[1, 2, 7-9]. Since the basic parameters
of SWNTs obtained using this method of synthesis are
determined to a considerable extent by the type of cat-
alyst used, the list of metals employed as catalysts
should be extended. In the present work, we proposed
and used a catalyst in the form of a Ni—Cr aloy.

Another important factor determining both the prop-
erties of SWNTs and the possibility of synthesizing
SWNTs in appreciable amounts is the introduction of
the catalyst into the hot region of the plasma arc in
which the SWNT synthesis takes place. The most prev-
alent approach to solving this problemisthefilling of a
deep cylindrical hole drilled into an anode rod with a
mixture of metallic and graphite powders [1, 2]. This
mixture must be thoroughly pressed into the hole to

prevent sputtering of the powder before its heating.
Thus, the procedure of anode preparation is quite com-
plicated, which sets alimit on the output of the SWNT
synthesis and increasesits cost. In contrast to the tradi-
tional approach described above, we used an anode in
the form of a sandwich, such that the alloy in the form
of athinfoil was placed between two extended graphite
rods of arectangular cross section. This simplified the
preparation of the anode and ensured the reproducibil-
ity of the properties of the SWNTSs being synthesized.

The material obtained using the new type of catalyst
and the new way of its introduction into the arc region
was studied by Raman spectroscopy, transmission el ec-
tron microscopy (TEM), and thermogravimetry (TGA).
It follows from the results of measurementsthat thetis-
suelike material collected from the discharge chamber
walls contains 20-25% SWNTSs. Heat treatment of
samples at atemperature of 600 K and adosed air sup-
ply in combination with acid treatment increases the
SWNT content to 35-40%.

2. EXPERIMENT

Soot samples containing SWNTswere obtained in a
cylindrical gas-discharge chamber with avolume of 71
and water-cooled walls. The cathode used was a cylin-
drical graphite rod with a diameter of 6 mm and a
sharpened tip. A consumable anode had a sandwich
structure with two graphite rods of a rectangular cross
section (7 x 3.5 mm), between which athin foil of the
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catalyst was placed. As catalysts, we tested various
metallic alloys and compounds (Ni, Y, Y3, Fe, Cu, and
Cr), aswell astheir combinations. The best results con-
cerning the SWNT vyield were obtained when Y Ni,,
Y F;Ni,, and NiCr were used. Most experiments were
made using the most suitable Ni—-Cr aloy with the
weight ratio 80 : 20, which is characterized by good
technological properties and arelatively high avail abil-
ity. A 0.2-um-thick foil constituted about 10% of the
weight of the anode material. The introduction of the
foil aong the gap between the two graphite rods
ensured a uniform supply of the catalyst to the plasma
region. It should be noted that the use of the catalyst in
the form of athin foil made of the NiCr alloy has obvi-
ous technological advantages in producing SWNTSs.
The dc arc was drawn under a He pressure of 700 Torr,
acurrent of 60 A, and avoltage of 29to 30V, the elec-
trode spacing being 4 mm. The voltage and the elec-
trode spacing were stabilized automatically as a result
of the displacement of the anode during arc burning
[10]. The rate of thermal sputtering of the anode mate-
rial was on the order of g/h.

A material containing SWNTs was discovered on
the discharge chamber walls and on the surface of the
cathode. The material coating the chamber walls had a
layered tissuelike structure with a porosity at alevel of
90%; it could be easily separated from the walls and
preserved stability under weak mechanical action. The
growth rate for thislayer was on the order of 0.1 mm/h.
This material was cut into samples with an area of
approximately 50 mm? and a thickness of 0.5 mm and
was investigated using a Raman spectrometer, a trans-
mission electron microscope, and a thermogravimetric
analyzer. In addition, the sample was purified by acid
treatment.

The TGA of the samples was carried out using the
method described in [11]. A sample of the tissuelike
material with a weight of 100200 mg was introduced
into acylindrical vessel of diameter and height equal to
15 mm, where it was heated in air at arate of 5 K/min
in the temperature range from 300 to 900 K. In order to
prevent sample inflammation, air was supplied in small
doses (0.5 cm?/s). The sample weight was monitored to
within 10 mg.

3. DISCUSSION

Figure 1a showsthe Raman spectrum of adirty sam-
ple, which was obtained with the help of an Ar* laser
(A = 0.5145 pm). In order to avoid undesirable sample
heating, the lasing intensity was maintained at a low
level. The Raman spectrum contains two groups of
lines, indicating the presence of SWNTs with adiame-
ter distribution in the range from 1.2 to 1.5 nm, whose
peak isat 1.24 nm. The first group includes the 1590-,
1566-, and 1551-cm™ lines and belongs to tangential
modes typica of SWNTs [12]. The second group of
lines lies in the vicinity of 180 cm™ and belongs to
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Fig. 1. Raman spectra of SWNT bundles obtained using a
Ni/Cr-based catalyst: (a) complete spectrum and (b)
enlarged part of the spectrum corresponding to radia
breathing modes (I marksthe radial breathing modesand 1
indicates the tangential modes). The values of nanotube
diameters (nm) corresponding to the shift of the Raman line
(cm™Y) areindicated on the spectrum.

radial breathing modes whose frequencies areinversely
proportional to the SWNT diameter [13]. This part of
the spectrum is shown on a magnified scale in Fig. 1b,
where the SWNT diameters corresponding to spectral
singularities are indicated.

Figure 2 shows the TEM image of adirty sample. It
can be seen that SWNTs are tied into extended bundles
of diameters on the order of 10 nm which consist of a
few dozens of nanotubes. In addition to bundles, alarge
number of carbon particles and amorphous graphite can
be observed.

Figure 3 shows typical TGA results. It can be seen
that the heat treatment of the sample below 600 K |eads
to aloss of approximately 40% of its mass. It follows
from the results of the Raman spectroscopy that this
does not |ead to the destruction of nanotubes. However,
afurther increase in temperature is accompanied by the
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Fig. 2. TEM image of a sample containing SWNT bundles.
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Fig. 3. Results of thermogravimetric analysis of an SWNT-
containing sample: curve 1 corresponds to temperature and
curve 2 to the sample mass. The heating rateis 5 K/min and
the rate of air supply is 0.5 cm®/s.

thermal decompoasition of SWNTS, so that the total loss
of the sample mass as a result of heating to 900 K
reaches 90%.

The results of measurements described above show
that the nanotubes obtained by using a Ni/Cr foil as a
catalyst do not differ significantly from the SWNTs
obtained by using catalysts on the basis of other metals.
However, the application of the sandwich structure of
the anode with a catalyst in the form of athin foil offers
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indisputable technological advantages. Among other
things, this makes it possible to avoid technologically
complicated drilling of a deep small-diameter hole into
the graphite rod and pressing of powder into the hole,
which often lead to the rod breaking. In addition, such
a configuration facilitates more complete utilization of
the anode rods, which increases the productivity of the
SWNT synthesis.
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Abstract—Bulk samples of oriented carbon nanotubes were prepared by el ectric arc evaporation of graphitein
a helium environment. The temperature dependence of the conductivity o(T), as well as the temperature and
field dependences of the magnetic susceptibility x(T, B) and magnetoresistance p(B, T), was measured for both
the pristine and brominated samples. The pristine samples exhibit an anisotropy in the conductivity
0)(T)/o(T) > 50, which disappears in the brominated samples. The X (T, B) datawere used to estimate the car-
rier concentration ny in the samples: ng;,; ~ 3 x 10'9 cm for the pristine sample, and nyg, ~ 10** cm™ for the
brominated sample. Estimation of thetotal carrier concentration n = ng + n, fromthedataon p(B, T) yidldsn;, =
4% 10 e 3 (or 1.3 x 10 cm™) and ng, = 2 x 10* cm3 (or 6.7 x 101 cm). These estimates arein good agree-
ment with one another and indicate an approximately fourfold increasein carrier concentration in samples after

bromination. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Being a new type of quasi-one-dimensional object,
carbon nanotubes stimulate considerable interest
because of their significance in fundamental physics
and their application potential. It appears natura to
expect the manifestation of new properties connected
with cooperative phenomena in bulk samples consist-
ing of carbon nanotubes. Variation of coupling between
nanotubes in such samples should give rise to qualita:
tively novel properties of the material. In our case, the
nanotube coupling was varied by chemica bromina
tion. We report here on a study of the electrophysical
and magnetic properties of bulk samples of carbon nan-
otubes, both pristine and modified by bromination.

2. EXPERIMENT

Bulk samples of multiwall carbon nanotubes were
prepared by arc evaporation of graphite in a helium
environment. The central part of the cathode film con-
tained more than 50 vol % multiwall carbon nanotubes
(Fig. 1). We used pristine samples with the maximum
nanotube content (~80%) for our experiment. Bromi-
nated samples were obtained by maintaining the pris-
tine samples in bromine vapor at room temperature for
several weeks. Photoelectron spectroscopy showed the

sampl es thus prepared to have the CBr, o composition.
After bromination, the samples were stored at room
temperature for several months until the relaxation pro-
cesses associated with bromine redistribution over the
sampl e volume stopped. The pristine samples consi sted
of multiwall carbon nanotubes 50-150 A in diameter
(Fig. 1a) bound in bundles ~500-1500 A in diameter
(Fig. 1b) which were oriented in a bulk sample along
the layers perpendicular to the film axis. The samples
could be easily split along these layers. Bromination
made the sample monolithic, and it could no longer be
split along these layers.

The temperature dependence of the sample electri-
cal conductivity anisotropy o,(T)/oy(T) (o(T) and
o(T) are the electrical conductivities along and per-
pendicular to the layers, respectively) was measured by
the Montgomery method within the range 4.2-500 K
(Fig. 2). The maximum value oy(T)/o(T) ~ 50 was
observed near room temperature for the pristine sam-
ple. No anisotropy was found to exist in the brominated
samples (0, ~ op). Moreover, the room-temperature
conductivity of the brominated sample was about four
times higher than that measured along the layersin the
pristine sample. After bromination, the carrier concen-
tration in single-wall carbon nanotubes was reported to
increase [1]. The increase in the conductivity of our

1063-7834/02/4404-0659%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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~20.0kV x30.0 K 600 nm

(a

Fig. 1. Images of pristine samples obtained with (a) a high-resolution transmission el ectron microscope and (b) a scanning electron
microscope. The film axis is perpendicular to the figure plane.
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Fig. 2. Temperature dependences of the conductivity anisotropy o}(T)/or(T) (18), of the conductivity o)(T) = o(T) (I1a), and of the
magnetic susceptibility x(T) measured in different magnetic fields (Ib, I1b), as well as magnetoresistance p(B) measured at fixed
temperatures (Ic, I1c) in the pristine (Ia-Ic) and brominated (I1a-l1c) samples. In panels Ib and I1b, H is equal to (1) 0.01, (2) 0.5,
and (3) 5.5 T; andin panelsicand llc, T isequd to (1) 4.5, (2) 10, (3) 25, (4) 50, (5) 75, (6) 100, (7) 150, (8) 300, and (9) 400 K.
The continuouslinesin Ib and I1b arefits of Eg. (1) to the experimental data obtained in the range 50400 K. The fitting parameters
Yo (eV), To(K), and & (K) for the pristine sample (Ib) are (1, 2) 1.6, 215, and 159; (3) 1.7, 327, and 210; and those for the brominated
sample (11b) are (1) 1.4, 340, and 252; (2) 1.4, 300, and 273; (3) 1.5, 435, and 325.
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brominated samples consisting of carbon multiwall
nanotubes can al so be connected with anincreasein the
carrier concentration. To test this conjecture, we stud-
ied the temperature and field dependences of the mag-
netic susceptibility x(T, B) and of the magnetoresis-
tance p(B, T) of both the pristine and brominated sam-
ples.

The samples intended for magnetic measurements
were cut in theform of cylinders, 3 mm in diameter and
10 mm long, of the pristine and brominated samples,
with the axis of the cylinder being along that of the
deposit axis. The (T, B) relation was measured on an
MPMS-5 SQUID magnetometer (Quantum Design,
USA). The measurements were performed in the tem-
perature interval 4.5-400 K in three fixed magnetic
fieldsof 0.01, 0.5, and 5.5 T (Fig. 2). The experimental
data obtained in the range 50400 K fit the following
relation well (continuous linesin Fig. 2):

—5.45 x 1072
ke(T +8){2+ exp(n) + exp(-n)}

which was proposed by Kotosonov for quasi-two-
dimensional graphite [2—4]. Later, the applicability of
thismodel to the magnetic susceptibility of carbon mul-
tiwall nanotubes was verified both experimentally [5—
7] and theoretically [8]. According to this model, the
diamagnetic susceptibility is dominated by the concen-
tration of the extrinsic carriers n, associated with struc-
tural defects. Accordingly, the parametersin Eg. (1) are
determined by n,. In Eq. (1), Y, isthe band parameter, &
relates to the broadening of the density-of-states func-
tion on the Fermi surface caused by carrier scattering
from structural defects, and ) can be expressed through
0 and T, where T, is the carrier degeneracy tempera-
ture. The caption to Fig. 2 lists the values of these
parameters obtained by fitting Eq. (1) to the experimen-
tal data. Estimation of ny made by fitting Eq. (1) to the
X(T, B) experimental data yielded ny,i ~ 3 x 10 cm™
and ngg, ~ 10 cm for the pristine and brominated
samples, respectively. As seen from the data obtained,
bromination increases n, by afactor of 3.3. To derivean
independent estimate of n, from other data, we studied
p(B, T) in magnetic fieldsfrom 0to 5.5 T at fixed tem-
peratures of 4.5, 10, 25, 50, 75, 100, 150, 300, and 400
K (Fig. 2). The continuous linesin Fig. 2 (Ic, l1c) show
the results of approximating the experimental datawith
the relation

X(T) = emu/g, (1)

p(H)/p(0)
0.0,(He + 1) B cos B 2)

) (Oe + C)-p)z + (ceup _o-pp-e)ZBZCOSze’

which describes the magnetoresi stance of carbon mul-
tiwall nanotubes within the two-band model [9]. The
magnetic field in our experiment was oriented perpen-
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dicular to the nanotube orientation plane (6 = 0). Simi-
lar to [9], we assumed that the electron and hole mobil-
itiesdiffer little from each other (U, ~ W, = 1). Using the
fitting parameters of Eq. (2), we estimated the concen-

9 U and holes

. f S —
trations of electrons %19 eu(odo,) + 1Y

%] __0o(adoy)
P ep(odo,) + 10
n = n, + n, was found to be temperature-independent:

N = 4 % 107 cm® (1.3 x 10%° cm?) and ng, = 2 x
108 cm3 (6.7 x 10%° cm2).

The total carrier concentration

3. DISCUSSION OF RESULTS

Asfollowsfrom the measurements of the conductiv-
ity anisotropy o,(T)/o(T) and from electron-micros-
copy images, the conductivity of samples consisting of
more than 80% of carbon multiwall nanotubes is dom-
inated by the conduction along the nanotube bundlesin
contact with one another. The conductivity of the pris-
tine sample along the layers formed by these bundlesis
substantially higher than that across the layers, because
conduction in the transverse direction occurs over the
zigzag channels produced by contacting nanotube bun-
dies belonging to different layers. The number of such
contacts in the pristine sample is small enough; thisis
what brings about the anisotropy in the conductivity
and allows easy splitting of the pristine samples along
these layers. Bromination creates additional contacts
between the nanotube bundles of different layers at the
bromine sites. As a result, the conductivity across the
layers becomes comparable with that along the layers,
the sample can no longer be split, and becomes three-
dimensional. In brominated samples, the conductivity
along the nanotubes increases about fourfold as aresult
of the increase in carrier concentration. Estimation of
the carrier concentration made from the x(T, B) and
p(B, T) relations also implies about a fourfold increase
[afactor of 3.3 from (T, B) dataand 5 from p(B, T)] in
the carrier concentration in the brominated samples.
The fairly similar values of the carrier concentration
obtained from thefitting of the x(T, B) and p(B, T) rela-
tions verify the validity of such estimates and the pos-
sibility of their usefor intentional modification of sam-
ples.
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Abstract—It isdemonstrated that the CK, x-ray fluorescence spectraof carbon nanotubes synthesized by elec-
tric-arc evaporation of graphite and the spectra of carbon nanotubes produced using catalytic decomposition of
hydrocarbons differ in the intensity of the short-wavelength lines. In order to interpret the obtained data, the
electronic structures of perfect and defect-containing nanotubes are calculated in the framework of the tight-
binding method with optimized parameters. The density of localized states that correspond to the observed
increase in the intensity of the fluorescence spectrum of catalytic nanotubes can be obtained in the case when
15-20% of the total number of carbon atoms are absent in the carbon network. It is shown that defects of this

type can bring about a decrease in the band gap of the nanotubes. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The electronic structure of carbon nanotubes is
determined to alarge measure by the geometric param-
eters, such as the nanotube diameter [1], helicity [2],
and different-type defects [3-5]. The real structure of
nanotubes depends on the method of their synthesis.
The most frequently used methods of producing carbon
nanotubes are laser evaporation, electric-arc synthesis,
and catalytic decomposition of hydrocarbons in the
presence of metal nanoparticles. Nanotubes produced
by different methods differ in morphology, degree of
imperfection, and electronic properties. Investigation
into the structure of defects and their effect on the elec-
tronic structure is one of the topical directions in the
physics of carbon nanotubes.

In this work, we performed x-ray spectroscopic and
guantum-chemical investigations into the electronic
structure of carbon nanotubes synthesized by electric-
arc graphite evaporation [6] and gas-phase decomposi-
tion of acetylene with the use of iron and cobalt nano-
particles as acatalyst at atemperature of ~700°C [7].

2. RESULTS AND DISCUSSION

Figure 1a showsthe experimental CK,, fluorescence
spectra of the electric-arc-produced (curve 2) and cata-
Iytic (curve 3) nanotubes in comparison with the spec-
trum of untexturated graphite (curve 1). The CK,, spec-
trum characterizes the 2p electron density distribution
in the valence band of the compound. The measured
spectraexhibit three specific features, namely, A, B, and

C. The intensity and energy location of these features
arevirtually identical for the spectra of the electric-arc-
produced nanotubes and graphite. This suggests asim-
ilarity between the electronic structures of the materials
under investigation. The spectrum of catalytic tubesis
characterized by an increase in the relative intensity of
the short-wavelength line A. The A maximum in the
spectra of graphite materials corresponds to the 1t sys-
tem. The changes observed in the spectrum of catalytic
nanotubes can be explained in terms of structural
imperfections in the carbon network of the nanotube.
The carbon network of a nanotube can contain defects
intheform of adjacent five- and seven-membered rings
(pentagon—-heptagon pairs). Partial hydrogenation or
the formation of covalent bonds between the layers of
multi-walled carbon nanotubes leads to the formation
of sp*-hybridized atoms in the carbon network of the
nanotube. Theinfluence of these defects on the shape of
the CK, fluorescence spectrawas analyzed in [8, 9]. In
the present work, we examined the electronic structure
of the (20, 0) nanotube with a periodic defect in the
form of ahexagonal hole.

The quantum-chemical calculation was performed
in the framework of the semiempirical tight-binding
methods [10]. The single-electron parameters were
chosen in such a manner that the width and relative
positions of the Ttand o components of the x-ray emis-
sion spectrum of graphite [11] should be reproduced.
We calculated the following parameters. E; = —2.99,
Ep = 3.71, Vigs = 4.0, Vg = 3.7, Vo = 4.5, and Vg =
—2.05. The interactions between the first nearest neigh-
bors were taken into account. Figure 1b displays two
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Fig. 1. (a) Experimental CK,, fluorescence spectra of (1) graphite and (2) electric-arc-produced and (3) catalytic carbon nanotubes;
(b) structures of the defect-containing carbon nanotubes| and 11 with different defect densities; (c) calculated partial C 2p electron
densities of states in the valence band of a perfect (20, 0) nanotube and defect nanotube structures | and 11: (1) 1, (2) o, and
(3) (rt+ o) components; and (d) dispersion curves for a perfect zigzag (20, 0) nanotube and defect-contai ning nanotubes.

considered structures with holes. In structurel, theunit  bled and the total number of carbon atoms involved in
cell contains 136 atoms, including 24 twofold-coordi-  the unit cell is 192. The electronic structure is calcu-
nated carbon atoms. In structure 11, the number of two-  |ated with respect to 21 k points in the one-dimensional
fold-coordinated carbon atoms in the unit cell is dou-  Brillouin zone.
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Figure 1c represents the C 2p electron densities cal-
culated for the occupied crystalline orbitals of a perfect
(20, 0) nanotube and two defect nanotube structures.
The C 2p electron density was constructed by summa-
tion of the squares of the coefficients for C 2p atomic
orbitals over al the atomsinvolved in the unit cell. The
1t and o components were obtained separately. The Tt
component is represented by the 2p orbitals directed
radially to the tube surface. The o orbitals are directed
tangentially to the tube surface. It is seen that the den-
sity of states substantially changes upon the introduc-
tion of vacancies into the carbon network. The o com-
ponent exhibits an additional high-energy maximum at
an energy of 2.5 eV due to the localization of the elec-
tron density on the dangling bonds of carbon atoms. An
insignificant decrease in the intensity of the 1T compo-
nent is associated with the decrease in the number of 1t
electrons in the system. If the interactions between the
vacancies are ignored, the intensity of the aforemen-
tioned high-energy maximum in the ¢ component can
be considered to be proportional to the number of dan-
gling bonds in the unit cell. However, it is evident that,
compared to structure I, the intensity of this maximum
for structure 11 increases by a factor of less than two,
even though the number of dangling bonds is doubled.
Thisratio can be broken as the result of the interaction
between electrons of the twofold-coordinated carbon
atoms that form the boundaries of the neighboring
holes.

The results of calculations of the band structure are
represented in Fig. 1d. In the energy range 2.0-2.5 eV,
the band structure of the defect-containing nanotubesis
characterized by the crystalline orbitals with an insig-
nificant dispersion. The electron density of these orhit-
asisresponsible for the high-energy maximum in the
o component. The formation of holes in the nanotube
structure also leads to a change in the band gap due to
variations in the efficiency of the interatomic interac-
tions. According to our calculations, the band gap of the
perfect (20, 0) nanotubeisequal t00.39 eV; inthiscase,
the valence and conduction bands are doubly degener-
ate at the ™ point. In structures | and |1, the band gaps
decrease to 0.36 and 0.18 eV, respectively. The valence
band top and the conduction band bottom in both defect
structures are not degenerate at the I” point.

3. CONCLUSIONS

The above investigation demonstrated that the
observed increase in the short-wavel ength maximum of
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the x-ray fluorescence spectrum of the catalytic carbon
nanotubes can be caused by theimperfection of the car-
bon network. The intensity of maximum A in the exper-
imental spectrum of the catalytic nanotubes increases
by 50% compared to that of the electric-arc-produced
nanotubes. The corresponding increase in intensity of
the high-energy maximum in the theoretical spectrum
is observed when the content of atomic vacanciesin the
carbon nanotube reaches ~15-20%. The calculation of
the band structure showed that the conductivity of
defect-containing nanotubes can be higher than that of
defect-free nanotubes.
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Abstract—The diamagnetic susceptibility and EPR signals of multi-walled carbon nanotubes produced at dif-
ferent helium pressures and rates of feed of the graphite anode are studied. It is found that a decrease in the
helium pressure and in the feed rate of the graphite anode leads to an increase in the diamagnetic susceptibility
and the g factor of the EPR signal associated with the carbon nanotubes. The investigation into the magnetic
properties within the framework of the band model of quasi-two-dimensional graphite demonstrates that an
increasein the diamagnetic susceptibility and in the g factor of the EPR signal isdueto adecrease in the content
of layered defects in the carbon nanotubes. Analysis of the EPR spectra indicates that, in addition to carbon
nanotubes, the cathode deposit contains a considerabl e fraction of polyhedral nanoparticles at helium pressure
in achamber below 200 Torr. A similar situation is observed for cathode deposits obtained at low feed rates of
the graphite anode. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Theoretical calculations[1] and experimental inves-
tigations [2-5] have shown that the el ectronic structure
and magnetic properties of multi-walled carbon nano-
tubes are sensitive to both the number of layers and the
content of layered defects and impurity atoms in nano-
tubes. It is evident that the content and type of defects
in multi-walled carbon nanotubes should be governed,
to a large extent, by the conditions of nanotube syn-
thesis.

Earlier [1, 4, 5], it was demonstrated that the tem-
perature dependences of the diamagnetic susceptibility
and EPR parametersfor multi-walled carbon nanotubes
containing 15 layers and more can be adequately
described in the framework of the band model of quasi-
two-dimensional graphite [6, 7]. Moreover, this model
makes it possible to determine the type and content of
defects located in graphite layers of multi-walled car-
bon nanotubes.

In this work, we investigated the magnetic properties
of cathode deposits produced by the arc-discharge method
at different helium pressures (from 50 to 2000 Torr) and
different feed rates of the graphite anode (from 0.8 to
8 mm/min) at an electric-arc current of 65 A.

2. SAMPLES AND EXPERIMENTAL TECHNIQUE

For our measurements, the samples were chosen
from the central part of the cathode deposit. The dia-

magnetic susceptibility was measured on an Oxford
Instruments system by the Faraday technique. The error
in measuring the susceptibility was no more than
1078 emu/g. The EPR signal was measured on an E-109
Varian spectrometer operating at a frequency of
9.3 GHz. The error in determining the g factor was no
more than 10~

3. RESULTS AND DISCUSSION

The measurements demonstrated that the orientation-
aly averaged diamagnetic susceptibility of the cathode
deposit increases from 7.9 to 9.2 x 10 emu/g with a
decrease in the helium pressure from 2000 to 200 Torr.
The correlation between the diamagnetic susceptibility
of the cathode deposit and the helium pressure in the
deposition chamber is represented in the figure. Analy-
sis of the EPR spectra of the cathode deposits obtained
in the aforementioned pressure range showed that the
EPR spectrum consists of a singlet associated with
multi-walled carbon nanotubes for which the g factor
increases from 2.015 to 2.021 with a decrease in the
helium pressure. This behavior of the magnetic proper-
ties suggests that the content of layered defects in
multi-walled carbon nanotubes decreases with a
decrease in the helium pressure. The experimental tem-
perature dependences of the diamagnetic susceptibility
were analyzed theoretically for anumber of samplesin
the framework of the band model of quasi-two-dimen-
siona graphite. It was found that a decrease in the
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(2) Orientationally averaged diamagnetic susceptibility and
(2) the content of layered defects in multi-walled carbon
nanotubes produced at different helium pressures.

helium pressure from 2000 to 200 Torr leads to a
decrease in the content of linear defects from 6.1 to
2.8 x 10'° cm? (see figure). Examination of the EPR
spectra of the cathode deposits produced at a helium
pressure ranging from 50 to 150 Torr revealed that, in
addition to the EPR signal attributed to multi-walled
carbon nanotubes, the EPR spectrum exhibits an addi-
tional signal (g = 2.01) assigned to nanoparticles. As
the helium pressure decreases, the relative intensity of
the EPR signa from multi-walled carbon nanotubes
decreases, whereastheintensity of the signal associated
with nanoparticles increases. Consequently, the frac-
tion of particlesin the cathode deposit should increase.
Thisinference was confirmed by high-resolution trans-
mission electron microscopy. It was shown that these
samples are characterized by a small amount of multi-
walled carbon nanotubes and alarge amount of polyhe-
dral nanoparticles.

The influence of the feed rate of the graphite anode
on the structure and magnetic properties of the cathode
deposits was analyzed for samples prepared at ahelium
pressure of 500 Torr.

A decrease in the feed rate of the graphite anode
leads to an increase in the diamagnetic susceptibility
and the g factor of the EPR signal from multi-walled
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carbon nanotubes due to a decrease in the content of
layered defects in the nanoparticles. A theoretical treat-
ment of the temperature dependences of the diamag-
netic susceptibility reveal ed that adecreasein the anode
feed rate from 8 to 0.8 mm/min brings about a decrease
in the defect content from 6 to 3 x 10'° cm=2. However,
the samples prepared at a feed rate of less than
2 mm/min are not homogeneous. |n addition to the EPR
signal attributed to multi-walled carbon nanotubes, the
EPR spectra of these samples at low temperatures
(150 K) exhibit an EPR signal with a lower g vaue.
Thisis caused by the presence of another, more defec-
tiveform of carbon. According to transmission electron
microscopy, these samples, apart from multi-walled
carbon nanotubes and polyhedral nanoparticles, con-
tain graphite particles and amorphous carbon.

4. CONCLUSION

The experimental results obtained in this work
allowed us to conclude that the magnetic properties of
multi-walled carbon nanotubes can be used to control
the synthesis of carbon nanotubes with specified prop-
erties.
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Abstract—Energy beams, such asion and laser beams, were employed to convert carbon alotropes into other
ones at a specified position because these energy sources can be controlled precisely in time and space. Theion
beam deposition technique employing mass-separated ions proved effective in studying the nucleation process
by changing severa growth parameters (ion species, incident energies, and substrate temperatures). Immersed
nanosized diamonds were found in an sp3-rich amorphous film prepared with 100-eV *°C* ions at room tem-
perature. Surrounding these nanodiamonds, regularly arrayed small bumps, “petals,” were formed around the
periphery of bald circles upon cooling. Ar-ion laser illumination is effective in designing the array of high lumi-
nescent points on a Cg, film by careful control of the laser power, and the combination of a micro-Raman spec-
trometer with a piezoscanning system provides one with atool for 2-dimensional processing of photosensitive
materias. Simultaneous bombardment during Cg, evaporation results in an interesting pattern formation spe-
cific to the simultaneous treatment. The dependence of the surface nanoscale pattern on the ion energy and the
substrate temperatures provides one with a new tool for designing nanoscale functiona materials. As an
extreme, the appearance of hexagonal diamonds was detected with disordered carbon and graphite under the
condition of there being a high ratio between the Ne ion beam and the Cg, thermal beam. © 2002 MAIK

“ Nauka/Interperiodica” .

Carbon atoms condense in various kinds of chemi-
cally bonded forms, and they exhibit remarkably excel-
lent and characteristic properties dependent on bonding
nature; this has induced broad research and applica-
tions not only in materials science but also in other sci-
entific fields. Because of these potential applications,
much attention has been paid to how to convert carbon
allotropes into one another in a controlled manner. As
is well recognized, the role of catalytic materials is
important in the conversion of Cg, into nanotubes
and/or diamond in amore moderate way. The coevapo-
ration of Ni with Cg, at high temperatures resultsin a
self-organized structure through the competitive pro-
cess between the segregation of each component and
the possible chelate formation [1]. In this case, poly-
merization of Cg and graphitization were aso
observed. Careful studies have been carried out to elu-
cidate the catalytic behavior depending on the cluster
size from the electronic and atomistic points of view
[2—4]. These chemical processes are attractive because
they are not significantly destructive and are energy-
efficient, but if onewantsto intend the design of amate-

L This article was submitted by the authorsin English.

rial to have a specified function, one must rely on other
physical processes, such as directional energy beams.

Careful beam tuning in the energy, energy density,
and beam size is also useful for changing the bonding
nature into another one at a specified area, and thiswill
become a special advantage in the design of materials
on a small scale. For example, in the supersaturated
mixture between transition metals and Cg,, they form a
uniform mixture or alayered structure without mixing
in the low temperature deposition. In this situation, Cg,
molecules will play the role of inert gas atoms, such as
Ar atoms, so asto keep Ni clusters separated, but, if the
mixture is exposed to intense electronic excitation of
energetic ions, Cg, molecules can be converted into
amorphous carbon and the segregation of Ni atoms can
be facilitated [5]. The energy beams can be used not
only to break up but also to push a limited number of
atomsinto another quasi-stable phase, which is charac-
teristic in the ion-beam-assisted deposition (IBAD)
technique [6-8]. As one of the extremesin IBAD tech-
nigques, the ion-beam deposition (IBD) technique has
been employed to study the nucleation process of dia
monds without the influence of sputtering [9], and it has
been shown that the ion species and the incident energy
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are the dominant parameters for amorphous carbon
films with higher sp® bonding fractions [10].

In this report, attention will be focused on the
appearance of nanoscal e topological features combined
with the dynamical conversion of Cg, molecules into
other carbon alotropes as a function of the beam
energy, the substrate temperature, and the relative
amount of the ion beam to the Cgz, molecule beam. As
typical examples, the topographic features obtained in
IBD and laser processing experimentsareillustrated for
comparison. The results obtained in this IBAD experi-
ment imply that if an additional parameter is intro-
duced, such as the incident beam direction, the design
of the materials will become more facilitated.

1. EXPERIMENTAL

The IBD was performed by employing an accelera-
tor-decelerator system under ultra high vacuum with
2C* ionsincident to Si(111) and an Ir(100)/MgO(100)
single-crystalline substrate [11]. The typical ion beam
parameters are 50-200 €V in energy and around 1 pA
in beam current after removal of energetic neutral spe-
cies. The crystal quality of the Ir(100)/MgO(100) sub-
strate was improved after optimization of the substrate
temperature, and the x-ray diffraction analysis and
Rutherford Back Scattering (RBS)/channeling analysis
show the crystal perfection to be comparableto an Si
wafer [12].

The IBAD was made by developing a specialy
designed chamber, as described in [13]. In this cham-
ber, three different sources (Cg,, Neions, and transition
metals) are available. When evaporating Cg, molecules,
energetic Ne* ions were introduced in the energy range
up to 5 keV. The Ne* ion beam is obliquely incident at
60° relative to the surface normal, and the sputtering
effect should be considered if one usesionswith ahigh
Z element. The chamber can be evacuated up to 1.2 x
107 Pa, and, in the IBAD experiment, the vacuum was
maintained at lessthan 5 x 107 Pa. The vapor pressure
of Cg, was maintained constant by controlling the tem-
perature of a Knudsen cell at 370°C, and the simulta-
neously growing Cg, film was bombarded with Ne* ions
in the energy range from O to 5 keV. The total amount
of incident ions was counted by digitizing the incident
current on a target holder. The submicron sized struc-
ture after IBAD treatment was analyzed with two kinds
of micro-Raman spectrometers by using an Ar-ion laser
(Renishaw 2000 with several micron laser spots and a
Nanofinder from Tokyo Instruments with a submicron
size spot for the 514 nm line). The nanoscale surface
characterization was made with an atomic force micro-
scope (JSPM-4200). Optical absorption spectroscopy
in the visible and ultraviol et regions was used to assess
the optical band gap of the deposited films.
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2. RESULTS AND DISCUSSIONS

In the IBD experiment, one can realize a more
sophisticated condition for the nucleation study of dia-

mond, for example. The 2CH;, (x = 0-4) ionswith dif-
ferent energies (50-200 eV) are incident on two kinds
of substrates (Si(111) and Ir(100)/MgO(100)) at differ-
ent temperatures (room temperature-700°C). In all
cases, the amorphous graphite films were formed with
the sp® main features, but the highest sp? fraction (80%)
was obtained under the following condition: 100-eV
12C* ions at room temperature on either substrate. It is
surprising that the same simultaneous incident with

hydrogen atoms as in the experiment using 2CH;, is

effective for the high formation rate of sp® bonding.
Figure 1 illustrates a set of photographs from IBD car-
bon films on I1r(100)/MgO(100) synthesized under the
highest sp? fraction condition. Figure 1ais an optical
micrograph (scale, roughly 500 times); it was taken
when the film was heated to 400°C under a He flow. In
this photo, one can see many bright circles associated
with small dots, “flower patterns.” The main part of this
pattern was formed upon heating, but the regularly
arranged dots were found upon cooling. This phenom-
ena was not observed in the IBD films on Si(111) sub-
strates. The IBD films on Si are resistant to heating up
to 600°C, and, after 700°C, they started to change into
graphite, judging from the Raman analysis. On the con-
trary, the IBD films on Ir/MgO are not resistant to heat-
ing, and, after heating to 400°C, apart of the film starts
to beremoved. However, the remaining part is of the sp*
nature. Each flower seems to be formed on crysta
imperfections of the substrate crystal with a small dot
at the center. Similar flower patternswere also observed
on 1r(110)/MgO(110) with (110) symmetry. Figure 1b
illustrates the atomic force microscope (AFM) analysis
performed on a singe flower among many flower pat-
terns in the same film. The regularly arranged dots
around flowers can be observed clearly, and elemental
analysis performed on this indicates that the dots are a
kind of blister with a small loss of the carbon compo-
nent. From the above-decribed information, it is rea
sonable to conclude that regularly arranged dots with a
fractal nature are formed through the deformation
instability when there is a fast temperature change in
the cooling process. The nanodot at the center (roughly
300 nm in diameter) is aso interesting, and micro-
Raman analysis with a submicron laser spot was per-
formed. The study gives us clear evidence of having
found immersed nanodiamonds in the dominant sp®
amorphous carbon film.

The illumination of Cg, films on Si with an Ar ion
laser resulted in interesting features (not shown for sim-
plicity). By careful tuning of the energy density, it has
become possible to prepare high luminescent points of
submicron size through the polymerization of Cg, films.
The array of the high luminescent points can be
designed easily by using a micro-Raman spectrometer
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Fig. 1. Surface characterization of sp3-rich DLC on IR(100)/MgO(100) heated at 700°C under flowing He gas. () Optical micro-
graph (x500). Many “flower” patterns can be seen. (b) AFM image of aflower pattern with a nanodiamond at the center. Regularly
arranged small “petals’ are formed through the instability in the fast stress-relaxation process.

combined with the AFM stage. Illumination with high
energy density or with longer exposure simply induces
graphitization. Further studies are scheduled to illus-
trate polymerization by changing the wavelength of the
lasers.

Inrelation to the carbon all otrope conversion, strong
attention was paid to the competitive process between
Cep evaporation and ion bombardment (IBAD). The
main parameters in the IBAD experiment are the Ne*
ion energies (0-5 keV), the substrate temperatures
(room temperature 800°C), and the relative ratio
between the Ne* ion beam intensity and the Cgzy molec-

ular beam intensity. The Ne" ion energy increase
improved the quality of the Cg, film on Si(111) in the
sense of its Raman spectrum in the low energy region
up to 500 eV, but, in the medium energy region from
600 to 1000 eV, amorphous carbon films with an asym-

metric feature in their Raman spectra were formed. In
the high energy region from 1600 to 4800 eV, clear
graphitization was detected with a more efficient depo-
sition rate of carbon atomsin comparison with the dep-
osition in the medium temperature region. The corre-
sponding analysis of the surface morphology and the
optical band gap was carried out by employing AFM
observation and optical absorption measurement,
respectively. The surface analysis revealed amoundlike
structure in the broad energy range from 1000 to
5000 eV, but the details are different (not shown for
simplicity). The diameter and the height in the mound-
like structure are larger for the high-energy treated
films, and, from the correlation analysis, the change in
diameter seemsto be nonlinear as afunction of the Ne*
ion energy. The optical band gap evaluated shows the
maximum around 1600 eV in this study (around
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Fig. 2. AFM characterization of carbon films as a function of the deposition temperature. 200°C (top left), 400°C (top right), 550°C
(bottom left) and 700°C (bottom right). The Ne* ion energy isfixed at 1.5 keV.

1.7 eV), and, in the higher energy region, it goes down
to the value corresponding to graphite. In the next, the
temperature dependent topological features were ana-
lyzed with AFM in the temperature range from 200 to
700°C. Figure 2 is a set of AFM images from IBAD
films prepared at different temperatures. In the low
temperature region, one can recognize a moundlike
structure on a scale of a few tens of nanometers, the
same as in the ion energy dependence study, and, in
coming close to 550°C, a transition feature with a
vague image is observed. A further increasein the sub-
strate temperature to 700°C induces a dramatic change
into the ripplelike structure. This arrangement of rip-
plesiscorrelated to the step structurein the Si substrate
after heat treatment. In the IBD experiment with a
lesser ion beam intensity, the self-organized dot array
of SiC observed along the single step of a Si substrate
was observed in the same temperature range, but, inthe
present case, the resultant intensity of the carbon source
after breakage of the Cg, molecules is dominant. The
present result, with additional Raman analysis, shows
us that high-temperature deposition induces a graphite
ripple structure of aperiodic nature. Thisfeature can be
used in material design employing the self-organization
process.

PHYSICS OF THE SOLID STATE Vol. 44 No. 4
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Further study was made by changing the relative
intensity between the Ne* ion beam and the Cg, molec-
ular beam. The decrease in relative intensity resulted in
the graphitic feature in the Raman spectrum, but, in the
other case, there appeared Raman lines relating to hex-
agonal diamonds with a rippled surface structure. Fig-
ure 3 shows the typical Raman spectrum found in the
sample prepared with a high ratio of the Ne" beam
intensity and Cg, beam intensity (1.5 keV Ne*, 700°C).
Different from the previous samples described above,
the Raman lines are sharp and one can easily recognize
the coexistence of hexagonal diamonds and disordered
carbon and graphite. The Raman lines at 1157, 1199,
and 1326 cm can be attributed to hexagonal diamonds
[14-17]; the others at 1584 and 1604 cm, to disor-
dered carbon and graphite, respectively. The x-ray dif-
fraction analysis mainly manifests the features of hex-
agonal diamond with 2H-, 8H-, 12H-, and 20H-poly-
types. The size of the hexagonal diamondsis estimated
to be on the order of 30 nm based on the x-ray diffrac-
tion line. Under the present conditions of theion beam,
agreat deal of thermal and displacement spikes can be
created along the ion trajectories. Rapid quenching of
these spikes on the growing surface results in preferen-
tial damage of the graphite because diamond is more
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Fig. 3. Raman spectrum in acarbon film prepared with ahigh ratio between the Ne* ion beam and the Cg molecular beam (1.5 keV

Ne't, 700°C).

resistant to displacement than graphite. However, this
effect is strongly dependent on the substrate tempera-
ture. Only in an intermediate temperature range is the
probability of relaxation into adiamond site sufficiently
large. Otherwise, graphite again becomes the stable
phase. In the present work, the temperature dependence
of nanocrystalline diamond growth is in good agree-
ment with this argument. Our experiment clearly dem-
onstrates that a substrate temperature as high as 700°C
is necessary to form hexagonal diamond. It is said that
the irradiation-induced effect produces hexagonal dia-
monds more easily than the cubic ones due to the simi-
lar effect of “shock compression.”

3. SUMMARY AND CONCLUSIONS

The systematic IBD experiment revealed nanodia-
monds to be immersed in dominant sp® amorphous car-
bon films. C and Ir are immiscible, but the C-implanta-
tion together with the introduction of a defect can favor
the supersaturated carbon atoms in the subsurface
region. Hest treatment can aid further growth from the
nucleated embryos. It would be interesting to control
the nucleation sites with the help of the ion-beam tech-
nique as a further study.

The array of high luminescent points is realized
through proper treatment of the Cg, film with an Ar-ion
laser. The present observation can be closely related to

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

the polymerization of the Cq, film, and further study by
changing the wavelength of the illuminating laser is
required to clarity the details.

In the IBAD experiment, systematic studies per-
formed by changing the ion energies and substrate tem-
peratures provide us with interesting features of nano-
pattern formation. The patterns observed can be formed
through the dynamical process between the sputtering
and deposition. In deposition with an intense Ne* ion
current, hexagonal diamonds of nanosize were pre-
pared from a Cg, vapor with simultaneous bombard-

ment of 1.5 keV Ne* ions at the proper temperature of
700°C. The Raman features are consistent with the
Raman modes predicted from calculations or experi-
mental observation. It is also found that graphite coex-
ists in the sample. Due to the ion-sputtering effect, the
surface of the film exhibits regular periodic ripple pat-
terns.
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Abstract—The effect of spontaneous nanotube doping by substrate atoms was discovered using acoustic res-
onator microwave spectroscopy. The acoustoelectric effect involving surface acoustic waves was observed in
nanotube films. The possibility of using nanotube films for efficient acoustic-wave excitation in solids by elec-
trostriction was analyzed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The discovery of carbon nanotubes and of new effi-
cient methods of their preparation has stimulated con-
siderableinterest in new materials[1]. In our preceding
paper [2], resonator acoustic microwave spectroscopy
[3] was used to find the density, sound velocity, and
acoustic-wave damping coefficient in carbon nanotube
films. It was revealed that the sound velocity varies
strongly with time, and an explanation of this observa-
tion was attempted in terms of the heretofore unknown
effect of spontaneous nanotube doping by atoms of the
substances making up the substrate. Additional atoms
can decrease the density of ananotube film and change
its elasticity. This paper presents additional arguments
for this nature of the effect. In addition, this paper
reports the preliminary results of our investigation into
acoustoelectronic effects involving surface acoustic
waves (SAW) in layered structures containing carbon
nanotube films.

The experimental studies were conducted on nano-
tubes prepared by a novel technique, electron beam
evaporation of pure graphite in vacuum [4]. In experi-
ments with composite resonators, carbon films were
deposited on the surface of YAG or quartz plates. The
films used in the SAW experiments were prepared on
the YZ-cut surface of lithium niobate (LiNbO5). It is
known that the electrostriction effect can be employed
to advantage in exciting acoustic waves in nonpiezo-
electrics by applying a dc electric field to a crysta
medium [5, 6], with the wave generation effect being
proportional to the dc field strength. If an electrode is
made of athin nanotube film, very strong electric fields
can be readily excited near the tops of the nanotubes
because of the very small diameters of the spheres mak-
ing up the tube tops. Thus, one can reach a strong

increase in the efficiency of excitation and of detection
of acoustic waves due to the electrostriction effect.

2. STUDY OF THE SELF-DOPING EFFECT

The effect of spontaneous doping was studied by
resonator microwave spectroscopy, IR spectroscopy,
mass spectrometry, and tunneling electron microscopy.
In the first case, a composite microwave resonator of
volume acoustic waves was constructed. It consisted of
aYAG plate and a zinc oxide film (with platinum elec-
trodes), which was deposited on one of the YAG sur-
faces. A carbon film to be studied was deposited on the
other side of the plate. The structure represented amul-
tifrequency microwave resonator with resonance peaks
lying inthe 1.5-2 GHz interval. The distances between
the peaks and their widths were measured before and
after the carbon film deposition. These measurements
yielded 2.05 + 0.05 g/cm?® for the density of the film
material (for graphite, this valueis close to 2.2 g/lcm?).
The measured velocity of sound was 2 x 10° cm/s,
which corresponds to the elastic modulus cy; of the
order of 1 TPa and is consistent with calculations [1].
However, two weeks thereafter, the velocity measured
on the same film was found to be 8 x 10° cm/s. It was
conjectured that the acoustic properties of the films
change because of their being spontaneously doped by
atoms of the substrate material. By penetrating inside
the tubes or into the space between them, the excess
atoms would considerably affect the effective elasticity
and density of the film.

To check this conjecture, we studied the variation of
the chemical composition of the nanotube films with
time. The chemical composition of the nanotube films
onYAG was studied by | R spectroscopy and secondary-
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ion mass spectrometry. It was established that the IR
spectrum of a nanotube film stored for two weeksin air
at room temperature exhibits bands characteristic of
YAG (Fig. 1a). The mass-spectrometric investigation of
the depth profile of film composition showed that nan-
otube films do indeed absorb aluminum and yttrium
atoms from the substrate and that the concentration of
these atoms reaches a maximum near the ends of the
tubes (Fig. 1b).

We aso started SAW studies of the acoustoelec-
tronic properties of carbon nanotube films. The nano-
tube carbon films were deposited between interdigi-
tated transducers, and the acoustoelectric effect was
measured. The acoustoelectric voltage was measured
across the indium Ohmic contacts. This voltage, in
accordance with the Weinreich relation, was propor-
tional to the acoustic wave power. It turned out, how-
ever, that the magnitude of the voltage and its sign
depend considerably on time and that this dependence
has arandom nature. The data obtained in this study are
preliminary.

3. APPLICATION OF NANOTUBE FILMS
TO THE EXCITATION OF VOLUME
ACOUSTIC WAVES

The €electrostriction effect inherent in all dielectrics
can be used to excite acoustic waves. In this case, it can
be associated with the induced piezoelectric effect,
which is proportional to the dc biasfield by therelation

8k = XijwEi- 1

Here, X4 are the components of the electrostriction
constant tensor and E; isthe dc bias field.

As dready mentioned, extremely strong electric
fields can be generated in the immediate vicinity of the
tops of carbon nanotubes because of their small diame-
ter. This makes it possible to increase the efficiency of
electroacoustic capacitor transducers based on the elec-
trostriction effect. We estimated the electric field near
the nanotube top by solving the Laplace equation for
the electric potential, with the tube considered to be one
half of a conducting ellipsoid. Next, we calculated the
electric field generated by bundles of nanotubes, which
were treated subsequently as elementary spherical radi-
ators. The acoustic field generated by an array of such
radiators was calculated in the D/A > 1 limit (D isthe
transducer diameter).

The excitation of acoustic waves by a nanotube
array can be described using the effective piezoelectric
modulus:

B = 2ma’xn,n,y’E,. 2

Here, X isthe el ectrostriction constant, aisthe effective
radiator diameter, n,n, is the number of radiators per
unit area, and v is the field enhancement factor due to
the smallness of the radiator diameter.
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Fig. 1. (@) IR reflectance spectra of nanotube carbon films
after two weeks of storage and (b) the depth profile of au-
minum and yttrium in the film.

Note that the quantity 3 in Eq. (2) is proportional to
y2. Therefore, one also takes into account the increase
in the effective piezoelectric modulus due to the ac
electric field near the dielectric surface being enhanced
by the smallness of the radiator diameter.

Estimates show that, for n, = n, = 10°, y =33, a =
5nm, and D = 7 mm, the effective electromechanical
coupling coefficient for YAG plates is about 10% for
fields on the order of 100 V/cm. Reaching such high
electromechanical coupling constants with conven-
tiona metalic electrodes would require fields 10—
10° times higher.

Thus, we have shown that the variation of the acous-
tic properties of nanotube carbon films with time may
be associated with spontaneous nanotube doping by
atoms of the substrate material.

It has al so been shown that strong dc and ac electric
fields created near the tops of the nanotubes because of
their small diameter can be used for efficient generation
of acoustic waves.
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Abstract—Graphite stripes on a stepped Ni(771) substrate were grown in situ by cracking propylene followed
by annealing at optimal temperatures between 450 and 590°C. The samples were studied by means of C 1sand
Ni 3p core-level photoemission and high resolution electron energy loss spectroscopy. The C 1s spectrareveal
adominant graphite-like character. The phonon spectra measured in the direction parallel and perpendicular to
the steps display certain differences, which can be explained on the basis of size-limited effects. © 2002 MAIK
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In the recent past, a large number of experimental
studiesrelated to the quantization of electronic statesin
low-dimensional structures in the direction perpendic-
ular to the surface have been published (see, for
instance, [1-4]). On the other hand, much less attention
has been paid to the search for and study of systems
where size-limited effects can be observed in the direc-
tion parale to the surfaces. The latter can likely be
explained by the difficulties involved in the formation
of this kind of system. One of the possihilities of pre-
paring them is through in situ deposition of the investi-
gated materials onto stepped surfaces of monocrystals
of various metals. In this way, stripes of deposited sub-
stances with well-defined thicknesses and widths may
be grown on top of the terrace surfaces.

The present work is devoted to analyzing the condi-
tions for synthesis of graphite stripes formed by the
cracking of carbon-containing gases on top of vicinal
Ni(771) surfaces. Thein situ grown samples were stud-
ied by means of C 1s and Ni 3p core-level photoemis-
sion (PE) and high resol ution el ectron energy loss spec-
troscopy (HREELS) of phonon excitations measured in
directions parallel and perpendicular to the steps at the
Ni(771) substrate. It was found that such a system is
characterized by graphite stripes with (i) monolayer
thicknesses (monolayer graphite stripes, MGS), since
the cracking isterminated when the whole Ni(771) sub-
strate is covered by C atoms [5-9], and (ii) fixed width
defined by the regularly stepped character of Ni(771).

L This article was submitted by the authorsin English.

1. EXPERIMENTAL DETAILS

C 1sand Ni 3p core-level PE and HREEL S spectra
were taken for different annealing temperatures (T,,.)
beginning from T,,, lower than the cracking tempera-
ture up to the temperatures at which the destruction of
the graphite stripesis observed. The core-level PE spec-
tra were measured for the normal emission geometry
using an x-ray source with AlK, radiation (hv =
1486.6 eV) and a CLAM-II anayzer. The HREELS
experiments were conducted in a setup equipped with a
127° deflector at a primary electron energy (E,) of
17.5 eV. The electron incident angles were set to 60° and
75° relative to the normal to the vicinal Ni(771) terraces
with (110) orientation and a width of about 12.3 A [10,
11]. The detection angle was varied from 0° to 65° rel-
ative to the direction of the elastically reflected peak.

The Ni(771) substrate was preliminary cleaned by
repeated cycles of Ar sputtering, treatment in oxygen
and hydrogen atmospheres, and thermal annealing at
700°C until a sharp low energy electron diffraction
(LEED) pattern characteristic of vicinal Ni(771) sur-
faces was obtained [10, 11]. Similar to the monolayer
graphite (MG)/Ni(111) system[8, 9], the graphite over-
layer (i.e., graphite monolayer stripes) wasformed by a
5-min cracking of propylene(C;Hg) at a sample temper-
ature of about 500°C and a pressure of 1 x 10 mbar.
In the course of the measurements, the samples were
annealed at different temperatures, from 400 and
700°C. The base pressure in the CLAM and HREEL S
spectrometers during experiments was better than 2 x
101 mbar.
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2. EXPERIMENTAL RESULTS AND DISCUSSION

A series of C 1s core-level PE spectra measured
under normal emission for systems prepared by the
cracking of propylene and following annealings at tem-
peratures between 450 and 650°C is shown in Fig. 1a.
For comparison, a C 1s spectrum of natural monocrys-
talline graphite is also presented in the bottom of the
figure. The spectrataken after annealing between 450 <
T < 575°C are characterized by a single pronounced
peak at a binding energy (BE) of about 284.9 eV
(marked C® in the figure), which is very close to the
C1s BE (284.5 eV, dotted line) characteristic of
monocrystalline graphite. Similar C 1s spectra were
obtained for the monolayer of graphite on top of
Ni(111) [6] or for the graphite monolayer on the (111)
surface of La-carbide [12], where the above small core-
level energy shift wasrelated to the bonding between the
MG and the substrates. Obvioudly, an analogous situa-
tion occurs in the case of graphite coverage on Ni(771),
where the interaction of the graphite layer (i.e., graphite
monolayer stripes) with the Ni substrate is confirmed by
an energy shift of the graphite-derived phonon modes,
as obtained in the HREEL S experiment.

With an increase in the annealing temperature, the
intensity of the C 1s peak decreases. Simultaneoudly, a

c® c

hv = 1486.6 eV

»

SHIKIN et al.

new feature appears at a BE of about 283.4 eV (marked
C®@ inthefigure), whichisvery closeto the valuestyp-
ical of carbides of d metals and rare earths [12, 13].
LEED patterns at these annealing temperatures revea a
(4 x 1) overstructure which is usually ascribed to the
formation of carbide-like constructions on the surface
of Ni(771) [10, 11]. Corresponding changes in the
intensities of the above-discussed C-derived features
(C 1s™ and C 1s?) and of the Ni 3p core-level signal
upon an increase in T, are shown in Fig. 1b. From an
analysis of the presented data, we can conclude that,
after annealing at temperatures above 600-620°C, the
graphite overlayer is almost completely destroyed and
a part of it is transformed into a carbide-like surface
compound. The observed slight increasein theintensity
of the Ni 3p signal supports the above conclusion: at
T, > 620°C, the Ni atoms are no longer covered uni-
formly by the graphite layer.

Similar conclusions can be derived from an analysis
of the intensities of the elastically reflected electron
beam and the energy-loss peak ascribed to the longitu-
dinal optical (LO) graphite-originating phonon mode
measured by HREEL S. The corresponding data for dif-
ferent annealing temperatures, which are strongly influ-
enced by the degree of ordering of the graphite-derived

(b)
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Fig. 1. (8) C 1score-level PE spectrataken for the MGS/NIi(771) system after annealing at different temperatures. (b) PE intensity
of graphite- (solid circles) and carbide- (open circles) derived componentsin C 1s spectra, as well as of the Ni 3p core-level peak

(solid quadrates), depending on the annealing temperatures.
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surface and the presence of C atoms in the graphite
phase at the surface, are presented in Fig. 2a. As was
already shown in the PE measurements, after increas-
ing the annealing temperature to above 600-620°C, the
graphite-derived features become suppressed also in
the HREEL S experiment. The LO graphite mode van-
ishes from the spectra, and al other graphite-derived
energy-lossfeatures decrease sharply. At the sametime,
adecrease in the signal of the elagtically reflected peak
is observed. The maximum intensity of the reflected
beam and graphite-derived phonon modes (only results
for the LO mode are shown in the figure) arereached in
the range 475 < T,,, < 590°C, which demonstrates the
formation of mostly ordered structures at these anneal-
ing temperatures.

Intensities of the reflected peak measured at differ-
ent polar angles relative to the elastic peak direction in
the directions parallel and perpendicular to the Ni(771)
steps are shown in Fig. 2b. The results are plotted as
functions of the parallel momentum transfer, . For the
measurements in the direction parallel to the steps, a
monotonic decrease in the intensity of the reflected
peak is monitored in the whole region of the presented
values of the momentum transfer. In contrast to that, in
the direction perpendicular to the steps, a rather sharp
peak is observed at a polar angle corresponding to g =

0.52 AL in the scattering geometry used in this experi-
ment. Assuming a diffraction origin of this peak, we
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can find the value of the corresponding period in real
space to be equal to 12.1 A, which is very close to the
width of terraces periodically arranged on the stepped
Ni(771). Hence, the presented HREEL Sresults provide
convincing evidence that the grown graphite overlayer
on Ni(771) forms stripes of a certain fixed width
located on top of vicinal terraces.

Dispersion of the graphite-derived phonon modesin
the MGS/Ni(771) system after annealing between 530
and 590°C, which were measured in the directions par-
alel (open symbols) and perpendicular (solid symbols)
to the steps, are presented in Fig. 3. Corresponding
angle-resolved phonon spectra can be found in [14].
Crosses in Fig. 3 denote features characterized by a
weak signal-to-noise ratio in spectra measured in the
direction perpendicular to the steps. Solid lines corre-
spond to the averaged datafor phonon modes measured
in the direction parallel to the steps. The measured
phonon spectra and the corresponding phonon disper-
sionsin the direction parallel to the steps are very sim-
ilar to those observed for natural monocrystalline
graphite [15] and the graphite monolayer on top of
Ni(111) [5, 8, 9]. Asfor the MG/Ni(111) structure, the
corresponding phonon modesin the MGS/Ni(771) sys-
tem are shifted toward the region of lower energy
losses, as compared to their positions in monocrystal-
line graphite due to interaction with the Ni substrate [5,
8, 9.
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Fig. 3. Dispersions of graphite-derived phonon modesin the
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In the case of measurementsin the direction perpen-
dicular to the steps, the phonon spectra are character-
ized by a number of additional features. These features
are mainly observed for large values of the parallel
momentum transfer and are situated in the energy-loss
regions of about 90 and 200 meV. On the basis of the
data presented in Fig. 3, we attempted to interpret these
features using a series of unmodified graphite-derived
phonon modes measured in the direction parallel to the
steps and shifted relative to the initial ones by values of
gy asamultiple of 0.52 A-%. These curves are shown by
dotted linesin Fig. 3. Analyzing the presented data, one
can conclude that, in first approximation, almost all
additional features can be assigned to these dotted
Curves.

The observed differences in the phonon dispersions
in the directions perpendicular and paralel to the steps
reveal certain size-limited effectsin the system graphite
stripes on Ni(771). Detailed analysis of the nature of
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these phenomena will be given in aforthcoming publi-
cation [16].

In summary, graphite stripes on the Ni(771) sub-
strate were grown by the cracking of propylene fol-
lowed by annealing at optimal temperatures in the
range between 450 and 590°C. The C 1s spectrain this
temperature region reveal a dominant graphite-like
character. The binding energy of the C 1s peak is
shifted, however, relative to its position in bulk mono-
crystalline graphite due to the interaction of graphite
stripes with the Ni substrate. The elastically reflected
beam in the HREELS experiment has a maximum
intensity for these annealing temperatures, which testi-
fies to the formation of a mostly structurally ordered
system. The phonon spectra measured in the direction
paralel and perpendicular to the Ni(771) steps reveal
certain differences, which can be explained onthe basis
of size-limited effects.
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Abstract—Noble metals were intercalated under a graphite monolayer formed on the (111) nickel single-crys-
tal surface. The valence-band electronic structure of the systems thus obtained was studied by angle-resolved
photoelectron spectroscopy. Intercalation of noble metals was shown to weaken carbon bonding to the sub-

strate. © 2002 MAIK “ Nauka/Interperiodica” .

Hexagons constructed of carbon atoms are building
blocks of a large variety of molecules and solids.
Graphite and a large class of fullerenes are typica
examples of such compounds. The properties of these
hexagons largely determine the characteristics of the
compounds based on them and, thus, are of consider-
ableinterest.

Experimental isolation and analysis of one such cell
meets with difficulties, and experiments on preparation
of agraphite monolayer (GM) on the surface of transi-
tion metals may be considered the first step in this
direction. In this case, we deal already with a single,
more or less ordered graphite layer located on a metal
substrate. The Ni(111) face may serve as such a sub-
strate. The lattice misfit between this face and the
graphene cell is less than 2% [1]. In these conditions,
one succeeds in forming a monolayer with preferen-
tialy oriented graphite hexagons. Nevertheless, the
GM obtained in this way was shown [2] to be strongly
effected by the substrate. In this work, we consider
intercalation asameans of reducing this effect toamin-
imum and, thus, of obtaining a system which, while
being practically isolated from the influence of the sub-
strate, would nonetheless exhibit electronic properties
characteristic of graphite.

In this work, the GM bonding to the substrate was
studied by angle-resolved photoel ectron spectroscopy
(ARPES). We analyzed the energy position of the Tt
states responsible for the interaction along the surface
normal. In addition to ahigh surface sensitivity, ARPES
possesses the advantage of being close to the only
experimental technique capable of providing informa-
tion on specific points in the Brillouin zone, i.e., of
obtaining energy band dispersion. Angle-resolved pho-
toelectron (PE) spectrawere measured with acommer-
cial ADES-4000 photoel ectron spectrometer (VG Sci-
entific). The He-l and He-ll resonance lines (photon
energies of 21.2 and 40.8 €V, respectively) were used
for excitation. The probing depth reached with these

photonswas about 10 and 5 A, respectively. This means
that the PE spectra obtained corresponded to the elec-
tronic states of a thin surface layer formed by the GM
and the uppermost substrate atomic layer.

The GM was formed on the Ni(111) surface by pro-
pylene (C;Hg) cracking at a substrate temperature of

500°C and a gas pressure of 1 x 1078 Torr for 5 min,
which corresponds to an exposure of 300 L. A similar
technology of GM preparation on Ni(111) was
employed in [3]. Thermally activated dissociation of
propylene molecules produces a continuous graphite
coating, which, as pointed out in [2], substantialy
reduces the surface reactivity and, thus, precludes the
formation of subsequent layers. The quality of the crys-
tal structure of the graphite film was checked by low-
energy electron diffraction (LEED). Noble metalswere
deposited from helical W sources bearing a weight of
the metal [4]. The amount of material adsorbed was
monitored on a quartz balance.

The absence of shifts of the graphite-like states in
the PE spectra measured immediately after the adsor-
bate deposition implies that noble metal atoms on the
GM/Ni(111) surface virtually do not affect the GM—
substrate interaction. Further heating of the system
resulted in a shift of the GM Tt states, which we associ-
ate with the onset of thermally activated intercalation.

By measuring the PE response at different electron
emergence angles relative to the principal symmetry
directions, which were chosen based on LEED data, we
obtained a set of spectrafor use in constructing disper-
sion relations for the main valence-band states. We
were primarily interested in the Tt states, whose energy
shift was considered to be a measure of the variation of
the GM binding to the substrate.

The figure presents dispersion of the 1t states of the
GM/Ag/Ni(111) system in the '-M direction of the
surface Brillouin zone. Also shown for comparison are
similar relations for the GM/Ni(111) system and sin-

1063-7834/02/4404-0681$22.00 © 2002 MAIK “Nauka/Interperiodica’
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gle-crystal graphite [5]. We readily see that the branch
of tstates of the GM/Ag/Ni(111) system is shifted, rel-
ativeto that of GM/Ni(111), toward the Fermi level into
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the region characteristic of single-crystal graphite,
whose interlayer coupling is known to be due to weak
van der Waalsinteraction. We believe that the observed
shift toward the bound energies characteristic of single-
crystal graphite, which is about 1 eV at the I' point,
results from the intercalation of silver atoms. Incorpo-
ration of silver atoms inhibits the hybrid T—d bonds
and, as a conseguence, weakens the coupling between
the graphite layer and the substrate.

A similar situation occurs when atoms of other
noble atoms (Au, Cu) are used as intercalates, with the
effect being even more pronounced. In particular, cop-
per intercalation also shifts the energies of the Tt states
to values characteristic of single-crystal graphite.
Moreover, the bond energy in the vicinity of point M
reaches a level which is only slightly lower than that
observed in bulk graphite. Thus, intercaation of the
GM/Ni(111) system by noble metals produces a graph-
ite layer whose properties reproduce, in the limiting
case, those of a substrate-free GM.
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Abstract—It was found using potential-sensitive probes that the water-soluble amino-acid derivatives of
fullerene Cg, such as Cqy—Pro, Cgg—€ aminocapronic acid, and Cgg—Arg, possess a pronounced membranotropic
activity. The first two cause concentration-dependent dissipation of the membrane potential (AY) of the sym-
biosomes of the nodules of the yellow lupine generated in the presence of ATP and Mg?* ions. In contrast to the
first two derivatives, Cg—Arg, which carries a strong positive charge at the physiological pH, has no effect on
the dissipation of Ay in this model. On the contrary, this derivative caused a noticeable dissipation of the K*
diffusion potential (“minus’ inside) generated on the membrane of human erythrocytes with the help of the K*
ionophore of valinomycin. The regularities obtained indicate that the derivatives of Cgq are transported across
biologica membranes as lipophil ions, thus causing depolarization of the membranes. © 2002 MAIK

“ Nauka/Interperiodica” .

At present, an explosive development is observed in
the physics and chemistry of carbon clusters such as
fullerenes and carbon nanotubes, which is due to the
perspectives on their application in nanotechnology
and microelectronics. The investigationsin the biology
of fullerenes are only in the incipient stage; no regions
of efficient application have yet to befound in thisfield,
but exploratory studies are in progress in many coun-
tries. To date, a number of biological effects have been
detected in water-soluble derivatives of Cg,. Investiga-
tions of pharmacokinetics show that they possessavery
low toxicity and can be removed from an organism at an
acceptable rate. Some of them were proved to possess
chemotactic and antioxidant properties and exhibit
antiviral activity; in particular, they inhibit protease of
AIDS by building into the active center of a ferment.
Being irradiated in the presence of oxygen, fullerene
compounds are capable of break down DNA chains,
causing a cytotoxic effect on tumor cells. Fullerene
derivatives containing acentral metallic atominsidethe
molecule are considered to be very promising, espe-
cidly in radiotherapy. They are more stable than the
chelate complexesthat are used at present. Note that the
fullereneitself possesses neither cytotoxicity nor geno-
toxicity.

The possible application of fullerene derivatives in
biology and medicine requires that they be transported
to cell targets. In this connection, a very important part
is played by the membranotropic properties of these
compounds, namely, their ability to penetrate across
biological membranes. There exists information con-

cerning this problem [1, 2], but in essence, these prop-
erties of fullerenes have been studied insufficiently.

In this work, which was performed on preparations
of nitrogen-fixing units isolated from root nodules of
yellow lupine[3] and on human erythrocytes, weinves-
tigated the membranotropic properties of three amino-
acid derivatives of fullerene, namely, Cg—Asp, Ceo—
Pro, and Cg—Arg. These derivatives were synthesized
using the previously published method [4]. They pos-
sessed arelatively high solubility in agueous solutions
and biological activity [5, 6]. Taking into account the
magnitude of pK, of the proton-acceptor groups of
amino-acid residuals in these conjugates, it is quite
unlikely that the first two compounds are anions in the
range of physiological values of pH, whereas Cq—Arg,
on the contrary, carries a positive charge. The above-
mentioned isolated nitrogen-fixing units known as
symbiosomes were used in this work for studying
membranotropic properties, since they are capable of
generating a membrane potential Ay (“plus’ on the
inner surface of the membrane) on their outer, so-called
peribacteroid, membrane (PBM) inthe presence of ATP
and Mg?* ions in the incubation mixture owing to the
functioning of the electrogenic H*—ATPase in this
membrane [3]. The kinetics of the MgATP-dependent
generation of Ay on the PBM of symbiosomes regis-
tered with a potentia -sensitive probe such as oxonol V1
[7] isshowninFig. 1b, curve 1. It can be seen that after
the stationary level of Ay on the PBM is achieved, an
addition of Cg—Asp to symbiosomes initiates a rela-
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Fig. 1. (a) Curve 1: Kinetics of the MgAT P-dependent generation of the membrane potential on the PBM of symbiosomes of yellow
lupine and the dissipation of this potential in the presence of Cgy—Asp. The symbiosomes were incubated in a medium containing

0.4 M of sorbite, 20 mM of HEPES-BTP (pH 7.0), 1 mM of ATP, and 1 uM of oxonol V1. The arrows indicate the time instants at
which MgSO, (3 mM), Cgg—Asp (130 pM), and KNO3 (20 mM) were added. Curve 2: Kinetics of the MgATP-dependent acidifi-
cation of the peribacteroid space of symbiosomes that was initiated by the addition of 50 uM of Cgy—Asp to them. The incubation
medium had the same composition as in the case of curve 1 but contained 3 mM of MgSO, and 12 pM of acridine orange instead
of ATP and oxonol VI, respectively. The arrowsindicate the time instants at which ATP (1 mM), Cgg—Asp (50 puM), sodium vanadate
(200 pM), and (NH,4),SO,4 (5 mM) were added. Curve 3: Kinetics of the Mg—ATP-dependent acidification of the peribacteroid space

of the symbiosomesin the same medium but in the presence of 1 UM of valinomycin. The arrowsindicate the time instants at which
ATP (1 mM) and Cgo—Asp (50 uM) were added. The spectrophotometric measurements were performed on aHitachi 557 spectrum

photometer in the two-wave mode (in the ranges of 590-610 and 492-540 nm for oxonol VI and acridine orange, respectively).
(b) Kinetics of the generation of K* diffusion potential on the membrane of human erythrocytes initiated with the addition of vali-
nomycin to them, and the dissipation of this potential in the presence of Cgg—Arg. The erythrocytes were incubated in a medium
containing 0.48 M of sorbitol, 20 mM of HEPES-BTP (pH 7.6), 3 mM of MgSOy, and 1 uM diS-Cz—(5). The arrows indicate the
instants at which valinomycin (1 pM), 300 pM of Cga—Arg, and 25 mM of K,SO, were added. The measurements of the fluores-
cence of the potential -sensitive probe di S-C3—~(5) were carried out at 670 nm using a Hitachi 850 fluorescence spectrum photometer
with Ag = 622 nm.

tively rapid discharge of the membrane potential; this
effect increases with increasing concentration of the
introduced fullerene derivative. According to our obser-
vations, this depolarizing effect is also characteristic of
another amino-acid derivative of fullerene, namely,
Ce—Pro, which islikely to also carry a negative charge
in the range of physiological values of pH (no data are
given). The revealed effect of Cqi—Asp and Cg—Pro on

the magnitude of the membrane potential gives grounds
to assume that the compounds selected behave as lipo-
philic anions capable of penetrating across the PBM s of
symbiosomes. The validity of this assumption is
confirmed by the results of other experiments, in which
we used a ApH indicator (acridine orange) [8] to trace
the kinetics of the MgATP-dependent acidification of
the peribacteroid space of symbiosomes. The data

PHYSICS OF THE SOLID STATE Vol. 44 No. 4 2002



AMINO-ACID DERIVATIVES OF FULLERENE Cg, BEHAVE

given in the figure show that Cq—Asp added into the

incubation mixture containing ATP and Mg?* ions ini-
tiates this process (curve 2) but leaves its kinetics unal-
tered (curve 3) when it is triggered with the help of the
K* ionophore of valinomycin, which catalyzes the
escape of K* ions from the symbiosomes and thereby
ensures dissipation of the MgATP-induced membrane
potential on the PBM. These results permit us to con-
clude that C4—Asp and Cg—Pro are transported across
the symbiosome membrane as lipophilic anions, cause
dissipation of Ay, and thereby stimulate MgATP-
dependent formation of ApH on the PBM. Moreover,
the last effect caused by the above fullerene derivatives
indicates that the elimination of the membrane poten-
tial on the symbiosome membrane in their presenceis
completely caused by their capability of penetrating in
the form of anions acrossthe hydrophobic barrier of the
membrane rather than by the suppression of the activity
of the proton pump. It is also important to note that the
addition of Cz—Arg to the symbiosomesinstead of Cyy—
Asp or Cz—Pro virtually did not change the kinetics of
the processes of generation of Ay or ApH on the PBM
(no data are given).

Based on the above data, we can expect that the per-
meability of biological membranes for Cy—Arg should
manifest itself in the dissipation by this compound of
the membrane potential of another polarity as well.
This hypothesis has been tested in another series of
experiments, which were performed on human erythro-
cytes using a high-sensitivity probe such as diS-Cs—(5)
[9]. As can be seen from Fig. 1b, the introduction into
the suspension of erythrocytes in the potassium-free
medium of valinomycin initiates the generation on their
membrane of a K* diffusion potential (“minus’ inside
erythrocytes) dueto the elimination of K* ions from the
cells, which is reflected in the decreasing fluorescence
of this dye. However, the time dependence of this fluo-
rescence gradually reverted after addition of Cz—Argto
erythrocytes, and the initial rate of this response reac-
tion increased with increasing concentration of this
compound (no data are given). The very rapid recovery
of the initial level of fluorescence of the dye was
observed after subsequent introduction into the incuba-
tion zone of potassium sulfate because of a significant
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decrease under these conditions of the magnitude of the
transmembrane gradient of K* ions at the erythrocyte
membrane. On the contrary, the kinetics of the genera-
tion of the K* diffusion potential on this membrane did
not changed after addition to erythrocytes of Cg—ASp
and Cg—Pro, which are negatively charged, in our opin-
ion, amino-acid derivatives of fullerene at the chosen
values of pH (no data are given).

On the whole, the results of the above experiments
permit usto make ageneral conclusion that the amino-
acid derivatives of fullerene used in thiswork are capa-
ble of penetrating in their ionized form across biologi-
cal membranes and, thereby, cause membrane depolar-
ization.
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Abstract—Small-angle neutron scattering (SANS) in Fe-19%Cr—19%Mn—0.9%N and Fe-18%Cr—10%Mn—
16%Ni—0.5%N (wt %) high-nitrogen austenitesisinvestigated. The neutron diffraction patterns and M dssbauer
spectra are measured and analyzed. The SANS curves are approximated in the framework of the Guinier and
Porod models. The nature of small-angle neutron scattering in nitrogen austenite is explained in terms of micro-
inhomogeneities whose structure depends on the alloying with nickel. The mean size and shape of inhomoge-
neities are evaluated. The effect of low-temperature annealing of the Fe-19%Cr—19%Mn-0.9%N austenite on
small-angle neutron scattering and the parameters of the Mdssbauer spectra is anayzed. © 2002 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

Numerous investigations have demonstrated that the
mechanical properties of austenitic stainless steels are
substantially improved upon alloying with nitrogen.
Nitrogen austenitic steels possess high toughness and
resistance to corrosion of different types [1]. These
materials are of considerable practical interest.

The microstructure and atomic distribution in a
solid solution are important factors affecting the corro-
sive and mechanical properties of materials. The Moss-
bauer investigation of the Fe-18%Cr—10%Mn—
16%Ni—0.5%N (wt %) austenite reveal ed that the spec-
tra exhibit a complex hyperfine structure due to an
inhomogeneous local atomic order [2]. However,
according to the inelastic neutron scattering data
obtained in [3] for the Fe-18%Cr—10%Mn—16%Ni—
(0-0.5)%N austenite, the local vibrationa mode of
nitrogen atoms is symmetric in shape and the intensity
of this mode increases linearly with an increase in the
nitrogen concentration. This suggests that nitrogen
atoms are characterized by a homogeneous distribution
over the lattice [3].

The small-angle neutron scattering (SANS) tech-
nique is widely used for revealing and analyzing inho-
mogeneities and phase preprecipitates[4, 5]. In our ear-
lier work [6], we observed small-angle neutron scatter-
ing in the Fe-18%Cr—10%Mn-16%Ni—0.5%N

Table 1. Compositions of austenitic steels

austenite and attributed it to scattering by nitride-free
inhomogeneities with a fractal structure and a rough
interface. We assume that these properties of the inho-
mogeneity structure in the austenitic phase are associ-
ated with the presence of nitrogen and nickel. A strong
Ni=N [7] or N-N [8] repulsion can lead to an inhomo-
geneous atomic order in austenite containing nickel and
nitrogen and, correspondingly, to an inhomogeneous
magnetic order, which, in turn, can ensure the contrast
required for observations of small-angle neutron scat-
tering.

In the present work, we performed a comparative
SANS investigation of the nickel-free Fe-Cr-Mn—N
austenite and nickel-containing Fe-Cr-Mn—Ni—N aus-
tenite in order to exclude the effect of one of the ele-
ments on the microstructure of the y phase. The phase
composition of the Fe-Cr—-Mn—N steel and the changes
observed in the short-range atomic order upon low-
temperature annealing were examined using neutron
diffraction and M dssbauer spectroscopy.

2. EXPERIMENTAL TECHNIQUE

The austenitic steels Fe-19%Cr—19%Mn-0.9%N
and Fe-18%Cr-10%Mn-16%Ni—0.5%N (wt %) were
chosen asthe objects of investigation. The steel compo-
sitions are listed in Table 1. Samples in the form of

N C Mn Cr Mo Ni S Ti S B Al Cu P Fe
09 | 004 | 191 | 18.68 | 0.06 045 | <0.01 | <0.01 | 0.45 | <0.0004 {0.0011| 0.06 | 0.016 | Therest[9]
0.5 - 10.0 | 18.0 - 16.0 - - - - - - — | Therest

1063-7834/02/4404-0686%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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plates were annealed at temperatures of 1125°C (Fe—
19%Cr-19%Mn-0.9%N) and 1100°C (Fe-18%Cr—
10%Mn-16%Ni—0.5%N) and were then quenched into
water. A number of Fe-19%Cr—19%Mn-0.9%N auste-
nite sampleswere additionally heat treated at 250°C for
150 h, 300°C for 180 h, and 350°C for 250 h.

The SANS measurement were carried out on a
MURN time-of-flight spectrometer installed on an
IBR-2 pulsed reactor (Frank Laboratory of Neutron
Physics, Joint Institute for Nuclear Research, Dubna).
The experimental conditions and the resolution func-
tions for the SANS measurements were described in
[10]. The SANS experiments were performed in an axi-
ally symmetric geometry (collimator and sample
shapes and a recording system). The recording system
involved eight toroidal detectors. The neutron intensity
at the sample was equal to 10’ cm s, The spectrum
of incident thermal neutrons was described by a Max-
wellian distribution with the mean wavelength A=
1.1A. The measurements were performed in the
neutron wavelength ranges 1.1-3.1 A for the Fe-
19%Cr—19%Mn-0.9%N austenite and 1.1-8.5 A for
the Fe-18%Cr—10%Mn-16%Ni—0.5%N austenite. No
Bragg diffraction reflections were observed in these
wavelength ranges. The neutron beam intensity was
calibrated against the vanadium reference sample. The
parameters and invariant of the scattering pattern were
calculated with due regard for the resol ution function of
the spectrometer. The statistical error for the measured
curves did not exceed 6%.

The neutron diffraction was measured on a DN-2
time-of-flight diffractometer installed on the samereac-
tor. The experimental conditions, data collection, and
correction for the integrated intensity were described in
[11]. The diffraction data were processed according to

d3(¢)/dQ, cm™!
o

0.01

0.001

| T T N |
0.01 0.1
q. A

Fig. 1. Differential SANS cross sectionsfor (1) Fe-19%Cr—
19%Mn-0.9%N and (2) Fe-18%Cr—10%Mn-16%Ni—
0.5%N (wt %) austenites after homogenization and subse-
quent quenching. Experimental data are given after subtrac-
tion of the background. Solid lines are the approximating
curves (a is the exponent). Variations in experimental data
can be associated with the statistical error and properties of
the chosen approximations.
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the automatic program [12] by the Rietveld method
with the use of the MRIYA program [13].

The transmission Mdssbauer spectra were recorded
at room temperature on a MS-1101E high-speed spec-
trometer operating in a constant-acceleration mode at
the Institute of Metal Physics, National Academy of
Sciences of Ukraine (Kiev). A %Co(Cr) gamma-ray
source was used in the experiments. The spectra were
approximated using the standard program based on the
|east-sgquares technique with a combination of Lorentz-
ian and Gaussian lines. The velocities were calibrated
against a-Fe and sodium nitroprusside. The linewidth
in the spectrum of sodium nitroprusside did not exceed
0.19-0.20 mm/s.

3. RESULTS

Small-angle neutron scattering is observed in both
austenites. The slopes of the SANS curves for nickel-
containing and nickel-free austenites differ noticeably
(Fig. 1). The low-temperature annealing does not lead
to aradical changein the scattering pattern (Fig. 2).

According to the neutron diffraction and M dssbauer
data, the samples under investigation have a single-
phase austenitic structure (Fig. 3). The spacings of the
face-centered cubic lattices for Fe-Cr—Mn—N and Fe-
Cr—Mn—Ni—N austenites are equal to 0.35893 and
0.3604 nm, respectively. The low-temperature anneal-
ing of the Fe-Cr—-Mn-N samples |eaves the shape and
location of the diffraction lines unchanged and does not
lead to the formation of a new phase.

Analysis revealed that the absorption Mdssbauer
spectra consist of three partial spectra: singlet 0 and
doublets Q' and 1 (Fig. 4), which correspond to different

CT T T T T T T 17
lg
T -
5 o1t
c E
3 C
3
= 001¢
S o
0.001&
:I
0.0 0.1

Fig. 2. Differential SANS cross sectionsfor the Fe—19%Cr—
19%Mn-0.9%N (wt %) austenite after annealing (1) at
250°C for 150 h and (2) at 350°C for 250 h. Experimental
data are given after subtraction of the background. Solid
lines are the approximating curves (a is the exponent).
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Fig. 3. Neutron diffraction pattern of the Fe-19%Cr—
19%Mn-0.9%N (wt %) austenite after homogenization at
1125°C for 0.5 h and subsequent quenching.

10

20

250°C, 150 h

Absorption, %

300°C, 180 h |

V, mm/s

Fig. 4. Mdsshauer spectra of the Fe-19%Cr—19%Mn—
0.9%N (wt %) austenite after (a) homogenization at 1125°C
for 0.5 h and subsequent quenching, (b) annealing at 250°C
for 150 h, and (c) annealing at 300°C for 180 h.

atomic environments in the y phase. Component O is
associated with Fe atoms whose first coordination
sphere contains no alloying elements. Doublet 1 with a
positive isomer shift with respect to the singlet
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(Table 2) is assigned to Fe atoms with the nearest envi-
ronment involving at least one N atom and other alloy-
ing elements. Doublet 0" with a quadrupole splitting
smaller than that of doublet 1 (Table 2) is attributed to
Fe atoms that have substitutional atoms as the nearest
neighbors and whose nearest interstices contain no N
atoms. The isomer shifts and quadrupole splittings of
components in the M dssbauer spectra of alloyed auste-
nite were examined thoroughly in [2].

4. DISCUSSION

The observed small-angle neutron scattering indi-
catesthat the austenitic phase of the studied compounds
contains inhomogeneities or preprecipitates. In the
range of large scattering vectors g, the differential
SANS cross section for the nickel-free Fe-19%Cr—
19%Mn-0.9%N austenite is smaller than that for the
nickel-containing  Fe-18%Cr-10%Mn-16%Ni—0.5%N
austenite (Fig. 1). This means that the introduction of
nickel leads to an increase in the volume fraction of
inhomogeneities in the austenitic phase and, hence, to
an enhancement of neutron scattering in austenite.

This situation can be easily predicted, because iron—
nickel austenite is characterized by an inhomogeneous
atomic order. The nearest environment of atoms of a
particular sort varies from site to site, which leadsto an
inhomogeneous magnetic structure (see [14] and refer-
ences therein) due to the existence of two electronic
states of Fe atoms [15]. According to Hatherly et al.
[15], these states correspond to the ferromagnetic and
antiferromagnetic exchange interactions for which the
second moments of the exchange integral have opposite

signs and are as follows: J& ¢, = -9 meV, J& =
39 meV, and J&,; =59 meV.

M agnetic inhomogeneitiesin nickel-containing aus-
tenite strongly depend on the concentration of C or N
interstitial atoms (see, for example, [2, 14] and refer-
encestherein). Since neutrons are scattered not only by
nuclel but also by their magnetic moments, the mag-
netic inhomogeneities make an additional contribution
to small-angle neutron scattering in the nickel-contain-
ing austenite, whereas this contribution in the nickel-
free Fe-19%Cr-19%Mn-0.9%N austenite is substan-
tially smaller.

Asisseen from Fig. 1, the SANS curves for nickel-
containing and nickel-free austenites are characterized
by different dopes. This suggests that inhomogeneities
have different microstructures. With the aim of analyz-
ing the slopes of the scattering curves and describing
the microinhomogeneities, we used the universaly
accepted two-phase models. Moreover, it was assumed
that the microstructure of the studied system can berep-
resented as a set of particles embedded into a matrix.
The particles have a colloidal size and the scattering
density p, and the matrix is characterized by the scatter-
ing density p..

2002



SMALL-ANGLE NEUTRON SCATTERING AND THE MOSSBAUER EFFECT 689
Table 2. Mossbauer parameters for the Fe-19%Cr—19%Mn—0.9%N (wt %) austenite
Treatment | &g, mm/s | ['g, mm/s | g, mm/s | Ag, mm/s | g, mm/s | &, mm/s | A, mm/s | [, mm/s | S/2S, %
1125°C,05h | —-0.193 0.201 -0.193 0.197 0.224 -0.154 0.418 0.228 | 14.3-16.7
250°C, 150 h| -0.193 0.230 —-0.193 0.212 0.253 —-0.153 0.431 0227 | 12.8-154
300°C, 180 h| -0.192 0.229 —-0.190 0.205 0.241 -0.147 0.436 0216 | 13.2-14.2

Note: §; is the isomer shift with respect to a-Fe, 4; is the quadrupole splitting, I'; is the width of the resonance line (+0.01 mmy/s), and

S,/2§ stands for the minimum and maximum relative areas of doublet 1 for six different variants of the fitting.

First, we consider the Guinier approximation that
describes the differential neutron scattering cross sec-
tion dX(g)/dQ in the range of the small scattering vec-
tors q = 4ntsin®/A, where 20 is the scattering angle
[16]. The Guinier approximation for a given q is valid
at R, < 1, where R, is the radius of gyration of a par-
ticular scattering inhomogeneity. Analysis shows that,
in the range of small g, the corresponding portions in
the SANS curves for both austenites cannot be repre-
sented in terms of the Guinier model. This implies the
fulfillment of the inequality gR, > 1, from which it fol-
lows that the mean inhomogeneity size exceeds 100 A.

In the range of large scattering vectors, the SANS
curves can be approximated within the Porod model
which describes scattering by inhomogeneities or pre-
precipitates with smooth surfaces[17, 18], that is,

d3(g)/dQ = Aq* +B. (1)

Here, a = 4, A = 2nAp?Sis the Porod constant charac-
terizing the total surface area of inhomogeneities, Sis
the specific interfacial area in the inhomogeneity—
matrix system, B istheresidual incoherent background,
and Ap? = (p — pJ)? is the contrast.

The SANS curve for the nickel-containing Fe—
18%Cr—-10%Mn-16%Ni—0.5%N austenite does not
exhibit a Porod portion. The scattering spectrum of this
compound can be approximated by apower law with an
exponent a < 4, which indicates the occurrence of frac-
tal structures [19]. Fractal-like inhomogeneities have a
rough diffuse interface with the surrounding matrix.

In the scattering vector range g = 0.01-0.1 (Fig. 1),
the calculated fractal dimension D isequal t0 2.9+ 0.2.
This fractal dimension was considered in detail in [6].
Thevaueof D < 3indicatesabulk fractal for which the
mass M and the linear size | of the inhomogeneity are
related by the formula M = MIP, where M, is a con-
stant. The existence of a surface fractal also cannot be
ruled out, because the inequality 3< D < 4 is satisfied
to within the experimental error. Reasoning from the
scattering vector range, the size of the objects is esti-
mated at 10-350 A.

The existence of fractal-like structures in the nitro-
gen nickel-contai ning austenite suggests an inhomoge-
neity of atomic and magnetic densities. Since nitrides
in this austenite are not identified by diffraction tech-
niques, the fractal properties can be associated with
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vacancy clusters or micropores and also with magnetic
inhomogeneities arising from alloying of iron steels
with nickel and interstitial elements [2, 14, 20]. The
contributions of the structural and magnetic inhomoge-
neities can be separated using polarized neutrons.
These contributions can also be reliably separated with
the use of x-ray small-angle scattering measurements.

The dope of the SANS curves for the Fe-19%Cr—
19%Mn-0.9%N austenite corresponds to o = 4. This
means that the inhomogeneities are of another nature
and that the objects with fractal properties are absent.
These data confirm the assumption that the alloying of
austenite with nickel can be responsible for the frac-
tality.

Analysis of the results demonstrates that the SANS
curves for the Fe-19%Cr—19%Mn-0.9%N austenite in
the initial state and after annealing involve Porod por-
tions. The smallest scattering vector g at which the

Porod approximation becomes valid is equal to 0.03 A2
(Fig. 1). Asfollows from the slope of the SANS curves
(a = 4), dl inhomogeneities in the Fe-19%Cr—
19%Mn-0.9%N austenite have a smooth interface.

The smooth abrupt interface between inhomogene-
ities and the matrix in the Fe-19%Cr—19%M n-0.9%N
austenite can be associated with the nitride phase pre-
precipitates. Since these preprecipitates are not identi-
fied using diffraction methods (Fig. 2), it can be
assumed that they are characterized by a high degree of
dispersion and asmall volume fraction.

The Mabssbauer measurements also revealed only
the austenitic phase without indication of any other
phase. The three spectral components (Fig. 4) reflect
different nearest environments of Fe atoms with N
atoms and (or) with Mn and Cr substitutional atomsin
the y phase. Since additional components correspond-
ing to nitride phase precipitates are absent in the spec-
trum, microobjectsin austenite contain asmall fraction
of iron and are paramagnetic. Therefore, we can
assume that the preprecipitates responsible for small-
angle neutron scattering in nickel-free austenite
(Figs. 1, 2) are enriched with chromium, manganese,
and nitrogen and serve as nuclei of nitrides of these ele-
ments.

It should be noted that the SANS curves for the Fe—
19%Cr—19%Mn-0.9%N austenite in the range of scat-
tering vectors g ~ 0.02 deviate from linear behavior
irrespective of heat treatment (Figs. 1, 2). We believe
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Table 3. SANS parameters for the Fe-19%Cr—19%Mn—

0.9%N austenite

NADUTOV et al.

Ay Qy K!
Treatment | 447 -t A4 1076 cmi-2 A3 | 104 et A2
1125°C,0.5h| 2.26 £ 0.08 174+0.8 104+ 0.7
250°C, 150 h| 2.38+ 0.1 19.0+09 11.5+0.8
350°C, 250 h| 1.77 £ 0.07 13.3+0.8 80+£0.7

Table 4. Characteristic sizes of inhomogeneities in the Fe—
19%Cr—19%Mn-0.9%N austenite

Treatment R, A ROA Rs, A
1125°C, 0.5 h 200 190 £ 30 745
250°C, 150 h 200 190 + 30 76+5
350°C, 250 h 200 190 + 30 75+5

that this feature can be associated with structural inho-
mogeneities of a size less than 100 A. The use of neu-
tronswith longer wavelengths could makeit possibleto
obtain amore pronounced pattern and to apply success-
fully the Guinier approximation in the given range of
the g vectors.

When processing the data, the neutron scattering
Ccross section wasintegrated over three scattering vector
intervals. The Porod approximation (1) was used in the
interval [gp O]. The numerical and analytical integra-
tion was performed in the interval [Qyin, Qel- IN the
interval [0, g, the scattering cross section was
assumed to be constant; i.e., d=(q)/dQ = dZ(g,,,)/dQ.

Thus, we determined the following parameters: the
total surface area of inhomogeneities A according to
formula (1) [17]; the Porod invariant Q =

J‘; qz(dZ(q)/dQ)dq , Which characterizes the total vol-

ume of inhomogeneities Nv (where N is the number of
inhomogeneities and v is the specific volume of inho-
mogeneity); and the chord distribution parameter K =
g(dz(g)/dQ)dq, which is related to the mean chord of
inhomogeneity [18].

The results of calculations arelisted in Table 3. The
parameters A, Q, and K for theinitial quenched steel do
not differ from those for the steel annealed at 250°C.
The annealing at a temperature of 350°C leads to a
decreasein theintegral parameters A, Q, and K as com-
pared to those for the initial state. This change can be
explained by the decrease in the contrast Ap? or in the
geometric size of inhomogeneities, viz., the total sur-
face area, the total volume, and the mean chord of pre-
Cipitates.

The size and shape of inhomogeneities in the Fe-
19%Cr—19%Mn-0.9%N austenite were evaluated from
the parameters A, Q, and K in the framework of thefol-
lowing three approaches.
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(1) Under the assumption that the inhomogeneities
are only dlightly prolate or oblate in shape, the mean
size of inhomogeneities was estimated from the expres-
sion gpR > 6, which relates the mean radius R’ of inho-
mogeneities and the smallest scattering vector at which
the Porod approximation becomes valid [17]. It was
found that, for all samples of the Fe-19%Cr—19%Mn—
0.9%N steel, the characteristic mean radius R’ of pre-
precipitates is of the order of 200 A (Table 4).

(2) For inhomogeneities with a constant scattering
length, the mean radius IROwas calculated using the
chord distribution function: (RC= KQ™ [16]. The cal-
culated inhomogeneity radii [RCare givenin Table 4. It
can be seen that these radii are in agreement with the
dataon R.

(3) The ratio between the A parameter and the Q
invariant, i.e., the surface-to-volumeratio of inhomoge-
neities, gives the so-called Porod radius R, = 3/TTQA™.
As follows from Table 4, the radii R are less than the
radii R and ORLI The small value of R confirms the
validity of the above interpretation of the specific fea-
ture in the SANS curves for the nickel-free austenite in
the range of scattering vectors g ~ 0.02. The observed
difference in the radii R, R[] and R, suggests that the
inhomogeneities have a nonspherical shape.

The averaged ratio R, /Ry, = 2 between the maxi-
mum and minimum sizes of the inhomogeneities under
investigation was derived from the ratios R/R, and
[RI/Rp. The estimated ratio R,./Ryin = 2 indicates that
the inhomogeneities can be slightly prolate or oblate in
shape.

The results of calculations performed within differ-
ent approaches demonstrate that theradii R, IRCland Ry
for the quenched samples do not differ from those for
the anneal ed samples (Table 4). Therefore, the decrease
inthe parameters A, Q, and K (Table 3) is caused by the
decrease in the contrast Ap? between the inhomogene-
ities and the surrounding matrix. This can be associated
with the redistribution of interstitial atoms upon heat-
ing.

The redistribution of atoms in austenite was estab-
lished from analysis of the Mdsshauer spectra (Fig. 4).
Theisomer shifts &, the quadrupole splittings A, thelin-
ewidths I';, and the relative areas S/=S, which were
determined from the poorly resolved componentsin the
absorption spectrum of paramagnetic austenite, are
strongly correlated. For this reason, the precise deter-
mination of the hyperfine interaction parameters and
their change upon annealing is complicated. However,
the changes in the parameters of doublet 1 (Fig. 4)
attributed to Fe atoms with interstitial atoms in their
nearest environment are larger than the error of deter-
mination (Table 2). This suggests that the atomsin aus-
tenite are redistributed upon heating.

It should be noted that the results obtained in this
work can serve as a starting point for the understanding
of the role played by the ageing in the change in the
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fatigue characteristics of the Fe-19%Cr—19%Mn—
0.9%N stedl [9] and guide the way to further investiga-
tions.

5. CONCLUSION

Thus, the neutron diffraction and Mdssbauer spec-
troscopic data demonstrated that the Fe-18%Cr—
10%Mn-16%Ni—0.5%N austenite alloyed with nickel
and the nickel-free Fe-19%Cr—19%Mn-0.9%N auste-
nite are in a single-phase state. Annealing of the Fe—
19%Cr—19%Mn-0.9%N austenite at temperatures of
250 and 350°C leaves the phase composition
unchanged.

It was revealed that small-angle neutron scattering
occurs in both compounds. However, the differentia
scattering cross section for the Fe-19%Cr—19%Mn—
0.9%N austenite is smaller than that for the Fe-
18%Cr—10%Mn-16%Ni—0.5%N austenite. The scat-
tering curve for the Fe-19%Cr—19%Mn-0.9%N auste-
nite contains a Porod portion corresponding to inhomo-
geneities with a smooth abrupt interface. The fractal-
like inhomogeneities characterized by a rough diffuse
interface with the matrix were observed only in the
nickel-containing Fe-18%Cr—10%M n—16%Ni—
0.5%N.

The size of inhomogeneities with a fractal structure
in the Fe-18%Cr-10%Mn-16%Ni—0.5%N austenite
fals in the range 10-350 A. The inhomogeneities
observed in the Fe-19%Cr—19%Mn-0.9%N austenite
have a nonspherical shape and a characteristic size of
200 A, irrespective of subsequent annealing. It was
found that the annealing of the Fe-19%Cr—19%Mn—
0.9%N austenite at 350°C results in a change in the
contrast due to atomic redistribution.
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Abstract—This paper studies the mechanism of superconductivity in the case where the electrons are strongly
coupled to lattice vibrations and, therefore, are in the state of small polarons. The consideration is based on the
Holstein model with zero lattice-vibration dispersion and represents a consistent realization of the BCS
approach (with no need arising for boson introduction). The ground state and the excitation spectrum are found.
The current states are studied and the criterion of their stability is formulated. The superconducting transition
temperature is shown to increase without limit with increasing electron—phonon coupling constant. This is
accompanied by an exponential decrease in the critical current. Some fundamental properties of high-temper-
ature superconductors are shown to follow directly from this model. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Asfar back asin 1981, long before the discovery of
high-temperature superconductivity, A. Aleksandrov
and Yu. Ranninger proposed [1, 2] amodel for a bipo-
laron superconductor based on the theory of small
polarons [3-5] (in particular, on the onset of attraction
between electrons and the possibility of formation of
electron pairs localized at a lattice site).> Although no
superconductor similar to substances that could be sus-
pected of being of a polaron nature was known at that
time (primarily “dirty” dielectrics of the type of NiO,
TiO,, etc.), those works turned out to be prophetic,
because it is the properties of the latter materials that
the high-temperature superconductors (HTSC) discov-
ered in 1981 possessed. In our opinion, the significance
of works[1, 2], irrespective of the resultsthey claimed,
consists in that the hypothesis of the polaron nature of
HTSCswastreated from the very beginning on par with
other hypotheses.

An additional incentive to investigate the polaron
mechanism of superconductivity was provided by the
recent observation of a colossal magnetoresistance
(which has a considerable application potential) in a
number of manganates (which are close in structure to
known HTSCs). This has stimulated numerous studies
of their properties (see, e.g., [6-10]), which revealed
that their specific features are associated, to a consider-
able extent, with the strong coupling of e ectrons with
lattice vibrations (the polaron effect). Note that the
giant isotope effect discovered in these compounds
[11], whose extreme manifestation is the transition
from the conducting to dielectric state induced by iso-
topic substitution [12], is also observed in HTSCs[13].

I Note that this idea was put forward by V.I. Sugakov in a discus-
sion of a paper submitted to the All-Union conference on the the-
ory of the solid state (Moscow, December 1963). However, it did
not attract the attention of the audience at the time.

It is the properties of the small polaron that permit one
to find a natural explanation for such an effect.

The closeness in structure between the manganates
and high-temperature superconductors offers the hope
that strong electron-vibration coupling (EVC) and the
polaron effects play an essential part in the nature of the
above phenomena aso in the HTSCs.

The present paper deals with a study of the super-
conductivity mechanism within the Holstein model [3,
4]. The BCSformalismisused in the strong EVC limit,
where the polaron effect makes the band width smaller
than the characteristic coupling energy. Due to its sim-
plicity, this model alows for comprehensive analysis;
in particular, it offers the possibility of considering the
crossover from the strong to weak coupling case under
continuous variation of the parameters, as well as of
revealing a number of characteristics of the supercon-
ducting state which remain veiled under weak-coupling
conditions.

2. MODEL HAMILTONIAN

We address the simplest model [3, 4], in which elec-
tronsinteract withion vibrations of acrystal lattice con-
sisting of N ions. Its Hamiltonian can be written as

gzznm O'X + Z ‘J(g)amo m+g,0

e )
me M w? x,YD
“2MT Tz D

where p,, and x,, are the momentum and coordinate,
respectively, of an ion localized near the lattice site m;

a;w and a,.q, are electron operators, Ny, =
a;,cam,o; o isaspinindex; M istheion mass;, wisthe

1063-7834/02/4404-0692%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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ion vibration frequency;2 and g is the EVC constant.
., Isthesum over all latticesites, and (%g isthesum
g

over the nearest neighbors of site m. J(g) determines
the electron band width in therigid lattice. The quantity
M has the meaning of the elastic constant and does
not depend on the ion mass. The EV C originates from
the potential energy of electron interaction with ions,
and therefore, g is likewise independent of M. The
number of electronsis N, < 2N. The electron field oper-

ators i, , Y, are defined as
Po(r) = zq)m(r)am,o! 2

where ¢,,(r) isaset of orthonormal Wannier-type func-
tions.

We neglect the effects associated with the magnetic
field, because it appears more reasonable to treat them
within aphenomenological theory (of the Landau-Ginz-
burg type).

A possible redlization of this model is a system of
identical cation—anion complexeslocated at |attice sites
[14]. The complex consists of four anions sitting at the
vertices of arhombus centered on acation (Fig. 1). The
electrons migrate over the complexes. Assuming defor-
mation to affect the length of the rhombus diagonal
only, one can choose the coordinate of one of the verti-
ces as the characteristic of strain x,, and reckon the
strain from the equilibrium position in the absence of
the electron. The canonical transformation

U= expi=">» Ny, o . Xg = 3
D pDﬁZ , pn% 0T o €)

(a particular case of the Lang—Firsov transformation
[5]) removesthetermslinear in X, in Egs. (1) and trans-

formsthe operators a*, ainto

Ano = eXp(iBPm)am o

(4)

~ . X
am,o = eXp(_IBpm)am,oa B = %9

The operators ny, , remain invariant under the transfor-
mation defined by Egs. (3). Therefore, we have

Hep = Hv_EpZ(an +nm¢)2
" S
+ Z‘J(g)a;,aam+g,ov

mg

2\We neglect here the vibration dispersion, because otherwise the
formalism would loose its clarity; at the same time, the inclusion
of dispersion would not change the general pattern of the phe-
nomenon seriously.
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Fig. 1. Cation—anion complex. The empty circle refers to
the cation; thefilled ones, to the anions.

where Hey = UH U and E, = g2/2Ma? is the polaron

energy shift. The transformed operator &,, creates an
electron at site m and the optimum strain. In the case of
a strong enough EVC, where n = |J|/2E, < 1, such a
complex represents a small polaron. The Hamiltonian
of Eq. (5) can be recast to the form

He = Ho+V+H,, Hg = Ho=EpS Mo,
V= ZJ(g)eXp(iB(pm_pm+g))a;1,oam+g,c1 (6)
m,g

H, = _ZEPZ Nenys Nen, -

m

In Eq. (6), we regained the operators a*, a. Note that
EVC givesrise to attraction H; of the Hubbard type.

For J = O, transformation (3) exactly diagonalizes
the Hamiltonian, such that, under strong-coupling con-
ditionsn < 1, one can construct the perturbation theory
in J. For J = 0, the states are degenerate; their energies
depend only on three variables: the numbers of empty
sites and of those that have one and two electrons. To
lowest order in J, the eigenfunctions are linear combi-
nations of the zeroth approximation functions (i.e.,
eigenfunctions W, of the Hamiltonian Hy + H,). Thelat-
ter functions have the form

W = B X, ()
Here, @, isthe electron function representing the prod-

uct of acertain number of operators a;], - Multiplied by
the electronic vacuum function and X, can be written as

Xs = |—| LI-Jim(xm)1

where () isthe function of aharmonic oscillator with
guantum number i.
In this approximation, the lowest energy states are

solutions of the secular equation in the subspace of the
zeroth approximation functions {Wo} with X = X,
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where i, = 0 for al m. The matrix elements of the
Hamiltonian (6) will contain the operators exp(xiBp,,)
only through their expectation values in the state
described by X,, which can be written as® (see [3, 4,
14))

th
DXo| eXp(£iBpm)| Xg = expH——PB5

c (8)
_ p D 1/2
= P =AT

Whence it follows that, in this approximation, the low-
est energy states of the system are described by an
effective Hamiltonian of the Hubbard type:

Z J[(g)aer o9m + 9,0
©

_Epz nm,o_ZEpanT Ny s
m, o m

where J* = JA = Jexp(—Ey/fiw). Thus, EVC results in
renormalization of the constant J —» J* (band narrow-
ing), inadownward energy shift by —E,,, andinasingle-
site attraction characterized by an energy —2E, (the lat-
tice anadog of the o-function attraction potential
employed in the BCS model). Now, we add the Cou-
lomb interaction to Hamiltonian (5):

He = z ZA(mL My, Mg, My)

{m} 0,0

(10)
+ +
X a-ml, camz, a'am3, c’amA, (o

After transformation (3), the following operator will
appear in Eg. (10) under the summation sign:

IAB(mlf my, Mg, m,) = exp(iBpm,)

x exp(iBpm,) exp (i B pm,) exp(-iBpm,).
In the subspace {W,}, it is equal to the expectation

value [X,| B X, which will bring about multiplication
of Aby AP, with p=1, 2, 3, 4. For termswith m; = m,,
m, = my and m; = mg, m, = m, (the Coulomb and
exchange terms, which are not connected with real
electron transfer from one site to another), we have p =
0; i.e., they do not change under the transformation. All
the other terms are related to the electron transfer, p # 0
for them, and the highest power p = 4 corresponds to

theterm a,, a,, &, &, describing pair transfer. (The
terms with p = 2, 3 are not significant in our consider-
ation.) In what follows, we shall address the strong
EVC case, where Ej/fiw is large and A falls off expo-
nentially with increasing g. In this case, it is reasonable

(11)

3The quantity E, in [14] is one half the quantity E, introduced by
Holsteinin [3, 4] and used in this work.
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toretainin H, only termswith p = 0. Assuming neither
magnetic nor charge order to set in our system, we drop
the corresponding terms in Eq. (10) and retain only the
Hubbard repulsion term:

Heeo = 20 NN, Ao = A(0,0,0,0)>0. (12)

The value of A, is determined by the structure of the
cation—anion complex and can differ appreciably from
the Hubbard energy (afew electronvolts) of abareion.
Thus, in the { Wy} subspace, Hamiltonian (6) is equiva-
lent to the Hubbard Hamiltonian:

H=H,+V, H,= ZWanTnml,
" (13)
z J[(g)a;ncam+g,cv

m,g,0

where W = —-E; + A,. Here, we have dropped the term
proportional to E, in the Hamiltonian; for afixed aver-
age number of electrons N,, that term is equal to the
constant —EN.. The parameter W is the difference
between quantities that are not small (for strong EVC),
and, therefore, its magnitude and sign can be arbitrary.
(Note that we adways have W < E,.) Hamiltonian (1)
has two dimensionless parameters. n (which does not
depend on the ion mass M) and the adiabaticity param-
eter (AP) v = [J|/iw O MY2, This perturbation theory is
applicablein the “antiadiabatic” limit v < 1. In the adi-
abatic limit v > 1, the effective parameters of Hamilto-
nian (3) change [15] but the exponentia factors
exp(—Ey/hw) are retained.

Inthe case of strong EV C, the factor exp(—Ey/Aw) in
the expression for J* resultsin a substantial increasein
its sengitivity to variations in the isotopic composition,
while E, (and, hence, W) remains only weakly depen-
dent on the isotopic composition.

We assume n < 1, where n = NJ/N. The n > 1 case
reverses to the case of n < 1 as one crosses over from
electrons to holes. In what follows, we shall consider
the case of Hubbard attraction W < 0% in the “strong-
coupling” limit®:

Iw > (30,

wherethe band term V isasmall correction to the Hub-
bard term Hy,.

W > Ao, (14)

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

4 The Hubbard model with attraction was considered in [16]. The
polaron model reduces the Hubbard model only to the lowest
order in J. To higher orders, one has to take into account the oper-
ator character of the quantities exp(zi3p) (see Appendix 1).
5We use quotation marks, because this is how one frequently
refers to the models in which the condition opposite to Eq. (14) is
realized.
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3. THE GROUND STATE

The crucial factor in the problem under study isthat
the ground state of the Hamiltonian H,, in Egs. (13) is
strongly degenerate. For W< 0, NJ/2 lattice sitesin this
state are occupied by pairs and the remaining ones are
empty. Its energy is Ey(Ng) = |WIN, and does not
depend on the location of the occupied sites. The

degeneracy is Cﬁe,z -fold, and the entropy and heat
capacity at T = 0 are nonzero (werecall that n < 1):

S = —Nkmln +5-3 In%l.
Nk, 2— 1o
n
CO 7“’]—” .

Therefore, the Nernst principlefailsin the system under
consideration. This excess degeneracy means that Hy,
doesnot fully define the system (for instance, its spatia
dimension is not defined: the system can berealized in
a space of arbitrary dimension n).

This uncertainty can be removed by adding theterm
AV, to Hy, which lifts the above degeneracy. However,
the characteristic features of the ground state of the sys-
tem with the Hamiltonian H, + AV, depend substan-
tially on the actual form of V,, such that, for A — 0O,
the extreme ground states can also be different for dif-
ferent V..

In our case, the part of V, isplayed by the band term

V (A =1). For V,, one could accept aterm of the type
of a“localized-pair transfer,”
S AMM)an ananan,.  (16)
m,m,mzm'

This would have led us to the bipolaron pattern [1, 2].
However, in the Holstein model of Egs. (1) considered
here, which disregards the vibration dispersion, the
quantity A, as aready mentioned, is of the order
exp(—4Ey/fw). By applying perturbation theory in J to
Hamiltonian (6), one can also abtain, in second order, a
term of the type of Eq. (16), which turns out to be pro-
portional to exp(—2(E, + |W|)/2w) (see Appendix 1).
Therefore, under strong-coupling conditions, term (16)
is exponentially small compared to the band term,
which is proportional to exp(—E/%w) and whose con-
tribution to the energy is proportional to exp(—2E,/2w):
in other words, the bi polaron mechanism does not oper-
ate here. (Taking the vibration dispersion into account
may favor realization of the bipolaron situation.)

Let us introduce the chemica potentia | into
Hamiltonian (13):

H=H-pNe = Hy+V—uRe. (17)

The characteristic thermodynamic function for Hamil-
tonian (17) will be the potential Q(T, W) = E — uUN,,
where E(T, Np) is the thermodynamic average of the
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Hamiltonian H in Egs. (13). Because our system
assumes an off-diagonal long-range order (ODLRO),
the number of particles is not fixed and N, should be
interpreted as the average number of particles. For
T — 0, Q and E tend to the ground-state averages of

H and H, respectively. Crossing over to thek represen-
tation, we obtain

|:| = Z(EK_U)a;oako

251( —Ky K —k3ak taszak3lak L
{K

2W

Here, zk denotes summation over the Brillouin zone,

g = JHge"™, (19)
g

and, without loss of generality, one can impose the con-
dition
z g = 0.
k

In Eqg. (18), only the terms that satisfy the conditions
ki =k, ky=k,, ork, + ky=k, + k, = 2q are significant
in the subsequent consideration. Here, 2q hasthe mean-
ing of the momentum of a Cooper pair. We shall ook
for the ground-state eigenfunction of Hamiltonian (18)
inthe BCSform:

(20)

LIJBCS - |_|(LI +eIX(k)Vkak+q1ak+qL)| D (21)

uk+vk =1,

where u, and v, are variational parameters (positive
numbers) and x(k) is an arbitrary real function of k.

The expectation value Q© of the H operator for the

W{ nes State is expressed through the expectation values
of the operator combinations

— = _ 2 + _+ —ix(k)

N, =Ny, =V, agay, =e UV, (22
and isequal to
<LPBCS|H|LIJ s> = Z(sk_ll)zvi
@
+2|\\|N % X0,

For W < 0, quantity (23) reaches a minimum when
X(k) = const [17]; i.e., there is a phase coherence in k
space characteristic of the BCS approach (in what fol-
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lows, we assume X = 0). We denote u, = cosB, and v, =
sinB,. Then,

1 2 _ 1
_NZZV“_N

= %ZUka = —z—lNZsinzek.
k k

Here, n = NJ/N is the average electron concentration and

Z (1-cos26,),
‘ (24)

1 + _+
r= mg(akra—kl +a—k1ak1)

isthe ODL RO parameter (we notethat it isdefined only
if the above phase coherence exists). Equation (23)
takes the form

Q9 = ¥ (e, —pn)(1-cos26,)
Z (25)

+ %WNn2+ 2WNr2.,

Using Egs. (24), from the necessary condition of the
minimum 0Q©/d8, = 0 for u = const, we obtain

c0s26, = J —H+ W

€ +Wn)“ +

(&—H ) Q (26)
sin28, = F Q

JE—pn+wn)P+ Q7

The minimum is attained for the upper sign. The values
of nand r at which the minimum is reached are related
to 1 and the Hamiltonian parameters through

1 g—u+wn O
n= EII.— 0, (27

NZO fe—p+wni+Qh
WQ (28)

_NZJ(ek—wwm%Qz'

We have denoted here Q = 2|W|r. A nontrivial solution
Q # 0 existsonly for W< 0 (we will consider only this
caseinwhat follows). The quantity Q@ and the ground-
state energy E© = [Hof Hamiltonian (13) are related
through Q@ = E© — uN,. Taking into account Eq. (20),
we obtain the following expression for E© at the mini-
mum:

~NE,—N(1- n)p+lN|a/|

NS fe -+ Q7
k

EO _
(29)

KUDINOV

We denoted I = + |WIn. Equation (29) contains the
polaron energy shift —N.E,, which was dropped in
Egs. (13). In the limit as g, —= 0, Egs. (27) and (28)
yield

- —|VV| N HZ_QZ = |VV|’ (30)
Q%> = Wn(2-n).

Substituting Egs. (30) into Eq. (29), we come to
EQl | o= Ey=-Ng(E, + |W|) and QO _ ;= 08Inthe
strong-coupling case of Eq. (14), one may restrict one-
self in Egs. (27)—(29) to expansion to the lowest [sec-
ond, because of Eq. (20)] order in €. We thus obtain

E?=E,—-AE?, (31)

© _ yQ(e—0) ¢ _ _ yN(2=n) €
AR N W TN e P
(33)

= %ZEﬁ =y 35 >0;
k g

i.e., inclusion of the band term reduces the energy. The
difference AE,, between energy (31) and that of the nor-
mal state (Q = 0) can be written as

AEg, = e|vw—+0(JDﬁ/|vvn (34)

i.e., in the strong-coupling case, the energy of the state
with Q # Oisalwayslower than that of the normal state.
The electron distribution n, ink inthe ODLRO stateis

n=2vi = nHl—(2- n)| ID+0(JE12/W) (35)

and differsfrom n, = const only in small terms of order
~J*[|W|. Asfollows from band theory, €, isan analytic
function of k and, therefore, n, isalso an analytic func-
tion. Inthe opposite, weak-coupling case of |J* | > |W|,
the function n, has the form of astepwise Fermi func-
tion broadened analytically in the vicinity of the Fermi
surface (as in the models of BCS, Eliashberg, etc.).

The characteristic features of the state under consid-
eration are aready seen clearly at this stage. For
instance, phase fluctuations, causing breakdown of the
phase coherence, are accompanied, according to
Eq. (23), by a change in energy on the order of |W|;
therefore, one may expect the phase transition temper-
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6 Equations (27) and (28) for Hamiltonian (13) were derived for
W< 0in [16]. Thereafter, the authors of [16] deviate, however,
from the BCS approach by invoking the Bose operators and the
results they obtained differ substantially from those presented
bel ow.
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ature T, to be of the order of |W| and the critical current
to be small because of the polaron-induced band nar-
rowing.

4. WAVE FUNCTION

Using the properties of the Fermi operators, one can
cast the ground-state wave function (21) for g = 0 and
X =const #0as[18, 19]

O
W) = ﬁju@expgze o, o A0 (36

This dtate is degenerate with the only degeneracy
parameter x. Crossing over to the Wannier functions
and taking into account Egs. (26) and (30), as well as

that u>0and v >0, wefind that, for e —» 0, the W
function tends to

2-n_ _ix/n
|—| = T +eX/\/7amTam¢D|OD
m

Asfor the ground-state eigenfunctions of the Hamilto-
nian Hy, they can be written as

2—N, iXm
HDD/——2—+e'X [amam@om

The degeneracy parameter is a set of N numbers X,,.
The volume of the subspace of functions (37) is much
less than that of the space of functions (38); therefore,
the Nernst principle holds for Eq. (37). Introducing

operators R(m),

(37)

(38)

RM) = 53 SIG)(@h o, +3h_c:3n.).
° (39)
S(G) _ elxz keIkG,

™ Uy

(ZG is the sum over lattice sites), Eq. (36) can be
recast as

WO, = const |_| expRm[00] (40)
The quantity v,/u, isaperiodic function of k and ana-
Iytical onthereal axisfor al k directions. Therefore, as
|G| — 0, S(G) decays exponentially (more exactly,
faster than any power of 1/|G|). When acting on a vac-
uum |OC] the operator expRm creates an electronic clus-
ter centered on site m, and the contribution to it due to
the stateswith indicesm + G falls off exponentially for
|G| — oo with a characteristic scale length of the order
of thelattice constant a,. In the weak-coupling case, the
ground-state wave function has a form and properties
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similar to those of Eq. (40), but its characteristic decay
length is of the order of the correlation length
~hVEKT, > a,.” In both cases, the correlators of the
[(A(r)B(r\)Utype decrease faster than any power of
Ir=r'[tas|r —r'| — o [19].

Thus, the ground-state wave function of a supercon-
ductor is created by the action of the product rlm of

the above-mentioned electronic clusters on a vacuum.
We note that Kohn [20] argued that such a structure of
the wave function (but without ODLRO) is typica of
the dielectric state and is not based on model concepts.
The arguments were specified in [21]. It has been dem-
onstrated using a number of examples [19] that such a
structure characterizes rather the Mott localization and
is inherent not only in the dielectric state but aso in
BCS-type superconductor models.

5. CURRENT STATES

Consider the case where the parameter g in Eq. (21)
is other than zero. The result of the minimization is
given by Egs. (27)—29), in which one has to make a
replacement,

1
& —5(Ekrq + &-g) =E(K, 0). (41)
Expansion (31) assumes the form
0 _ @ _ N(2=Nn)é(q)
HO® = EY = E,— T (31a)
1
8@ = 75 (ErgtEq)’
K (333)

= 25 9f(a)(1 + cos2qg).
g

Obviously enough, ‘é(q) isaperiodic function of g with
a period equal to one half the reciprocal lattice vector.

The particle flux operator 1 is given by the relation of
the band theory

rE%IdrZ(wg(r)pwc(r)—ﬁw;(r)wa«))
7y (42)
0

h askk( IAURE

where? isthe voI ume of the system. It is assumed that

the operators (r) and Y,(r) meet boundary condi-
tions (for instance, cyclic boundary conditions) which
make the momentum operator p = —iA0 Hermitian in
the volume of the system.

2002

7 One will have, naturally, to ignore the traditional momentum cut-
off.
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Let asample be aright circular cylinder of length L

withitsaxisoriented along aunit vector e, (e?, =1),and
let a particle flow pass through the bases. Then, the

averageflux | isdirected along eyand | = gyLl, where
| isthetota particleflux through the cylinder cross sec-
tion. Recalling the results obtained in Section 3 and tak-
ing into account Eq. (41) and q = ge,, one readily sees
that current | in state (21) can be written in the lowest
order in€ as

NQ*e — 0)1 0 é(q, &)

=~ %aq W
Nn(2—n)1 9 é(q, &)
TTC 2 haq W 43)

#(a.e) = 35 IF(Q)[1+ cos2q(e,0)];
g

i.e., it isproportional to the derivative of the energy of
Eqg. (31a) with respect to g. Introducing the notation

g = E(q), we obtain from Egs. (31a) and (43)

10

1@ = Fr56E@. (44)

Thus, for a given configuration (orientation of the cur-
rent relative to the crystal axes), the current state of the
system is characterized by the scalar parameter q (—o <
g < +o0) and its energy is afunction of g.

Equation (44) is a particular case of a general ther-
modynamic rel ation.8 It is based on the assumption of
the existence of athermodynamically equilibrium cur-
rent state (and does not make use of any ideas concern-
ing the nature of the phenomenon). A direct conse-
guence of this assumption is the existence of athermo-
dynamic parameter q characterizing such a state. The
current | isgiven by Eq. (44). The condition of stability
of the equilibrium current stateis

mdln
B,

[Notethat the solution to the problem of the critical cur-
rentin afilm [24] obtained in terms of the Landau—Gin-
zburg theory is based essentially on the thermodynamic
relations (44) and (45).] In our case, we have

(45)

@ = e 3 1@eg)snizaea) . (@

8 The author has to refer to his own paper [22] (see also [23]),
because he could not locate a similar treatment in the literature.
Such a treatment could have appeared as far back as the times of
Kamerlingh Onnes (1911). Appendix 2 presents a brief exposi-
tion of [22].
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dl _ Nn(2-n)
dq LAIW
(47)
x 3 I (g) (e09)”cos[ 2q(e;9)] > .
9

In the approximation used, the boundary of stability is
determined by the g, relation. The current 1(q) is a
bounded and analytic function of g withinthe —o <q<
+oo region; therefore, regions of instability, where
0l/0q < 0, aways exist for any values of the parameters
of the problem. The maximum of the modulus of the
electric current J. is, in order of magnitude,

2
9L 3l W]
19 = Sen 2]
WA (48)
n=na’, S=N"a

where a, is the lattice constant.

6. EXCITATION SPECTRUM

We first find the excitation spectrum abovetheq =0
ground state, obtained in the preceding pages, using the
self-consistent field (SCF) approach. We introduce the
model Hamiltonian

+ 2W
H(0) = Z(Ek_u)akoakc+ N Z Ny Ny

ko {k, k?}

{k, K}

The earlier estimate of the renormalization factor
exp(—Ey/iw) of the quantity J entering g, is inapplica-
ble near the phase transition, because the transition
temperature is of the order |W| > Aw. Using the SCF
formalism, the renormalization can be defined as the
SCF average

JCEXP(iBPm) €XP(—iBPm+g)d = JHT),

which was determined by the self-consistency condi-
tion. The major contribution is due to averaging over
noninteracting vibrations, which yields

_ 0 Ep 1 0
IHT) = JeXP T ep(FrokT)]

(50)

(temperature-induced band narrowing [25]), while the

self-consistency procedure will entail only small cor-
rections ~(J*/E,)>.

We introduce the SCF quantities n,, and ay, &', :

Ny Ny Hﬁank'l +nkTﬁk'l_ﬁkTﬁk'l1 (51)
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+ + + +
Ay, By, Ay — Ay, Qe Gy Ay

(52)

+ _+ + _+
A Ay B, By — Ay, By Ay Ay -

(Subtraction of the products of the averages is neces-
sary for correct determination of the ground-state

energy.) We set all quantitiesto bereal and n,, = n,, .
Then, the SCF Hamiltonian takes the form

Hum(0) = Z(Ek— _%Zﬁk'dz Nyo
k'c' ko
2|W|

ko
+ _+
N Z kiaKIZ(akTa—ki-i-a—klakr)'
K

Following the standard procedure, we obtain an excita-
tion Hamiltonian of the form

Hoo = B+ Y Culaan + Be),
k

Gk = (& —p)*+ Q%
This procedure can be performed for the state described

by Eqg. (21) with g # 0. The result has the form of
Eq. (53), where E@ is replaced by E@ and by

p—)nkc

(53)

8k+q_8k—q

4(k; 6) = ek, @) —p)” + Q"¢ 2

Equations (53) and (54) arevalid for W< 0 and an arbi-
trary relation between J* and |W|. [The criterion of sta-
bility given by Eqg. (45) isin no way connected with the
properties of the excitation spectrum {(Kk).]

In the strong-coupling case of Eq. (14), the quanti-
ties arepositivefor all k anq and, inthee — 0limit,
taking into account Eq. (30), can be written as

o = JP2+Q% = W (55)

The ground-state stability rests, within the approach
used, on the { > 0 condition. According to Egs. (314)
and (33a), the correction to the energy due to the cur-
rent is of the order of ~J*%/|W|; i.e,, it is small com-
pared to the energy (~|W|) associated with ODLRO.
Breakdown of criterion (45) brings about rearrange-
ment of the current system (for instance, the formation
of avortex structure) but not destruction of the ODLRO
(type-1l superconductor [26]).

In the weak-coupling limit, substantial changes
occur in the immediate vicinity of the Fermi surface
and critical phenomena are initiated by excitations of
negative energy, ((k; q) < 0. Such excitations arise
when thefollowing condition (Landau criterion) ismet:
g> . = 20/ v, where A isthe gap parameter and v is
the velocity at the Fermi surface. The energy associated
with the critical current, ~A%g.ke/m, turns out to be of
the order of A. In this case, one should expect the
ODLRO to be destroyed by the current (type-I super-

(54)
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conductor, Silsbee’s rule). Reaching beyond the scope
of this model (for instance, an explicit inclusion of
magnetic field) may change the situation.

Using the variational principle of Bogolyubov—ey-
nman [27, 28], one can find the free energy in the
approximation corresponding to the SCF approach. For
€ — 0, we obtain such expressions for the entropy

S(T) and heat capacity C(T):

_ W .0 WO
2NkkT exp - Daiil
|W| W W (50
_ ] L1 W
C= 2NkkT kT 1DexpD o

At low temperatures (KT < |W]), the Nernst principle
obviously holds and C is aways positive. One can
readily verify that the heat capacity is also positive for
afinite g, that is small compared to |W]|.

7. PHASE TRANSITION

Using the results obtained in Section 5, one can
derive the SCF relations defining 1 and Q for a finite
temperature:

n=<

N
xza_ Sk—ﬂ tanh/\/ ) +Q%] (7)

=] ,(Ek—l_l)z"'Qz 2kT D
Q= W
58
5@l
A (Ek—l_l)z"‘Qz 2KT

In the strong-coupling approximation, one can ignore
terms ~J*2/W? and set € = 0. Thisyields

1 1 tanhDD“ H2+Q2E
W e AT
H=—1-n)W.

The transition temperature T, is defined by the expres-
sion

(59)

Q) = OD!:_FD
W B
(Fig. 2). The maximum T, = |W}/2 isreached at n = 1.

Only the small correction in Eq. (60) is sensitiveto iso-
tope substitution.

1-n

1
2arctanh(1—n)

(60)
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Fig. 2. Transition temperature plotted vs. electron concen-
tration.

8. DISCUSSION OF RESULTS

The above consideration permits the following con-
clusions:

(1) The mechanism studied is qualitatively similar
to the BCS approach; in both cases, the Fermi singul ar-
ity in n, vanishes. The Cooper instability against elec-
tron—electron attraction plays adominant role. The dif-
ference bears only a quantitative character; more spe-
cifically, in the case of weak coupling, the break in the
immediate vicinity of the Fermi surface smooths out,
while in the strong-coupling case, the rearrangement
extends over the whole Brillouin zone and n, is nearly
constant withinit.

(2) In the strong-coupling limit, T is of the order of
|WJ/k. Note the substantial difference from the boson
models, where T, tends to zero as |W| — o because
the corresponding coupling constant is proportional to
~|W|‘1.

(3) The attainable values of the current in a finite
band are limited in magnitude [see Eq. (48)], and al
phenomena associated with diamagnetic currents show
atendency to saturation with increasing magnetic field.
Therefore, the thermodynamic critical field H in this
limit is determined by the paramagnetic effect [29]:
H. O |W|/o, Where W, is the Bohr magneton.

The exponential band narrowing should correspond
to small critical currents (low values of the first critical
field Hy and large penetration depths). The energy
associated with the loss of current stability is small
compared to KT, (see Section 6). (A similar situation is
observed in Het, where the critical velocity estimated
from the transition temperature is three orders of mag-
nitude higher than the experimental value.) In the case

KUDINOV

of very narrow bands, the paramagnetic effect should,
perhaps, be taken into account.

Thus, in the strong-coupling case, a superconductor
exhibits the properties of a type-Il superconductor, in
which the paramagnetic limit can be reached. For
|W| — o0, astate with zero critical current and ahigh-
temperature type-ll transition is realized without any
ordering.” It should be stressed that the high transition
temperature is reached in this model at the expense of
reduction of the characteristic currents (and of the mag-
netic fields induced by them).

(4) Different properties of the model depend differ-
ently on the isotopic composition. In the strong-cou-
pling limit, T; is determined by the magnitude of the
polaron energy shift (which is ion-mass independent)
and does not depend on the isotopic composition. The
isotopic dependence of T. becomes manifest with
decreasing coupling [see Eq. (60)]. At the same time,
the phenomena associated with electron transport
exhibit an isotopic dependence because the electronic
band narrows in proportion to Oexp(—Ey/Aw); this
dependence becomes progressively stronger with
increasing EV C (the dependence on EVC has an expo-
nential character).

(5) As the parameter |W| varies continuously from
negative to positive values (the Hubbard model with
repulsion), it appears natural to expect the onset of a
dielectric, magnetically ordered state for large enough
W> 0.

Note that the simplest strong-coupling polaron
model of the superconductor considered above exhibits
two characteristic features of the HTSCs: (i) the lower
critical field is small, while the upper critical field is
very high [see item (3) above] (this was established at
the very early stages of research), and (ii) the isotopic
effect has adifferentiated character [13] [item (4)]. The
model also contains a possibility of describing the
experimentally observed transition to a magnetically
ordered state with varying composition [item (5)].

This paper did not touch on the fundamental issue of
the realization of the case of single-site attraction W <
0. To clarify this situation, it would be expedient to
investigate “small” models (the pair of electron-on
complexes shown in Fig. 1), with due inclusion of real
pol arization mechanisms.
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and does not form a phase.
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APPENDIX 1

As follows from the results presented in Section 2,
electron transfer between an empty and a single-elec-
tron state of a site entails the overcoming of an energy
barrier E,. In contrast, the barrier to be overcome for a
electron transferring between an empty and atwo-elec-
tron state is 4E,. Hubbard repulsion in Eq. (12) lowers
this barrier. We estimate the corresponding contribution
to the energy. A perturbation analysis carried to second
order in J yields the following expression for the
parameter A(m, m') = J?= in the term of the effective
Hamiltonian in Eq. (16) describing the transfer of apair
asawhole from sitem to sitem":

— 1

- Slzog W +hw(s +s;)  (AL.1)
x [0 exp[iB(p1 — Po)] IS, S8, s exp[iB(p,— py)] [0
We have
1
2IWM +7hw(s +s))

[

EIexp[—(2|V\/| +hw(s, +5S,))A]dA.
0

Therefore,

== [y ep(-hws))Dep(iBp,)ls,

=0

x[3]exp(iBp,)l00) exp(-fiws,A)
s,=0
x [0 exp(—i B py) s, 18] exp(—i B p,) [OLdA.
Let us go over to the second-quantized operators

p = i M —b),
Bp = 0 ), v = [

and introduce the function

(AL2)

00

N = e mep(-y(bi —b))s, 0

x [3] exp(~y(b; —by))[0L]

We recast exp(—hwsh) jexp(iBp)|sT as
[Olexp(AH)exp(iBp)exp(-AH,)|sL) H, = fiwb*b. Denot-
ing p(A) = exp(AHpexp(-AH,), we represent S(A) in
the form

SN = me—v[b(?\)—b(?\)] e—v(b —b)|0D
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(the subscripts on b and b* are dropped). Using the
well-known relations for the Hermite polynomials [32]
(see also [14]), we obtain

SO = exp[-y*(L+e" ).
The quantity = can now be written as

== J’e‘z‘W‘A(S()\))zd)\

) 0 (AL1.3)

- i _ . 5 —7
= 7o erl-(2W/hw)d epr22(1+ e Ydz.
0

Estimation by the steepest-descent method made for
E, [W|> iwyields

- - [_m exp 250
- |V\I]hw U Al
><expD ﬁ %L InlWIDD.

In comparison with the contributi on due to the band
term AE© of Eq. (32) (which is proportional to
~exp(—2E,/7w)), one can see that there is an additi onal
exponential smallness exp(-2|W|/Awa), wherea > 1.1°
In the Hubbard model without EV C, thisterm would be
of the order of AE©.

(AL4)

APPENDIX 2
THERMODYNAMICS OF THE CURRENT STATE

The elementary work done on a current system is
equal to [33]

Asd = —% [it)sAr, (A2.1)
Vv

where j(r) is the current density in the system and AA
isthe change in the vector potential (VP) effected by an
external source. Indeed, the work Asd performed in
time At by an externa forcefield F on a particlemoving
with velocity visAsd = F - vAt [whence it also follows
that Eq. (A2.1) does not contain the electronic charge].

Assuming the existence of an equilibrium current
state (ECS), let us find A for acylindrical conductor
(Fig. 3) of length L and with a cross section Swhichis
connected through electrodes (2, 2') to a circuit with a
variable emf source 3. The interna resistance of the
source is assumed to be large (the current source). The
cylinder axis is aligned with x. The effect of the mag-
netic field created by the current flowing in the circuit
on the conductor is assumed to be excluded.

2002

10 |f the Hubbard repulsion energy 2A is zero, this quantity is
equal to exp(—2Ey/fiw) and = [ exp(—4Ey/fiw), similar to the
localized-pair direct-interaction term (see Section 2).
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Fig. 3. Superconducting cylinder (1) connected to a circuit
with an emf source (3). The area of the electrodes (2, 2') is
assumed to be large enough for the field E to be nonzero
only in the gap between them.

Let an equilibrium current J, set in the circuit. (In
accordance with the invoked assumption, the potential
difference AU across the electrodes 2 and 2' is zero.)
Starting from the instant t = O, the source maintains a
field E # 0 intheregion between the el ectrodes and per-
forms work on the conductor. The VP depends linearly
on the time [A(t) = —Et] and is directed along x. At
time t,, the control is stopped, AU becomes zero, and
the system transfers to the ECS with a current that is
different fromitsinitial value. The processisreversible
for E— 0, t; — o, and Et; being finite (and small).
The changein theVPin thisprocessis AA = —Et,, and
the work performed is

Bl = LIEL, LI,= [ln)dr. (A2.2)
Vv

(Inanormal conductor, J,=0and Ad =0insuchapro-
cess.) Setting —eEt; = AAg = AA and (-l/e)J, = | (the
particle flux), we have

Ad = #LIAQ. (A2.3)

The quantity g (with dimensions of L) is a thermody-
namic parameter characterizing the ECS; the average
energy E is afunction of g; and the fundamental ther-
modynamic identity has the form

dE(S q) = TdS+#LlIdg, (A2.4)

where S is the entropy. Whence it follows that | =

(AL)"X(0E/aq)s (I and g are thermodynamically conju-

gate). One readily obtains the condition of ECS stabil-

ity,

0°E) _, @10

i—= =il >0.
Daqzljs |$d:ls

One may choose the current | for the thermodynamic

parameter. It isthiscasethat isrealized in practice. The

(A2.5)
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characteristic function for it will be W(S, I) = E—7#LIq
(an anaog of the enthalpy).

The function E(S, g) characterizing the equilibrium
current state under ODLRO conditions can be defined
for the configuration of Fig. 3 by conventional methods
employed in statistical mechanics, namely, by fixing
the gauge of the kinetic energy (for instance, taking it
in the form p*/2m) and imposing the condition™! ¢g —
®s, = Lg on the phase ¢ of the anomalous mean F(r) =
W ,(NW_g(r)O= A(r)expi@(r). One can readily verify
that the Fourier expansion of F(r) will retain only terms
of thekind & , 4_sa + (OLI0 = & The quantity g is
a characteristic of a macroscopic state. This procedure

can easily be generalized to a solid of an arbitrary
shape.

This consideration is also valid in the case where
magnetic fields (both those generated by the current in
the sample and external ones) are taken into account. In
doing this, one should fix the gauge of the vector poten-
tia [22].
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Abstract—The electronic structure of volume and film iron disilicides with crystal structure of the type of a
leboit and fluorite was cal culated using the linearized augmented plane-wave formalism. Joint and local partial
densities of electronic states, x-ray emission spectrain different series of all inequivalent atoms of these phases,
and photoelectron spectra for different excitation energies were obtained. y-FeSi, was found to be, unlike
a-FeSi,, an unstable phase in both the volume and film realizations. X-ray L, ; emission spectra of silicon in
the iron group disilicides NiSi,, CoSi,, and FeSi, were compared. NiSi,, CoSi,, and a-FeSi, exhibit transfor-
mation of the maximum in the near-Fermi region of the Si L, 3 spectra as one crosses over from abulk to afilm
sample. This transformation is closely connected with phase stability and may serve as a criterion of thermo-
dynamic stability of the iron-group transition-metal disilicides. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Among therich variety of materials used in present-
day micro- and nanoel ectronics technologies, of partic-
ular interest are compounds exhibiting high melting
points, low electrical resistivity, and good conductivity.
In addition, these materials should be easily workable.
Among the most promising in this respect are the sili-
cides of transition metals. The high temperature stabil-
ity of both the crystal and electronic properties of these
compounds makes them virtually irreplaceable in the
production of contacts, Schottky barriers, and hetero-
structures. For this reason, investigation of the elec-
tronic properties of transition-metal silicides is cur-
rently atopical issue in solid-state physics[1].

This paper presentsthe results of atheoretical inves-
tigation into the el ectronic structure of disilicides of the
iron-group transition metals, namely, a-FeSi,, y-FeSi,,
CoSi,, and NiSi,. These compounds possess al the
above-mentioned properties. A fairly complete idea of
the valence-band €electronic structure was obtained,
however, only for the cobalt and nickel disilicides.
These materials have been well investigated experi-
mentally (CoSi, [2—6], NiSi, [3-10]); we have studied
the valence-band structure of the film phases of CoSi,
[11] and NiSi, [12]. The a-leboit and the y phase have
attracted very scant interest; indeed, a-FeSi, has been
studied primarily by experimenta techniques [2, 13—
16] (athough an attempt at calculating the densities of
states of a bulk sample was made in [13]), and for y-
FeSi,, photoel ectron spectra of afilm were measured in
[16, 17] and the densities of electronic states of the bulk
material were calculated in [18]. In this work, we car-
ried out a comprehensive calculation of the electronic
structure of a-FeSi, and y-FeSi, films and bulk materi-
als, which have not been studied theoretically in asys-

tematic way until now, and compared the calculated
electronic structure and spectral properties of the iron
disilicide with the available data on the nickel and
cobalt disilicides.

2. METHOD OF CALCULATION

The electronic structure of films was calculated by
the film version of thelinearized augmented plane wave
(LAPW) formalism. This method is described in con-
siderable detail in [19] and was discussed by us briefly
in [11]. The valence-band structure of bulk materials
was calculated using the volume version of the LAPW
formalism [20].

3. RESULTS AND DISCUSSION
3.1. Densities of Electronic Sates

Figures 1 and 2 present local partial densities of
states (L PDOS) of atoms of a-FeSi, and y-FeSi,, which
provide the main contribution to the valence band of
these materials, namely, LPDOS of theiron d statesand
of the silicon s and p states. The solid lines specify the
LPDOS of atoms in bulk samples, which virtually do
not differ from those of atoms in the inner film layers,
and the dashed lines are the LPDOS of the iron atoms
closest to the surface and of the silicon near-surface
atoms in the films. We readily see that the iron d states
are localized in energy and that the density of these
states reaches a maximum about 2 eV below the Fermi
level (Eg) for the a phase and 1.5 eV below Eg for y-
FeSi,. Thedistribution of the silicon sand p states of a-
leboit in the valence band hasthe following form: in the
bulk, the density of the s states is the highest in the
region 7-14 eV below E; and the density of the p states
isthe highest 1-6 eV below E. As one crosses over to

1063-7834/02/4404-0704%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. LPDOS of atoms in a-FeSi,. Solid lines show the

LPDOS of the bulk phase, and dashed lines show those of
the iron atoms closest to the surface and of the surface sili-
con atomsin films.

near-surface film atoms, the density increases consider-
ably intherange 0-1 eV below E:. For they phase, the
regions of the highest concentration of the silicon sand
p states lie 6-13 and 1-6 eV below Ef, respectively.

The magnetic properties of the y phase as related to
its electronic structure is an interesting issue. DOS cal-
culations of the bulk y phase made by Christensen [18]
yielded 0.3pg for the magnetic moment of the iron
atoms. A later study [17] also came to the conclusion
that this phase is a magnet. On the other hand, it is
known [21] that if the Fe-Si system contains more than
40% Si, the iron atoms in this compound bear no mag-
netic moment. In y-FeSi,, the silicon-to-iron ratio is
2:1;i.e, the silicon content is more than 66%. These
two mutually contradictory results initiated a spin-
polarization calculation of the electronic structure of
they phase in order to determine the magnetic moment
on the iron atoms of this silicide. As input data for a
self-consistent calculation, we used the magnetic
moment of iron atoms in the bulk material quoted in

[18]: uEZSiZ = 0.3ug. However, reaching self-consis-
tency in the occupation numbers brought about the dis-
appearance of spin splitting in the energy bands. Thus,
our calculations suggest that y-FeSi, isaparamagnet, as
is a-FeSi, also. Therefore, the data presented in this
paper refer to the paramagnetic phases of these com-
pounds.

One of the main distinctions of the valence-band
structure of the y phase from that of the a-leboit is the
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d-Fe

s-Si

ny(E), states/eV per unit cell

E, eV

Fig. 2. LPDOS of atoms in y-FeSi,. Solid lines show the

LPDOS of the bulk phase, and dashed lines show those of
the iron atoms closest to the surface and of the surface sili-
con atomsin films.

substantially increased density of states directly at the
Fermi level, afeature characteristic of both afilm and a
bulk material. This implies that this phase is unstable.
However, whereas some authors [16, 18] maintain that
both bulk and film samples of y-FeSi, are unstable, oth-
ers [17] are of the opinion that the films can be stabi-
lized. Because we have not been ableto locate any other
data in support of the results of [17], we believe that
annealing could bring about a change in the lattice
parameter or the formation of athin oxide film on the
surface, introduce impurity atoms, or produce aconsid-
erable deviation from stoichiometry, which was missed
by the authors of [17]. Such changes in the crystal
structure of afilm should inevitably cause a shift of the
Fermi level. In the case of y-FeSi,, even a very small
shift of the Fermi level, as seen from the calculations,
should substantially reduce the density of states at Er
and, as a consequence, stabilize the system. Our rea-
soning is supported by the fact that the study of the 'y
phase in [17] revealed a nonzero magnetic moment on
the iron atoms in this compound. As for our calcula-
tions, they did not reveal, as already mentioned, any Fe
magnetic moment in y-FeSi,. This may suggest that a
phase of some other compound, in which the iron/sili-
con ratio was certainly larger thaniny-FeSi,, 1: 2[21],
was formed in the course of preparation or in the
attempt at stabilization of the y-FeSi, film [17]. Thus,
our calculations of the electronic structure of the y
phase and the results of other studies [16, 18] strongly
question the possible existence of stable y-FeSi,,.
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3.2. Photoel ectron Spectra

Figure 3 compares the calculated photoelectron
spectra of bulk and film iron disilicides with the exper-
imental data [2, 14-17] available for different excita-
tion energies zw. The main maximum of these spectra
derives from the d states of iron. As the excitation
energy varies from 12 to 1253 eV, the position of this
peak changesfrom 1.84 to 1.89 (1.16 to 1.21) and from
1.68t01.78 (1.26 to 1.42) eV below E in the bulk and
film a (y) phases, respectively. A second feature in the
photoelectron spectra lies 2.5-4 eV below E;. At low
excitation energies (less than 50 eV), this feature is
derived primarily from the s and p states of silicon and
the d states of iron. As the excitation energy increases,
the role of the silicon s and p states in the formation of

a phase
hw=120eV

Y phase
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Fig. 3. Photoelectron spectra of o-FeSi, and y-FeSi,.
Curves a and b present calculations for film and bulk sam-
ples; curves c and d are experiment [2] and [15] for the bulk
crystal, respectively, and curves e and f are experiment [16]
and [17] for the film, respectively.
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this feature becomes progressively less noticeable,
because the photoionization cross section increases
with an excitation energy for the silicon s and p states
that is considerably slower than that for the d states of
Fe. In contrast to a-FeSi,, the photoelectron spectra of
y-FeSi, at low incident photon energies reveal, in addi-
tion to these two features, one that is observed at
0-1eV below E¢ for Aw < 30 eV, derives primarily
from silicon sand p states, and disappears with increas-
ing excitation energy. Thus, at high incident photon
energies, the pattern of the photoel ectron spectraof iron
disilicide is determined, in actuality, only by theirond
states.

3.3. X-ray Emission Spectra

Figure 4 presents Si L, 3 Xx-ray emission spectra of
iron-group disilicides. The character of these spectrais
of considerable interest. The fact isthat studies of iron-
group disilicides (NiSi,, CoSi,) have revealed a change
in the intensity of the peak near the Fermi level as one
crosses over from a bulk sample to a film [3-8]. This
phenomenon is connected with the fact that the charge
transfer from silicon to the metal atoms in the film is
different from that in the bulk material. The mechanism
of this process was discussed by us in considerable
detail in[11, 12].

In accordance with the dipole selection rules, the
Si L, 5 spectrareflect the distribution of the Si s and d
statesin the valence band. We first consider these spec-
tra for bulk a-FeSi, and y-FeSi,. As follows from the
calculations, the maxima at ~8.2 (8.9) and 2 (1) eV
below E inthe Si L, 5 spectra of a-leboit (y phase) are
due to the s states. The d states become manifest as a
small feature in the L, 5 spectrum of the y phase in the
region 3.5 €V below Er. The relative intensity of this
feature is weak, because the matrix element for the
transition probability for s states is larger by about an
order of magnitude than that for the d states. This peak
inthe L, 3 spectrum of silicon is also observed in other
transition-metal disilicides of the iron group (NiSi,,
CoSi,) which have the same crystal lattice (CaF, type
[22]). The absence of this feature in the silicon L, 3
spectrum of a-leboit is apparently connected with the
fact that the crystal structure of this compound differs
substantially from that of fluorite. As seen from Fig. 4,
the Si L, 3 spectra of the bulk sample (curves a) are
very similar to those of the inner atoms of the film
(curves b). However, in the L, ;3 spectra of silicon in
y-FeSi,, we were not able to detect the transformation
of the maximum in the near-Fermi region expected to
occur in going from the bulk (a) to the film (b) sample
characteristic of other iron-group disilicides with the
same crystal structure (NiSi, [3-8], CoSi, [3-6]). How-
ever, the absence of such a peak transformation near the
Fermi level could be anticipated. The matter is that as
one crosses over from NiSi, to CoSi, to FeSi,, the num-
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Fig. 4. X-ray Si L, 3 emission spectra of iron-group disili-
cides for (a) a bulk sample and (b) film sample (the solid
line indicates the inner layer; the dashed line, surface
atoms); curves (¢ and d) are experimental data[3, 4] for the
bulk and film samples, respectively.

ber of valence eectrons per unit cell in the film
decreases. This decrease gives rise to a shift of the
Fermi level, as a result of which the density of states
immediately below Ep decreases substantially. Indeed,
while this effect of peak transformation near E; is
clearly pronounced in NiSi, [3-8, 12], it is much
weaker in CoSi, [3-6, 11] and, by our calculations, is
altogether absent in y-FeSi,. However, the maximum in
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the near-Fermi region of the Si L, ; spectra was found
to transform dlightly as one crosses over from a bulk to
afilm sample of a-FeSi,, which came for us as a sur-
prise, because a-leboit radically differsin crystal struc-
ture from NiSi, and CoSi, [22]. On the other hand, the
o-FeSi, disilicide, as well as the disilicides of nickel
and cobalt, is a stable phase, in contrast to y-FeSi,. We
believe that the above effect of transformationisaprop-
erty of stable phases of iron-group transition-metal dis-
ilicides.

4. CONCLUSIONS

One can thus formulate the following conclusions:

(1) The valence band of film and bulk disilicides of
iron derives primarily from thed states of iron and sand
p states of silicon.

(2) The shape and the energy position of the main
DOS features of the bulk materia and of the inner
atomsin afilm amost coincide for both the a and the
y phase.

(3) Iron atomsin the a-FeSi, and y-FeSi, disilicides
bear zero magnetic moment.

(4) The high density of states at the Fermi level in
y-FeSi, compared to the a-leboit implies instability of
this compound in both the bulk and film structures.

(5) At low excitation energies (less than 50 V), the
structure of photoel ectron spectra of both bulk and film
iron disilicidesis determined by the d states of iron and
the s and p states of silicon. At higher incident photon
energies, the pattern of the spectrum is governed, in
effect, only by the d states of iron.

(6) Ananalysisof theSi L, 5 spectraof bulk and film
samplesof a-FeSi, and y-FeSi, showed that these spec-
tra have practically the same structurein the bulk phase
and in the inner film layer.

(7) The shape of the L, 5 spectra of silicon atoms is
mainly dueto the s states of silicon. The contribution of
the silicon d states to the L, 3 spectrum is seen dis-
tinctly only as asmall peak at 3.5 eV below the Fermi
level for silicon atomsin the bulk y phase.

(8) As one goes over from a bulk to a film sample,
the transformation of the peak in the near-Fermi region
of the L, 5 spectraof silicon, which is characteristic of
the NiSi, and CoSi, iron-group disilicides, was
observed only in a-FeSi,. No such transformation was
found for y-FeSi,.
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Abstract—This paper reports on a study of the depth profile of componentsin GeSi heterostructures grown on
low-temperature silicon (LTSi: Ty, ~ 350-400°C) and porous silicon by molecul ar-beam epitaxy. An excess Ge
concentration was found by Auger electron spectroscopy depth profiling at the Ge, Si; _,/LTSi interface, which
decreased in al samples subjected to annealing. The Ge diffusion activation energy was calculated to be E, =
1.6 eV inthiscase. An enhanced Ge concentration was al so detected by x-ray photoel ectron spectroscopy at the
Si cap surface. Possiblereasonsfor the surface enrichment of the silicon layer and of the Ge, Si; _, filminterface
by germanium are considered, and the relation between the component distribution and the structural features

of plastically strain-relieved layers are discussed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

While epitaxial growth of gallium arsenide on sili-
con has been dealt with in many studies, the problem of
preparing films that would not be inferior in quality to
the bulk material of the substrate remains unsolved.
The preparation of defect-free GaAsfilmson Si isham-
pered by two main factors, namely, the large lattice
mismatch between the film and the substrate and the
difference between the lattice types.

This problem can be solved by using buffer layersor
so-caled aternate substrates whose surface is coated
by layers with a lattice parameter close to that of the
film. Such substrates should meet the requirements of
zero mechanical strain and low defect density. To
obtain these properties, intermediate buffer layers of Ge
and of its solid solutions with silicon are introduced
between the silicon substrate and the GaAs epitaxial
layer. To improve the quality of the buffer layer, it is
proposed to use the so-called compliant substrate in the
form of an epitaxial silicon membrane film deposited
on aporous silicon (PS) layer [1]. Another approach to
solving this problem liesin introducing buffer layers of
low-temperature silicon (LTSi) grown at atemperature
of ~350-400°C. Thegrowth of Ge, Si; _, solid solutions
on Si(001) substrates coated by alow-temperature sili-
con buffer layer is a new method producing hetero-
structures with a low density of grown-in dislocations
[2—4]. The depth profile and the inhomogeneitiesin the
distribution of the main components near the film-sub-
strate interface, capable of affecting the mechanical
stress distribution and defect formation, play an impor-
tant role in obtaining multilayer germanium-silicon
heterosystems.

This paper reports on a study of the depth distribu-
tion of componentsin heterostructures and analyzesthe
interface structure and how it is affected by the prepa
ration conditions and heat treatments used.

2. EXPERIMENTAL TECHNIQUE

The heterostructures were grown by molecular
beam epitaxy (MBE) on a Katun-S setup. A molecular
beam of silicon was produced by means of an electron-
beam evaporator, and a crucible source was used to pre-
pare the molecular beam of germanium. To improve
surface morphology, abuffer silicon layer was grown at
700°C on apreliminarily cleaned Si substrate. We call
this layer high-temperature silicon (HTSi). The growth
rates of the silicon and of the solid-solution buffer lay-
erswere 0.07 and 0.09 nm/s, respectively. In the course
of the S and Ge Si; _, growth, we observed a diffrac-
tion pattern from the (100)-2 x 1 superstructure in the
form of long streaks, with point reflections superposed
on them at Ge, Si; _, thicknesses in excess of 150 nm,
which indicated the development of a rough surface.
Solid-solution layers were coated by a 5-nm-thick Si
layer in most cases. After this, the surface became
smooth again. The heterostructures thus grown (Fig. 1)
were subjected to isochronous annealing at tempera-
tures of 700-800°C. In contrast to [1], we grew the
main Ge, 3Si, - solid solution at the same temperatures
asthe LTSi. The type of the structural defects and their
spatial distribution were determined on the same sam-
ples by transmission electron microscopy (TEM) on a
JEM-4000EX (JEOL) electron microscope [5]. The
degree of heteroepitaxia strain relaxation was mea-
sured with atriple-crystal x-ray diffractometer in adou-
ble-crystal arrangement with a Si(004) monochromator

1063-7834/02/4404-0709%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Low-T Si Low-T Si SSe—
High-T Si High-T Si
2 Si(001) 2 L Si(001) & L Si(001) A

Fig. 1. S/Ge,Si; _,/LTS and Si/Ge,Si4 _,/PS heterostruc-
tures. The arrows identify the germanium-enriched regions.

or was determined from the misfit dislocation density in
the case of low-intensity reflection peaks. The main
parameters of the grown layers are listed in the table.

The depth profiles of the components were mea-
sured using two mutualy complementary methods,
namely, x-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES) combined with
layer-by-layer Ar* ion sputtering. These methods differ
considerably in elemental sensitivity; indeed, the sensi-
tivity of XPS to germanium is practically an order of
magnitude higher than that of AES. The experiments
were carried out on the setup (RIBER) at the Surface
Science Center.

lon sputtering was done with a 3-keV Ar* ion beam.
The ion incidence angle to the surface normal was 64°
and 74° for the XPS and AES measurements, respec-
tively. The ion beam diameter was about 1 mm. To
obtain a plane sputtered-crater bottom in XPS depth
profiling (which is required to achieve the maximum
resolution in depth), the area scanned was ~10 x 7 mm.

Excitation of the photoelectron spectrum was done
with a 1486.6-eV x-ray beam (AlIK, radiation). The
x-ray beam diameter was about 5 mm. The depth pro-
files were constructed using the Ge2p/Ge3d and
Ge2p/Si2p photoelectron peak intensity ratios. By
using signal intensity ratios, we substantially reduced
the effect of instrumental distortions originating from
instrument parameter instabilities. In addition, the dif-
ference between the electron escape depths A corre-
sponding to the germanium 2p and 3d peaks, which is

KESLER et al.

due to the difference between the electron kinetic ener-
gies (270 and 1457 eV, respectively), also contributed
favorably to the measurements. Because the signal
comes from the layer depth determined by A, it isobvi-
ous that in the case of a thin surface layer of germa-
nium, the Ge3d peak intensity will start to decrease ear-
lier when thislayer isbeing milled off than theintensity
of the Ge2p peak. Thus, use of the Ge2p/Ge3d peak
intensity ratio permitted us to substantially improve the
depth resolution of the technique and made it possible
to perform amore detailed study of the near-surface Ge
distribution.

Because layer-by-layer XPS analysis requires ion-
beam scanning of a large area, which dramatically
reduces the sputtering rate, the X PS depth profiling was
limited to investigation of the near-surface region of the
heterostructures. In view of the large layer thicknesses,
the interfaces were studied by AES layer-by-layer anal-
ysis, which permitted us to construct compositional
depth profiles of the heterostructures as a whole. The
experiments were carried out on several sets of samples
differing in the conditions of preparation and heat treat-
ment (see table).

The GeLMM and SIKLL Auger transitions were
excited by a primary 5-keV €eectron beam with a
150-nA current. The diameter of the primary electron
beam was ~5-10 um. The intensity of the GeLMM and
SIKLL peaks was measured simultaneously with the
ion milling.

3. RESULTS OF THE EXPERIMENTS
AND THEIR DISCUSSION

3.1. Investigation of the Film Sructure

TEM measurements show the structural defects in
all the samples studied to be primarily 60° dislocations

with the Burgersvectorsb = g [1100which glide along

the {111} inclined planes. The nonannealed samples
aredominated by long misfit didocations (up to 100 pum)
with alinear density of (1-3) x 10? cm. Grown-in dis-
locations were not detected by TEM in these samples,
which indicates their low density in the initial stage of

Parameters of the Si/GeSi; _,/LTSi and Si/Ge,Si; _,/PS heterostructures

Sample Buffer thickness GeSi;_ X (measuring ~Sicap Anneal tempera-
(nm) and type thickness, nm method) thickness, nm ture* °C
2-3 50 (LTSi) 100 0.3 (XPS, AES) 5 -
33 50 (LTS) 100 0.25 (XPS, AES) 5 700
6 50 (LTSi) 150 0.27 (XPS, AES) 10 700, 800
7 50 (LTSi) 80 0.19 (AES) 75 700, 800
3741 17 (PS) 100 0.33 (AES) 5 -
3742 17 (PS) 100 0.29 (AES) 5 700

* All anneals 1 h long.

PHYSICS OF THE SOLID STATE \Vol. 44
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plastic relaxation (<10° cm™). After the films were
annealed at 800°C for one hour, the residual elastic
strains in the 100-nm-thick films became dlightly lower
compared to what is quoted in [3, 4], athough the
degree of plastic relaxation did not change signifi-
cantly. The degree of plastic relaxation was observed to
increase only with increasing film thickness. In partic-
ular, for a thickness of 300 nm, plastic relaxation was
found to be close to 100%.

3.2. Investigation of the Near-Surface Region
in Heterostructures

We studied heterostructures 2-3, 3-3, and 6 (see
table). X PS measurements revealed the presence of Ge
about 0.15 monatomic layers thick on the starting sur-
face (i.e., onthe Si cap layer) even before the ion sput-
tering (Fig. 2). The Ge content was estimated by the
techniqgue used to determine the surface coating
described in [6]. An XPS layer-by-layer analysis
showed the Ge concentration to fall off rapidly in the
bulk of the S cap layer (Fig. 2). The observed character
of Ge distribution is apparently connected with surface
segregation of Ge, which takes place during the silicon
layer growth on the Ge,Si; _, solid solution. Informa:
tion on experimental and theoretical studies of Ge seg-
regationin Si isavailablein theliterature [7-14]. How-
ever, the segregation processes that occur in MBE of
germanium-silicon heterostructures remain poorly
studied.

We studied samples with different Si layer thick-
nesses (5 nm for samples 2—3 and 3-3 and 10 nm for
sample 6), thus permitting us to follow the dependence
of the Ge distribution in the near-surface region of the
heterostructures on the cap layer thickness. Figure 2
presents XPS depth profiles of the near-surface region
of samples with different Si layer thicknesses, namely,
5 and 10 nm. For convenience, the profiles are matched
at the cap/solid-solution interface. While germanium is
also present on the surface of the thicker cap layer, its
concentration in the bulk of silicon islower than that in
the first sample.

XPS spectra obtained at different times of the ion
sputtering procedure (Fig. 3) show that the shape and
position of the Ge2p peak from the surface are changed
compared to those from the bulk of the Si layer, which
indicates the surface Ge to be oxidized (when the sam-
ples were transferred from the growth chamber to the
analysis chamber in air).

3.3. Sudy of the Ge, S, _, /LTS
and Ge, S, _,/PSinterfaces

The most interesting subjects of the present study
were the Ge,Si; _,/LTSi and Ge,Si; _,/PS interfaces,
i.e., the transitional regions to the compliant substrate,
which strongly affect the heterostructure characteris-
tics.
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Fig. 2. XPS depth profiles of the near-surface region of het-
erostructures with a Si cap layer of different thicknesses:
(A) 5and (B) 10 nm matched at the Si/Ge, Si, _ interface.

The dashed line shows the surface of the sample with a 5-
nm-thick silicon layer. Plotted on the vertical axis are the
Ge2p/Ge3d and Ge2p/Si2p peak intensity ratios.

In addition to the above features in the component
distribution, we found aregion of enhanced Ge concen-
tration at the solid-solution/LTSi interface (Fig. 4). This
effect was observed with a good reproducibility in all
lots of sampleswith an LTSI buffer (samples 2-3, 3-3,
6, 7, see table) and was not detected in structures with
a porous buffer (samples 3741, 3742, see table).
Annealing resulted in a broadening of the Ge concen-
tration peak at the interface with LTSI, which is shown
in Fig. 4, and permits one to follow the evolution of the
interface region caused by diffusion during the heat
treatment. Increasing the annealing temperature to
800°C brought about a further decrease in the magni-
tude of the Ge peak until it vanished altogether.

Layer-by-layer AES analysis has afinite resolution
determined by a set of factors, which includes, in par-
ticular, thefinite electron escape depth, interface rough-
ness, and the influence of the ion beam on a sample
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Fig. 4. AES depth profiles of the Si/Ge,Si; _ /LTSI hetero-

structure (a) before annealing and (b, ¢) after annealing for
one hour at 700 and 800°C, respectively.
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[15]. Thisresultsin abroadening of the originally sharp
interfaces and of the concentration depth profile. The
depth resolution of the method under the above experi-
mental conditions was about 4 nm. This value was
obtained in depth-profiling thin Ge layers (10 ML) in
silicon. Thus, taking into account the finite resolution
of the method, one may expect that thereal Geinterface
concentration to be higher than that observed in the
depth profiles and that the enrichment to belocalized in
anarrower region.

The enrichment by germanium of the Ge Si; _ /LTS
interface may be due to the so-called shutter effect,
which isassociated with the design feature of the cruci-
ble germanium sources. It originates from the germa
nium melt cooling after the shutter has been opened,
which gives rise to a rapid decrease in the flux and a
decrease in the germanium percent content in the solid-
solution film as the film increases in thickness in the
initial stage of growth.

The variation in the concentration with annealing
temperature permits one to estimate the effective acti-
vation energy of Ge diffusion in theinterface region. A
calculation made by the technique described in [16]
yielded E, = 1.6 eV. Thisvalue is less by nearly 1 eV
than the activation energies of Ge diffusion in the
Ge, Si; _solid solutions (0.3 < x < 0.7) quoted in the lit-
erature[17-19]. Thisdiscrepancy may be caused by the
fact that the conditions at the Ge Si; _,/LTS interface
of the heterostructures studied are such as to make the
diffusion mechanisms more complicated. The heterod-
iffusion may be affected by such factors asthe mechan-
ica stress field, concentration gradients of the main
solid-solution constituents and point defects, and
enhanced diffusion over the cores of grown-in disloca-
tions. These dislocations form in the course of nucle-
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Fig. 5. AES depth profile of the Si/Ge,Si; _,/PS hetero-

structure (a) before annealing and (b) after annealingat T =
700°C for one hour.
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ation and development of the misfit dislocation net-
work, to whose formation the enrichment of the low-
temperature Si layer by point defects may contribute to
alarge extent [5].

AES depth profiling of structures buffered by
porous silicon, Si/GeSi;_,/PS (samples 3741, 3742,
seetable), showed that the growth of asolid solution on
PS does not produce a germanium-enriched interface
layer between the solid solution and porous silicon.
These samples are characterized by astrongly broadened
concentration distribution profile near the Ge Si; _,/PS
interface (Fig. 5), with some germanium depletion
being observed in the region where a Ge concentration
peak was detected in structures grown on low-tempera:
ture Si. Subsequent annealing resulted in additional dif-
fusion broadening of the interface (Fig. 5). Investiga-
tion of the possible mechanisms responsible for this
phenomenon, in particular, of Ge diffusion in PS,
requires further study.

4. CONCLUSIONS

Thus, we have obtained information on the compo-
sition and structure of germanium-silicon heterosys-
tems grown by MBE on low-temperature and porous Si
and studied their behavior in heat treatments employed
to obtain strain-relieved structures. It was shown that
the heterosystems have germanium-enriched regions
(i) on the surface of the silicon cap layer and (ii) at the
solid-solution/LTSi buffer interface.

The activation energy obtained for Ge diffusion at
the Ge,Si; _ /LTS interface is indicative of conditions
which make the diffusion mechanisms more compli-
cated. The acceleration of diffusion is possibly due to
the complex structure of the interface region sand-
wiched between the solid-solution and the low-temper-
ature silicon layers.

The experimental data obtained can be applied to
advantage to technologies involving the formation of
alternate substrates based on GeSi heterosystems.
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Abstract—The optical functions of iron disilicide (B-FeSi,) thin epitaxial films are calculated from the reflec-
tance spectra in the energy range 0.1-6.2 eV with the use of the Kramers—Kronig (KK) integral relations. A
comparison of the results of calculations from the transmittance and reflectance spectra and the data obtained
from the reflectance spectrain terms of the Kramers—Kronig relationsindicates that the fundamental transition
at an energy of 0.87 £ 0.01 eV isadirect transition. An empirical model is proposed for the dielectric function
of B-FeSi, epitaxial films. Within this model, the specific features in the electronic energy-band structure of the
epitaxia filmsare described in an analytical form. It is shown that the maximum contributions to the dielectric
function and the reflectance spectrum in the energy range 0.9-1.2 €V are made by the 2D M-type second har-
monic oscillator with an energy of 0.977 eV. This oscillator correlates with the second direct interband transi-
tion observed in the energy-band structure of B-FeSi,. © 2002 MAIK * Nauka/Interperiodica” .

1. INTRODUCTION

Semiconducting iron disilicide (B-FeSi,) is one of
the most extensively studied and promising materials
for use in silicon technology of integrated circuits and
optoel ectronic devices [1-5]. As follows from analysis
of the transmittance and reflectance spectra, B-FeSi, is
a direct-band-gap semiconductor with a band gap of
0.87 eV [1, 2]. However, theoretical calculations have
demonstrated that iron disilicide is a quasi-direct-gap
semiconductor [3-5] for which the energies of the indi-
rect and direct interband transitions differ by 0.04—
0.06 eV. The rea and imaginary parts of the dielectric
function of B-FeSi, have been experimentaly deter-
mined for epitaxial films[2, 3, 5] and bulk single-crys-
tal samples [5]. The results obtained for the high-
energy features in the electronic energy-band structure
of B-FeSi, are in good agreement. At the same time,
there are discrepanciesregarding the amplitude and fine
structure, specifically in the vicinity of the fundamental
transition. Thisdisagreement is associated with a defect
structure of epitaxia films (lattice strains, dislocations,
and grain boundaries). Some authors carried out theo-
retical calculations of the energy-band structure of sin-
gle-crystal 3-FeSi, (with the inclusion of lattice defor-
mations [4] and without regard for such deformations
[3, 5]) and optical functions. It was shown that strains
arising inthe 3-FeSi, crystal lattice can lead to achange
in the type of fundamental transition. Unfortunately,
the effect of extrinsic defects (for example, an ordered
dislocation network in the film) on the optical proper-
ties and the energy-band structure of (3-FeSi, epitaxial

films has defied calculation. At present, there is a need
to investigate thoroughly and simulate the optical prop-
erties of 3-FeSi, epitaxial films with a defect structure
for the purpose of designing optoelectronic devices
based on 3-FeSi,/Si heterostructures.

In the present work, we grew thin epitaxial films of
B-FeSi,, caculated the optical functions, and deter-
mined the energies of the first interband transitions by
two different methods. Moreover, we derived an empir-
ical modd of the dielectric function of the B-FeSi, epi-
taxial film, calculated the model parameters, deter-
mined the contribution from oscillatorsto the dielectric
function, and compared the results of calculations with
the experimental reflectance spectrum.

2. EXPERIMENTAL TECHNIQUE

Iron disilicide (B-FeSi,) films on silicon substrates
weregrown inaVARIAN ultrahigh vacuum chamber at
apressure of 2 x 1071° Torr. The chamber was equipped
with an Auger electron analyzer, a manipulator with
four degrees of freedom, a holder for three samples, a
bank of sources(Cr, Fe, Mg, and Si), and aquartz thick-
ness gauge. In the experiments, n-type Si(111) plates
(5% 18 x 0.35 mmin size) with aresistivity of 5Q cm
served as substrates. The Si(111)-(7 x 7) atomically
clean silicon surface was prepared by high-temperature
annealing at a temperature of 1250°C for 2 min. The
surface condition was monitored by Auger electron
spectroscopy. The phase composition of the grown
filmswas determined by characteristic el ectron-energy-

1063-7834/02/4404-0714%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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loss spectroscopy. Chemically pure iron (99.99%) was
used as an iron source. The deposition rate of iron was
equal to 0.5-0.6 nm/min.

The B-FeSi, films were grown by the seed-layer
technique, which provided the appropriate conditions
for the epitaxial growth of B-FeSi, on the Si(111) sub-
strate [6]. After the formation of the seed layer, ironwas
deposited onto a hot (480°C) substrate followed by
annealing at a temperature ranging from 600 to 650°C
for 20-30 min. Asaresult, we obtained 30- and 50-nm-
thick B-FeSi, continuous epitaxia films.

The transmittance (T) and reflectance (R) spectra of
the samples prepared were recorded on SPECORD
71IR and MDR-3 spectrophotometers in the energy
range 0.089-1.2 eV at room temperature. Moreover, the
reflectance spectra in the energy range 1.55-6.2 eV at
room temperature were measured on a SPECORD
UV-VIS spectrophotometer. The main optical func-
tionsfor B-FeSi, thinfilmson Si(111) in the transparent
region were calculated from the reflectance and trans-
mittance spectrain the framework of the film—substrate
bilayer model [7]. The optical functions €, €,, Im(e),
and o, for B-FeSi, thin filmsin the energy range 0.1-
6.2 eV were calculated from the reflectance spectrain
terms of the Kramers—Kronig (KK) integral relations.
In order to simulate the optical functions, we derived an
empirical model of the dielectric function for 3-FeSi,
epitaxial films.

3. THE EMPIRICAL MODEL
OF THE DIELECTRIC FUNCTION FOR B-FeSi,

The calculated spectra €(E) were analyzed in the
framework of an empirica model that is based on the
dielectric function model [8, 9] and adapted to 3-FeSi,
epitaxia films. Within the dielectric function model,
the dielectric function €(E) is represented as the sum of
the free harmonic oscillators. For each oscillator, the
features in the energy-band structure of -FeSi, films
are described in an analytical form within the approxi-
mation of parabolic bands and constant transition
matrix elementsin the vicinity of the critical points.

Detailed theoretical investigations into the energy-
band structure [3] have demonstrated that, for the most
part, the energy gap separates the nonbonding and anti-
bonding Fe 3d states with a small admixture of the 3p
and 3d states of iron and silicon. It was revealed that a
certain mixing of the Fe d, Fe p, and Si p states occurs
at the valence band top and the conduction band bot-
tom. Consequently, the optical transitions are not for-
bidden transitions. The band gap in the 3-FeSi, semi-
conductor can be either direct [5] or indirect [3, 4]. At
the same time, the second interband transition must
necessarily be direct and dlightly different from thefirst
interband transition [3-5]. The direct band gap is
located at a point with low symmetry (along the ZI" line
[5] in Fig. 1), whereas the wider direct band gap (0.82—
0.86 eV) isobserved at the Y point of the Brillouin zone
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Fig. 1. Electronic energy-band structure calculated by the
LMTO method for 3-FeSi, along the directions with a high

symmetry in the vicinity of the band gap [5].

[5]. These transitions should exhibit critical points of
the three-dimensiona (3D) M, type. The density of
states in the vicinity of the fundamental transition and
the oscillator strength of this transition are very small
[3-5]. As a result, the reflectance spectrum shows no
maximum in the energy range of the fundamental tran-
sition. According to theoretical calculations, the first
maximum in the reflectance spectrum of B-FeSi, is
observed in the energy range 1.65-1.80 eV [5] and cor-
relates with d—p interband transitions from electronic
states in the valence band of iron and silicon to elec-
tronic states in the conduction band and vice versa.
However, the reflectance spectra of the epitaxial and
polycrystalline 3-FeSi, films contain the first maximum
in the energy range 0.9-1.05 eV [1, 5]. Therefore, it is
in this energy range that the direct interband transition
with a large oscillator strength should occur in the
energy-band structure of B-FeSi,. The second maxi-
mum in the reflectance spectra of -FeSi, epitaxial
films is observed at 1.9-2.0 eV [5]. As follows from
theoretical calculations [3-5], direct interband transi-
tions with critical points of the 3D M, and 3D M; types
[10] and with large oscillator strengths should be
observed in the vicinity of the Y, Z, and I points [5]
(Fig. 1), which stem from the negative band-edge cur-
vature.

At these energies, the energy bands are character-
ized by an insignificant bending. As a consegquence, the
three-dimensional M;-type critical point transforms
into the two-dimensional (2D) Mg-type critical paint.
Therefore, the decomposition of the first two peaks in
the reflectance spectrum in the energy range 0.78-
2.2 eV can berepresented as the sum of electronic tran-
sitions of the 3D M, (one oscillator) and 2D M, (two
oscillators) types. In the energy range 2.5-6.2 eV, the
reflectance spectrum shows a maximum at 4.5-5.0 eV
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Fig. 2. Transmittance (T) and reflectance (R) spectra of the
B-FeSi,/Si(111) system for different film thicknesses:

(a) 30 and (b) 50 nm.

[5]. This suggests that the interband transitions exhibit
a large oscillator strength at these energies. On this
basis, the dielectric function can be represented as the
sum of contributions from three transitions or more,
including damped harmonic oscillators (DHO) (a
broadened critical point of the 2D M; type [8]). We
assume that al the harmonic oscillators are character-
ized by a Lorentzian-type broadening [8, 9].

The proposed model is derived for numerical fitting
of the dielectric function of the B-FeSi, epitaxial filmin
the energy range 0.1-6.2 eV. This model includes six
free harmonic oscillators and 19 parameters. These lat-

ter are six strength parameters (A, B{", B, ¢,

Cy”, and CY), six energies (E,, ES”, EY, EY, ES”,

and EY”), six broadening parameters (Mo, I'SY, I,

r® ri and r), and one additive constant €.,. The
€, additive constant is not an rf permittivity of the
B-FeSi, epitaxia films but accounts for the effect of al
high-energy transitions above 6.2 eV. The fitting was
performed by minimizing the root-mean-square error
0, for both the real and imaginary parts of the dielectric
function g(w) = £;,(w) +ig,(w) [11]. Thiserror isdefined
by the expression

0 = Y [(exm—210)’

+(Em—Ea) VY [Era* &5,
N
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where the subscripts m and d refer to the model and
experimental data, respectively, and N is the number of
experimental points.

4. EXPERIMENTAL RESULTS, SIMULATION,
AND DISCUSSION

Auger electron spectroscopy indicates that the sur-
face of al the B-FeSi, films under investigation is
enriched with silicon. This is explained by the silicon
segregation during the growth of B-FeSi,. In this case,
the island growth is ruled out because the silicon loss
peak associated with the excitation of a bulk plasmon
(at 17.1eV) [12] isabsent in the characteristic el ectron-
energy-loss spectra. On the other hand, the spectra of
B-FeSi, films of different thicknesses contain the bulk
plasmon excitation loss peak at 20.5-21.0 €V at differ-
ent energies of the primary electron beam (300—
900 eV). This energy of plasmon excitation loss corre-
spondsto the density of valence electronsin the 3-FeSi,
semiconductor [13]. Consequently, the B-FeSi, films
are comparable to the bulk single crystals in both their
atom and electron densities.

As-prepared iron disilicide semiconductor films 30—
50 nm thick are smooth with amirror luster. According
to atomic force microscopy, the thickness inhomogene-
ity of these films is equal to 10-16 nm. Therefore, al
the B-FeSi, films are continuous and can be examined
using optical spectroscopy with the aim of calculating
the optical functions, provided the reflectance spectrum
is corrected in the energy range above 2 eV [14].

Figure 2 shows the transmittance and reflectance
spectraof 30- and 50-nm-thick 3-FeSi, films on the sil-
icon substrate. It can be seen that an increase in the
B-FeSi, layer thickness |eads to a decrease in the trans-
mittance of the film—substrate system in the energy
range 0.65-1.2 eV. The reflectance spectra of these
filmsare similar in shape, and the corresponding reflec-
tion coefficients are close in magnitude. The depen-
dence of the absorption coefficient on the photon
energy for the 30-nm-thick B-FeSi, epitaxia film
(Fig. 3a) was determined by solving a system of tran-
scendental equations [7]. The grown samples are char-
acterized by linear portions in the dependence (ahv)?
on the photon energy [10] in the range 0.84-1.1 eV
(Fig. 3b). By extrapolating the linear portions to the
point of intersection with the energy axis, we obtained
the direct band gap E = 0.87 eV and the second direct
interband transition energy E = 0.97-0.99 eV. In the
energy range below 0.87 eV, the behavior of the absorp-
tion coefficient cannot be not described by the contribu-
tion from the indirect transition with a lower energy
and, as arule, is attributed to absorption by defectsin
B-FeSi, films[1]. Our data on the band gap and the type
of second interband transition arein agreement with the
results obtained by Bost and Mahan [1] and Ondaet al.
[15], who determined the film parameters either by cal-
culating the transmittance and reflectance spectra or
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from analysis of the photoreflectance spectra. The fact
that the second direct interband transition occurs at an
energy of 0.98 = 0.01 eV is quite consistent with the
results of band-structure calculations for both the bulk
B-FeSi, sample [16] and thin (-FeSi, epitaxial films
[16]. The spectra of the absorption coefficient calcu-
lated in terms of the Kramers—Kronig integral relations
also indicate that the direct fundamental transition
should take place at an energy of 0.87 eV (Fig. 3b).

The spectral dependences of the energy loss func-
tion Im(e)™ (Fig. 4a) and the optical conductivity gy
(Fig. 4b) for a 30-nm-thick -FeSi, epitaxial film pro-
vide additional information on the energy loss distribu-
tion of electrons interacting with incident radiation. It
can be seen that the spectral dependence of the energy
|oss function exhibits three local maxima at 1.4, 2.65,
and 4.3 eV. The energy positions of these maximain the
energy |oss spectrum coincide with those of the minima
observed in the spectrum of the optical conductivity.
The optical conductivity is a macroscopic parameter
and characterizes the absorption of electromagnetic
radiation by charge carriers [17]. Consequently, the
peaks associated with the energy absorption by charge
carriers (at 1.25, 1.6, and 3.7 eV) aternate with the
peaks dueto electron energy loss. Thisallows usto dis-
tinguish the groups of main oscillators and to apply the
dielectric function model to the decomposition of the
integrated spectra of the complex dielectric function
into the sum of the six spectra of effective free har-
monic oscillators.

Let us now consider the calculated data on the fun-
damental and high-energy interband transitions, which
were obtained by numerical simulation of the dielectric
function for B-FeSi,. Figure 5 shows the results of
numerical simulation (dashed lines) and the experimen-
tal spectrag,(E) (open circles) and €,(E) (open squares)
processed in terms of the Kramers—Kronig relations.
The table presents the parameters determined by the
numerical fitting through the minimization of the root-
mean-sguare errors. The root-mean-square error in the
simulation is equal to 2.62%. The overall simulated
spectrum of the dielectric function is in close agree-
ment with the experimental spectrum in the energy
range 0.9-5.5 eV. A small difference between these
spectra in the energy range 0.1-0.9 eV can be associ-
ated with a more complex structure of the electronic
transitions from nonbonding states of iron and silicon,
because these transitions are inadequately described
within the model of a 3D M,-type harmonic oscillator.
This is indicated, for example, by a small oscillator
strength (strength parameter) and a considerabl e broad-
ening parameter of this oscillator (see table). A certain
discrepancy is aso observed at energies in the range
5.5-6.2 eV and, most likely, can be due to a complex
structure of the interband transitions from the Fe-Si
p—d bonding states to the conduction band in 3-FeSi,
epitaxial films. It should be noted that the second effec-
tive oscillator with an energy of 0.977 eV is character-

PHYSICS OF THE SOLID STATE Vol. 44 No. 4 2002

12
10

(a)

a, 10° cm™!

[\S TR e e <]

— — [\ )
o (@) (e
T T T T T T T T T T

(ahv)?, 1010
oo

oo b

1 1
J 08 09 10 11 12
Photon energy, eV

Fig. 3. Spectral dependences of (a) the absorption coeffi-
cient and (b) the square of the product of the absorption
coefficient by the photon energy for a 30-nm-thick B-FeSi,
epitaxia film. Points represent the results of the calcula-
tions from the transmittance and reflectance spectra (RT)
and the data obtained using the Kramers—Kronig integral

relations (KK).
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Fig. 4. Spectral dependences of (a) the energy-lossfunction
Im(e)~t and (b) the optical conductivity Ogpt for a 30-nm-

thick B-FeSi, epitaxial film.
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Parameters of six free harmonic oscillators for the 3-FeSi,, epitaxial film

Critical point type Parameter Numerical value Critical point type Parameter Numerical value
Eo (eV) 0.80 EQ (ev) 35
3D M, Ao (eV)15 1x 10710 2D M, (DHO) c® 2.155
Mo (eVv) 0.69 r? (ev) 1.293
ED (ev) 0.977 EY (ev) 4.25
2D M, B{Y 12.33 2D M, (DHO) c 0.339
r ev) 0.0358 r (ev) 0.605
E? (ev) 1777 ED) (ev) 5.59
2D M B 6.879 2D M, (DHO) c® 1142
r'? (ev) 1.333 r (ev) 2.24
Contri bution_ f_rom high- €0, 0.505
energy transitions
Root-mean-square error, %| 0 2.63

ized by a large strength parameter and insignificant
broadening. These data are at variance with the results
of theoretical calculations performed in [3-5]. The sec-
ond harmonic oscillator correlates with the second

(a)
o] 81
— - Model

60
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20
10
0

-10
35
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25

0 1 2 3 4 5 6 7
Photon energy, eV
Fig. 5. (8) Real €, and (b) imaginary €, parts of the dielec-
tric function for the B-FeSi, epitaxia film. Dashed lines
represent the simulated spectra €(E).
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direct interband transition at an energy of 1.0+ 0.02 eV.
The numerical simulation demonstrated that the elec-
tronic structure of B-FeSi, epitaxia filmsin the energy
range 0.90-1.2 eV differs substantially from the ideal
electronic structure used in theoretical calculations [3—
5] for B-FeSi, single crystals. The strength parameters
of the third and fourth oscillators are also relatively
large (see table); hence, they make a considerable con-
tribution to the dielectric function in the energy range
1.5-2.5eV. Sincethefifth and sixth oscillators are char-
acterized by smaller strength parameters and a more
pronounced broadening, they should contribute to the
dielectric function to a lesser degree. The effect of al
the high-energy interband transitions observed at ener-
gies above 6.2 eV istaken into account by the additive
constant €,, = 0.505.

The reflection coefficient measured at close-to-right
angles of incidence can be represented in the following
form [10]:

. 05 2
RE) = | LEE) + iEsE)] —1}} |

{[e(E) +ie,(E)]*° + 1}

Figure 6 displays the theoretical reflectance spectrum
R(E) (dashed line), which was derived from the simu-
lated spectra of the dielectric function, and the experi-
mental reflectance spectrum (open circles). As can be
seen, the dielectric function model proposed in this
work adequately describes the experimental depen-
dence of the reflection coefficient for 3-FeSi, films over
the entire range of photon energies (0.1-6.2 eV). A
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Fig. 6. Model dependence of the reflection coefficient on
the photon energy (dashed line) and the experimental reflec-
tance spectrum (circles) for the 3-FeSi, epitaxial film.

small disagreement is observed when simulating the
shape of high-energy peaks (3.5-6.2 €V) rather than
their amplitudes.

5. CONCLUSION

Thus, the B-FeSi, continuous thin epitaxial filmson
the Si(111) substrate were grown by the seed-layer
technique. We investigated the electronic structure of
these films and calculated the optical functions. The
results of calculations from the transmittance and
reflectance spectra and the data obtained from the
reflectance spectra in terms of the Kramers—Kronig
relations demonstrated that the direct fundamental tran-
sition occurs at an energy of 0.87 £ 0.01 eV. The
semiempirical model of the dielectric function for
B-FeSi, epitaxia films was derived reasoning from an
analysis of the reflectance spectra of -FeSi, films and
theoretical dataavailablein theliterature on the energy-
band structure of B-FeSi, single crystals. Theintegrated
spectra were decomposed into the six spectra of free
harmonic oscillators, and their parameters were deter-
mined. It was shown that the second 2D M-type har-
monic oscillator with an energy of 0.977 eV makes the
dominant contribution to the dielectric function and the
reflectance spectrum in the energy range 0.9-1.2 eV.
This oscillator correlates with the second direct inter-
band transition in the energy-band structure of B-FeSi,.
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Abstract—This paper reports on acomprehensive study of fundamental-absorption spectra of CuCl and CuBr
nanocrystals measured in the temperature range extending from 80 K up to the melting point. The temperature
dependences of the energy E, oscillator strength f, and temperature-broadening coefficient o of optical-transi-
tion spectral to excitonic states were determined. A new approach to the calculation of the shape and tempera
ture-broadening of absorption spectra, based on quantum statistics, was employed. The crystal is treated as a
quantum statistical ensemble. The set of atomsinvolved in the electronic transition initiated by aphoton absorp-
tion is taken as an element of the ensemble. Energy fluctuations of electronic states occurring in the elements
of the ensemble give rise to temperature broadening of the optical-transition spectra. The temperature depen-
dence of the x coefficient of thermodynamic fluctuations of the Z; , and Z; exciton states was found. A theo-
retlcal substantiation of the Urbach rule was obtained in terms of the model proposed. © 2002 MAIK

“ Nauka/Interperiodica”

1. INTRODUCTION

Publication of new data on the temperature depen-
dence of absorption spectra of semiconductor nanoc-
rystals (NCs) of CuCl [1] and CuBr has reinstated the
guestion of interpretation of the shape and temperature-
induced broadening of optical absorption spectra. Stud-
ies of the melting—crystallization phase transitions in
NCs of CuCl [2] and CuBr established the temperature
region where one could investigate the fundamental
absorption spectra of these systems. Size-quantization
effects do not yet manifest themselves in NCs with
dimensions of 10 nm and larger, and they are close in
their parameters to single crystals [1, 3]. In contrast to
CuBr, the absorption band of the Z; excitonin CuCl lies
below the Z; , band [4]. Increasing the temperature
brings about apositive shift in energy of the exciton and
interband transitions. The temperature-induced broad-
ening of absorption spectraisaccompanied by achange
in the oscillator strength of optical transitions. The
long-wavelength tail of the absorption spectra of
CuHal, as of many other systems [5], follows the
Urbach rule. To determine the temperature dependence
of the optical-transition parameters in CuHal, one has
to determine the shape of the absorption spectra.

Calculations of absorption spectra in well-known
theoretical works (see, e.g., [6-12]) have been per-
formed primarily for the region of the long-wavelength
decay to validate the Urbach rule. The results obtained
in those works do not permit one to calculate the whole
absorption band on a unified basis and make a compar-
ison with experimental data.

This paper puts forward anew approach to theinter-
pretation of the shape and temperature dependence of
the absorption spectra of crystals. This approach is

based on applying Fermi—Dirac quantum statistics. The
crystal as a whole is treated as a quantum ensemble
consisting of small crystal regions—the elements of the
ensemble. Thermal lattice vibrations giveriseto fluctu-
ations of the energy statesin an ensemble element and,
accordingly, of the optical transition energy. We calcu-
lated the shape of the exciton and band-to-band transi-
tions with due account of these fluctuations and deter-
mined the temperature dependences of the optical-tran-
sition parameters in CuHal NCs. The long-wavelength
tail in the absorption spectra calculated within this
model is in agreement with the Urbach rule.

2. FUNDAMENTAL ABSORPTION IN CuHal
NANOCRY STALS

Earlier, we presented the fundamental absorption
spectra of CuCl NCs [1]. Figure 1 displays similar
absorption spectra of CuBr NCs. The NCs studied had
an average diameter of about 10 nm. The measurements
were carried out at temperaturesranging from 300 K up
to the melting point. Asthe temperature increases, both
systems exhibit a considerable positive energy shift of
the Z, , and Z3 exciton absorption bands (in CuCl, this
effect is dightly more pronounced than in CuBr).

The temperature broadening of the exciton absorp-
tion bands is accompanied by a change (a decrease for
the Z, , exciton and an increase for the Z; exciton) in
the oscillator strength of the optical transition. A nodal
point appears in the long-wavelength tail of the Z; ,
exciton absorption band in CuCl and CuBr NCs at an
energy E, at which the absorption coefficient remains
temperature-independent up to NC melting. The nodal
pointliesat 3.24 eV in CuCl [1] and at 3.00 eV in CuBr.

1063-7834/02/4404-0720$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Below Ej, the absorption spectra of CuCl [1] and CuBr
(Fig. 1) fall off exponentialy, which isin accord with
the Urbach rule. The shape and the observed tempera-
ture broadening of the fundamental absorption band
and of the long-wavelength tail are governed, most
likely, by the same mechanism. This paper proposes a
guantum statistical approach for use in calculating the
absorption spectra and their temperature-induced vari-
ations.

3. MODEL

In accordance with the principles underlying the sta-
tistical theory [13], alarge system (for instance, acrys-
tal) may be treated as a canonical quantum ensemble
consisting of smaller systems—elements of the ensem-
ble (EEs). The choice of the EEs is determined by the
problem under study, namely, determination of the
effect of temperature on optical absorption spectra. In
this case, one has to choose, as an EE, the set of atoms
that participate in the electronic transition initiated by
the absorption of a photon. In the electron transfer
model [14, p. 70], the primary photon absorption event
consists in electron transfer to a neighboring atom.
Then, the EE will contain atoms of the first coordina-
tion shell, with possible involvement of the atomic
fields of the second and third coordination shells.

There are two types of elements of which quantum
statistical ensembles can consist: bosons and fermions.
We assume the EE in the model under study to be the
fermion, because the interaction in it is dominated by
electrons. In accordance with the definition of the
canonical ensemble, the EEs virtually do not interact
with one another, because they are excited at different
times and at different points of the crystal. They can
exchange energy with the remainder of the crystal as
with abath. Asaresult, the EE ground-state energy will
fluctuate. Each EE has a set of energy levels which
coincides, at T =0, with that of the crystal. Being a part
of the crystal, the EEs do not have translational degrees
of freedom.

In terms of the Fermi—Dirac statistics, the distribu-
tion of energy E in an ensemble of fermionsisgiven, in
the case of no degeneracy, by the relation [13]

(E-n) -1

nET) ="+ . (1)

Inthisensemble, W isthe equilibrium position of the EE
energy (the crystal ground state) and, as in metals at
T =0, isthe upper occupied level of the crystd, i.e., the
top of the valence band (1 = E,). When the crystal is
heated, the E,, level can change its position as a result
of lattice expansion.

According to thermodynamic theory, the EE energy
fluctuations can consist of two parts, namely, of the
entropy term (due to electron redistribution over the EE
levels) and the external work (associated with achange
in EE volume and bringing about a shift of the energy
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Fig. 1. Fundamental absorption spectra of CuBr NCs mea-
sured at different temperatures. Inset shows the long-wave-
length tail drawn onthe EHogD scale; E; isthe nodal-point

energy in the absorption spectra of the Z; , exciton.
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Fig. 2. Fluctuation-induced broadening of the crystal
valence-band density of states (1-8) calculated using
Eq. (1), and the probability distribution function in energy
fluctuations for the valence-band top (9, 10) calculated from
Eq. (3) for cA=E—-E,.

levels [13, p. 47]). In the case of dielectrics and semi-
conductors with E; > KT (E is the band gap width),
energy exchange with the bath cannot initiate electron
redistribution over empty levels, asisthe case with met-
as. However, thermal fluctuations of the EE volume
may cause a shift A of the valence-band maximum E
relativeto the equilibrium position E, (A=E—-E,). Fig-
ure 2 presentsthe n(E, T) distribution for p = E, (calcu-
lated for the temperature range 0—650 K) and thermally
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Fig. 3. Energy level shift in an element of the ensemble
caused by fluctuationsin its volume. Ey, E¢, and Eg are the

energies of the valence-band top, conduction-band bottom,
and local level, respectively.

broadened density-of-states curves for the valence-
band top for 350 and 650 K.

A volume fluctuation of an EE will shift the whole
level system init, including the conduction-band mini-
mum E¢ or alocal state E, in the band gap (Fig. 3).
Obviously enough, the shift of the higher lying elec-
tronic states 4, in an EE will be proportional to that of
the ground state A:

A = X4, 2

where ¥, is the coefficient of thermodynamic fluctua-
tions of the state E,, which determines the factor by
which the fluctuations of the electronic state| are larger
than those of the ground state. The x coefficient
depends on the electronic-state configuration and, in
the general case, can be different for a compressed and
astretched EE.

The modulus of the energy derivative of the distribu-
tion of Eqg. (1) isthefunction p(A, T) characterizing the
density-of-states broadening at the valence-band top of
the crystal. One can also define the p(A, T) function as
the distribution of the energy fluctuation probability A
for the ground state in afermion ensemble asafunction
of crystal temperature. This interpretation of the deriv-
ative of the function of Eq. (1) is well substantiated,
becausethelevel shift A isassociated with thermal fluc-
tuations of the EE volume. Taking into account Eg. (2),
one can relate the probability of the optical-transition
energy fluctuations A, to the probability of the fluctu-
ation A. To do this, one has to make areplacement A =
0l in Eq. (1), where 0 is aparameter connected with
the coefficient x (the latter will be defined later). As a
result, the probability of thermodynamic fluctuations of
optical transition energy in an EE will be written as

)
0 OBt 0 Ot

Pl T) = & +10 e % ©)
0 0
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For the transition from the valence band to a local
level E, (Fig. 3),

Aoy = E'—E = (Eo + XoA) — (Ey + 4)

—(Eo—Ey) = (Xo—DA.

Equation (4) yields the relation used for the above-
mentioned replacement in the derivative of Eq. (1):
1 1
A = onm = 0Aoph o = m (5)
To describe optical transitions from the valence to
the conduction band, one will have to replace ¥, in
Egs. (5) for o by Xc. Inthe general case, the coefficient
o for atransition from the ground state (1) to an excited
state (2) isgiven by

(4)

1
, 6
X2— X1 ©
where x; and X, are the corresponding coefficients for
the ground and excited states. The less x, and X, differ
from one another, the larger the parameter o and,

according to Eq. (3), the smaller the temperature-
induced fluctuations of the optical transition energy.

o =

4. TEMPERATURE-INDUCED BROADENING
OF THE ABSORPTION SPECTRUM OF A LOCAL
CENTER AND OF THE INTERBAND
ABSORPTION EDGE

To derive the temperature dependence of absorption
spectra for T > O, the reduced density-of-states spec-
trumg(E, T), whichfor T =0isgiven by afunction g(E,
0), should be averaged (asin [6]) over all possible fluc-
tuations of the optical-transition energy A defined by
Eqg. (3). (For convenience, we drop the label “opt”.)
Thus, we have

+o00

J'P(A, T)g[(E-A4), O] dA
9ET) = F——= : (7)
J'p(A, T)dA

If the density of states at the band edges is cut off
sharply, the spectrum of the reduced density of states
for band-to-band transitions is a step g, (E, 0) = St(E, -
E) (for E < E,, the St function is zero, and for E > E,,
St = 1). The averaging in Eq. (7) yields the following
expression for g,(E, T):

o(E;—E) -1

wETD=rk " +10. 8)
[l ]

This relation was experimentally observed earlier
for absorption spectra in interband transitions in the
(hexagonal) ZnS system [5].
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The density of states for local centers can be pre-
sented in the form of adeltafunction, g,(E, 0) = &(E, —
E). Due to averaging in Eg. (7), the density-of-states
spectrum g,(E, 0) is broadened and, for a temperature
T, isgiven by the relation

2 G(E,—E)
+0e T 2 (9)
0 kT

0(E;—E)

GET =
|

For E; — E (index i denotes g or Q) larger than 2.5KT,
the low-energy absorption tail in Egs. (8) and (9) can be
approximated by the relation

_O’(E‘ -E)
g(E,T)0e (10)

defining the Urbach rule [5]. It should be pointed out
that the high-energy tail in the absorption spectra of a
local center also follows the Urbach rule.

One can use averaging in Eq. (7) to find the temper-
ature-induced broadening for an arbitrary spectrum of
the reduced density of states for optical transitions.

5. DETERMINATION OF FUNDAMENTAL
ABSORPTION PARAMETERS FOR CuHal
NANOCRY STALS

It was shown earlier [1] that the absorption curvefor
interband transitionsin CuCl NCs has two steps associ-
ated with transitions from different valence subbands.
Therefore, the experimental exciton absorption bands
were derived from fundamental absorption spectra by
subtracting the calculated band-to-band absorption
curvesa(E, T), which were represented as asum of two
temperature-broadened steps similar to those described

by Eq. (8):

(Exg=E) -1 (Ezg—E) -1

_ kT g kT O
a(E, T) = f,le +10 +f,e +10 ,
O O O 0 (12)

where E,, E,q, f;, and f, are the energies and oscillator
strengths of transitions from the lower and upper
valence subbands, respectively. (The coefficients o in
Eq. (11) for these transitions were taken equal to unity.)
The optical-transition parameters were determined by
comparing the experimental exciton spectrawith calcu-
lations.

The exciton absorption bands were cal culated using
Eqg. (9) and by assuming that they are due to absorption
by local centers. In this case, the absorption [a4(E, T)
for the Z; , exciton and a,(E, T) for the Z; exciton] can
be written as

2 0y(E,~E)

+:E k01
O

0,(E,—-E)

0y (ET) = fule
O

e —

(12
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Fig. 4. Decomposition of experimental absorption spectra
of NCs of (a) CuCl (80 K) and (b) CuBr (293.5 K). The
exciton absorption spectra (curves 1) were obtained by sub-
tracting the calculated interband absorption [curves 4, cal-
culation using Eq. (11)] from the experimental spectrum.
The exciton absorption spectrum (2, 2", 3) was calculated
using Egs. (12) and (13).

0,(E;—E)

ayET) = fozg3 KT

0,(E;—E)

o
+ge T 2
0

o (13
where E;, E,, fy;, and f, are the energies and relative
oscillator strengths of transitionsto the Z; , and Zz exci-
tonic states, respectively. It wasfound that E; and E, are
temperature-dependent.

In Egs. (12) and (13),

0 = —— g, = —

D Tl SR P &

where x; and X, are the corresponding coefficients of

thermodynamic fluctuations for the Z; , and Z; exci-
tons, respectively.

Figure 4 illustrates the separation of the exciton
absorption curves from the fundamental absorption of
CuCl and CuBr NCs and the calculation of the exciton
bands as being due to local-center absorption. First, we
subtracted the interband absorption (curves 4), calcu-
lated using Eg. (11), from the experimental D(E, T)
absorption curves. The remaining exciton absorption
(curves 1) was approximated by Egs. (12) and (13). By
fitting the long-wavel ength exciton-band tail, the corre-
sponding parameters o, and o, were found (for the Z, ,
and Z; excitons, respectively). In fitting the calculated
to experimental curves at the maximum, we chose the
energies (E,;, E,) and oscillator strengths (fy;, foy). The
absorption band of the Z; , exciton (curves 2) consists
of two overlapping bands (curves 2', 2") with a splitting
of 0.017 eV for CuCl and 0.036 eV for CuBr which
were calculated from Eqg. (12) using the same parame-

(14)
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Fig. 5. Temperature dependences (a) of the energies E 4 and
Eyg (interband transitions), E; and E, (absorption band
maxima for the Z; , and Z3 excitons), and (b) of the oscil-
lator strengths fy; and fq,, as well as of the parameters o4
and o, [points are the selection made in the calculation;
solid lines are extrapolation using Egs. (17) and (19)] for
CuCl NCs.

ter 0,. The experimental spectra are broader on the
high-energy side compared to the calculations. This
may be due to the thermodynamic coefficients x (which
define, according to Eq. (5), the parameter o) being dif-
ferent in the cases of compression and stretching.
Superposition of the exciton energy on the band states
could also produce an effect. The discrepancy between
the calculated and experimental spectra decreases with
increasing temperature.

We calculated exciton absorption spectra with the
corresponding best-fit parameters f,, g, E,;, and E, for

9]
T
@)
b=
a

2r() 80K \
l(17)5501(

Fig. 6. Absorption spectra of alocal center calculated with
the parameters of the Z; , and Z3 excitonsin CuCl NCs.
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each temperature separately. In this way, we obtained
parameters for all temperatures and their approximat-
ing temperature relations. The resultsfor the CuCl NCs
are shownin Fig. 5. The parameters of the temperature-
induced shift of the exciton transitions E; and E, are
approximated by the relations

E, = Ea(1+Q(T)), E; = Eg(1+0.9Q(T)), (19)

Q(T) = 0.65kT —115(kT)°, (16)
where Ey, = 3.282 eV and Ey, = 3.217 eV. The oscillator
strength fy, for optical transitions to the Z; , exciton
state increases by a factor of 1.5 (Fig. 5b) when the
crystal is heated from 80 to 573 K (the onset of melt-
ing). The parameter fy, for transitions to the Z; exciton
state increases dlightly when the crystal is heated from
83 to 150 K, to decrease subsequently to zero as the
temperature continues to increase. The temperature
dependences of the parameters fy; and fy, can be
approximated by the relations

for = 0.086(1+ Q4(T)),

(17
fo = 0.087(1-QyT)),

Qy(T) = 72KT —220(kT)"®, a8
Q,(T) = 22KT — 1700(kT)".

The larger part of the temperature dependences of the
parameters g, and o, (Fig. 5b) decays linearly with
increasing temperature and can be approximated as

0, = 1.22-7.5KT,

0, = 3.55-57KT.

(19)

D
3.0r CuBr
sk (1)293K
(16) 600 K

2.0

1.5

1.0

0.5

Fig. 7. Absorption spectra of alocal center calculated with
the parameters of the Z; , and Z3 excitonsin CuBr NCs.
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The temperature-induced shift of the band-to-band
transition energy can be described in a way similar to
Egs. (15):

E1g(T) = Eag(1+Q(T)),
Ex(T) = Egag(1+Q(T)),

where the parameters Ey, = 3.333 €V and Egyy =
3.236 eV. Fitting the oscillator strengths for the band-
to-band transitions yielded

f,(T) = 1.50 + 3.73KT,
f(T) = 0.58—7.4KT.

The temperature-induced variations of the optical-
transition parameters for CuBr NCs can be described
by relations similar to those derived for CuCl.

Figures 6 and 7 sum up the calculations of all exci-
ton absorption spectra for CuCl and CuBr NCs, which
were made taking into account Egs. (15)—21). The
temperature-induced variations of the calculated
absorption bands and of the long-wavelength tail agree
well with the experimental spectra of CuCl [1] and
CuBr (Fig. 1) NCs. The presence of the nodal point in
the calculated spectra (Figs. 6, 7) in the exciton absorp-
tiontail at the energy E, isaccounted for by the temper-
ature-induced shift of the Z; , exciton energy inthesys-
temsunder study. The behavior of absorptioninthe cal-
culated spectrabelow E; is consistent with the Urbach
rule (seeinsetsto Figs. 6, 7).

In accordance with Egs. (5), the o(T) relations
obtained for CuCl and CuBr NCs can be used to derive
the temperature-induced variation of the thermody-
namic fluctuation coefficients x for the exciton states.
The temperature dependences obtained for x are close
to exponentials,

(20)

(21)

X = Xo* aexp(o,KT). (22)

The corresponding parameters for the Z; , exciton in
CuCl are xo = 1.64, a; = 0.2, and a, = 20. For CuBr,
Xo = 1.55, a; = 0.026, and a, = 60. For the Z; excitonin
CuCl, xo = 1.35, a; = 0.005, and a, = 110. For CuBr,
these parameterswere determined within anarrow tem-
perature interval; their approximate values are ¥, =
2.14,a,=0.025, and a, = 50. Figure 8 plotstemperature
dependences of x for the excitonic states in NCs of
CuCl and CuBr (the regions where the values of x for
CuBr were not determined are dotted). The larger the
energy separation between avalence-band state and the
corresponding exciton state, the larger the coefficient X.
In CuCl NCs, the fluctuations of the Z; exciton state
grow considerably more strongly with increasing tem-
perature than those of the Z, , exciton. The amplitude
of fluctuations of the Z; , states is nearly two times
(X1 = 1.8 a 80 K) that of the ground state. In the case of
CuBr, the energy of transition to the Z; state is higher
than that to the Z, , state and, accordingly, the fluctua-
tions of the Z; state are larger. At the maximum temper-
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Fig. 8. Temperature dependence of the thermodynamic fluc-
tuation coefficients x for energy states of the Z; , and Z3

excitonsin CuCl and CuBr NCs.

ature (immediately before melting), the fluctuation
amplitudes of the Z; exciton states are more than two-
fold those of the crystal ground state.

6. CONCLUSIONS

Thus, the model proposed for the calculation of the
temperature broadening of absorption spectra, whichis
based on the application of Fermi—Dirac quantum sta-
tistics to the crystal, demonstrated its efficiency for the
specific example of CuCl and CuBr NCs. We succeeded
in establishing, for the first time, the temperature
dependences of the parameters of optical transitions to
exciton states. The exciton-absorption line shape is
described fairly well in terms of thermodynamic fluctu-
ations of the crystal energy states. The nodal point in
the long-wavelength tail of the absorption spectra of
CuHal NCs, which is aso observed to exist in many
systems [5], is due to the temperature-induced shift of
the exciton state energy. The long-wavelength absorp-
tion tail in the calculated exciton absorption spectrais
consistent with the Urbach rule. The parameter o in the
Urbach relation has been given an interpretation differ-
ent from the one accepted earlier (see, e.g., [11, 12)).
The parameter ¢ is determined by the difference
between the ground- and excited-statefluctuationsin an
optical transition.

The reduced density of states for the band-to-band
transition edgein CuHal crystals, aswell asin ZnS[5],
isdescribed well by adistinct step (for T— 0). Asthe
temperature is increased, the step broadens toward the
band gap. The absorption tail is also consistent with the
Urbach rule.

The proposed model for the interpretation of the
shape and temperature-induced broadening of absorp-
tion spectra is aso applicable to impurity centers (F
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centers). It can also be employed in calculations of the
temperature broadening of the absorption edge for dis-
ordered systems (melts, amorphous dielectrics, or
oxide glasses). In al cases, the absorption tail at high
temperatures should follow the Urbach rule.
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Abstract—Czochralski-grown nitrogen-doped silicon crystals contain shallow thermal donors (STD) which
are not present in reference crystals. In the course of annealing at 600 or 650°C, the STD concentration reaches
saturation and this concentration scales with nitrogen content N as NV2. Thisimplies that an STD includes only
one nitrogen atom and that the most likely model of the STD defect isthe NO,,, complex of an interstitial nitro-
gen atom with m oxygen atoms. The number mis estimated as, on the average, m = 3 from data on the temper-
ature dependence of the equilibrium constant for the complex formation reaction © 2002 MAIK “ Nauka/ I nter-

periodica” .

1. INTRODUCTION

Shallow single thermal donors, with an ionization
energy from 35t0 37 eV, were observed in Czochral ski-
grown silicon single crystals both immediately in the
as-grown state and after subsequent heat treatments
performed over abroad temperature range [1-8]. These
defects are identified with several sharp peaksinthe IR
region, and they can contribute substantially to the car-
rier concentration. The nature of the shallow thermal
donors (STDs) observed after alow-temperature anneal
(near 470°C) remains unclear [2, 3, 7, 8]. There may
exist several types of centers of different chemical
nature but with closely lying shalow levels. On the
other hand, STDs were observed in the post-growth
state and after annealing at moderate temperatures of
600—-700°C only in crystals that were doped with nitro-
gen and had a high oxygen concentration [1, 4-6]. In
these cases, the STDs are certainly nitrogen—-oxygen
complexes and their properties attract considerable
interest. The moderate-temperature region used to cre-
ate the nitrogen STDs is remarkable in that, in silicon
samples not doped with nitrogen, one observes fast
annealing of conventional (double) oxygen thermal
donors and generation of so-called new (second-kind)
oxygen thermal donors (NTDs) [9, 10]. The NTDs
form, however, only after arelatively long anneal (com-
pared with the fast STD generation in samples contain-
ing a nitrogen impurity), and, for this reason, thermal
donors of the abovetwo typesarewell separated. More-
over, according to [11], NTD formation is completely
suppressed in the presence of the nitrogen impurity
even after aprolonged anneal. Hence, the STD genera-
tion at 600—700°C can be studied simply by following
the carrier concentration, without application of optical
techniques. Useful information is provided primarily

by comparing samples with different nitrogen concen-
trations over a broad range of doping levels. Such data
permit one to draw a conclusion as to the chemical
composition of the STD defects.

2. EXPERIMENT

This study was performed on samples of three sili-
con crystals 150 mm in diameter which were Czochral-
ski grown under identical conditions. Two of them were
doped with nitrogen by introducing silicon nitride into
the melt, and the third served asareference sample. The
original nitrogen concentration in the melt was Ny =
108 cm3 for the first crystal and 10%” cm for the sec-
ond. The nitrogen impurity distribution coefficient K
[12] is much less than unity, K = 7 x 107, and, there-
fore, nearly all the nitrogen remains in the melt in the
course of growth. The nitrogen concentration in the
melt N* grows with increasing fraction g of the solidi-
fied silicon, and the concentration of nitrogen in the
crystal (N = KN*) reproduces this variation:

N = KN:/(1-g). 1)

This concentration increases noticeably along the crys-
tal length; in our case, the increase is about fivefold as
one goes from the beginning to the end of the crystal.

The other crystal characteristics are as follows: the
oxygen content is almost uniform over the length and
radius and close to 7 x 10" cm (when using the opti-
cal calibration coefficient 2.45 x 10' cm2), the carbon
content is below the optical sensitivity threshold (3 x
10% cm3), and the boron dopant concentration is 5 x
10% cm3 or less.

1063-7834/02/4404-0727$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Rectangular samples, 12 mm long and 3 mm wide,
were prepared from original wafers (1 mm thick) cut
from different parts of the crystal. The samples were
isothermally annealed at different temperatures (for the
most part, at 600 or 650°C). The room-temperature car-
rier concentration (in some cases, of the electrons n;,
and in the other, of the holes, p,) was derived from Hall
effect measurements. To check the energy position of
the thermodonor level, the temperature dependence of
the Hall effect down to the liquid-helium temperature
was measured on some samples.

The concentration of the STDs (shalow single
donors), denoted subsequently by N, was calculated as
N, = Ng + n, (for the n-type samples) or as N, = Ng —p,
(for the p-type samples). To determine the boron accep-
tor concentration Ng, some samples prepared in the
post-growth state were anneal ed at 900°C for five or ten
minutes to remove the grown-in thermal donors. These
samples always exhibited p-type conductivity, and in
this case, using a standard technique [13], Nz and the
residual concentration of the compensating donors
(which was usually low) were determined separately
from Hall effect measurements performed from room
temperature down to 15 K.

3

n,cm-
1015 —

1014
1013

1012

101 ! ! I |
10 15 20 25 30

1037, K!

Fig. 1. Temperature dependence of the electron concentra-
tion from Hall measurements performed down to theliquid-
nitrogen temperature. The sample with nitrogen concentra-
tion N = 2 x 10> cm 2 was heat-treated at 600°C for four
hours. The low-temperature part of this curve corresponds
to ashallow donor level E; — 36 meV.

N, 104 cm™3

t,h

Fig. 2. STD concentration vs. annealing time at 600°C.

Nitrogen concentration N (10* cm=3): (1) 8, (2) 11, and
@A) 17.
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3. RESULTS

Figure 1 illustrates the temperature dependence of
the electron concentration n(T) as derived from Hall
measurement data obtained on a sample with a rela
tively high nitrogen content after heat treatment at
600°C. Thedecreasein n at low temperatures is caused
by electron trapping on a shallow level E. — 36 meV,
which is in agreement with the position of the STD
donor levels known from optical measurements [1-8].

Typical kinetic curves Ng(t) (the dependence of the
STD concentration on annealing time) for sampleswith
different nitrogen concentrationsare displayed in Fig. 2
(annealing at 600°C). In the original (post-growth)
state, these samples usually had n-type conductivity
due to the presence of grown-in thermal donors. the
conventional (double) oxygen therma donors and
STDs. At 600°C, however, double thermal donors dis-
appear fairly rapidly (in half an hour) and the samples
are rendered p type. In this stage, the concentration of
STDs is lower than the acceptor concentration Ng. As
the anneal time increases, the conduction recovers to
the n type due to the increasing Ng concentration. N
reaches saturation after about six hours of annealing. In
the samples prepared from the reference crystal,
annealing at 600 or 650°C rapidly resulted in p conduc-
tivity, with the concentration of holes being closeto that
of the boron acceptors. Hence, STDs are not generated
in the absence of the nitrogen impurity within thistem-
perature interval.

The dependence of the concentration N (in the sat-
uration stage) on the nitrogen impurity concentration N
is shown in Fig. 3. These data were obtained for two
anneal temperatures (600 and 650°C) and represent the
main result of the present work. It was found that N, is
proportional not to the nitrogen concentration N but
rather to the square root of N.

4. DISCUSSION OF RESULTS

It iswell known that nitrogen in silicon prepared by
float-zone melting (i.e., with a low oxygen content)
exists at room temperature primarily in the molecular
form N,. This relates both to samples with implanted
nitrogen [14] and to crystalsdoped inthe melt [15]. The
most probable form of the molecular stateis acomplex
of two nitrogen interstitials [16]. As the temperature
increases, the molecular nitrogen N, dissociates par-
tially into two intergtitials atoms; however, close to
650°C, the molecular species should still be dominant.

This statement is corroborated by data [17] on the
nitrogen diffusion coefficient D in float-zoned silicon
obtained at 1000-1100°C. The prefactor in the D(T)
dependence was found to be anomalously high (2.7 x
10% cm?/s), whereas for the interstitial impuritiesin sil-
icon, itisonly ~0.1 cm?/s[18]. This anomaously high
value finds ready explanation if we assume that nitro-
gen diffusion occurs through the transport of rapidly
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diffusing nitrogen interstitials (with the diffusion coef-
ficient D,), which make up only asmall fraction of the
total nitrogen concentration N. The concentrations of
the two species of nitrogen—C, (of labile atomic inter-
dtitials) and C, (of low-mobility molecular intersti-
tials)—are related through the law of mass action

ClIC, = pexp(-E/KT), )

where p is equal, in order of magnitude, to the density
of interstitial sites (5 x 10% cm~3) and E isthe molecule
dissociation energy. When the molecular species is
dominant, C, is close to N/2 and C, can be written as

C, = (pN/2)?exp(-E/2KT). ©)

The diffusive flux of the impurity (i.e., of the intersti-
tials) is—D,dC,/dx. It is expressed through the gradient
of the total concentration (dN/dx) in accordance with
Eqg. (3). On the other hand, this flux is—DdN/dx, where
D is the effective (measured) diffusion coefficient.
Hence, D = 0.5D,C,/N. The total prefactor of this
expression includes a factor associated with the diffu-
sion coefficient D, (having anormal value) and an addi-
tional factor (p/8N)Y?, which isequal, in order of mag-
nitude, to 102 (for the actual nitrogen concentration in
the diffusion experiment).

Thus, the anomaloudly large prefactor in the D(T)
relation argues for the relatively weak dissociation of
molecular nitrogen at temperatures below 1100°C and,
the more so, in our temperature interval (below 700°C).
Theoretical calculations of the energies of different
nitrogen species [19, 20] suggest a still more categori-
ca statement, namely, that the molecular species
remains dominant up to the melting point.

Hence, in view of Eg. (2), one can maintain that the
square-root dependence of the STD concentration on
the total nitrogen concentration N (Fig. 3) implies the
existence of one nitrogen interstitial in each STD
defect. The concentration C, of the nitrogen interstitials
in equilibrium with the molecular species scales as NV?
(actualy, this relation should be corrected for the STD
contribution to the total concentration N, but the NV?
dependence holds qualitatively if N is not too low).
Atomic nitrogen reacts with oxygen to form STD com-
plexes NO,,, their equilibrium concentration is propor-
tional to C,, and, hence, it scales as ~NY2, This model
of STD defectsis consistent with the calculation of the
electronic properties of the NO,, complexes[21], which
suggests that these complexes should be shallow
donorsfor m> 1.

The STD family includes several typesof NO,, com-
plexes with different oxygen index m. The equilibrium
concentration of each such complex N, is expressed
through the reagent concentrations C, (of atomic nitro-
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N, 10" cm™3

(a)

(b)

¢! | |

0 1 2
N, 105 cm™3

Fig. 3. STD concentration in the saturation stage (for the
anneal time interval 4-8 h) plotted vs. nitrogen content in
samples annedled at (a) 600 and (b) 650°C. Solid lines are
calculated using Eq. (7).

gen) and C (of oxygen) related by the law of mass
action, which issimilar to Eq. (2):

C,C"/Ng, = p"exp(-E,/KT), (4)

where E,,, isthe energy of dissociation of the NO,,, com-
plex into atoms.

We assume that the STD concentration in the satu-
ration stage corresponds to complete equilibrium,
where both equilibrium relations, Egs. (2) and (4), hold
for all members of the STD family providing the major
contribution to N.. To express the concentration of each
STD defect Ng,, in terms of the total nitrogen and oxy-
gen concentrations, one should bear in mind that a part
of the molecular nitrogen in silicon with a high oxygen
concentration (obtained by the Czochralski method),
similar to atomic nitrogen, is bound to oxygen and
forms, most likely, electrically inactive complexes N,O
[14, 22]. This effect manifestsitself in the formation of
satellite IR peaks close to the vibration-mode peaks of
the molecular species N,. Thus, molecular nitrogen
existsin two species, N, and N,O, and theratio of their
concentrations at temperatures near 650°C is unknown.
However, this does not complicate the model notice-
ably if we assume that the concentrations of the above

two species C, (for the N, state) and C5 (for the N,O
state) have equilibrium values:

C,CI/C} = pexp(=E*/KT), (5)
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Fig. 4. Temperature dependence of the equilibrium constant
R characterizing formation of STDs (NO,,, complexes).

where E* is the N,O-complex dissociation energy into
N, and an oxygen atom.

Thetotal nitrogen concentration N now includesthe
contribution from both molecular species (N, and N,O)
and from all STD defects (NO,,, complexes with differ-
ent my:

N = 2(C,+C3) +Ns. (6)

Combining Egs. (2) and (4)—(6) yields a genera equa-
tion relating the concentration Ng (which is the sum of
all individua contributions Ng,, of the complexes with
different m) to the total nitrogen-impurity concentra-
tion N:

NZ/(N=N,) = R(C). (7)
Here, R is the equilibrium constant and the quantity

JR is expressed through a sum over all STD defects
with different m. In particular, if STDs with one given
m are dominant, then

0.5p(C/p)*"exp (g, /KT) g
1+ (C/p)exp(E*/KT) ®

where g, = 2E,,— E isacombination of the dissociation
energies defined above. In a general case of severa
types of STD defects with different m present in com-
parable concentrations, one may retain Eq. (8) but con-
sider the number m in this expression as an average
oxygen index for the NO,,, complexes.

The equilibrium constant R was determined from
the best fit of Eq. (7) to the curvesin Fig. 3. The corre-
sponding calculations are shown by solid lines in
Fig. 3. The equilibrium constant determined in thisway
isR=15x 10" cm for 600°C and 5.7 x 103 cm~3 for
650°C.

If the total nitrogen concentration N is large com-
pared to R, nitrogen exists predominantly asthe molec-
ular species N, or N,O and the fraction of the electri-

R(C) =
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cally active (donor) speciesNO,,issmall. However, for
low concentrations (N < R), the donor species NO,,
becomes dominant; i.e., the electrical activity of the
nitrogen impurity is nearly 100%. In the concentration
range under study, the donor species, though not domi-
nant, provide an appreciable contribution into the total
nitrogen concentration.

4.1. The Temperature Dependence of the Equilibrium
Constant and the Average Number of Oxygen Atoms
inthe STD

Most of the data were obtained for the anneal tem-
peratures 600 and 650°C. For some other temperatures
(590, 620, 680°C), the STD concentration in the satura-
tion region was measured only for one or two nitrogen
concentrations. Thiswas enough to determine the equi-
librium constant R using Eqg. (7). The temperature
dependence of Rthus abtained isdisplayed in Fig. 4. It
is well fitted by the standard exponential Arrhenius
equation, with an activation energy of 3.3 €V and a
prefactor 4.5 x 10 cmr3. According to Eq. (8), the R(T)
function reduces to an exponentid if one of the molec-
ular complexes (N, or N,O) is dominant. If N, domi-
nates, the prefactor in R(T) is 0.5p(C/p)?™; in the oppo-
site casg, it is 0.5p(C/p)?™-1. The dependence on the
oxygen concentration is a power law (of the type C9),
and the numerical value of the prefactor corresponds to
the power g = 5.5. The above two expressions for this
factor yield different relations of the exponent q with
the oxygen index m(q = 2mor q = 2m- 1), but the val-
ues of m derived from them differ by only 0.5. There-
fore, the estimated averageindex lieswithin arelatively
narrow interval, from 2.75 to 3.25. One may thus con-
clude that the family of STDs consists predominantly
of the NO,, NO;, and NO, complexes. This conclusion
is consistent with the electrical properties of the NO,,
complexes (shallow donorsfor m> 1) predicted in[21].

4.2. Possible Kinetics of STD Generation

Thusfar, we have used only the equilibrium param-
eters of the defects participating in STD generation; the
above analysis does not depend on the actual reactions
leading to the formation of the NO,, complexes. The
type of the reactions involved influences only the char-
acteristic time during which the equilibrium is estab-
lished. The simplest mechanism is the dissociation of
molecular nitrogen and the subsequent reaction of the
rapidly diffusing nitrogen interstitials with oxygen giv-
ing rise to the formation of NO complexes (which,
according to [21], are electricaly inactive). Further
growth to NO, and larger complexes (to the STD state)
can proceed through the diffusion of oxygen atoms.
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The characteristic time T of oxygen attachment in
the case of a diffusion-controlled reaction is given by
the well-known expression

1/t = 41r D,C, 9

where Dg is the oxygen diffusion coefficient [23] and
r is the radius of capture (of the order of the inter-
atomic distance). For instance, at 600°C, Dy = 3.3 x

1071 cm?/s and the characteristic attachment time T is
about 2.5 h. This estimate is consistent with the exper-
imentally measured time required to reach saturation (a
few hours at 600°C).

Theinitial stage of STD formation (the formation of
the NO complexes) can aso proceed without dissocia-
tion of molecular nitrogen N, if the dissociation energy
is sufficiently high. In this case, the N, molecule can
react with therapidly diffusing oxygen dimer O, to pro-
duce two NO complexes. These complexes should be
mobile enough to migrate to a considerable distance
from each other in the course of heat treatment.

5. CONCLUSIONS

Thus, the data obtained and analyzed in this work
show that the shallow single thermal donors (STDs)
generated at moderate anneal temperatures (near
650°C) are complexes of oxygen and nitrogen impuri-
ties, NO,. Such a complex contains one interstitial
nitrogen atom and m oxygen atoms. The STD family
apparently includes several types of complexeswith the
number m varying from two to four (on the average,
three).

The relation between the STD concentration (Ng) in
the saturation stage and the total nitrogen concentration
N in the crystal was established. Thetotal nitrogen con-
tent N can be calculated from the measured value of N
using a simple expression,

N = N.+ N¥/R. (10)

The equilibrium constant R was determined only for
one value of the oxygen concentration C. However, R
depends on C according to a power law CH9 with the
exponent g = 5.5, which permits one to calculate R for
other values of C.

The electrical activity of the nitrogen impurity orig-
inates from the donor defects NO,,; it isfairly high for
nitrogen concentrations below 10% cm (after anneal-
ing at moderate temperatures). At still lower nitrogen
concentrations, this impurity may nearly fully become
electrically active.
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Abstract—A model of theinitial stage of plastic deformation in nanomaterialsis proposed. Within this model,
the plastic deformation occurs through grain boundary microsiding (GBM). The accommodation processes
accompanying the formation of GBM regions are considered. The relationships describing the regularities in
the deformation behavior of nanomaterials and the dependence of the flow stress on the grain size are derived,
and the temperature dependence of the GBM resistance stress is calculated. It is demonstrated that the results
obtained are in good agreement with the experimental data. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Nanocrystalline materials (the grain size D is of the
order of 10 nm) possess a number of unusual mechani-
cal properties compared to conventional materials [1,
2]. Thisis associated with the scal e effects due to small
grain sizes and considerable fractions of a disordered
material contained in grain boundaries[2—4].

Electron microscopic investigations of nanocrystal-
line materials indicate either that dislocations are
absent or that their density is negligibly small in the
bulk of grains [1-4]. Extrinsic dislocations are
observed in the grain boundaries. When the grain size
in the nanocrystalline material is less than a limiting
value (10—20 nm), no didlocations appear at any stage
of deformation and fracture of samples [4]. The grain
boundaries are the most important structural units of
nanocrystalline materials and determine their macro-
scopic properties in many respects. Nanocrystalline
materials can be produced by a number of techniques,
such as nanopowder compaction, mechanical fusing,
nanocrystallization of amorphous aloys, and high-rate
plastic deformation. Depending on the preparation
technique, the nanomaterial formed can have a grain
structure with different degrees of structural nonequi-
librium, misorientation spectrum, defectiveness, and
chemical composition of the grain boundaries.

Siegel [5] investigated a number of nanocrystalline
materials with the use of high-resolution electron
microscopy and reveal ed that the width of grain bound-
aries does not exceed 1 nm and their structure corre-
spondsto that of grain boundariesin usual polycrystals.
In nanocrystalline materials prepared through crystalli-
zation of amorphous alloys, Lu [6] observed specific
(as arule, faceted) grain boundaries. In submicrocrys-
taline nanomaterials obtained by high-rate plastic
deformation, Valiev and Islamgaliev [ 7] experimentally

observed highinternal stressesinduced by grain bound-
aries with a nonequilibrium structure. These authors
assumed that the grain boundary phase can be formed
in these compounds. Moreover, amorphous interlayers
were found in nanocrystalline materials based on sili-
con carbide and silicon nitride [2]. The structure and
properties of boundaries in nanocrystalline materials
can differ considerably from those in polycrystaline
analogs. However, a number of aspects regarding the
structure and state of grain boundaries in nanocrystal-
line materials remain unclear.

Nanocrystalline materials possess a high strength
but very low plasticity. Apparently, this is associated
with the fact that the generation and motion of disloca-
tions are suppressed at the expense of small grain size.
Investigations into the mechanical properties of nano-
crystalline materials have demonstrated that the
Hall-Petch relationship for the yield strength o, = 0, +
kD2 also holds in the nanometer range of grain sizes;
however, the dependence 0,(D) is substantially weaker
than that for conventional materials [8]. It was found
that the deformation behavior of nanocrystalline mate-
rials exhibits other anomalies: the dependence of the
yield strength reaches saturation, or the value of o,
decreases with a decrease in the grain size [1-4]. The
currently available experimental data on the mechani-
cal properties of nanocrystalline materials are scarce
and refer primarily to the dependence of the hardness or
the yield strength on the grain size. In recent years,
there appeared the works dealing with the temperature
and concentration dependences of the flow stress in
nanocrystalline materials [9, 10]. This information can
be more useful for the elucidation of the deformation
mechanisms in the materials under consideration.

The models proposed for describing the mechanical
behavior of nanocrystalline materials can be divided

1063-7834/02/4404-0732%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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into several groups. Thefirst group involvesthe models
that consider the development of a dislocation structure
in nanograins[11, 12]. The models of the second group
include the disclination and (or) dislocation description
of nonequilibrium boundaries and a network of grain
boundaries as a whole and make it possible to evaluate
their effect on the yield strength in nanocrystalline
materials[13, 14]. Within the models of the third group,
the grain boundaries are treated as an independent
phase and the yield strength of this two-phase material
isexpressed in terms of the rule of mixturesthrough the
mechanical characteristics of intragranular and grain
boundary phases [15]. The investigations concerned
with the simulation of the grain boundary structure and
plastic deformation in nanocrystalline materials belong
to the fourth group [16, 17]. In particular, Schiotz et al.
[17] simulated the plastic deformation processes in
nanocrystalline materials and established that the
inverse Hall-Petch rel ationship holdstrue. It was found
that the plastic deformation occurs along the grain
boundaries through the formation of numerous elemen-
tary shears.

It seems likely that the grain boundary dliding isthe
most probable mechanism of plastic deformation in
nanocrystalline materials at low temperatures. This is
also evident from a number of experimental works. In
our earlier work [18], we proposed amode of theinitial
stage of the plastic flow occurring in nanocrystalline
materials through the grain boundary microsliding
(GBM). We determined the conditions for a change in
the deformation mechanism with adecreaseinthegrain
size—the crossover from the generation of dislocation
loopsin the grain boundariesto the grain boundary dlid-
ing—and considered the specific features in the defor-
mation behavior of nanocrystalline materials. More
recently, Hahn and Rabmanabhan [19] proposed one
more model of deformation in nanocrystalline materi-
as on the basis of grain boundary dliding. However,
this model disregarded the limitations imposed on the
dliding due to triple junctions and kinks in the grain
boundaries.

The aim of the present work was to advance the
model proposed in [18]. We analyzed the possible
microstructural mechanisms of shear processesin grain
boundaries of nanomaterials and considered the forma-
tion of regions of shear transformations similar to those
responsible for heterogeneous plastic deformation in
amorphous aloys [20]. Moreover, we calculated the
dependences of the flow stress on the grain size and
temperature for nanocrystalline materials.

2. PLASTIC DEFORMATION ASSOCIATED
WITH GRAIN BOUNDARY MICROSLIDING

Without defining a particular structure of grain
boundaries, we consider the low-temperature grain-
boundary dliding processes in a nanocrystalline mate-
rial. First, weintroduce agrain boundary parameter that
characterizes the ability of the grain boundary to
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undergo structural transformations leading to sliding
over the boundary under shear stress. L et this parameter
be the shear stress r(s')(T) of resistance to free (uncon-

strained) dliding over aplanar grain boundary of theith
type at the temperature T. Theindex i refersto two unit
vectors, namely, the vector 6 of mutual grain misorien-
tation [8] and the normal n to the grain boundary plane,

i.e., 1 =0, n. The shear stress tg’ is determined by the
structure and state of the boundaries, the number of
impurities, and the temperature T. When the external
(allowed in the boundary plane) shear stress 1, reaches
the stress T' , the sliding occurs over agrain boundary
of theith type.

Asarule, grain boundaries have afaceted structure;
i.e., they consist of planar regions bounded by lines of

kinks, edges, and junctions of grain boundaries. Grain

boundary sliding over particular grain boundary facets
with IS) < T,—grain boundary microsliding—can

occur at low-temperature deformation. In the genera
case, the strain associated with the grain boundary
microsliding does not only reduce to pure shear but
involves the dilatation component and is described by
the strain tensor s?k . Therefore, there arisesthe problem
of the stressed—strained state of an isotropic linear elas-
tic medium with a system of randomly arranged planar
GBM regions with the mean proper strain €;,(T,) .

Now, we introduce the Cartesian coordinate system
X; (i =1, 2, and 3) related to a sample and consider the
case of auniaxia tension (compression) with the load
axisaligned a ong the X; axis. Under external stress, the
grain boundary microdliding occurs in certain regions
of grain boundaries. The formation of N GBM regions
with the volumes Q. and the proper strains s?ks gives
rise to aplastic strain in the sample:

N
8ik = ZslonsmislminQS/Vv (1)
s=1

where V is the sample volume and m;, stands for the

cosines of the angles between the axes of the coordinate
system related to the sth region and the axes of the basic
coordinate system. The summation is performed over
repeated indices.

The strain of the material in the bounded region

induces the stress field o;,(r), which can be repre-
sented by the expression [21]

on(r) = —Ciju

0 0 2
x glcpqmne?i;(r )G, (r —r)dr' + eEf(r)H
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Here, Q.= w0S isthe volume of the sth GBM region,
S istheareaof the sth GBM region, w,isthe numerical
coefficient determined by the region shape, d is the
effective thickness of the grain boundary, C isthe elas-
tic constant tensor, and G is the tensor Green’'s function
in the elaticity theory.

In the case of pure shear grain boundary microdlid-
ing, the shear us(r) in the sth region of the boundary
with the normal n® leads to the plastic strain

g = (20) (WU + Upu) = (M +mig)y2. (3)

Here, each coefficient my, is the product of two direc-

tion cosines of the angle between the normal ns to the
plane of the sth GBM region and the kth basis vector
and the angle between the GBM direction m® in this
plane and the ith basis vector, y® = u¥/d, and s is the
shear averaged over the area S,

The GBM regions can involve one or several facets
(or faces) of the grain boundary and, hence, have differ-
ent sizes L. Under the assumption of a continuous dis-
tribution of GBM regions over sizes, spatial arrange-
ments, and orientations, the strain tensor of the material
has the form

g, = € + (N/8T)

b (4)
><I(nkmi +nm)ywL dsingl (y)N(L)dY.

Here, siok is the strain tensor without grain boundary
microgliding, i.e., the elastic strain tensor; the second
term is the plastic strain tensor; the integral is taken
over the combination of variablesY ={d, , y, L}; N(L)
and I (y) are the distribution functions of GBM regions
over sizes and shears, respectively; n, = (sing cosq,
sindsind, cosd); ¢ isthe angle between n and X;; @is
the angle between the X, X; and nX; planes; and N isthe
number of GBM regions with any size and orientation
per unit volume.

By analogy with the problem of deformation of a
material with alarge number of cracks[22], we can use
the vector quantity with the components Q, = mQy =
mwdaL?y, where the mean values of the w, L, and y
parameters are introduced. In this case, the determina-
tion of the dependence of Q on the externa stress o,
(Q = 1,404, Where the tensor | is governed by the
mechanism of grain boundary microsliding and the
character of loading of a particular GBM region) isthe
final stage in the solution of the posed problem.

3. THE MODEL OF THE INITIAL STAGE
OF PLASTIC DEFORMATION

Let us average the GBM resistance stress 1, over an
ensemble of grain boundaries in a nanocrystaline
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material. For the uniaxial tension (compression) at
0./2 > 14, the grain boundary microdliding arisesin the
nanocrystaline material; i.e., there appear the first
GBM regions (in the grain boundaries) whose planes
are oriented at an angle of approximately 45° to the
load axis. According to relationship (4), a further
increase in the external stress g, results in an increase
in the concentration N and the size L of the GBM
regions, i.e., in an increase in their volume fraction f =
wA2N. As follows from relationship (4), the plastic
strain of the nanocrystalline material along the load
axis is determined by the volume fraction f and the
equilibrium mean shear strain y in the GBM regions,
that is,

€ = mfy, 5)

where mis the mean orientational factor.

Now, we derive the relationship between the shear
strain y and the external stress. The shear stresses
allowed in the plane with the normal n® along the m®
direction due to the stressfield o, can be represented as

T?, = n%o,m®. The quantity y* for the ath GBM region
can be obtained from the following condition of
mechanical equilibrium at each point r, inside this
region (r, [ ,):

T+T(r) + ZTGB+Ti =T,. (6)
B

Here, 19(r?) isthe proper internal shear stress[formula
(2)] inthe ath region, T is the shear stressinduced by
the Bth region in the ath region, and 1; are the improper
internal stresses unrelated to the GBM regions. We
assume that the GBM region has the form of an oblate
ellipsoid with the principal semiaxesa = b = L/2 and
c=0/2 (c <€ aandb), w= 4173, and the shear strainis
uniform in Q,. The GBM regions can be treated as
planar inclusions with the proper strain €%. From for-
mula (2) for the internal shear stresses [21], we obtain
the proper internal shear stressin the GBM region with
the shear strain y*:

1 = —A(d/L)GY", (7)

where A = 1(2 —Vv)/4(1 —V), v isthe Poisson ratio, and
G is the shear modulus of the material. In a nanocrys-
talline material containing a system of randomly dis-
tributed ellipsoidal inclusions with the volume density
f, the mean interna stress @-in an inclusion, with due
regard for the image fields [21], is defined as @0= (1 —
)1 Substitution of the equilibrium shear strain y into
relationship (5) gives the expression describing theini-
tial stage of the plastic deformation in the nanocrystal-
line material, that is,

0, = 0.+ AGS(1- f)e/fLm?’, (8)

where (0,—o9m=T1, — T,
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In the case when y exceeds the critical shear strain
y* in the course of deformation in the nanocrystaline
material, an increase in the internal stresses associated
with the development of GBM regions will be accom-
panied by the accommodation processes resulting in
stress relaxation. The formation of dislocations on lin-
ear topographic defects of grain boundaries (kinks,
junctions, and edges of grain boundaries) and the plas-
tic rotation of grains are the possible accommodation
processes. It is known that lattice dislocations can be
formed through the coal escence of grain boundary dis-
locations in specific grain boundaries [8]. In arbitrary
grain boundaries, this process becomes possible due to
the transformation of structural units of the boundary.
When the grain boundary microsliding occurs in the
adjacent grain-boundary faces (facets) or the orienta-
tion of the intergranular shear vector changes with an
increasein the area of the GBM region, thereisagrain-
boundary plastic strain misfit in junctions and kinks.
This induces a stress field similar to the field of the
effective dislocation at the junction with the Burgers
vector b* = u; —u,. Inthis case, the possible accommo-
dation mechanism is associated with the formation (and
displacement) of alattice dislocation in the region of a
linear defect in the grain boundary. The deformation
criterion for the realization of this mechanism can be
the condition when the magnitude b* reaches the mag-
nitude of the Burgers vector of the lattice dislocation
(or when the shear strain y reaches the critical shear
strain y*). At small grain sizes, the formed dislocations
cannot move into the grain bulk dueto the large expen-
ditures of energy required to overcome the image [23]
or line-tension [18] forces. The plastic rotation of
grains can serve as another possible mechanism of
accommodation of grain boundary misfits at junctions.
If the misfit with the vector b* is formed in ajunction
or kink of the grain boundary upon grain boundary
microgliding, the grain rotation through the angle ¢ =
(b*/D (where { isthe constant) eliminates this misfit. It

was found that, for hexagonal grains, { = ./3/2 [24].

For € > e* = mfy*, the arising internal stressesrelax
and their contribution to further strain hardening of the
nanocrystalline material becomes negligible. However,
there appears another contribution caused by the stress
field of formed defects. The density of dislocations that
are generated in the grain boundary and provide the
joint grain-boundary plastic strain and the relaxation of
arising stresses can be evaluated within the approach
proposed in [25] for analyzing the strain in plastically
inhomogeneous materials. According to this approach,
the dislocation density is determined from the formula
p = kf (y—y*)/bL;, where L; is the mean facet size and
k is a numerical coefficient of the order of unity. The
corresponding stresses are represented by the expres-
sion g; = aGbp?, where a = 1.

The total area of the grain boundaries per unit vol-
umeisdefinedas S, = ¢/D, where g = 3isthe numerical
coefficient [8]. By assuming that the area (per unit vol-
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ume) of grain boundaries involved in the grain bound-
ary diding at the initial deformation stage is propor-
tiona to S, i.e, (f/d) = hS,, we obtain the plastic strain
of the material:

€ = moh(a/D)y(aa), (9)

where the coefficient h at 0,/2 > 1, takes on a finite
value h = const and can increase with an increase in €
according to relationship (4). Within the linear approx-
imation, we have h = hy + h;e. As aresult, the expres-
sions describing the deformation behavior have the
form

0, = 0.+ AG(D/L)(1-38gh/D)e/ghm?’,
e <eld = mgh(3/D)yL] (10)
0, = 0,0 = aG[kb(e—eD)/mZD]"?, e>el

where { < 1 is the numerica parameter relating L;
and D.

L et us consider the dependence of theyield strength
on the size grain for the nanocrystalline material. The
yield strength o, is defined as the stress corresponding
to the specified plastic strain €, taken, for example, to be
equal to 0.2%. For microcrystalline materials, the rela-
tionships (D ~ 1 um) e* < ¢, and o(e*) = o are satisfied
and the standard Hall—Petch relationship can be derived
from expressions (10). For nanocrystalline materials,
thevalue of €* = 10°-1072 can exceed the plastic strain
corresponding to the yield strength. In this case, o,(D)
is determined by the first expression (10). For L = {;D
(where ¢ is the constant), as follows from expressions
(10), theyield strength at f << 1 does not depend on the
grain size and the Hall-Petch relationship with the
weak dependence o,(D) is fulfilled in the presence of
accommodation processes. This inference is in agree-
ment with the experimental data obtained by Nieman
et al. [26]. When L is proportional toDP (p< 1) or Lis
independent of D, theyield strength represented by the
first expression (10) for the nanocrystalline material
increases with an increase in the grain size. This agrees
with the experimental results reported in [2-4].

4. THE STRUCTURAL MECHANISM
AND KINETICS OF GRAIN BOUNDARY
MICROSLIDING

According to modern concepts, an arbitrary grain
boundary can be treated as a limited set of structural
units that coincide with the Voronoi—Bernal polyhedra
proposed for describing the structure of liquids and
amorphous materials [27]. It can be assumed that the
grain boundary microsliding under shear stresses
should occur through the transformation of structural
units of grain boundaries upon the formation of shear
transformation microregions in the grain boundary
structure. The GBM resistance stress in an arbitrary
grain boundary is determined by the critical stress for
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Fig. 1. Temperature dependences of the GBM resistance
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Fig. 2. Dependences of the yield strength o, on the square

root of the grain size D for a nanocrystalline material at (1)
L = const(D) and (2) L = {4D.

the transformation of structural units of the boundary.
These elementary shear regionsare similar to regions of
shear transformationsthat are responsible for the devel-
opment of heterogeneous plastic deformation in amor-
phous aloys at low temperatures [20].

In this case, the rate of free dliding over the grain
boundary is defined by the formula
U = vXu,exp(-AG/KT), (11)
where v is the frequency of the normal vibrational
mode of ashear microregion along the activation trajec-
tory [28], x is the volume fraction of nuclei of shear
microregions in the grain boundary, u, is the mean
shear in these microregions, and AG is the free energy

of formation of a shear transformation microregion
with critical parameters.

Analysis of different mechanisms of elementary
shear processes demonstrates that the energy of forma-
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tion of shear microregionsin the grain boundary can be
written as

AG(T) = {ToQu[1-(Ta/To)]" (12)

where { and n are the numerical parameters, 1, is the
athermic grain boundary dliding stress (ideal shear
strength of the boundary), and Q,, is the volume of the
shear transformation microregion.

If the volume fraction of GBM regions only dightly
variesin the course of deformation and L ~ D, the strain
rate of the nanocrystalline material at the initial stage
can be represented by the expression

€ = VXUoeXp[-AG(1,—T1,)/KT]/D, (13)

whereT; arethetotal internal shear stressesin the GBM
region. Hence, from formula (13), we obtain the first
expression (10) for the flow stresswith an explicit tem-
perature dependence of the GBM resistance stress,

T(T) = 1o{1-[(KT/{1,Q,,) In(VXUu,/Deg)] ”’} . (19)

Figure 1 shows the dependences t(T) at different val-
ues of n and the following parameters. D = 10 nm, € =
10%s% Q,=43x102m3 v =10 s, u,= 0.2 nm,
and x =0.4.

At n =2, the dependence of the activation energy for
shear transformation microregions on the stressis sim-
ilar to the dependence of the energy of generation of
shear transformationsin amorphous alloys[20]. Conse-
guently, relationships (13) and (14) at n = 2 describe the
deformation Kkinetics in a nanocrystalline material
whose grain boundaries arein the amorphous state. The
temperature dependence of the GBM resistance stress
and, correspondingly, the yield strength of the nanoc-
rystalline material should satisfy relationship (14) up to
a certain temperature T*, above which other deforma-
tion modes become energetically more favorable.

5. DISCUSSION

L et usnow examinein greater detail the dependence
of the flow stress on the grain size for a nanomaterial,
which is determined from expressions (10). Two differ-
ent cases are possible depending on the procedure of
preparation of nanocrystalline materials with various
grain sizes. the quantity L either islinearly related to D
or is independent of D. The size L should be propor-
tional to the mean size of facets (or faces) of the grain
boundary and, hence, to the grain size D. However,
when the grain size changes upon recrystallization
annealings, the proportionality between the facet and
grain sizes can be violated by an additional faceting. In
the nanocrystalline material, the grain boundary
microsliding can proceed over faces of several adjacent
grainsand the size L will beindependent of D. It iscon-
venient to introduce the characteristic grain size D*,
which is expressed through the quantity €* (its value
corresponds to the condition e* = ¢,): D* = hghdy*/e, .
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The dependence o,(D) is determined only by the first
expression (10) at D < D* and only by the second
expression (10) at D > D*. Forgm=15h=0.2,0 =
0.5,y* =0.3,and &,=0.3%, we obtainD* =15nm. The
dependences &,(D) for the cases under consideration
are plotted in Fig. 2. Note that the value of 1, depends
on the state of the grain boundary and, hence, can also
vary with anincreasein D.

6. CONCLUSION

In thiswork, we considered the initial stage of plas-
tic deformation in a nanocrystalline material, i.e., the
microyield defined as the deformation stage at which
separate plastic flow regions are formed in the elastic
matrix. However, owing to an extremely large grain
boundary area per unit volume of the nanocrystalline
material, these processes produce aplastic strain of sev-
eral percent. For this deformation stage, we calculated
the dependences of the flow stress on the grain size and
temperature. The GBM resistance stress was deter-
mined in terms of flow stresses of amorphous metal
alloys. The critical stress of the structural transforma-
tion in the grain boundary should be close to the cohe-
sion strength of boundaries and, hence, further tension
should lead to fracture. However, the compression or
cyclic loading can result in a further development of
deformation. As the load increases, the number and
area of GBM regions increase, these regions merge
together, and the percolation crossover to the macro-
plastic flow stage occurs at acritical volume fraction of
the regions.
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Abstract—The mechanical behavior and structural evolution of submicrocrystalline titanium in the course of
deformation are investigated at room temperature. The possible mechanisms of deformation are analyzed. It is
proved that the dislocation motion inside grainsis responsiblefor the plastic flow. © 2002 MAIK “ Nauka/ I nter-

periodica” .

1. INTRODUCTION

Nanocrystalline and submicrocrystalline materials
have been extensively studied in recent years because
they are of considerable scientific and practical interest.
The scientific interest expressed in these materials is
associated with the hypothesis of possible changes in
the mechanism of deformation when grains reach sub-
micrometer and nanometer sizes. This hypothesis is
based on the fact that, at a sufficiently small size of
grainsin amaterial, the number of atomsin the bulk of
grains becomes comparable to the number of atoms
located in the grain boundary and the grain boundary
phase either strongly affects or even determines the
properties of the material.

One of the first works in this field was done by
Chokshi et al. [1], who revealed a substantial increase
inthe diffusion creep rate of copper and palladium after
their transformation into the nanocrystalline state. Sub-
sequently, these data, however, were not confirmed
experimentally [2]. Furthermore, in[2—6], it was shown
that the Hall-Petch relationship holds only for very
small grain sizes. This result casts some doubt on the
aforementioned hypothesis. On the other hand, the
results obtained in a number of recent works indicate
either that the dislocation theory of deformation at very
small crystallite sizes [7] should be essentially modi-
fied or that the main mechanism of deformation in these
materials is associated either with the Coble diffusion
creep [8, 9] or with grain boundary sliding [10].

The avail able experimental data on the properties of
these materials are scarce and contradictory and, hence,
call for further investigation. In this respect, we made
an attempt to analyze the possible mechanisms of
deformation in submicrocrystalline materials by using
technically puretitanium with amean grain size of 0.4—
0.6 um as an example.

2. MATERIALS AND EXPERIMENTAL
TECHNIQUE

In this work, we used technically pure titanium
(BT1-00). The contents of impurities were as follows
(wt %): ~0.443 Al, ~0.0965 Fe, ~0.073 N, ~0.068 O,
and ~0.0385 C.

The submicrocrystalline state was achieved through
large plastic deformations on an EU-100 universal test-
ing machine with a permanent change in the axis of
strain according to the procedure described in [11].
After this treatment, the mean grain size was equal to
0.4-0.6 um. Samples were cut from the central part of
the prepared materials by the electric-spark method.

The samples were annealed in order to obtain the
submicrocrystalline structures free of excess disloca-
tion density and the structures with different grain
sizes. The annealing temperature varied from 425 to
800°C, and the annealing time ranged from 0.33 to
20 h. As aresult, we obtained a set of structures with
the mean grain size varying from 0.4 to 58 pm.

The mechanical tensile test and the tensile test with
stress relaxation were performed with a Shenck trebel
testing machine at room temperature and a deformation
rate of 1 mm/min. All the experiments were carried out
using an extensometer with a gauge length of 15 mm.
Planar samples with aworking part 18 x 3.5 x 1.5 mm
in size were used in the measurements. All the samples
were annealed prior to testing.

In order to construct the true stress—true strain (S-¢)
curves, the extension of a number of samples was dis-
continued and the minimum cross-sectional area was
measured with a slide gauge. In this case, the samples
remained in tension grips under apermanent load. After
each measurement, the sampleswere again subjected to
extension to the point of fracture. The minimum cross-
sectional area of the samples was used for calculating
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the true stress Sand the true strain ¢ at different defor-
mation stages.

The microhardness was measured on a PMT-3M
instrument with the use of aVickers pyramidal indenter
at aload of 100 g and aloading time of 10 s. The hum-
ber of indentations was equal to 50.

The apparent activation volume was determined
from the experimental data on stress relaxation accord-
ing to the method proposed in[12]. In the case of stress
relaxation, the relaxation time was 5 min.

Theevolution of the structurein the course of plastic
deformation was examined by transmission electron
microscopy under a JEM 2000EX microscope with the
use of foils cut from different regions of the samples
subjected to deformation.

3. RESULTS

Theinitial portions of the stress—strain (c—€) curves
for submicrocrystalline titanium samples are depicted
in Fig. 1a. As can be seen, all the curves exhibit a sharp
yield point and a yield (Luders) plateau at the initial
stage of the plastic deformation. A decreasein thegrain
size leadsto alowering of the sharp yield point and an
increase in the length of the Liders plateau. For some
samples with aminimum grain size (0.4 um), the yield
plateau immediately goes into a neck and the stage of
uniform deformation is absent. The plastic deformation
of these samplesisinhomogeneous (unstable).

The S-¢ curvesfor sampleswith a submicrocrystal-
line structure are shown in Fig. 1b. It is seen that an
increase in the degree of strain resultsin aconsiderable
increase in the strength of the samples. This indicates
that the tensile samples undergo strain hardening. It
should be noted that this hardening is almost identical
for al the samples and does not depend on the strain.

The dependences of the conventional yield strength,
the microhardness Hy,, and the apparent activation vol-
ume of the strain V* on the grain size are plotted in
Figs. 2a-2c. It can be seen that, within the limits of
experimental error, the dependences of the strength
characteristics are adequately described by the Hall—
Petch relationship and the activation volume does not
depend on the grain size and the degree of strainand is
equal to ~30b3, where b isthe magnitude of the Burgers
vector.

Figure 3a shows the histogram of the grain size dis-
tribution for the sample with a mean grain size of
0.4 um and a maximum strength. Note that, although
the sample is predominantly composed of submicro-
grains, there is a fraction of grains (~2%) whose size
exceeds 1 um. Ascan be seen from Fig. 3b, thisfraction
of large-sized grains makes a noticeable contribution
(~37%) to the total volume of the sample.

The micrographs represented in Figs. 4a-4d illus-
trate the structural evolution of this sample. It is seen
that the structure of the samplein the initial unstrained
state (Fig. 4a) predominantly consists of relatively
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Fig. 1. Stress—strain curvesin (@) relative and (b) true coor-
dinatesfor submicrocrystalline sampleswith different mean
grain sizes: (1) 0.4, (2) 0.5, and (3) 0.6 pum.

equiaxial polyhedral grains without a preferred direc-
tion in their arrangement. The contrast inside the grains
is virtually uniform. The grains have straight-line
boundaries, and thickness extinction contours are often
observed in the images of the boundaries. Some grains
involve dislocations. A strain of 5% (Fig. 4b) leads to
the formation of elongated grains, the disappearance of
thickness extinction contours at the boundaries, a sub-
stantial increase in the dislocation density, the appear-
ance of bend extinction contours, and a noticeable vari-
ationinthe contrast insidethe grains. A further increase
in the degree of strain to 10% (Fig. 4c) and then to 25%
(Fig. 4d) resultsin the formation of the structure with a
pronounced orientation (metall ographic texture).

Thetransformation of theinitial structure with equi-
axial grains into a structure with elongated grains can
alsobetracedin Fig. 5. Theresults presented in thisfig-
ure alow us to make the following inferences:
(2) grains of different sizes become elongated, (2) the
content of elongated grains increases with an increase
in the strain, and (3) the larger the grain, the faster its
elongation.

Some features in the intragranular and grain bound-
ary structures of dislocations at different deformation
stages are shown in Figs. 6a—6¢c. As is seen from
Fig. 6a, the developed dislocation structureisformedin
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Fig. 2. Dependences of (a) the conventional yield strength,
(b) the Vickers microhardness, and (c) the apparent activa-
tion volume on the grain size of samples. Mean grain size,
um: (1) 0.5, (2) 2.5, and (3) 58.

grains with sizes larger than 0.5 pum. This structure is
characterized by a considerable did ocation density and
involves didlocation subboundaries. Grains with
smaller sizes (Fig. 6b) have no subboundaries. How-
ever, these grains also exhibit a high dislocation den-
Sity. Lattice dislocations are observed in the grain
boundaries shown in Fig. 6¢. The density of these dis-
locationsis also relatively high.

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

4. DISCUSSION

Let us consider the dislocation glide, twinning,
Coble diffusion creep, and grain boundary diding as
possible mechanisms of deformation in the material
under investigation. As a rule, the first two processes
are observed during plastic flow of titanium under sim-
ilar temperature—rate conditions [13] and the possible
occurrence of the second two processes is determined
by specific features of the submicrocrystalline state [8—
10]. However, let us first consider specific features of
the material under investigation.

Under the assumption that all grains have an identi-
cal size of 0.4 um and a spherica shape and that the
boundary width is equa to 2b (0.5 nm), the volume
fraction occupied by the grain boundaries is estimated
at ~0.7%. Consequently, for the studied material, the
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Fig. 4. Structural evolution of submicrocrystalline titanium in the course of deformation. € (%): (&) 0, (b) 5, (c) 10, and (d) 25.

assumption that the number of atoms located in the
grain boundaries is comparable to the number of atoms
in the bulk of grainsis incorrect. Moreover, the actual
volume occupied by the grain boundaries is consider-
ably less than the estimated volume, because our sam-
ple contains grains with sizes larger than 1 pum
(Fig. 39). Asis seen from Fig. 3b, these grains occupy
a substantial (~37%) volume of the sample. Therefore,
it can be assumed that the mechanism of deformationin
thisregion of the sampleisidentical to that in the mate-
rial withamean grain sizeof 1 pm; i.e., we are dealing
here with intragranular dislocation glide [13]. Thus,
even preliminary examinations of the histogram of the
grain size distribution demonstrate that the realization
of the other aforementioned deformation mechanisms
isdoubtful, whereas the dislocation glide mechanismis
quite probable in arather large part of the sample.

PHYSICS OF THE SOLID STATE Vol. 44 No. 4
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Now, we turn our attention to the discussion of the
experimental results. There are at least five arguments
in favor of a rather intensive intragranular dislocation
glide. The first (and most illustrative) argument is the
formation of a developed dislocation substructure with
a high dislocation density inside the grains (Figs. 6a,
6b). As can be seen from Fig. 6b, an appreciable dislo-
cation density is inherent even in grains with sizes of
~0.2 pm. It should be noted that the devel oped disloca-
tion structure in submicrograins was also observed in
[14-16]. The elongation of grains (even with the small-
est sizes) and the formation of the metallographic tex-
ture (Figs. 4, 5) can be treated as the second argument
in support of the high-rate dislocation glide inside the
grains. Similar processes were also noted in [14-16].
The presence of the sharp yield point and the Liders
plateau in the stress—strain curvesfor the submicrocrys-
talline samples under investigation (Fig. 1a) isthe third
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argument for the dislocation mechanism of deforma-
tion. Thisfinding isin agreement with the data obtained
by Salishchev et al. [16, 17], who also observed the
yield plateau at the initial stage of the deformation of
submicrocrystalline samples. There exist different
hypotheses providing explanations for these findings
[18, 19]; however, al of them are based on a sharp
increase in the density of mobile dislocationsin grains.
The strain hardening accompanying the plastic flow of
submicrocrystaline titanium (Fig. 1b) serves as the
fourth argument confirming the intragranular disloca-
tion glide. The independence of the apparent activation
volume on the grain size and the degree of strain

MY SHLYAEV, MIRONOV

(Fig. 2¢) and the good agreement between this volume
and the data available in the literature [ 13] suggest that
the thermoactivation mechanism of deformation con-
sistsin overcoming interstitial impurity atoms by dislo-
cations. This can be considered the fifth argument.
Thus, the occurrence of the high-rate intragranular dis-
location glide during the deformation of submicrocrys-
talline titanium is beyond question.

Let us now analyze other deformation mechanisms.
The careful investigation into the microstructure of the
strained submicrocrystalline samples revealed no
twins. According to the available data on the suppres-
sion of twinning with adecreasein the grain sizein the
titanium structure [13], we can argue that no twinning
occurs in the studied samples.

The elongation of grains (including grains with the
smallest sizes) (Figs. 4, 5), a noticeable strain harden-
ing (Fig. 1b), and a considerable density of dislocations
in the boundaries and boundary regions of grains
(Fig. 6¢) suggest that, even though the grain boundary
sliding takes place, it does not contribute significantly
to the total plastic deformation. It is quite possible that
the grain boundary sliding plays only an accommodat-
ing role (the so-called induced grain boundary sliding
[20]) and providesjoint deformation in the polycrystal.

The activation volume of the diffusion process is
equal to ~b®. Thisis at variance with the experimental
data (Fig. 2c). Moreover, asfor the grain boundary dlid-
ing, the strain hardening observed in submicrocrystal-
line titanium and the occurrence of undissociated or
dlightly dissociated lattice dislocations in the grain
boundaries (this is unlikely in the case of high-rate
vacancy diffusion along the grain boundaries) disagree

Fig. 6. Specific featuresin the dislocation structure of strained submicrocrystalline titanium: (a) formation of dislocation subbound-
aries in grains with a size of larger than 0.5 um, (b) high dislocation density in grains with a size of smaller than 0.5 um, and (c)

lattice dislocations in dislocation boundaries in grain boundaries.
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with the diffusion creep. All these factors, taken
together, allow us to conclude that the diffusion creep
cannot be considered the main deformation mecha-
nism.

Thus, we can make the inference that the transfor-
mation of coarse-grained titanium into the submicroc-
rystalline state does not affect the deformation mecha:
nism and that the intragranular dislocation glide is
responsible for the plastic flow in the submicrocrystal-
line titanium studied in the present work. This conclu-
sion is confirmed by the fact that the Hall-Petch rela-
tionship adequately describes the dependences of the
yield strength and the microhardness on the grain size
in the submicrometer range (Figs. 2a, 2b).

On this basis, the influence of the grain size on the
mechanical properties of submicrocrystalline titanium
can be explained in the framework of four models:
(i) the planar dislocation pileup model proposed by
Hall [21] and Petch [22] and then developed by Cottrell
and Armstrong [23, 24], (ii) the Conrad strain harden-
ing model [25], (iii) the Meyers-Ashworth composite
model [26], and (iv) the Ashby model of geometrically
necessary dislocations [27]. The choice of the most
appropriate model calls for further investigation.
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Abstract—The photoresponse method is used for studying the relaxation process under pulsed magnetization
reversal of monocrystalline films with the composition (Bi,Lu)5(Fe,Ga)sO,, with (210) orientation depending
on the amplitude and duration of the remagnetizing pul se. Magnetization reversal occursthrough the formation,
motion, and destruction of an end domain wall. © 2002 MAIK “ Nauka/Interperiodica” .

Among bismuth-containing monocrystalline garnet
ferrite films (BCMGFF), films grown by the liquid-
phase epitaxy method from supercooled solution in
melt on Gd;Ga;0,;, substrates with the composition
(Bi,Lu)5(Fe,Ga)s0,, are the materials that exhibit the
strongest Faraday rotation [1]. Unfortunately, the
velocity of domain walls (DWSs) in these materials is
low when substrates with the (111) crystallographic
orientation are used [2]. The DW velocity in films with
the above-indicated composition and grown on sub-
strates with (210) orientation is higher [3]. It should be
noted that films with the composition
(Bi,Y,Lu,Pr);(Fe,Ga)sO,, with (210) orientation are
characterized by a still higher speed of response [4].
However, the Pr¥* ions introduce considerable damp-
ing, while the Y ** ions, together with the Bi®* ions, cre-
ate a high orthorhombic and uniaxial magnetic anisot-
ropy. Films with the (Bi,Lu)4(Fe,Ga)s0O,, compoasition
occupy an intermediate position, which makesit possi-
ble to trace the variation of dynamic properties of
BCMGFF upon atransition from films with the lowest
damping [2, 5-7], whose properties are virtually isotro-
pic in their plane, to the most anisotropic films, whose
damping parameter depends on the direction of the DW
motion in the plane of thefilm [8, 9].

This work aims at an analysis of relaxation during
pulsed magnetization reversal of BCMGFF with the
(Bi,Lu)4(Fe,Ga)s0,, compasition with (210) orienta
tion using the photoresponse method.

Experiments were made on a universal magnetoop-
tical device [3], which made it possible to observe the
process of magnetization reversal with the help of high-
speed laser photography. The Faraday effect was used
to visualize the domain structure. The source of illumi-
nation was a laser with A [0 638 nm. The sample was
placed between a polarizer and an analyzer whose
transmission axes formed an angle suitable for observa-
tion of the domain structure in terms of amplitude con-

trast. The role of a photodetector was played by a pho-
toelectric multiplier (PEM). A signal from the PEM
was fed to the inputs of an analog-to-digital converter
and a dual-trace oscilloscope. A static magnetic (bias)
field H, was created by a coil. A pulsed laser with a
light-pulse duration of 10 ns was used for observing
dynamic domains. The source of current pulses was
synchronized with the laser with the help of a pulse
generator G5-67.

We present here the results obtained for a sample
with the following parameters. film thickness h [
11 pm, tilt angle of the easy magnetization axis (EMA)
0 [046°, saturation magnetization 41M, 043 G, dimen-
sonless Gilbert damping parameter o 0 0.0135, and
uniaxial magnetic anisotropy constant K, (11050 erg/cm?d.,

The dimensionless damping parameter was deter-
mined from the ferromagnetic resonance (FMR) line
width. The FMR signa contained two lines indicating
the inhomogeneity of BCMGFF. It should be noted
that, in view of the MGFF inhomogeneity, the above
value of parameter a may be overestimated. The value
of Hy —41iM,, where H, = 2K /M, isthefield of uniaxia
magnetic anisotropy, was also determined according to
the FMR data from the resonance fields corresponding
to the external magnetic field orientation perpendicular
and parallel to the plane of the film. The value of 41V,
was cal culated from the field corresponding to the col-
lapse of cylindrical magnetic domains (disregarding the
effect of the EMA tilting).

Figure 1 contains a scheme of amagnetic-field pulse
and aphotoresponse signal. In theinitial state, the sam-
ple was magnetized by a bias field exceeding the satu-
ration field Hg of the sample. The pulsed magnetic field
was applied in the opposite direction. Therise time and
fall time of the magnetic-field pulse were 7 and 40 ns,
respectively.

1063-7834/02/4404-0744%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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As in [10], the photoresponse signal (Fig. 1) was
characterized by the following parameters; magnetiza-
tion reversal delay 14, rise time of the photoresponse
signa (magnetization reversal rate) 1;, delay of photo-
response signal decay 14, and fall time of the photore-
sponse signal T, In addition, we measured the time 1,
of the sample being in the magnetized (single-domain)
state. The magnetization time 1,,, was defined as 1,,, =
T4 + 15, Whilethetime T, of relaxation to theinitial state
was defined as T, = Ty, + T, The duration T of the pho-
toresponse signal was determined at alevel of 0.05; the
time 1, of the sample being in the magnetized state, at
alevel of 0.95; and the rise time and fall time of the
pulse were defined between levels of 0.1 and 0.9.

Curve 1 in Fig. 2 shows the time 14, of the sample
being in the magnetized state as afunction of theampli-
tude of the magnetic field pulse H,,, which was obtained
for a fixed duration of the magnetic field pulse 1, =
1050 ns. The value of 1, increases with H,, since the
time of sample magnetization decreases (curve 2 in
Fig. 2) while the delay of the photoresponse signal
decay after the termination of the magnetic field pulse
increases (curve 3inFig. 2). Theincreasein T, with H,,
is associated to a greater extent with an increase in Ty,
than with adecreasein T,

The value of 1, decreases due to both the decrease
in the magnetization reversal delay 14 and the increase
in the magnetization reversal rate.

Figure 3 shows the time 14, of the sample being in
the magnetized state as afunction of the magnetic pulse
duration t,,, which is measured for fixed values of H,,.
For asmall amplitude of the magnetic field pulseinsig-
nificantly exceeding the valuerequired for thefilm tran-
sition to the single-domain state, the T4,(T,) depen-
denceislinear and represented by a straight linewith a
slope of 45° to the abscissa axis (line 1 in Fig. 3). This
correspondsto atrivial increase in 14, as aresult of the
increase in the magnetic pulse duration. For a larger
amplitude of the magnetic pulse, the shape of the
Tam(Tp) curve changes (curves 24 in Fig. 3): it acquires
an initial segment on which the value of 14, increases
more sharply. This reflects the fact that 1y, increases
with H, (curve 3in Fig. 2). It should be noted that, in a
certain range of amplitudes, the initial segment on the
Tan(Tp) curve is displaced towards the ordinate axis. In
this amplitude range, 1y, is proportional to the time of
action of the pulse from the instant 1,,,. For large values
of H,,, not only the slope but also the position of theini-
tial segment on the T4,(Tp) curve is independent of H,,.
Thisreflects the fact that the value of 1, attains satura-
tion upon an increase in H, (curve 3in Fig. 2).

The observation of magnetization reversal in the
BCMGFF under investigation with the help of high-
speed photography revealed that the process begins
with the formation of an end domain wall (EDW),
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Fig. 2. Time 14, of a sample being in the magnetized state
(triangles), sample magnetization time T, (diamonds), and
delay 14y, Of the photoresponse signal decay after the cessa-

tion of a magnetic field pulse (circles) as functions of the
magnetic pulse amplitude Hy, for a fixed duration of the

magnetic field pulse T, 11050 ns.

which subsequently moves across the thickness of the
film, and the EDW velocity isalinear function of H, in
acertain range of amplitudes. Thefact that thefinal seg-
ment on curves 2—4 in Fig. 3isdisplaced upwardsrela
tiveto the straight line 1 by the same value 14 indicates
that there is a qualitative change in the magnetization-
reversal mechanism for the BCMGFF. Apparently, for
small values of H, and quite large values of T, the
EDW reaches the opposite surface of the film but does
not disappear. After the end of a magnetic pulse, the
structure of the EDW experiences a rearrangement
(whichisresponsible for the relaxation delay) and then
the EDW moves in the opposite direction and is
destroyed in alayer with alower uniaxial anisotropy.
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Fig. 3. Dependence of the time 14, of residence of asample
in the magnetized state on the duration T, of the magnetic
pulse for fixed values of remagnetizing pulse amplitude Hp,
Oe: (1) 45, (2) 79, (3) 107, and (4) 129.

For large values of H, and appreciable 1,, the EDW
reaches the opposite surface of the film and is
destroyed; consequently, an extratimet,isrequired for
itsgeneration. Since thefinal segmentsof curves2—4in
Fig. 3 coincide, thistime isindependent of H,, because
the relaxation process is determined by the bias field.
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Thus, we have demonstrated that the pulsed magne-
tization reversa of BCMGFF of composition
(Bi,Lu);(Fe,Ga)s0,, with (210) orientation through the
formation and mation of the EDW leadsto a jumpwise
change in the time of residence of the film in the mag-
netized state, the jump magnitude being independent
of H,.
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Abstract—The magnetostriction of the NiFeCrO, ferrite is investigated for the first time. It is found that the
frustration of magnetic coupling occursonly inthe B sublattice of the NiFeCrO, ferrite, whereasthe A sublattice
has a usual magnetic structure. The inference is made that the frustration of magnetic coupling in the B sublat-

ticeis caused not only by the negative direct BB exchange interaction Cr:f;—Cre’B+ but also by the positive indi-

rect AB exchange interaction Fei+—02‘—Crg+. Reasoning from the experimental data and an analysis of the
exchange interactions in the NiFeCrO, ferrite sample, it is demonstrated for the first time that the magnetic

moments of Fes,;+ ionsin this ferrite deviate from collinearity. It is established that, at low temperatures, the B
sublattice of the NiFeCrO, ferrite is responsible for the total magnetic moment Ny, © 2002 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Ferrites with a spinel structure are the most suitable
objects for the formation of afrustrated magnetic struc-
ture. The frustrated magnetic structurein ferriteswith a
spinel-type structure is usually formed through dilution
of both ferrite sublattices with nonmagnetic ions [1].
However, Coey [2] proved that even a few exchange
interactions differing in sign and magnitude suffice to
giveriseto afrustrated magnetic structurein spinel fer-
rites. Recently, Muraleedharan et al. [3] and Mohan
et al. [4] revealed a frustrated magnetic structure in

ferrite—chromites containing Crg+ ions in sufficient

amounts, which, according to the authors opinion,
should lead to the frustration of magnetic coupling.
Mosshauer investigations performed by Srivastava
et al. [5] revedled afrustrated magnetic structure in the
NiFeCrO, ferrite—chromite. These authors made the
assumption that the frustration is caused by the pres-
ence of Cr3* ions in octahedral sites of the NiFeCrO,
ferrite. It was of interest to elucidate whether the pres-

ence of Cr'f;+ ions in the NiFeCrO, ferrite is the sole

cause of the formation of a frustrated magnetic struc-
ture or if there exist other factors responsible for the
frustration of magnetic coupling.

Earlier [6], we analyzed the anomal ous temperature
dependences of the spontaneous magnetization o (T)
for ferrite—chromites and made the inference that a nec-
essary condition for the appearance of the N-type
(according to Néel) anomalous dependence is the for-
mation of afrustrated magnetic structurein at least one
of the ferrite sublattices. In this respect, we have been
interested in clarifying whether a similar situation is

observed in the NiFeCrO, ferrite with a compensation
point [1].

The question as to which of the sublattices of the
NiFeCrO, ferrite is responsible for the magnetic
moment at 0 K remains open to date. For example,
Kulkarni et al. [7] assigned the magnetic moment to the
A sublattice of the NiFeCrO, ferrite. Srivastava et al.
[8] and McGuire and Greenwald [9] assumed that the B
sublattice of the ferrite is responsible for the magnetic
moment. As is known, the NiFeCrO, ferrite-chromite
is characterized by the FE[NiCr]O, cation distribution.
By assuming the Néel spin distribution and taking into
account that all the ions have only spin magnetic
moments (U_s = 5Hg, Mz = 2Hg, and P = 3pp) at

T = 0K, the theoretical magnetic moment Ny, Of the
NiFeCrQ, ferrite—chromite should be equal to zero [9].
However, it was experimentally found that the mag-
netic moment Ny, Of thissampleat T=0K isequal to
0.4pg [9]. Since the strong negative direct exchange

interaction between Cr‘°B‘+ ions brings about the forma
tion of a noncollinear magnetic structure in the B sub-
lattice, it is not improbable that the A sublattice can
appear to be responsible for the magnetic moment of
the NiFeCrO, ferrite—chromite a¢ T = 0 K. In this
respect, it is important to answer questions as to why
the theoretical magnetic moment Ny, IS l€ss than the
experimenta val Ue Noeq for this compo_und_ (Notheor <
Noexp) @Nd asto which of theferrite sublatticesisrespon-
sible for the magnetic moment at 0 K.

In order to elucidate the nature of the magnetic
moment of the NiFeCrO, ferrite-chromite, we investi-
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gated the magnetization, coercive force, and magneto-
striction of this compound.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The NiFeCrO, sample was synthesized according to
the ceramic technique. The first annealing was carried
out at atemperature of 1000°C for 4 h, and the second
annealing was performed at 1350°C aso for 4 h. Both
annealingswere carried out in air with subsequent slow
cooling. X-ray diffraction analysis demonstrated that
the sample synthesized has a single-phase composition
and a spinel structure. The magnetization was mea-
sured using the ballistic techniquein magnetic fields up
to 11 kOe in the temperature range 80-600 K. The
remanent magnetization o, and the coercive force H,
were determined from the hysteresis loop measure-
ments. The magnetostriction was measured by the ten-
sometric method in magnetic fields up to 12 kOein the
temperature range 80400 K.

700
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Fig. 1. Temperature dependences of the spontaneous mag-
netization a4(T), the coerciveforce Hy(T), and the derivative
of the spontaneous magnetization (dogdT)(T) for the
NiFeCrO,4 sample.
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3. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the
spontaneous magnetization o (T), the coercive force
H(T), and the derivative of the spontaneous magnetiza-
tion (do/dT)(T). It is seen from Fig. 1 that the depen-
dence o(T) isrepresented by an N-type curve, the com-
pensation temperature T, is equal to 325 K, and the
Curie temperature T is 575 K. By extrapolating the
dependence o(T) to T = 0 K, we determined the spon-
taneous magnetization oy, from which, in turn, we
found the experimental magnetic moment Nge,, = 0.40 £
0.01 pg. Thisresult isin good agreement with the data
reported in [9].

As can also be seen from Fig. 1, the temperature
dependence of the derivative of the spontaneous mag-
netization |(doy/dT)(T)|exhibitsasharp maximum in the
vicinity of the Curie temperature T. This behavior of
the dependence (do/dT)(T) near the T temperature is
characteristic of aconventional ferrimagnet with the Q-
type dependence o (T). This provesthat, at T > T, the
A sublattice in which the frustrated magnetic structure
isabsent is responsible for the magnetic moment of the
NiFeCrO, ferrite. However, at T < T, the dependence
(doJdT)(T) is virtually constant. As a rule, this situa-
tion is observed for ferrites with a frustrated magnetic
structure[10, 11]. Therefore, judging from the behavior
of the dependences o(T) (the N-type curve) and
(doJ/dT)(T), we can assume that the octahedral sublat-
tice is responsible for the magnetic moment of the
NiFeCrO, ferrite—chromite at 0 K.

The longitudinal A and transverse A\; magnetostric-
tions of the NiFeCrO, sample were investigated for the
first time in the present work. By using the data on A,
and A, we calculated the volume magnetostriction w =
A+ 2\p. Itisknown that the longitudina A and trans-
verse A magnetostrictions of aferromagnet with anon-
frustrated magnetic structure obey the Akulov rule A =
-2\ . As a consequence, the volume magnetostriction
w should be equal to zero.

Figure 2 displays the temperature dependences of
the volume magnetostriction w(T) calculated for the
magnetic field H = 12 kOe and the measured suscepti-
bility of the paraprocess x,(T) inamagnetic field in the
range 6-10 kOe. It can be seen that, bel ow the compen-
sation temperature T, the negative volume magneto-
gtriction w drastically increases in magnitude with a
decrease in the temperature and becomes equa to
=-193 x 10 at T = 93 K. Above T, the volume mag-
netostriction wis virtually zero. Thisfinding is consis-
tent with the Akulov rule and, thus, confirms once more
the inference that the magnetic structurein the A sublat-
tice is not frustrated. As is seen from Fig. 2, a sharp
increase in the magnitude of w(T) below the T, temper-
ature is attended by adrastic increasein the susceptibil-
ity of the paraprocess ,(T). Thisindicates that the true
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magnetization of the sample increases in a magnetic
field.

It is found that the longitudinal )\”, transverse Ap,
and volume w magnetostrictions exhibit a substantially
different behavior at temperatures below and above the
compensation point Te.

Theisotherms of the magnetization o(H), the longi-
tudinal magnetostriction A (H), the transverse magne-
tostriction An(H), and the volume magnetostriction
w(H) measured at atemperature T < T, are depicted in
Fig. 3. As can be seen from Fig. 3, the values of A|(T)
and Ay(T) are negative and anomalous. the magnitude
of A, is approximately ten times larger than that of A,
The absence of saturation in the curves w(H) and o(H)
indicates that a paraprocess associated with a decrease
in the degree of noncollinearity in the B sublattice of
the NiFeCrO, ferrite occurs at low temperatures.

Similar isotherms o(H), A(H), Ag(H), and w(H)
measured at a temperature T > T, are shown in Fig. 4.
Asregardsthelongitudinal A and transverse A, magne-
tostrictions, the Akulov rule holds in virtually all mag-
netic fields: A =—2Ap; hence, the volume magnetostric-
tion wisapproximately equal to zero. It can be seen that
no saturation is observed in the dependences A(H),
Ag(H), and a(H). These findings allow us to make the
inference that the nature of the paraprocessat T > T, dif-
fersfromthat at T < T.. It seemslikely that the parapro-
cessat T > T.isdueto an increasein the degree of non-
collinearity in the B sublattice of the NiFeCrO, ferrite.

Therefore, the results obtained in the investigation
into the magnetic and magnetostriction properties of
the Fe[NiCr] ferrite demonstrated that the frustration of
magnetic coupling occurs only in the B sublattice of
this compound, whereas the A sublattice has a usual
magnetic structure. Moreover, it was found that the B
sublattice is responsible for the magnetic moment Ny,
of the ferrite under investigation.

Thisinference is supported by a similar behavior of
the isotherms of the longitudinal A\(H) and transverse
Ao(H) magnetostrictionsat T < T, for the NiFe, ;Cr 0,
ferrite—chromite with the Fe[NiFe, ;,Cr; o] O, cation dis-
tribution, in which the magnetic moment at low temper-
aturesis determined by the B sublattice [12].

It is of interest to elucidate the origin of frustrated
magnetic coupling in the NiFeCrO, ferrite—chromite.
Since the frustrated magnetic structure in the ferrite—
chromite sample can be caused either by dilution of the
ferrite with nonmagnetic ions[1] or by exchange inter-
actions differing in sign and magnitude [2], it is neces-
sary to analyze the exchange interactions between ions
entering into the composition of this ferrite.

According to Goodenough [13], the following
exchange interactions can occur in the ferrite-chromite
sample under investigation: (i) the indirect intersublat-
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Fig. 2. Temperature dependences of the volume magneto-
striction w(T) calculated for the magnetic field H = 12 kOe
and the measured susceptibility of the paraprocess x,(T) in
amagnetic field in the range 6-10 kOe for the NiFeCrOy4
sample.
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Fig. 3. Isotherms of the magnetization o(H), the longitudi-
nal magnetostriction A (H), the transverse magnetostriction
Ap(H), and the volume magnetostriction w(H) for the
NiFeCrO4 sampleat T = 123.5K.

tice exchange interactions Fes —-0>—Cra" and Fes —
02——Ni'§+; (ii) the indirect intrasublattice exchange
interactions  Ni5'—-0?—Ni3’, Ni3—0>—Cr3", and
Cr¥—0?—Cr¥; and (iii) the direct exchange Cri —

Cr3B+. As a rule, the intrasublattice exchange interac-
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Fig. 4. Isotherms of the magnetization o(H), the longitudi-
nal magnetostriction A (H), the transverse magnetostriction
Ag(H), and the volume magnetostriction w(H) for the
NiFeCrO, sampleat T = 343.5K.

tionsin the A sublattice of the ferrite with aspinel struc-
ture can be ignored.

The Fej cation (t3,€;) has a magnetic d,, orbital
and forms the p, bond with a p orbital of oxygen. In
turn, the Cry’" cation (t3,e0) has magnetic t,, orbitals
and forms the p,; bond with the same oxygen orbital.
Consequently, the indirect intersublattice exchange

interaction Fe) —O?>—Cr>" due to the p,—p,, bond is
positive and not very strong [13]. The indirect intersu-
blattice exchange interaction Fex —O0?>—Ni3" between
the Fey (t3,el) and Nig (t,€)) cations is associated
with the p,—p, bond. Hence, it can be assumed that this
interaction is negative and strong (as judged from the
high Curie temperature T = 575 K for the studied fer-
rite).

The positive intrasubl attice BB exchange interaction

between the Ni2* (t3,e]) cations that are located at
octahedral sites and form the p—p,, bond is relatively

weak. Since the g, orbital is magnetic in the Ni
(t54€5) cation and thet,, orbital ismagnetic in the Cra’
(t3,€5) cation, the intrasublattice exchange interaction
Ni2"—-0*—Cr" due to the p,—p,, bond is negative and
relatively strong. The intrasublattice exchange Cry —

Cri" between the Cry™ (t3,e0) cation is direct, strong,
and negative. The negative indirect intrasublattice
exchange interaction Cri'—0?—Cr3" isvery weak and,
asarule, isignored.
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Thus, it was shown for the first time that, in the
NiFeCrO, ferrite, the sufficiently strong positive indi-

rect AB exchange interaction Fey —0>—Cra counter-
acts the strong negative indirect AB exchange interac-

tion Fe) —0>—Ni%"; asaresult, the magnetic moments

of Fel" cations deviate from collinearity. Therefore, we
can argue that the experimental total magnetic moment
Noexp Of the NiFeCrO, ferrite is due to the formation of
anoncollinear magnetic structure in the A sublattice.

The negative intrasublattice BB exchange interac-
tions Ni&—0?>—Cr3" and Cry’—Cry are considerably
weaker than the intersublattice AB exchange interac-
tions. The former two types of interactions make a
smaller contribution to the total magnetic moment of
the sample under investigation but lead to the formation
of anoncollinear magnetic structure in the B sublattice.
Apparently, the degree of noncollinearity in the B sub-
lattice decreases in response to an external magnetic
field at low temperatures. This provides an explanation
for the absence of saturation in the isotherms of the
magnetization o(H), the longitudinal magnetostriction
A(H), and the transverse magnetostriction A (H).

From the above discussion, we can state that the for-
mation of a frustrated magnetic structure in the B sub-
lattice is caused not only by the negative direct intrasu-

blattice exchange Cry —Cry but also by the positive

indirect intersublattice exchange Fey —O*—Cry'

whose contribution is greater than that of the direct
exchange. This assumption can be confirmed by the
fact that the pure nickel chromite Ni[Cr,]O, does not
exhibit a frustrated magnetic structure. Therefore, the

presence of Cr?B’+ ions in large amounts when the posi-

tive AB exchange Fe)—O>*—Cr2 is absent does not

result in the frustration of magnetic coupling in the
NiCr,O, chromite.

Thus, the results obtained in the above investigation
into the magnetization and magnetostriction of the
NiFeCrQ, ferrite—chromite allowed us to draw the con-
clusion that the frustrated magnetic structure can occur
only in the B sublattice.
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Abstract—The influence of coupling between exchange spin waves and acoustic waves on the spectrum of
magnetoel astic vibrations in planar structures (such as a ferrite film—dielectric substrate structure) is investi-
gated theoretically. A strong magnetoelastic coupling is observed in a narrow spectrum of magnetoacoustic
modes that corresponds to the phase matching of the exchange magnetostatic and acoustic modes. An explana-
tion is offered for the experimental results obtained earlier by the authors, according to which the linear exci-
tation of exchange acoustic and dipole exchange acoustic modes occursin a spectral range corresponding to the
resonance magnetoel astic coupling of exchange modes irrespective of the degree of pinning of surface spinsin
theferritefilm. It isdemonstrated that the exchange acoustic and dipol e exchange acoustic modes can be excited
in filmswith free surface spins due to a substantial transformation of the structure of normal modes of the mag-
netization vector and el astic displacementsin the range of the phase matching of the exchange spin and acoustic

modes.© 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The coupling between magnetostatic (spin) and
acoustic waves was first considered for the case of bulk
crystals. It was demonstrated that, in spatially inhomo-
geneous magnetic fields, these waves efficiently trans-
form into each other in the range of wave phase match-
ing [1].

The coupling of dipole magnetostatic waves with
fast acoustic modesin aplanar structure (such as afer-
rite film—dielectric substrate structure) was treated the-
oretically and experimentally in [2, 3]. Special mention
should be made of the works by Filimonov [4] and Fil-
ippov et al. [5], who theoretically proved that dipole
magnetostatic waves can independently interact with
both fast acoustic modes and higher bulk (exchange)
magnetostatic modes.

Earlier [6, 7], we investigated the coupling of
exchange spin waves and dipole exchange spin modes
with acoustic modesin yttrium iron garnet (Y1G) films
with pinned surface spins. All the aforementioned
works [4-7] dealt with films involving pinned surface
spins, because, otherwise, the excitation of higher bulk
modes becomes impossible. This can be explained by
the fact that the distribution of ac magnetization over
the film thicknessis symmetric with respect to the mid-
plane of the film [8, 9] and that the integral of overlap
of the ac magnetization distribution with an externa
magnetic field (quasi-homogeneous over the film thick-
ness) or with adipole field of the lowest bulk (dipole)
mode is equal to zero.

More recently [10, 11], we demonstrated that, even
in films with free surface spins, the exchange acoustic

and hybrid dipole-exchange—acoustic modes are effi-
ciently excited in a narrow spectrum of magnetoacous-
tic modes that corresponds to the phase matching of
exchange spin waves and acoustic modes. This effect
was attributed to substantial distortions of the spatial
distributions of the ac magnetization and elastic dis-
placements of normal magnetoacoustic modesin apla
nar structure with strong magnetoacoustic coupling. In
the present work, we thoroughly analyzed the influence
of magnetoelastic coupling of higher bulk exchange
modes on the spectrum of normal modes of the mag-
netic and elastic systemsin aplanar structure.

2. BASIC EQUATIONS, APPROXIMATIONS,
AND BOUNDARY CONDITIONS

The aim of this work was to analyze the magnetoa-
coustic wave spectrum that should be observed under
the conditions when the phase matching of higher bulk
exchange modes and acoustic modes becomes possible.
First, we will derive dispersion relations for magne-
toelastic modes in a planar structure such as the ferrite
film—dielectric substrate (Fig. 1). Primary emphasis
will be placed on the coupling of exchange magneto-
static waves with transverse acousti c waves, because, in
real crystals, this coupling is one order of magnitude
stronger than the coupling with longitudinal waves.
Gulyaev and Zil’berman [12] thoroughly treated the
coupling of dipole magnetostatic waves with acoustic
waves and proved that the degeneracy of two transverse
acoustic modes with different polarizations is removed
in the presence of magnetoacoustic coupling and that

1063-7834/02/4404-0752%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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only one wave is efficiently coupled with the magneto-
static wave.

According to [10], the energy density of a magne-
toelastic wave is defined by the relation

E(r,t) = —(HeM)_%(HmM)*—%G%E (1)

+ Ema(ulm: M) + Ea-

Here, the first term is the Zeeman energy density in the
external field Hg, M(r, t) is the magnetization vector,
and the second term is the energy density of the inter-
action between magnetic dipoles. In the second term,
the quantity H,, is given by

_ 1.3, o d 1 ()
q) = Z—T[\[d r Mi(r ,t)a;;———lr_rll.

The third term determines the energy of the inhomoge-
neous exchange interaction. The energy of anisotropy,
which is described by the fourth term, makes the main
contribution to the energy of the magnetoacoustic cou-
pling. Hereafter, we will use a linear approximation in
which the anisotropy energy takes the form

Ema(Um M) = qua(M) + By MMy Uy, (3)

where by, IS the magnetoel astic constant tensor.

Thelast terminrelation (1) isthe elastic energy den-
sity

1 (OF 2
E. = é%gjd_tg +Cik|muikulrr%- (4)
Here, p isthe density of the crystal and ¢, isthe elas-
tic constant tensor.

By solving simultaneously the equations of motion
for the magnetization vector and the elastic medium
and seeking solutions in the form of traveling plane
waves mand u ~ exp(i wt —ikr), we obtain the follow-
ing dispersion relation:

@ =Y, Hirz + 4TMak?) + 2b,, M*(-ik,)

% D—i kz 2b44|\/| 00
U e (% = v
2 2, -
X HHin, + 4TIMak?) + 2b5M?(-ik,) (5)
* D—| k 2b44M - M hdipxlmx D

“Caul (L + (1 + cplCu) K2IKR) — ¥ v P

—Mhgp,/mH = 0.
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Fig. 1. A geometry of the structure under investigation.

Here, H, isthe internal constant magnetic field (for a
ferrite film magnetized normally to the surface, H;, =
H, — 41tM); mis the high-frequency component of the
magnetization vector; v isthe acoustic wave velocity; y
is the gyromagnetic ratio; hy, is the high-frequency
component of the demagnetizing field in the ferrite
film, which is determined by the spatial distribution
m(r); and k; is the projection of the wave number onto
the film plane. Within the approximation k, < k, we
obtain asimpler standard expression,

(00— YH iz — 00gip(K) — yATIMk?)
x (K —w’/v?) = yMnk?,

wheren = 4b£214 M?2/c,,, by, and c,, arethe diagonal ele-
ments of the magnetostriction tensor and elastic con-
stant tensor, respectively, and wg,(K) is the dispersion
dependence of the dipole magnetostatic waves (given,
for example, in[1, 5]).

The attenuation is included by introducing addi-
tional complex terms into the equations of motion for
the magnetization vector and the elastic displacement
vector. As a result, the dispersion relation takes the
form

(0= (k) —iwoy) (0= wy(K) —i0a,) = Hma, (6)

where w(k) and w,(k) represent the dispersion rela-
tions for magnetostatic and acoustic waves, respec-
tively; a,,, and o, account for the attenuation of magne-
tostatic and acoustic waves; and the quantity P, =
(/2)yMnvk characterizes the coupling between the
magnetostatic and acoustic waves. The wave attenua
tion is described by the relation

o = L0%(@= (k) + 0ay(w— (k)
(@—wy(k)) +(w=—un(k))

The dispersion dependence is most pronounced in the
range of the phase matching of the acoustic and
exchange modes in which w,(K) = w.(k), that is,

(W= (k) (00— wy(K)) = Hpa- (8)

(7)
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In this case, the effective magnetoel astic coupling con-
stant that accounts for the attenuation is defined as

Wl 1 0 WO, —Wo, T
Hre' = el 1+ = 00) T (o agr - ©

The boundary conditions used are as follows: (1) the
standard magnetostatic boundary conditions, which
allow for continuity of the transverse and longitudinal
components of the magnetic induction vector and mag-
netic field vector, respectively; (2) the exchange bound-
ary conditions, which determine the degree of pinning
of surface spins; and (3) the acoustic boundary condi-
tions, which account for the absence of elastic stresses
at the structure—air boundaries and the continuity of
elastic displacement and stress at the film—substrate
interface.

Of specia note are the boundary conditions at the
boundaries of the ferrite film, that is,

dm

iz +bm = 0.
In this case, we have b — 0 for free spins at the
boundary and b — o for completely pinned spins.
Our prime interest here isin the case of b —~= 0, with
emphasis on the condition b = k, when the coupling
between the dipole and exchange components is
exactly equal to zero [13].

In order to calculate the distributions of the ac mag-
netization and elastic displacements over the thickness
of the structure, the solution for the magnetic potential
inside the ferrite film is sought as a combination of six
waves:

¢o(r,t) = z A, exp(i(wt —kx)) exp(-ik;,z). (11)

j=1...6

(10)

(a) (b)
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Fig. 2. (8) Spectrum of magnetoelastic vibrations in a
3.1-um-thick yttrium iron garnet film on a 100-um-thick
gadolinium gallium garnet substrate and (b) distributions of
the ac magnetization over the film thickness for (1) dipole,
(2) exchange, and (3) hybrid dipole—exchange—acoustic
modes. The numeralsin panelsaand b of thefigureindicate
the same modes.
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The quantities k and A, are derived by solving the dis-
persion relation (5) and the set of boundary conditions,
respectively.

Consequently, the magnetization distribution m(2)
over the film thickness for each excited magnetoacous-
tic mode can be represented as a combination of three
standing waves. The excitation efficiency | of the mag-
netoacoustic mode is determined by the integral of
overlap between the function describing m(z) and the
external high-frequency electromagnetic field hy,
whose distribution can be considered to be quasi-homo-
geneous in the range of magnetoacoustic mode excita-
tion. As a result, the intensity of the magnetoacoustic
mode, which should be observed experimentally, can
be estimated from the formula

d/2
J' m(z) hg,dz
| D—d/Z
z EiAwi/oo’
i=1...6

where Aw, determinestheloss of theith component and
can be obtained from relation (7); E; isthe energy of the
ith component, which is determined by expression (1);
and d is the thickness of the ferrite film.

(12)

3. RESULTS OF NUMERICAL
CALCULATIONS

It is known that, in the absence of magnetoelastic
coupling in films with free surface spins, the spectrum
of magnetoacoustic modes consists of the lowest bulk
dipole magnetostatic mode, higher bulk exchange
modes (for films with a thickness of less than 10—
15um), and transverse and longitudinal acoustic
modes. In the present work, we consider only the trans-
verse mode with a polarization identical to that of the
magnetostatic modes, because this transverse mode is
most strongly coupled with magnetostatic modes.

The calculated dispersion dependences for a
3.1-pm-thick yttrium iron garnet film on a 100-um-
thick gadolinium gallium garnet (GGG) substrate are
displayed in Fig. 2a. The value of n wastaken equal to
0.001. The magnetic field was assumed to be 1405 Oe.
For this magnetic field, the phase matching range
should be observed in the vicinity of a frequency of
3725 MHz. Actudly, the divergent dispersion curves
characteristic of coupled waves are clearly seen in
Fig. 2a. Figure 2b shows the distributions of ac magne-
tization over the thickness of the ferritefilm both for the
dipole and exchange modes at g = 215 cm and for the
hybrid dipole—-exchange—acoustic mode excited in the
range where the dispersion curves of dipole, exchange,
and acoustic modes cross one another. In order to iden-
tify the dispersion curves, we calculated the magnetic-
to-acoustic-energy and  dipole-to-exchange-energy
ratios for the vibrational mode [from formulas (1)—(5)],
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Spectra of magnetoacoustic modes excited in amagnetic field of 1405 Oe at the wave numbersin the film plane g = 150.00 cmi ™t

(upper part) and g = 212.00 cm™ (lower part)

Vibrational mode Fress MHz Edip/Eexch Ea/Emag Af, MHz [, rel. units
Acoustic 3697.43 0.013 270 0.3 0.001
Exchange 3700.63 0.001 0.18 13 0.0003
Dipole 3705.04 300.0 0.02 15 0.6603
Acoustic 3710.61 0.02 230 0.4 0.003
Exchange 3719.67 0.0001 0.54 1.0 0.0003
Acoustic 3724.39 0.0004 82 04 0.0003
Acoustic 3733.00 0.0019 45 05 0.0003
Acoustic 3740.40 0.0008 3.0 0.6 0.00001

Vibrational mode Fress MHz Edip/Eexch Ea/Emag Af, MHz [, rel. units
Acoustic 3697.43 0.02 28.0 0.3 0.001
Exchange 3700.64 0.001 0.17 13 0.0003
Acoustic 3710.59 0.05 24.0 04 0.005
Exchange 3719.68 0.003 0.54 1.0 0.01
Acoustic 3724.30 0.20 31 0.7 0.07
Dipole (hybrid) 3726.17 88.0 0.07 14 0.59
Acoustic 3733.04 0.1 44 05 0.001
Acoustic 3740.40 0.001 3.0 0.6 0.001

Note: The vibrational mode is determined from the ratio of the dipole, exchange, and acoustic energies. F, is the resonance frequency,
Egi/ Eexch isthe dipol e-to-exchange-energy ratio, E4/E gy isthe acoustic-to-magnetic-energy ratio, Af isthewidth of the resonance
curve, and | istherelative intensity of the mode excited in a homogeneous microwave field.

the wave attenuation (the width of the resonance curve),
and the relative intensity of vibrational modes excited
with an electromagnetic field. The calculated val ues of
these parameters are listed in the table. In our calcula-
tions, we assumed that the loss in the magnetic system
corresponds to the width of the ferromagnetic reso-
nance curve (1.5 MHz), whereasthe lossin the acoustic
system is determined by the width of the absorption
curve (0.2 MH2z). The calculations were performed for
two projections of the wave number onto thefilm plane:
(i) g =150 cm, when all the modes are well-separated
from one another and can easily be identified, and
(i) g= 212 cm™, when the dipole, exchange, and
acoustic modes are simultaneously involved in the cou-
pling at frequencies close to f = 3725 MHz.

Figure 3 depicts calculated absorption spectra that
should be observed experimentally. According to calcu-
lations, the excited exchange acoustic modes have a
very low intensity. As can be seen from the calculated
spectrum (Fig. 3a), these modes are excited at frequen-
ciesof 3701 and 3710 MHz. Experimentally, their exci-
tation should be observed only in the case when the
exchange acoustic mode occurs in the vicinity of a
dipole mode, i.e., when the dipole component makes a
sufficiently large contribution to the latter mode. It is
clearly seen from Fig. 3b that the hybrid dipole-
exchange—acoustic modes are excited at frequencies
closeto f = 3725 MHz.
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In experiments, the magnetoelastic coupling in an
external magnetic field most clearly manifests itself in
periodic oscillations of the resonance frequencies and
intensities of the magnetoacoustic modes observed in
the range of phase matching of the exchange spin and

L (a)

e 2o 2
[\ ~ (@)}
T T

1, arb. units

(e}

|
3700 3705 3710

(b)

L =
-
T

1, arb. units

|
3725 3730

F, MHz

3735

Fig. 3. Calculated spectra of vibrational modes presumably
observed in circular-disk resonators at q = (&) 150 and

(b) 212 cm™™.
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Fig. 4. Calculated spectra of vibrational modes presumably

excited in a circular-disk resonator at q = 240 cm™~ in dif-
ferent magnetic fields: (a) 1405, (b) 1407, and (c) 1408.7 Oe.

acoustic modes. L et us now consider this effect in more
detail. Figure 4 displays the calculated spectra of mag-
netoacoustic modes [the dependences of the absorbed
power on the microwave field frequency P(f)] at differ-
ent external magnetic fields H,. In the absence of mag-
netoelastic coupling, the intensities of magnetostatic
vibrations are virtually independent of H, and the reso-
nance frequencies f, of all the magnetostatic vibrations
vary proportionally with the external magnetic field H.
It isworth noting that, in the initial portion of the mag-
netostatic wave spectrum, where the external magnetic
field H, changes insignificantly, the dependence f;(H)
exhibits a nearly linear behavior. In the presence of the
magnetoelastic coupling, the aforementioned propor-
tiona change in the resonance frequencies of the mag-
netoacoustic vibrations with variations in the external
magnetic field H, is accompanied by periodic changes
in the resonance frequencies and intensities of magne-
toacoustic vibrationsin the phase matching range of the
spin and acoustic waves. The period of these changesis
determined by the difference in frequency of the adja-
cent Lamb modes. This difference is inversely propor-
tiona to the thickness of the planar structure.

The oscillating changes observed in the spectrum
can be associated with the fact that the resonance fre-
guencies of the acoustic modes are virtually indepen-
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dent of the magnetic field, whereas the resonance fre-
guencies of the magnetostatic modes are proportional
to the external magnetic field strength. This can be eas-
ily explained in terms of any ith exchange magneto-
static vibration whose wave number in the frequency
range covered is of the order of the wave number of the
acoustic mode. We assumethat, at theinitial instant, the
resonance frequency of the exchange vibration coin-
cideswith none of the natural frequencies of the acous-
tic modes. It follows that, for thisvibration, the magne-
tization distribution m (2) is virtually symmetric with
respect to the midplane of the ferrite film and the inten-
sity is close to zero. As the magnetic field strength
increases, the resonance frequency of the ith exchange
vibration increases and, at a certain instant of time,
approaches the resonance frequency of the jth acoustic
mode. Asaresult, the exchange acoustic vibration man-
ifestsitself in the spectrum, because the m(2) distribu-
tion becomes asymmetric with the respect to the mid-
plane of the ferrite film due to a hybridization with the
acoustic mode. Thus, the direct coupling of exchange
vibrationswith acoustic modesisthefirst reason for the
observed oscillations of the spectrum. It should be
noted that, in the case when the resonance frequency of
the exchange vibration coincides with the resonance
frequency of the acoustic vibration, the vibrational
modes can either diverge or intersect depending on the
magnetostriction coupling.

The second reason for the observed oscillations of
the spectra is the dipole coupling of the exchange
acoustic vibrations with dipole magnetostatic vibra-
tions. Indeed, the coupling with the acoustic mode
leads to a change in the location of the exchange mag-
netostatic vibration in the spectrum of magnetoacoustic
vibrations. For example, if the resonance frequency of
the exchange acoustic vibration approaches the reso-
nance frequency of one of the dipole vibrations, the
dipole component appears in the m(z) distribution and
the hybrid dipole-exchange—acoustic mode is excited.
For a sufficiently strong interaction between the dipole
fields of the exchange acoustic and dipole vibrations,
when the resonance frequency of the dipole vibration
coincideswith the resonance frequency of the exchange
acoustic vibration, there occurs a characteristic diver-
gence of the vibrational modes; otherwise, this is
attended by changes in the intensity, shape, and width
of the resonance curves of the dipole magnetostatic and
exchange acoustic vibrations. With afurther increasein
the magnetic field strength, this situation should be
reproduced when the resonance frequency of the dipole
magnetostatic vibration coincides with the resonance
frequency of the next Lamb mode.

Now, we analyze similar changes in the vibrational
spectrum represented in a more convenient form used
in experiments; in other words, we consider the vibra-
tional spectrum as a function of the magnetic field and
examine the dependences of the resonance magnetic
field and the intensity of excited modes on the fre-
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0.24 guency as a parameter. It is assumed that the difference
0.16 3719 MHz between the adjacent resonance frequencies of the
' acoustic modesis considerably larger than the width of
0.08 the acoustic resonance curve. This is true for experi-
0 ! ! ! mentswith planar structuressuch astheY I G film-GGG
0.48

substrate, because the acoustic loss in gadolinium gal-

0.32 3720.8 MHz lium garnet in the frequency range 2-8 GHz corre-
‘ spondsto Af = 0.05-0.15 MHz, whereas the difference
between the frequencies of the adjacent transverse

0 L L acoustic resonances for 450-um-thick planar structures

0.16
0.48 is of the order of 3.5 MHz. Unlike the preceding case,

0.32 3721.2 MHz efficient excitation at a specified excitation frequency f
0. . is observed only for one (ith) acoustic mode whose res-

1 i . ,
0 . . onance frequency f . is closest to the microwave field

frequency f, because the width of the acoustic reso-

0.43F 3722 MHz nance curve is substantially less than the difference
0.32} between the frequencies of the adjacent acoustic reso-
016 nances. For the exchange modes associated with the

0 . , , . acoustic system, the acoustic component makes a min-

imum contribution when f = (f + f =")/2. The reso-
0.48r 3722.6 MHz nance magnetic fields of magnetoacoustic modes at
0.32F these frequencies are close to the field strengths in the
0. 1(6) I | absence of the magnetoacoustic coupling. As the exci-

' ' tation frequency approaches one of the natural frequen-

1398 1400 1‘;?206 1404 1406 cies of the acoustic modes, the contribution of the
’ acoustic component to the vibration increases and the
dependence of the resonance frequency on the mag-

Fig. 5. Evolution of the vibrational spectrum as a function netic field strength becomes weaker or, what is the
of the magnetic field V!'fh variations in the @(c.ltatlon frg same, the frequency dependence of the resonance mag-
G0 10,7220, The xchanye ot mode)s e becomes stronger When theresonnce mag.
dence. When the excitation conditions for this mode and the ne_t' cfield of this eXChange QCO_USCI cvibration coi ”9' des
dipole mode coincide, the hybrid dipole-exchange-acous- with the resonance magnetic field of one of the dipole
tic modes are excited (f = 3721.2 MHz). vibrations, the dipole exchange acoustic modes are
1.46 1.77
1.44 175
1.42 1.73
v 1.40 171
o
T1.38 1.69
1'36 1.67
1.34 1.65
» I I L~ I I
3700 3750 3800 4500 4550 4600
F, MHz F, MHz

Fig. 6. Frequency dependences of the resonance magnetic fields of magnetoacoustic vibrations in two frequency ranges. The range
of strong coupling between the exchange and acoustic modes shifts away from the origin of the magnetostatic wave spectrum with
an increase in the frequency.
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excited (Fig. 5). The coupling between the vibrational
modes occurs through their dipole fields. If this cou-
pling is sufficiently strong, the characteristic diver-
gence of vibrational modes takes place. Figure 6 dis-
plays the calculated frequency dependences of the res-
onance magnetic fieldsfor magnetoelastic modes at g =
220 cm™. For magnetic vibrations unrelated to the
acoustic system, the dependences H,(f) are repre-
sented by lines with the slope y. In the absence of the
magnetoel astic coupling, the acoustic modes should be
represented in the form of vertical equidistant straight
lines. A comparison of Figs. 6aand 6b clearly demon-
strates that the range of coupling with acoustic modes
shifts away from the origin of the magnetostatic wave
spectrum with an increase in the excitation frequency.

4. CONCLUSION

Thus, it was demonstrated that a considerable trans-
formation of the vibrational spectrum due to a radical
change in the structure of coupled magnetoacoustic
modesis observed in the range of phase matching of the
higher bulk exchange magnetostatic and acoustic
modes. As a result, the linear excitation of exchange
acoustic modes becomes possible regardless of the
degree of pinning of surface spins. When the excitation
conditions for the exchange acoustic modes and dipole
modes coincide, there occurs excitation of hybrid
dipole—exchange—acoustic modes.

The coupling of dipole modes with the elastic sys-
tem through the exchange component is many orders of
magnitude stronger than the direct coupling between
the dipole and acoustic modes. The dispersion depen-
dences exhibit a characteristic divergence of the disper-
sion branches of the dipole, exchange, and acoustic
modes.

The discreteness of the elastic excitation spectrum
of the planar structure and the different dependences of
the acoustic and magneti c wave spectraon the magnetic
field strength are responsible for the frequency oscilla-
tions observed in the spectrum represented as a func-
tion of the magnetic field; correspondingly, the oscilla-
tions in the spectrum represented as a function of the
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frequency are observed with a change in the magnetic
field. Owing to the very strong magnetoelastic cou-
pling, the magnetoacoustic modes can be efficiently
excited in the ranges of frequencies and magnetic fields
well away from the range of the phase matching of
exchange acoustic waves.
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Abstract—The magnetic properties of the NiCr,O, chromite are investigated and compared with similar prop-
erties of the NiFe; ;Crq O, nickel ferrite—chromite material. It isfound for thefirst time that the tetrahedral (A)
sublattice of the NiCr,O, chromite is responsible for the total magnetic moment. Moreover, it is revealed that
the NiCr,O, chromite exhibits a giant magnetostriction of the paraprocess (A py, ~ 200 X 107%) and an anoma-

lously large volume magnetostriction (w ~ 500 x 107) at a temperature of 4.2 K in magnetic fields up to
~50 kOe. Theinferenceis made that the observed paraprocessis caused by an increase in the degree of noncol-
linearity of the magnetic momentsinduced in the octahedral (B) sublattice of the NiCr,O, chromitein an exter-
nal magnetic field. © 2002 MAIK “ Nauka/Interperiodica’ .

1. INTRODUCTION

Although the ferrimagnetic nickel chromite
NiCr,0, has long been a subject of investigation [1-4],
the nature of the magnetic properties of this compound
at low temperatures is still not clearly understood. In
particular, it remains unclear which of the NiCr,O, sub-
lattices—the tetrahedral sublattice A or the octahedral
sublattice B—is responsible for the experimental mag-
netic moment Ny e, a 0 K and why the experimental
magnetic moment is substantially less than the theoret-
ical value: Ng o < Ng theor- MCGUITe and Greenwald [3]
and Jacobs [4] assumed that, in the case when the mag-
netic moment arises from the octahedral sublattice B,
the low value of ng o, is determined by the spin noncol-
linearity observed in this sublattice due to a consider-

able negative BB exchange interaction between Cry
cations.

In the present work, we experimentally investigated
the magnetic properties of the NiCr,O, chromite and
made an attempt to elucidate the nature of its magnetic
structure.

Delorme[1] wasthefirst to establish the fact that the
crystal structure of the NiCr,O, chromite at room tem-
perature has atetragonal distorted lattice with the unit-
cell parameter ratio c/a = 1.04. It was assumed that the
observed distortions of the spinel structure can be asso-
ciated with the Jahn-Teller Ni?* ions located at the tet-
rahedral sites. Hence, it can be expected that the
NiCr,0, chromite should possess a pronounced mag-
netic anisotropy due to the aforementioned distortions.
Moreover, proper alowance must be made for the fact
that the Curie temperature T, of the NiCr,O, chromite
is close to the liquid-nitrogen temperature. In particu-
lar, Lotgering [2] showed that the Curie temperature T
of NiCr,O, isequa to 80+ 5K.

Making alowance for the above findings, we mea-
sured the magnetic properties of the NiCr,O, nickel
chromite at atemperature of 4.2 K in magnetic fields up
to 50 kOe. It is obvious that precisely these measure-
ments can provide reliable experimental data on the
spontaneous magnetization o, of the compound under
investigation and, consequently, ensure correct deter-
mination of the magnetic moment Nye,,.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The NiCr,0, sample was synthesized according to
the ceramic technique. X-ray diffraction analysis dem-
onstrated that, at T = 293 K, the sample synthesized has
atetragonal distorted lattice with the unit-cell parame-
ter ratio c/a=1.025.

M easurements of the magnetization o and the coer-
cive force H, were performed on a vibrating-coil mag-
netometer at atemperature of 4.2 K. Thelongitudinal A,
and transverse A magnetostrictions were measured by
the tensometric method. In both cases, the permanent
magnetic field was induced using a superconducting
solenoid.

3. RESULTS AND DISCUSSION

Figure 1 depicts the experimental isotherms of the
magnetization o, longitudinal magnetostriction A, and
transverse magnetostriction A of the NiCr,O, chromite
sample at atemperature of 4.2 K. It can be seen that the
isotherm o(H) does not exhibit saturation in strong
magnetic fields. In our opinion, this behavior of the
magnetization cannot be explained by theinsufficiently
strong magnetic fields that are incapable of overcoming
the magnetic anisotropy forces in nickel chromites,
because the coercive force H,, of the NiCr,O, chromite

1063-7834/02/4404-0759%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Experimental isotherms of the magnetization o, lon-
gitudinal magnetostriction A, and transverse magnetostric-
tion A and calculated isotherms of the magnetostriction of
the paraprocess A py 4 and volume magnetostriction wfor the
NiCr,04 chromiteat T =4.2 K.

at 4.2 K isfound to be equal to only 12.7 kOe. There-
fore, we can state with assurance that the observed
behavior of the magnetization is associated with a para-
process, i.e., the true magnetization g;. Since this para-
process cannot be described by alinear function, it is
impossible to obtain an exact value of the spontaneous
magneti zation through linear extrapolation of the curve
o(H) to zero magnetic field (H = 0).

In our case, the spontaneous magnetization o, was
determined by the thermodynamic coefficient method
[5]. According to this method, the behavior of the mag-
netization o can be described by the equation

ao +Bo’ = H, (1)

where ¢ = g, + ¢; and a and 3 are the thermodynamic
coefficients, which are dependent on the temperature
and pressure. Equation (1) can be rewritten in the fol-
lowing form:

o +Bo’ = H/o. 2

In this method, the experimental results are repre-
sented as the curve (H/o(0?)). Then, the spontaneous
magnetization o> is determined by extrapolating the
curve (H/a(a?)) to zero magnetic field (H = 0).

As arule, the thermodynamic coefficient method is
used in data processing of the magnetization measured
in ferro- and ferrimagnetic materials in the vicinity of
the Curie temperature. Moreover, this method is
applied to the description of the magnetization of weak
band ferromagnetsin the low-temperature range (below
the Curie point), because these materials possess a
weak magnetization o [6]. From the aforesaid, it fol-
lows that the thermodynamic coefficient method can be
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used in our case, because nickel chromites at 4.2 K are
also characterized by aweak magnetization o.

We plotted the curve H/o(0?) and found that the
spontaneous magnetization o, of the nickd chromite
sampleat 4.2 K isapproximately equal to 1.51 G cm?/g.
Thisvalue of a,, which we determined for 4.2 K, can be
treated, to sufficient accuracy, as the spontaneous mag-
netization oy at 0 K. By using the obtained value of g,
we determined the experimental magnetic moment:
Noexp = 0.06 Hg. Such alow value of ng, indicates that
the magnetic moments of the A and B sublattices of the
NiCr,O, chromite are close in magnitude.

The experimental magnetic moments Ny, of the
NiCr,O, chromite, which were determined by McGuire
and Greenwald [3], Jacobs [4], and the authors of the
present work, are equal to 0.2, 0.35, and 0.06 Vg,
respectively. As can be seen, the ny ., value obtained in
our work is substantially |ess than those determined in
[3, 4]. This can be explained by the fact that, in [3, 4],
the linear extrapolation of the curve o(H) to zero mag-
netic field was performed from comparatively stronger
magnetic fields; consequently, these authors obtained
the magnetization o = o5 + o; (rather than ay); i.e., the
magnetization of the paraprocess o, was added to the
spontaneous magnetization oy,

The theoretical magnetic moment Ng ., Was calcu-
lated from the cation distribution in Ni[Cr,]O, (by
assuming there to be collinear spin ordering in both
sublattices) and was found to be equal to 3 g, provided
the magnetic moments of cations involved in this com-

pound, namely, Ni4" (3d®) and Cr3* (3d), at T=0K are
equal to . = 3 g and P = 3 g, respectively. It

should be noted that the magnetic moment of Nif\+ cat-
ions located at the tetrahedral sitesisinduced not only
by the spin magnetic moment but also by an incom-
pletely frozen orbital magnetic moment. In this case,
the octahedral sublattice of the NiCr,O, nickel
chromite is responsible for the total magnetic moment.
Reasoning from the obtained data on the magnetiza-
tion, we could not answer the question as to which of
the sublattices of the NiCr,O, nickel chromite is
responsible for the experimental total magnetic
moment. For this purpose, we measured the longitudi-
nal A, and transverse Ay magnetostrictions of the
NiCr,0, nickel chromite and compared these charac-
teristics with those of the Fe[NiFe, ;Cr, o] O, nickel fer-
rite—chromite, in which, according to the data reported
in[3, 4], the octahedral sublattice isresponsible for the
experimental total magnetic moment N ey,

The longitudinal A and transverse A\ magnetostric-
tions of the NiCr,O, chromite were also measured at
4.2 K in magnetic fields up to 55 kOe (Fig. 1). It was
revealed that the dependences A (H) and Ay(H) exhibit
an anomalous behavior. As can be seen from Fig. 1, the

2002



MAGNETIC STRUCTURE OF THE NiCr,0, NICKEL CHROMITE

magnitude of the A; magnetostriction is substantially
larger than that of A (|]Ag| > | |); i.e., the Akulov rule
is completely violated for the technical magnetostric-
tion A e

Ajjechn = 3

By using the experimental values of A and Ap, we
calculated the magnetostriction of the paraprocess A,
from the following formulas:

—2\ Otechn*

)\|| = )\||techn + )\paral

(4)

)

Then, we constructed the isotherm A ,,(H) (Fig. 1). It
isseen from Fig. 1 that the NiCr,O, chromite exhibitsa
giant positive magnetostriction of the paraprocess
(Apara~ 200 x 107® at H = 54 kOeg). In our opinion, the
fact that the magnitude | A| is substantially lessthan the
magnitude |A-| can be explained by the high value of
Aparar Consequently, the NiCr,O, chromite should also
possess a considerable volume magnetostriction w.
According to the formula

w = )\||+2)\|:|| (6)

we calculated the volume magnetostriction w and con-
structed the isotherm w(H) (Fig. 1). As would be
expected, beginning with weak magnetic fields, this
chromiteischaracterized by asufficiently large positive
volume magnetostriction (w ~ 5 x 107 in the magnetic
field H = 54 kOe).

Therefore, if the assumption ismade that the octahe-
dral sublattice of the NiCr,O, nickel chromite is
responsible for the total magnetic moment, the applied
external magnetic field should bring about adecreasein
the spin noncollinearity in this sublattice. In turn, this
should result in anegative magnetostriction of the para-
process Ay, and a negative volume magnetostriction
w. Thus, if asimilar behavior of the magnetostrictions
Apara @d W is observed in the Fe[NiFe, ;Crg o] O, nickel
ferrite—chromite under the action of an external mag-
netic field, we can state with assurance that, in the
NiCr,O, nickel chromite, the octahedral sublattice is
responsible for the total magnetic moment.

Since the Fe[NiFe,;,Cr, 4] O, ferrite—chromite has a
high Curie temperature (T ~ 570 K) and a relatively
weak magnetic anisotropy, it would suffice to investi-
gate the behavior of the longitudinal A and transverse
Ap magnetostrictions of thiscompound at atemperature
of 80 K in magnetic fields as high as 12 kOe.

The experimental values of A and A, (Fig. 2) were
used to calculate theisotherms A ,,,(H) and w(H). It can
be seen that the results obtained for the
Fe[NiFe, ,Crq o] O, ferrite—chromite arein contradiction
with those for the Ni[Cr,] O, chromite. For example, the
Fe[NiFe, ,Crq 4] O, ferrite—chromite in strong magnetic
fields exhibits negative magnetostrictions A, and w,

)\III = )\Dtechn + )\para'
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A x 100

H, kOe

Fig. 2. Experimental isotherms of the magnetization o, lon-
gitudinal magnetostriction A, and transverse magnetostric-

tion A and calculated isotherms of the magnetostriction of
the paraprocess Ay, and volume magnetostriction wfor the
NiFey 1Crg 9O, ferrite—chromite sample at T = 80 K.

and their magnitudes are substantially less than those
for the nickel chromite. A comparison of these results
allowsusto conclude that, in the NiCr,O, chromite, the
applied external magnetic field should bring about an
increase in the spin noncollinearity in the octahedral
sublattice. However, this situation can be observed only
in the case when the tetrahedral sublattice of this
chromite is responsible for the total magnetic moment.

Thus, we revealed that the magnetic moment M, of
the tetrahedral sublattice in the NiCr,O, chromite is
greater than the magnetic moment Mg of the octahedral
sublattice.

Analysis of the exchange interactions demonstrated
that, in the NiCr,O, chromite, the formation of a non-
collinear magnetic structurein the B sublatticeis due to

a negative direct BB exchange interaction Cr3 —Crg'
which counteracts the negative indirect AB exchange

interaction Nis —O>—Cra . The observed well-pro-

nounced paraprocess can be caused by the fact that the
applied magnetic field, in addition to the negative BB
exchange interaction, contributes to an increase in the
degree of noncollinearity in the B sublattice. Since the
magnetic moment of the tetrahedral sublattice in the
NiCr,O, chromite is greater in magnitude than that of
the octahedral sublattice (|M,] > |Mg|), the total mag-
netic moment M should increase.

In conclusion, we should note that, in the NiCr,O,
chromite, the completed orbits of the tetrahedral Nia'

and octahedral Cr‘? cations are characterized by the
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eqts, and t.e; electronic configurations, respectively.
Therefore, theindirect intersubl attice interaction Ni ff -

02-—Cr3B+ in the NiCr,O, chromite can occur only

through weak 1t bonds. Apparently, this can be one of
the main reasons why the NiCr,O, chromite has arela-
tively low Curie temperature.

REFERENCES

1. C. Delorme, C. R. Hebd. Seances Acad. Sci. 241, 1588
(1955).

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

2. F K. Lotgering, Philips Res. Rep. 11, 218 (1956).

3. T.K.McGuireand S. W. Greenwald, in Solid Sate Phys-
icsin Electronics and Telecommunication: Part 1. Mag-
netic and Optical Properties, Ed. by M. Desirant and
J. L. Michidls (Academic, New York, 1960), Vol. 3.

4. J. S. Jacobs, J. Phys. Chem. Solids 15, 54 (1960).

5. K. P.BelovandA. N. Goryaga, Fiz. Met. Metalloved. 2
(1), 3(1956).

6. E.P.Wohlifarth, Phys. Status Solidi A 25 (1), 285 (1974);
J. Phys. C 2 (1), 68 (1969).

Translated by O. Borovik-Romanova

2002



Physics of the Solid State, Vol. 44, No. 4, 2002, pp. 763-768. Trandated from Fizika Tverdogo Tela, \Vol. 44, No. 4, 2002, pp. 734-738.

Original Russian Text Copyright © 2002 by Shutyi, Sementsov.

MAGNETISM

AND FERROELECTRICITY

Dynamics of Nonlinear Precession of M agnetization

in a Garnet Ferrite Film of the (100) Type

A. M. Shutyi and D. |. Sementsov
Ul’yanovsk Sate University, ul. L'va Tolstogo 42, UI’ yanovsk, 432700 Russia
e-mail: shuty@mail.ru
Received April 24, 2001

Abstract—The dynamics of steady-state resonant magnetization precession setting in under atransverse mag-
netic biasfield in agarnet ferrite film of the (100) typeisinvestigated on the basis of numerical solution of the
equation describing the motion of magnetization. The existence of a steady-state dynamic mode in which the
magnetization performs undamped spiral maotion, as well as of large-amplitude nutation with a period being a
multiple of the period of precession, is discovered. © 2002 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

The attainment of large-angle uniform resonant pre-
cession of magnetization in magnetically ordered crys-
tals requires the fulfillment of conditions under which
first- and second-order Suhl instabilities caused by
three- and four-magnon interactions cannot occur. One
of such conditions is that the precession frequency be
chosen such that it coincides with the minimum possi-
ble spectral frequency w(Kk) of spin waves, i.e., such that
it corresponds to the bottom of the spin-wave band [1-
5]. For atransversely magnetized thin layer, the funda-
mental (homogeneous) mode of the spin-wave spec-
trum corresponds to the bottom of the band and can be
separated by a considerable frequency interval fromthe
first (inhomogeneous) spin-wave mode [6, 7]. It is for
this reason that no resonance saturation at the funda-
mental mode takes place upon an increase in the high-
frequency (HF) field amplitude in films placed in a
transverse biasfield in the case of w= w,,,for k=08,
9] and the features of nonlinear dynamics of magneti-
zation are manifested even for the uniform precession
of magnetization.

Theresults of investigation of the features of nonlin-
ear precession in a garnet ferrite film of the (111) type
that are associated, in particular, with the nutation of
magnetization and the frequency-doubling effect are
presented in [10, 11]. It is shown that an increase in the
HF field amplitude may lead to bifurcationsin the mag-
netization precession, which lead to a sharp change in
the precession amplitude and to bistable states. In reso-
nance studies and in applications of garnet ferrites,
films of the (100) type are widely used, since the easy
magnetization axis of such films can be made perpen-
dicular to the plane of the film without any difficulty
and this orientation has the lowest sensitivity to various
types of composition inhomogeneity, to stresses, and to
temperature variations [12]. In this work, we present
the results of numerical analysis of the equations of

motion of magnetization, which reveal peculiaritiesin
the nonlinear resonant precession that are inherent in
this type of films and indicate a noticeable difference
from precession in the (111)-type films.

2. GENERAL EQUATIONS
AND RELATIONS

Epitaxial garnet ferrite films are monocrystalline
layers with a cubic crystal lattice. We assume that the
crystallographic axis [100] coincides with the x axis
and is normal to the film surface, while the [010] and
[001] axes coincide with the y and z axes, respectively;
the polar and azimuthal angles (6 and ) of the magne-
tization vector M are reckoned from the x and y axes,
respectively. In the case under investigation, the free-
energy density is

F = -M(H +h) + (K,— 2tM?®)sin’6

D
¥ %Kl(sinzze + sin*esin’2y),

where K, and K, are the growth-induced and crystallo-
graphic anisotropy constants, respectively. The equilib-
rium angles 6, and ), are found from the conditions
0F/06 = 0 and 0F/0y = 0. The dynamic behavior of the
magnetization in an external static (H) and high-fre-
guency (h) magnetic fields, which will be henceforth
assumed to be orthogonal (H O h), is described by the
Landau—Lifshitz equation written in the spherical sys-
tem of coordinates[2]:

oF A 1 OF

e|\/| = AO_F_ La_F
Ma6 ~ Ysneoy’

1063-7834/02/4404-0763%22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Time dependence of the normal component of the
magnetic moment (m, = M,/M) settling in a steady-state
precession orbit upon the application of a HF field with
amplitude h = 0.5 Oe and frequency w,/21t= 1 GHz for dif-
ferent values of constant Kq (erg/cm3) and stetic field H
(Ce): (a8 Kq =100, H = 678 (curves 1); K; =50, H = 684
(2); Ky =0, H=1690 (3); K; =30, H = 693 (4); K; =50,
H = 695.5 (5); (b) Ky =55, H =696 (1); K; =60, H =
696.7 (2); Ky =65, H =697 (3); K; = =70, H = 698 (4); and
(c) Ky =80, H =699 (1); K; =100, H = 701 (2); K; =
-120, H = 704 (3); K; =150, H = 707 (4); K; =—200, H =
713 (5).

|
150

whereyisthe gyromagnetic ratio and A is the damping
parameter. Solving these equations allows usto find the
time dependence of angles Y and 6 for given applied-
field directions and time dependence of the external
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field. The resonant precession frequency w, is given by
therelation

2
W = YHg = #-ne(':eelzw—%w) ) (3)

where the second derivatives of the free-energy density
are taken for the equilibrium angles 6, and Y.

A detailed analysis of the magnetization precession,
which is an essentially nonlinear effect, can be carried
out only on the basis of anumerical solutionto Egs. (2)
taking into account the basic parameters determining
the state of the magnetized film. The subsequent analy-
siswill be carried out for values of the static field H that
ensure the equilibrium orientation of vector M aong
the normal to the film surface (8, = 0) for given values
of constants K, and K. In this case, the resonance fre-
guency isfound to be w, = yH(0), where the effective
fieldis given by

Hg(0) = H—41M + 2(K,, + K;)/M. 4

We assume that the HF field is linearly polarized and
liesintheyzplane; i.e., h O H.

3. NUMERICAL ANALYSIS

It can be seen from Egs. (2) that both the bias field
and the anisotropy field considerably affect the mag-
netic-moment precession. The parameters of growth-
induced anisotropy of a specific sample with a fixed
crystallographic anisotropy can be changed by thermal
annealing [12]. Our analysis revealed, however, that in
the case under investigation, the precession amplitude
of the magnetic moment, the characteristics of its nuta-
tion, and the character of the steady-state dynamic
modes setting in are mainly determined by the magni-
tude of the crystallographic anisotropy field. Thisisdue
to the fact that the derivative of the free-energy density
with respect to the azimuthal angle is independent of
constant K,, (although the growth-induced and crystal-
lographic anisotropy constants appear symmetrically in
the effective field). For this reason, we assume that the
growth-induced anisotropy constant isfixed. In our cal-
culations, we will use the parameters of a garnet ferrite
filmY,¢Lay,Fe; Ga, ;0,5 grown on a gadolinium gal-
lium garnet substrate for which the angle of resonant
precession was determined to be ¢ = 20°-25° [13],
namely, 4TiM = 214.6 G, y = 1.755 x 10’ (Oe 9%, A =
3 x 106 s?, and K, =108 erg/cm?.

Figure 1 shows the time dependences of the normal
component m, = M,/M of the magnetic moment passing
into the steady-state precession orbits that correspond
to the HF field with amplitude h = 0.5 Oe and frequency
w,/21t = 1 GHz for different values of the crystallo-
graphic anisotropy constant K;. In order to satisfy the
resonance conditions, the value of the static field H is
determined from Eq. (4). The curvesin the figure show
that, for K; = 100, 50, and 0 erg/cm?® and the corre-
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sponding values of the field H = 678, 684, and 690 Oe
(curves 1-3 in Fig. 1a), the FMR mode with a small
precession amplitude [0 = arccoslm[], which
increases upon a decrease in parameter K;, becomes
steady quite rapidly (1 = 50 ns) in the film. A certain
increase in the thickness of the dynamic curves indi-
cates enhancement of nutation of the magnetic moment
vector, which is mainly caused by the linear polariza-
tion of the HF field in the plane of precession and is
absent in the case of circular polarization of the HF
field [1, 2]. A further decrease in the anisotropy con-
stant [K,; = =30, 50 erg/cm?® for H = 693, 695.5 Oe
(curves 4, 5in Fig. 1a) and K, = -55, —60 erg/cm? for
H = 696, 696.7 Oe (curves 1, 2 in Fig. 1b)] leadsto the
emergence of damped oscillations of the precession
angle @ at the initial stage after the application of the
HF field, which is reflected in the figure in the oscilla
tions of m,. Asaresult, the time of the steady-state pre-
cession mode setting in increases considerably. This
timeinterval increases upon adecreasein parameter K,
and a specia steady-state dynamic mode (curve 3 in
Fig. 1b) isredized for acertain value of K. =—65 erg/cm?®
(and, accordingly, for H = 697 Oe); in this mode, the
magnetic moment moves in a spira tragjectory from a
position close to the film normal to a position with a
certain maximum angle @,,, then moves back, and so on.
It should be noted that this dynamic mode is character-
ized by a practically zero transient period and starts
immediately after the application of the HF field. For
K, = =70 erg/cm?® and H = 698 Oe (curve 4 in Fig. 1b),
aswell asfor K; =—-80, —100, —120, —150, —200 erg/cm?®
and H = 699, 701, 704, 707, 713 Oe, respectively
(curves 1-5in Fig. 1c), i.e, for decreasing K; < K, and
the corresponding resonance fields, the averaged value
of the precession angle pLincreases, while the spiral
motion of vector M in the interval of angles ¢ depend-
ing on K; (@, < @ < @,) is preserved. In this case, the
oscillations of the precession angle should be regarded
as large-amplitude nutation of the magnetization vec-
tor, whose period is a multiple of the period of the HF
field and, hence, of the precession period; this distin-
guishesthis nutation from those considered earlier. The
amplitude of this nutation decreases upon adecreasein
thevalue of K; and, accordingly, upon anincreaseinthe
static field H, while the nutation frequency increases
(Fig. 1c).

Figure 2 showsthe projectionsm, (0 =X, Y, z) onthe
zy plane (panels a, b) and xz (panel c) of the magnetic
moment moving from itsinitial position (6 = 0) under
the action of the HF field h = 0.5 Oefor w,/211= 1 GHz
and the anisotropy constant K, =—100 erg/cm? (panel a)
and K; = K, (panels b, ¢). As before, the field H is cho-
sen in accordance with Eqg. (4). In the case depicted in
Fig. 2a, the magnetic moment moves towards a station-
ary orbit in a spira trgjectory with a variable pitch,
being held in the vicinity of several intermediate orbits.
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orbit for K; =—-100 erg/cm3 and (b, ¢) occurring in a phase
of increasing precession angle of the oscillatory mode for
K, = K, = —65 erg/cm; h = 0.5 Oe and w, /21 = 1 GHz.
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Fig. 3. Resonance precession angle [¢1a) as a function of
anisotropy constant K4 for different values of frequency wy

(GHz) and resonance field H (Oe): w/2t =1, H = 730
(curvesl), wy/2m= 3, H=1450(2), w,/21t=5,H = 2160 (3),
w,/21t=7, H = 2880 (4), and w,/21t= 9, H = 3590 (5); and
(b) asafunction of static field H for K; =—100 (1), —200 (2),
—300 (3), —400 (4), and -500 erg/cm3 (5); h=0.5 (solid
curves) and 1 Oe (dashed curves).

It should be noted that this does not take place in the
case of a strong anisotropy field. In the case presented
in Figs. 2b and 2c, the magnetic moment under the
action of alinearly polarized HF field movesin aspiral
from a position close to the film normal to an orbit cor-
responding to the maximum precession angle ¢,, and
then, rotating in the same direction, returnsto theinitial
position (the former motion corresponds to monotoni-
cally descending segmentsof curve 3inFig. 1b; thelat-
ter, to monotonically ascending segments of thiscurve).
A small changein angle [[bccurring in the precession
orbit corresponding to the maximum amplitude
(Fig. 2c) can be explained by the magnetic moment
nutation due to anisotropy of the effective field and by
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the linear polarization of the HF field leading to the fre-
guency doubling effect [1, 2].

Figure 3 shows the dependences of the resonant pre-
cession angle [pOon the crystallographic anisotropy
constant K; (panel @) and on the static field H (panel b)
for the HF field amplitude h = 0.5 Oe (solid curves) and
1 Oe (dashed curves). The @[(K;) dependences were
obtained for frequencies w,/2rt=1, 3, 5, 7, and 9 GHz
and resonance field values H = 730, 1450, 2160, 2880,
and 3590 Oe (curves 1-5in Fig. 3a). The [@(H) curves
were calculated for fixed values of the anisotropy con-
stant K; = —<(100-500) erg/cm? (curves 1-5 in Fig. 3b);
the resonant precession frequency was, in accordance
with Eg. (3), in the interval /21t = 0-13 GHz. The
curves depicted in Fig. 3a show that, for positive and
close-to-zero negative values of K;, the amplitude of
precession is small and depends to a considerable
extent on the HF field amplitude. For large (in absolute
value) negative K,, the precession amplitude attains
several tens of degrees and is virtually independent of
the HF field h. In this region, the normal position of
magnetization is unstable and vector M spontaneously
passes to a stable limit cycle determined by the values
of the static field and anisotropy field. The two regions
indicated above are separated by an interval within
which aweakly manifested maximum and minimum of
the [@[(K;) curve are observed. For the frequency-
dependent value K; = K, close to the value correspond-
ing to the minimum just mentioned, spiral motion of the
magnetization vector with an angular amplitude @,, =
2lpL);, takes place. As the frequency w, increases
together with the biasfield, the negative K increasesin
magnitude. For K; > K, (in the vicinity of K), thetime
of the steady mode setting in is long, since strongly
damped oscillations of the precession angle ¢ take
place at the initial stage. For K; < K, large-amplitude
nutation of the magnetic moment with a period being a
multiple of the precession period w, occurs along with
a sharp increase in the angular amplitude [l for this
reason, the averaging of the angular amplitude in this
case was carried out over a large time interval. The
[p[(H) dependence calculated for fixed values of K;
(Fig. 3b) is similar in many respects to the PIK,)
dependence: it isalso characterized by two regionswith
large and small precession angles, respectively, and for
each value of constant K, there exists a field value H,
corresponding to the spiral mode of the magnetization
vector precession, i.e., tothemodein which 0 < @< @,.

Figure 4 shows the dependence of the averaged
angle of precession with frequency w,/2m=1 GHz on
the HF field amplitude for different values of the crys-
tallographic anisotropy constant: K; = 100, 0, —30, —60,
—63.5, —65, —67, and —70 erg/cm? (curves 1-8); the bias
field H has its resonance value. It can be seen that for
the frequency chosen and for K; = 0, the [[(h) depen-
dence is close to linear and the precession amplitude
tends to zero as the value of h vanishes. As aresult of
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Fig. 4. Dependence of the average resonant precession
angle on the HF field amplitude for different values of the

anisotropy constant Ky (erg/cm3): 100 (1), 0 (2), —30 (3),
-60 (4), —63.5 (5), —65 (6), =67 (7), and —70 (8); w,/2m =
1GHz.

the sign reversal and the subsequent decrease in con-
stant K, the dependence just mentioned becomes non-
linear and then nonmonotonic. The minimum in the
[@[(h) dependence corresponds to a precession mode
with spiral motion in the range 0 < @ < @, and shifts
towards higher values of h upon a decrease in the
anisotropy constant. It isalso worth noting that for large
(in absolute value) negative K,, the precession ampli-
tude becomes independent of h in the region of weak
HF fields. As mentioned above, in this range of param-
eters, the position of the magnetic moment normal to
the film surface is unstable and an attractor correspond-
ing to precession about the film normal arises, with its
radius being determined by the values of K; and H.

4. CONCLUSIONS

The above analysis leads to the following conclu-
sions. Under the FMR conditions, magnetization pre-
cession modes differing considerably in amplitude and
in the character of nutation arerealized in garnet ferrite
films of the (100) type depending on the relation
between the bias field and the crystallographic anisot-
ropy field. In particular, for large values of constant K,
(for fixed values of the static field H), steady-state pre-
cession rapidly sets in with a small amplitude and an
insignificant nutation whose frequency is a multiple of
the precession frequency. As the value of constant K,
decreases, the time of steady-state precession setting in
increases due to the emergence of damped oscillations
of the precession angle. When the oscillation decay
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time becomes infinitely long, a special steady-state
dynamic mode is realized, which is characterized by a
spiral motion of magnetization between the orbit with
the maximum precession angle @,, and a position close
to the normal to the film surface (@, = 0). Upon further
decrease in the crystallographic anisotropy constant,
the precession angle turns out to be confined to the
interval @, < @ < @, where @, is nonzero. Thus, large-
amplitude nutation arises, with its period being a mul-
tiple of the period of precession. In this case, there are
no steady-state orbits of precession and the magnetiza-
tion vector drawsaround the surface of aspherical layer
during its motion. As the magnitude of the negative
constant K, increases (for afixed H), angle @, increases
faster than ¢, does, which leads to a decrease in the
amplitude and period of nutation, and attractors inde-
pendent of the HF field are formed corresponding to
precession about the normal to the film.

For the sake of comparison, we will briefly consider
the results of analysis of the precession of the magnetic
moment vector in garnet ferrite films of the (111) type
[10, 11]. Infilms of thistype, in the case of aweak bias
field and the HF field amplitude exceeding the critical
value, the magnetization is tilted towards one of three
directions not coinciding with the normal around which
precession setsin with an average amplitude @ < 3°. An
increase in the field H leads to a precession mode
around the film normal with a maximum amplitude of
¢ = 30° and to a significant contribution to nutation of
the third harmonic of the fundamental frequency .
Modes with dynamic bistability (i.e., with two stable
steady-state precession orbits with different ampli-
tudes) and bifurcations leading to a sharp changein the
precession amplitude and to modes with complex tra-
jectories of the moving magnetization vector with a
period of a multiple of the HF field period have aso
been observed.

In films of the (100) type, no bifurcation of the mag-
netization precession, leading to dynamic bistability or
to sharp changes in the precession amplitude, takes
place. In such films, a smooth transition between differ-
ent modes of precession takes place upon a gradual
variation in the anisotropy constant of the film or in the
magnitude of the biasfield. In contrast to the (111)-type
films, nutation contains practically no harmonics of the
fundamental frequency w, of precession and is charac-
terized by a period which is a multiple of the period of
the HF field.
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Abstract—This paper reports on a study of the electrical properties of 0.7-1-um-thick textured PZT ferroelec-
tric films prepared by rf magnetron sputtering of a PbZrg54Tig 4605 target which additionally contained 10 mol %
lead oxide. Such films are shown to feature a combination of a self-polarized state and migratory polarization.
Thetotality of the data obtained suggest that the films had n-type conduction. As shown by the laser beam mod-
ulation technique, the polarization was distributed nonuniformly in depth, with most of the poled state localized
near the lower interface of the thin-film ferroel ectric capacitor. The mechanism underlying the onset of this self-
polarization is related to the charging of the lower interface of the structure by electrons, which occurs during
the cooling following the high-temperature treatment of the PZT film, and to poling of the bulk of the film by
the charged interface. This mechanism of the self-polarization of ferroelectric filmsis believed to have a uni-
versal character. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Polarized ferroelectric films of lead-containing
oxides, in particular, of the lead zirconate-titanate
Pbzr, _,Ti,O5 (PZT), enjoy broad application in the
development of active elements for use in microme-
chanical devices and piezo- and pyroelectric sensors
used for avariety of purposes [1-4]. The efficiency of
thin ferroelectric filmsin such devicesis determined by
anumber of factors, in particular, by the film polariza-
tion and the conditions of formation of the ferroelectric
phase. In particular, one can prepare films which
become polarized (self-polarized) directly after their
preparation without application of an external polariz-
ing electric field [5-8]. This excludes the labor-con-
suming operation of their poling.

It is known that the pyroelectric coefficients of such
self-polarized films may reach levels characteristic of
films poled by the application of an external field. Such
a situation is observed with tetragonal PZT films (x >
0.5) [9-12]. At the same time, self-polarization in
rhombohedral films of these solid solutionsisinhibited
[3, 10-12]. The part played by either an excess of lead
(above its stoichiometric content in the film) or by its
deficiency in the onset of the polarized state is stressed
to besignificant [13, 14]. Macroscopic polarizationin a
ferroelectric layer may reverse direction with changing
lead content [13].

The mechanism by which the self-polarized state
sets in in thin films remains unclear. In [10], for
instance, the self-polarized state is assumed to be inti-
mately connected with the built-in eectric field. A

built-in field capable of poling aferroelectric film may
originate from electron capture by interface traps, from
dipole defects present, or again from an asymmetric
distribution of weakly mobile (bound) charged defects
[15-17]. A Schottky barrier, which forms at the lower
interface of a thin-film ferroelectric capacitor, is aso
considered a possible physical reason for the genera-
tion of a polarizing field [12]. On the other hand, a
strong built-in field was observed to exist in aPZT film
after reactive ion etching of the upper platinum elec-
trode in an Sk and O, environment [18].

This work was aimed at revealing the mechanisms
underlying the onset of the self-polarized state through
astudy of the electric properties of thin PZT films con-
taining alead excess.

2. TECHNOLOGY OF PREPARATION OF PZT
FILMS AND METHODS OF THEIR
CHARACTERIZATION

Thin filmswere prepared by rf magnetron sputtering
of a PbZrys,Tig.s05 target additionally containing
10 mol % lead oxide [19]. The films were deposited on
“cold” substrates maintained at a temperature of about
130°C. The substrates were glass-ceramic and single-
crystal silicon plates with a lower thin-film platinum
electrode deposited on atitanium buffer, which served
to improve adhesion. The films were 0.7-1-pum thick.
Amorphous PZT films were crystallized into the per-
ovskite phase at temperatures from 520 to 550°C in air.

1063-7834/02/4404-0769%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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The upper electrode, whose diameter varied from 130
to 300 pum, was also a platinum film.

The film crystal structure was studied by x-ray dif-
fraction using a DRON-2 diffractometer. The depth
profile of the elemental composition was measured by
Auger spectroscopy (EKO-3 spectometer). Dielectric
hysteresis loops were obtained in a modified Sawyer—
Tower circuit. The depolarization currents in the sam-
ples were measured with a V7-30 electrometer. The
depth profiles of the polarization in the films were stud-
ied by measuring the frequency-dependent pyroelectric
current by means of laser beam modulation (LIMM)
[20-23].

3. CRYSTAL STRUCTURE AND ELEMENTAL
COMPOSITION OF PZT FILMS

X-ray diffraction analysis showed the films under
study to have polycrystalline perovskite structure, with
the crystallites oriented predominantly in the [111]
direction (Fig. 1). The films were found to have phase
homogeneity within the sensitivity of this method.
However, microstructural analysis [23] detected inclu-
sions of aphase with an excess|ead concentration at the
upper and lower film interfaces, aswell as at the bound-
aries of grains, which were 20-50 nm in size. Excess
lead content was al so observed to exist in the elemental
depth profiles, which were obtained using layer-by-
layer Auger electron spectroscopy of theion-milled fer-
roelectric film (Fig. 2). The lead content is seen clearly
to be enhanced at both the upper and lower PZT film
interfaces. Inview of theresultsreportedin[13, 14, 24—
26], an analysis of these data suggests that the excess
lead makes up a separate |lead oxide phase (PbO).

1.0} PZT(lll)WPt(lll)

I, rel. units
<)
W
T

PZT(200

PZTA00)  p7r(110) -

0 |A\ 1 L Jlb L_L
20 30 40 50

20, deg

Fig. 1. X-ray diffraction pattern of a 1-um-thick polycrys-
talline PZT film prepared on a glass-ceramic substrate with
a platinum electrode and an adhesion-improving titanium
buffer and annealed in air at 520°C for 10 min.
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4. STUDY OF THE HYSTERESIS LOOPS
AND DEPOLARIZATION CURRENTS

Figure 3a presents a typical asymmetric hysteresis
loop of PZT films containing an excess of lead oxide,
which was obtained by applying a small ac voltage to
the film after the perovskite phase had formed in the
course of heat treatment. The loop shift along the hori-
zontal axis suggests the existence of afairly high built-
in electric field of 3040 kV/cmin the film. On succes-
sively applying a positive (Fig. 3b) and a negative
(Fig. 3c) dc voltage of 15V relative to the lower elec-
trode, the shape of the hysteresis loops changes and
becomes dependent on the voltage polarity. Obviously
enough, the asymmetry of the loops relative to the ver-
tical axisis a consequence of the existence of an inter-
nal field, which is seen clearly to coincide in direction
with the electric field produced by applying a positive
potentia to the upper platinum electrode of the ferro-
electric thin-film capacitor.

Note that the shape of al hysteresisloops (Fig. 3) is
asymmetric and resembles that of a hard-poled piezo-
ceramic, whose distortion is related to the migratory
polarization “—P," [27, 28]. It is well known that the
migratory polarization “—P,” originates from the depo-
larization field appearing in a prepoled sample and is
associated with charge motion within the grains. The
migratory polarization “—P," is directed counter to the
polarization P, induced by an external electric field and
can bevery stable even under the application of astrong
ac field capable of reorienting the P, [27].

Application of asimilar approach to PZT films per-
mits oneto conclude that the displacement field derived
from the hysteresis loops is nothing other than migra-
tory polarization, which cancels the polarization
(Figs. 3b, 3c) or self-polarization (Fig. 3a) of the thin
film. This is in accord with the above assumption that
the displacement of a hysteresis loop associated with

1, rel. units

O.Zfﬂpr c0 = §§
aZr oTi

0 200

400 600

d, nm

Fig. 2. Elemental depth profiles of a PZT film prepared by
sputtering a lead-enriched target of PbZrgssTig4s03 +
10 mol % PbO and heat-treated in air at 550°C.
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the presence of aninternal built-in field actually reflects
the existence of a self-polarized state in such films [9—
11, 14, 19]. The only differenceisthat using the migra-
tory polarization to describe the polarized state of athin
ferroelectric film facilitates understanding of the fact
that, in the “ static state,” thereisno real internal fieldin
a film. One may thus believe that self-polarization is
intimately connected with migratory polarization. The
results reported below identify their origin more
clearly.

M easurements of the depol arization currents (curve 1
in Fig. 4) made on polarized samples showed that if the
latter are heated rapidly (curve 2) to atemperature close
to the Curie point, the current plot exhibitstwo portions
corresponding to different current directions. The low-
temperature part of the curve reflects depolarization of
the spontaneously polarized state, and the high-temper-
ature (slowly falling-off) portionisdueto therelaxation
of the migratory polarization. Similar relations were
observed in bulk piezoceramic samples, which could be
characterized by acombination of theresidual polariza-
tion P, with the migratory polarization “—P," [27].

Because the migratory polarization in aferroelectric
is associated with charge motion, determination of the
type of carriers present in the films under study is
important. The majority carriers in PZT are known to
be either electrons (n type), which are due to oxygen
vacancies, or holes (p type), whose presence is usualy
related to lead vacancies. Lead vacancies form, as a
rule, in films deposited on a substrate at a high temper-
ature or crystallized at a high temperature, i.e., in the
conditions where the lead deficiency is caused by the
high volatility of the lead oxide. It may be conjectured
that the hysteresis loops are shifted in this case along
the horizontal axis toward positive voltages [3, 4]. By
contrast, the negative loop displacement is usually
assigned to a perovskite film being rendered n type
when deposited in a medium with alow oxygen partial
pressure [5, 6].

In our case, when atarget with alead excessis sput-
tered on a cold substrate and the perovskite phase is
subsequently produced, oxygen vacancies form in the
film. This may result from the lead becoming oxidized
to the a-PbO phase, which has an oxygen excess [29]
because of the oxygen being absorbed from the PZT
perovskite phase [30]. An additional argument for the
presence of oxygen vacancies may be the value of the
activation energy, which is derived from the tempera-
ture dependence of conductivity G measured at 1 MHz
(Fig. 5). The activation energy W, calculated from the
relation G = const exp(-W/KT) and determined from the
slope of a plot of the logarithm of the conductivity vs.
inverse temperature obtained above 260°C, was found
to be 0.22 eV (Fig. 5). This figure corresponds to the
depth of the levels formed by oxygen vacancies and
lying within the range 0.19-0.48 eV in the band gap of
the PZT perovskite structure [31].
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Fig. 3. Dielectric hysteresisloops of a 1-pm-thick PZT film
obtained (a) directly after preparation, (b) following polar-
ization with a +15 V voltage, and (c) after polarization by
-15V at room temperature for 10 min.
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Fig. 4. Depolarization current vs. time plot (curve 1) under
fast heating to 250°C (described by curve 2) of afilm polar-
ized by +15V at room temperature for 10 min.
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Fig. 5. Temperature dependence of the film conductivity G
obtained at afrequency of 1 MHz.

5. MEASUREMENT OF THE FREQUENCY-
DEPENDENT PYROELECTRIC CURRENT

The technique employed to measure and process the
frequency-dependent pyrodectric response under IR
laser irradiation of a sample is described in consider-
able detail in [22]. The signals were computer-pro-
cessed under the assumption of the polarization vanish-
ing both at the lower and upper interfaces of the struc-
ture. A rising positive voltage of up to +15V and a
negative voltage varying down to —15 V were succes-
sively applied to the plates of a thin-film ferroelectric
capacitor. The sample was maintained at each voltage
at room temperature for 0.5 h. The measurements were
performed 1 h after the removal of the polarizing volt-
age. The calculated depth profile of the polarization is
plotted (in arbitrary units) in Fig. 6.

Curve 1 in Fig. 6 is the depth profile of the self-
poled state in the film. Judging from the pattern of the
curve, throughout about half of the film volume, the
self-polarization is produced by the negative charge at
the lower interface of the structure. The dominant role
of the lower interface isin accord with the assumptions
made in [12], where this phenomenon was studied by
measuring the piezoelectrically induced strain in thin
PZT films. As one approaches the upper interface of the
structure, the curve passes through zero and a weakly
polarized state of the opposite sign setsin the upper part
of the film.

As is evident from Fig. 6, the degree of sample
polarization is not high, 10-15% of the polarization
induced by applying a 15V dc voltage across the
capacitor plates (see curves 1, 3). As follows from a
comparison of curves 3 and 4, the film undergoes afast
relaxation of the polar state; indeed, the residual polar-
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Fig. 6. Depth profile of the polarization obtained by LIMM.
(1) Self-polarized state; (2, 3) positive voltage (+8 and
+15V, respectively) applied to thefilm; (5, 6) samefor neg-
ative voltage of —8 and —15 V, respectively; and (4) film
polarized with +15V and then aged for 24 h.

ization decreased to 50-60% of theinitial level in about
10° s. Such a pronounced aging effect is characteristic
of piezoelectric materials with a high concentration of
mobile charges, whose migration brings about partial
screening of the poled state.

It is worth noting that the P(x/d) curves that were
obtained on a sample poled by applying +15 and -15V
(curves 3, 6) are asymmetric relative to the horizontal
axis. Thisasymmetry indicatesthat thefield of —-15V is
not capable of switching the polarization in an appre-
ciable part of the film volume adjoining the lower elec-
trode. This implies, in turn, that the local field gener-
ated by the charges at the lower interface of the struc-
ture can be quite high (in this case, not lower than
150 kV/cm).

6. DISCUSSION OF RESULTS

Thus, our studies suggest that the introduction of a
substantial excess of lead oxide into a PZT film gives
rise to (1) oxygen vacancy formation and, as a conse-
guence, to n-type conduction in the film; (2) negative
charging of the lower interface of a ferroelectric thin-
film capacitor and the formation of migratory polariza-
tion; (3) the onset of a self-poled state near the lower
film interface; and (4) the formation of a poled state
near the upper interface of the structure, which isweak
compared to that near the lower interface and is
directed counter to it.

The results obtained in this work permit one to sug-
gest thefollowing scenario of the onset of self-polariza-
tion in such PZT films. When a PZT film crystallized
into the perovskite structure at 520-550°C is being
cooled, electrons of the oxygen vacancies present in the
film begin to occupy the near-surface (localized) states
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of thelower interface. Below the Curie temperature, the
field generated by these electrons polarizes the region
of thefilm close to the lower interface. To be capabl e of
polarizing a PZT film, this field may be quite weak,
because the coercive fields are comparatively weak in
the vicinity of the Curie point. The high concentration
of localized states at the lower interface may be traced
to anumber of reasons, the most significant of them, in
our opinion, being crystal structure distortions, the
presence of defectsand foreigninclusions (for instance,
of the PbO phase), chemical interaction, interdiffusion,
etc. Note that the charging of the lower interface in a
thin-film capacitor implies the formation of migratory
polarization in the ferroelectric film, because, in this
case, the interface plays the part of agrain boundary.

Cooling the sample to room temperature increases
the spontaneous polarization in accordance with its
temperature dependence. This enhances the depolariza-
tion field, which, inturn, brings about anincrease in the
migratory polarization “—P,."

We note that dielectric hysteresis loops permit one
to determine the magnitude of the biasfield induced by
the migratory polarization. However, in an inhomoge-
neously polarized film (the case we have here), the bias
field is an averaged quantity.

It may be conjectured that the mechanism of charg-
ing of the lower interface by carriers (electrons, as in
our case, or holes if the main structural defects are
vacancies of lead or of other ions occupying octahedral
sites in a cubic crystal) and the onset of self-polariza-
tion are of auniversal character for thin-film perovskite
ferroelectrics.

The formation of a polarized state near the upper
interface, which is weak compared to that near the
lower interface, does not lend itself to unambiguous
interpretation. Itisconceivablethat part of the electrons
reach the upper interface of the structure to become
captured there by traps produced by lead oxide inclu-
sions. Checking this conjecture would require, how-
ever, additional investigations.
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Abstract—This paper reports on the results of investigations into the phase transformations observed in
Pb/Ti/Si and Ti/Pb/Si thin-film heterostructures upon layer-by-layer magnetron sputtering of lead and titanium
onto asingle-crystal silicon substrate and subsequent annealing in an oxygen atmosphere. It is shown that the
dielectric properties of lead titanate films depend on the order of sputtering of lead and titanium metal layers
onto the surface of single-crystal silicon. The ferroelectric properties are revealed in 3000-nm-thick lead titan-
ate films prepared by two-stage annealing of the Pb/Ti/Si thin-film heterostructure (with the upper lead layer)
at T, =473 K and T, = 973 K for 10 min. These films are characterized by the coercive field E; = 4.8 kV/cm
and the spontaneous polarization Pg = 16.8 pC/cm?. The lead titanate films produced by annealing of the
Ti/Pb/Si thin-film heterostructure (with the upper titanium layer) do not possess ferroelectric properties but
exhibit properties of a conventional dielectric. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A radically new approach currently being devel oped
in functional electronics implies that elements pro-
duced in a single technological cycle with the use of
multifunctional materials should exhibit an important
fundamental property, namely, a nonlinear dependence
of the characteristics on external action. Among these
materias are thin films of lead titanate (PbTiO3). Many
properties of PbTiO; films (for example, the high rema-
nent polarization, low coercive field, high permittivity,
low dielectric loss, high breakdown voltage, and good
acoustic characteristics) arewidely used in power-inde-
pendent memory elements, dynamic random-access
memory devices, capacitors, waveguides, and different-
type acoustooptic devices intended for modifying the
spectral composition, amplitude, and direction of prop-
agation of light signals[1-3].

The properties of lead titanate thin films are gov-
erned, to alarge extent, by thefilm structure (grain size,
degree of porosity, film—substrate interface condition,
etc.), which, in turn, depends on the preparation condi-
tions. This leads to a considerable difference between
the parameters of the bulk and film samples and to a
substantial scatter in the characteristics of thefilmspro-
duced using different techniques. For example, Byun
et al. [4] prepared lead titanate films with a perovskite
structure through metal—organic chemical vapor depo-
sition (MOCVD) at T = 450°C and revealed that the
dielectric properties of these films depend on the sub-
strate type. It was found that the PbTiOj; film grown on
asilicon substrate possesses alow permittivity (€ = 78).
By contrast, the PbTiO; film grown on a substrate pre-
pared from silicon with aTiO, sublayer is characterized

by arelatively high permittivity (€ = 120). According to
Auger electron spectroscopy, the latter film has a sto-
ichiometric composition, and the presence of the TiO,
sublayer on the film—substrate boundary preventsinter-
diffusion of silicon and lead. For a PbTiO; film in the
Pt/PoTiO4/PY/SIO,/Si heterostructure, the permittivity €
is equal to 150 and the capacitance-voltage character-
istic does not take on a butterfly shape typical of ferro-
electric filmsin metal/ferroel ectric/metal structures[4].

The lead titanate films produced using the sol—gel
technique with deposition onto LaNiO; conducting
films [5] possess ferroelectric properties characterized
by the remanent polarization P, = 9.0 upC/cm? and the
coercivefield E. = 40 kV/cm. For aPbTiO; bulk single-
crystal sample, these parameters are as follows. P, =
75 uCl/ecm? and E. = 6.75 kV/cm. Yoon et al. [6] pre-
pared PbTiO; films on an indium—tin oxide (ITO) con-
ducting layer through metal—organic chemical vapor
deposition. According to the current—voltage and
capacitance-voltage measurements, these films in
an AU/PbTiO4/ITO metal—dielectric-metal capacitor
exhibit properties of conventional dielectrics. The
authors explained the results of these eectrical mea-
surements in terms of the stoichiometric composition
(according to Auger spectroscopy) and good surface
morphology of the lead titanate film under investiga-
tion.

The lead titanate films prepared by annealing of the
Ti/Pb/Si(100) heterostructure in our earlier work [7]
did not exhibit pronounced ferroelectric properties,
even though they consisted of titanate phases. In the
present work, we demonstrated that the microstructure,
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phase composition, and dielectric properties of the lead
titanate films produced by oxidizing the aforemen-
tioned thin-film structures depend on the order of sput-
tering of metal layers onto the surface of single-crystal
silicon.

2. EXPERIMENTAL TECHNIQUE

The thin-film metal composites were prepared by
magnetron sputtering of titanium and lead metal layers
from two different magnetronsin a single experimental
cycle. The chamber was preliminarily evacuated to a
pressure of 0.33 x 1072 Pa. Argon was used as a sputter-
ing gas. The sputtering rate of titanium at the operating
pressure P = 0.16 Pa and the anode current | = 0.7 A
was equal to 0.55 nm/s, and the sputtering rate of lead
aP=027Paand | =0.2 A was as high as 2.5 nm/s.
Separate sputtering of titanium and lead metals made it
possible to obtain structures of the specified thickness
with different sequences of metal layers deposited onto
the silicon substrate. The EKEF-500 Si(100) single
crystals were used as substrates. The objects of investi-
gation were Pb/Ti/Si and Ti/Pb/Si thin-film heterostruc-
tures with metal layers ~500 nm thick.

The lead—titanium (titanium-ead) thin-film struc-
tureswere heat treated in aquartz reactor in aresistance
furnace at T, = 473 K and T, = 973 K. The duration of
each annealing stage was 10 min, and the oxygen flow
rate was equal to 40 I/h. The phase composition of the
studied films was determined by x-ray diffraction anal-
ysison aDRON-3M diffractometer (CuK,, radiation) in
the angle range 20°—65°. The surface morphology of
lead titanate films and the film—substrate interface were
examined using scanning electron microscopy (SEM).
In order to measure the electrical properties of lead
titanate films, the upper nickel electrode was applied by
magnetron sputtering under vacuum through a mask
with 1-mm holes and the lower contact with a silicon
plate was provided by an indium—gallium eutectic
aloy. The dielectric hysteresis loops were measured at
avoltage of 0.5V and afrequency of 50 Hz.

3. RESULTS AND DISCUSSION

3.1. Dependence of the phase composition and the
structure of lead titanate films on the sequence of
metal layers deposited onto the substrate. Figures 1a
and 1b show the micrographs of cross-sectional cleav-
ages of the initial (prior to annealing) Pb/Ti/Si and
Ti/Pb/Si thin-film heterostructures prepared by magne-
tron sputtering onto the surface of single-crystal sili-
con. The lead titanate films with the lower titanium
layer are characterized by a better adhesion to the sili-
con surface as compared to the filmswith the lower lead
layer. The lead titanate films with the upper lead layer
have a coarse-grained structure with a grain size of
~1000 nm. In the Ti/Pb/Si heterostructure, the grained
surface of coarse-grained lead is smoothed by the upper
titanium layer. The x-ray diffraction pattern of the ini-
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(b)

Fig. 1. Micrographs of cross-sectional cleavages of the (a)
Pb/Ti/Si and (b) Ti/Pb/Si thin-film heterostructures after
magnetron sputtering.

tial Pb/Ti/Si heterostructure (Fig. 2a) contains only
reflections of lead with the preferred orientation along
the [111] direction. The absence of titanium reflections
in this diffraction pattern suggests that titanium has a
fine-dispersed x-ray amorphous (for x-ray powder dif-
fraction analysis) structure. The x-ray diffraction pat-
tern of the Ti/Pb/Si heterostructure (Fig. 2b) with the
upper titanium layer exhibits additional reflections of
lead along the [200] and [220] directions, which indi-
cates a disturbance of the lead texture.

The initial structures were annealed under identical
conditions: theinitial annealing (T, = 473 K) resultedin
the stabilization of the initial structures, and the find
annealing (T, = 973 K) brought about the formation of
oxide films with a complex composition. The x-ray dif-
fraction pattern of the lead titanate film produced by
annealing of the Pb/Ti/Si thin-film heterostructure is
displayed in Fig. 3. The main set of (101), (110), (111),
(002), and (102) reflections corresponds to the PbTiO;
tetragona phase. It should be noted that, after short-
term annealing for 10 min (T = 973 K), the reflections
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Fig. 2. X-ray diffraction patterns of the (a) Pb/Ti/Si and (b)
Ti/Pb/Si thin-film heterostructures prior to annealing.
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Fig. 3. X-ray diffraction pattern of the Pb/Ti/Si thin-film
heterostructure after annealing in an oxygen atmosphere at
T,=473K and T, = 973 K for 10 min.

attributed to the Pb;O, and PbO lead oxides and one
low-intensity (~10%) reflection assigned to the TiO,
titanium oxide with a rutile structure remain in the
x-ray diffraction pattern. Figure 4 shows the micro-
graph of the cross-sectional cleavage of the PbTiO; film
obtained on a single-crystal silicon substrate after
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annealing of the Pb/Ti/Si thin-film heterostructure.
According to the SEM data, the film thicknessis equal
to 3280 nm and the mean grain size is ~580 nm. Judg-
ing from the micrograph, the PbTiOj; film has a poly-
crystalline (without craters and cracks) structure in
which nearly rectangular grains are oriented in a ran-
dom manner. It can be seen that the transition layer
(~1000 nm thick) is formed on the film—substrate
boundary due to interdiffusion of titanium and silicon.
The absence of the reflections associated with titanium
silicide phases suggests that the transition layer con-
sists of atitanium—silicon solid solution.

The annealing of the Ti/Pb/Si structure under the
same conditions brings about the formation of lead
titanate films in which the main phase is the Pb,O4
oxide. The x-ray diffraction pattern of the Ti/Pb/Si thin-
film heterostructure after anneadling at T, = 973 K
(Fig. 5) exhibits reflections attributed to lead titanate
with atetragonal structure [(100), (110), and (111)], the
PbTi,O, pyrochlore [(301)], and the TiO, rutile. The
micrograph of the film cleavage is displayed in Fig. 6.
As is seen, the structure and morphology of this film
differ substantially from those of the lead titanate film
prepared through the oxidation of the Pb/Ti/Si thin-film
heterostructure. The structure of the former film
involves two weakly bound layers. No indication of
interdiffusion between lead and silicon is observed at
the abrupt film—substrate interface. No grains of partic-
ular shape areformed in the film. Therefore, the anneal -
ing temperature T, = 973 K is not sufficiently high to
provide the formation of the film containing lead titan-
ate as the main phase.

Figure 7 displays the x-ray diffraction pattern of the
Ti/Po/Si thin-film heterostructure after additional
annealing at T = 1173 K for 10 min. The main peak is
observed in the range 26 = 36°-39° and corresponds to
the Pb,O; oxide. It can be seen that, as the annealing
temperature increases, the main peak is split into the
(101) and (110) reflections assigned to PbTiO;, the
other reflections of lead titanate become narrower, and
their intensities increase. The last circumstance indi-
cates that the degree of crystalinity of the studied film
increases with a rise in the annealing temperature to
1173 K. Therefore, the formation of the lead titanate
film during annealing of the Ti/Pb/Si thin-film hetero-
structure occurs at an annealing temperature 200 K
above the temperature of formation of the lead titanate
film during annealing of the Pb/Ti/Si heterostructure. 1t
should be noted that the studied film contains TiO, in
addition to lead titanate with atetragonal structure.

Analysis of the phase composition and structure of
the lead titanate films formed through the oxidation of
Po/Ti/Si and Ti/Pb/Si  thin-film heterostructures
revealed that the reactivity of the thin-film heterostruc-
ture during the interaction of lead and titanium metal
layers (primarily, with oxygen and silicon and, then,
with each other) is determined by the sequence of these
layers. The reactivity of the Po/Ti/Si structureis higher
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Fig. 4. Micrograph of the cross-sectional cleavage of the
Pb/Ti/Si thin-film heterostructure after annealing in an oxy-
gen atmosphere at T; = 473 K and T, = 973 K for 10 min.

Fig. 6. Micrograph of the cross-sectional cleavage of the
Ti/Pb/Si thin-film heterostructure after annealing in an oxy-
gen atmosphere at T; = 473 K and T, = 973 K for 10 min.

than that of the Ti/Pb/Si structure. Theinteraction of the
titanium layer with the silicon surface during heating is
accompanied by the generation of stresses at the inter-
face. The interface stresses arise both from the lattice
mismatch and different symmetries of titanium and sil-
icon crystals and from the difference between the ther-
mal expansion coefficients of the contacting layers. The
interface stresses activate the structures of interacting
layers, favor the breaking of bonds, and facilitate the
diffusion of silicon atoms into the titanium film. Upon
the interaction of titanium with silicon, lattice strains
also arisein crystal regions adjacent to the titanium-sil-
icon interface and activate interactions throughout the
heterogeneous thin-film structure [8].

In the case when single-crystal silicon is in contact
with the lead layer (the system with the upper titanium
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Fig. 5. X-ray diffraction pattern of the Ti/Pb/Si thin-film
heterostructure after annealing in an oxygen atmosphere at
T, =473 K and T, = 973 K for 10 min.

PbTiO;(101)

PbTiO;(200)

Fig. 7. X-ray diffraction pattern of the Ti/Pb/Si thin-film
heterostructure after annealing in an oxygen atmosphere at
T, =473 K and T, = 973 K for 10 min and subseguent

annealing at T3 = 1173 K for 10 min.

layer in the thin-film heterostructure), lead itself does
not interact with silicon and efficiently suppresses al
types of interaction between titanium and silicon. Upon
heating, ductile lead does not give rise to stresses simi-
lar to those generated by titanium in the system. There-
fore, the systemwith thelead layer on single-crystal sil-
icon in the thin-film heterostructure (the case of the
upper titanium layer) should be heated to substantially
higher temperatures in order to obtain the phases
already formed in the thin-film heterostructure with the
titanium layer on single-crystal silicon (the case with
the upper lead layer).

3.2. Dielectric properties of lead titanate films.
The dielectric hysteresis loops of the Pb/Ti/Si hetero-
structures subjected to annealing were measured with
the use of aSawyer—Tower hysteresis scheme. The hys-
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Fig. 8. Dielectric hysteresis loop of the Pb/Ti/Si thin-film
heterostructure after annealing in an oxygen atmosphere at
T, =473 K and T, = 973 K for 210 min.

teresis loops obtained have the form characteristic of
ferroelectrics (Fig. 8). Analysis of the hysteresis |oops,
specifically for 3280-nm-thick films, gave the coercive
field E; = 4.8 kV/cm and the spontaneous polarization
P, = 16.8 puC/cm?. Note that the spontaneous pola
rization of these films is higher than those of
1000-nm-thick lead titanate films prepared using a
modified sol—gel technique with deposition onto plati-
num (P, = 3.5 uC/cm?) [9] and 380-nm-thick lead titan-
ate films produced through metal—organic chemical
solution deposition onto Pt(111)/Ti/SiO,/Si(100) (P, =
13.62 uC/cm?) [10].

Thelead titanate films produced by annealing of the
Ti/Pb/Si thin-film heterostructures do not exhibit ferro-
electric properties even at the annealing temperature
T= 1173 K despite the fact that, according to x-ray
powder diffraction analysis, the PbTiO; lead titanate is
the main phase in these films.

4. CONCLUSIONS

The results obtained in the above investigation
allowed us to make the following inferences. The com-
position, crystal structure, and electrical properties of
the lead titanate films subjected to annealing are gov-
erned by the sequence of lead and titanium layers pre-
pared by magnetron sputtering onto single-crystal sili-
con, al other factors being the same. In the lead-tita-
nium-—silicon structure, lead oxides formed at the upper
interface not only permit unobstructed penetration of
oxygen into the lower layers but even transfer oxygen
to titanium, for example, due to reduction of lead oxide
with metallic titanium. Since the oxidation occursin an
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oxygen atmosphere, the lead oxidation and oxygen
transfer proceed repeatedly. Part of titanium remainsin
the metallic state due to the oxidation of the upper lead
layer, on the one hand, and the diffusion of silicon
atomsinto the titanium layer which suppressesthe oxy-
gen diffusion, on the other. As a result, the formation
temperature of titanate decreases and the PbTiO5-based
heterostructures with lead oxides and clearly pro-
nounced ferroelectric properties are formed. In the tita-
nium—ead—silicon structure, titanium and lead oxides
are ailmost independently formed on single-crystal sili-
con and then interact to form lead titanate. Conse-
guently, the final heterostructure involves lead titanate
and titanium oxide and, as awhole, is characterized by
the dielectric properties.

Thus, by changing the sequence of lead and titanium
layers deposited onto single-crystal silicon, it is possi-
ble to promote or inhibit the action of oxygen and sili-
con and to exercise control over the composition, struc-
ture, and properties of the lead titanate films formed
during annealing of the heterostructures.
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Abstract—A microscopic model of phase transitionsin biferrocene derivativesis proposed. Thismodel allows
for the presence of interacting mixed-valence cations and counteranionsin the crystal structure, electron trans-
fer in cations, and charge oscillations in counteranions. The mutual effect of the mixed ordered phase isinves
tigated, and the Mdssbauer spectra of the biferrocenium triiodide and diiodobiferrocenium hexafluoroanti-
monate crystals are interpreted. An explanation is offered for the coexistence of the localized and delocalized
M Ossbauer spectra. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Mixed-valence molecular crystals contain clusters
consisting of two or more metal ions with different
valences that are joined into a molecular system. Each
cluster involves a tunneling electron or a hole. The
physical properties of mixed-valence crystals are gov-
erned by competition between intracluster and inter-
cluster interactions. Sufficiently strong intercluster
interaction suppresses electron tunneling and givesrise
to cooperative phenomena in crystals of biferrocene
derivatives containing binuclear clusters of low-spin
iron [1, 2] and in crystals of hydroxy carboxylates
[M;0(O,CCH5)g(L)4]S involving trinuclear mixed-
valence complexes (where M is atransition metal, such
asiron or manganese; L isthe ligand; and Sis the sol-
vate molecule) [3, 4]. The spectra of these crystals in
different spectral ranges exhibit an unusual temperature
behavior. This behavior suggests that the redistribution
of electron density with an increase in temperature is a
specific feature of the cooperative phenomena. In the
charge-ordered phase, an extra electron is completely
or partly localized and a superposition of the spectra
characteristic of cluster ionsin fixed oxidation statesis
observed at low temperatures. An increase in tempera-
ture leads to a disturbance in the charge ordering. As a
result, the observed spectra are characterized by the
averaged parameters, which, in turn, indicate a com-
plete delocalization of electrons. It was found that, for
crystals of biferrocene derivatives and hydroxy carbox-
ylates, the temperatures corresponding to the averaging
of the Mdssbauer spectra coincide with the tempera-
tures of jumps in the heat capacities [1-4].

In the first works devoted to the vibronic model of
charge ordering [5-8], the authors used the Piepho—

Krausz—Schats approximation [9]. Within this approxi-
mation, it is assumed that each ion in a cluster has one
singlet state interacting with a totally symmetric mode
of the nearest environment. The intercluster dipole—
dipole interaction was chosen as a cooperative interac-
tion. Subsequently, this theory was developed in a
direction approaching the model concepts and real sys-
tems. In 1993, Rabah et al. [10] demonstrated that, in
biferrocene compounds, the spectrum of the lowest
one-particle statesfor each fragment of a Fe(I1)—Fe(I11)
low-spiniron cluster involvestwo molecular orbitals of

the d,, and dxz_yz types with close energies. In 1994,

the Piepho—Krausz—Schats model was extended to this
caseby Linareset al. [11]. Morerecently, in addition to
thetotally symmetric mode interacting with both orbit-

asd,, and dxz_yz , Klokishner et al. [12] introduced the

Piepho mode [13] that modul ates the distance between
fragments a and b in a dimeric cluster. The theory of
charge and structural ordering in mixed-valence bifer-
rocene salts was proposed in [14]. This theory allowed

for the mixing of the d,, and dxz_yz orbitals by anonto-

tally symmetric vibration. It should be noted that all the
aforementioned works were reduced to a model that
accounts for only mixed-valence cations consisting of
two iron ions with different valences, four adjacent
cyclopentadienyl rings, and asubstituent atom X (X =1,
Br, Cl, H, etc.) in the crystal structure of biferrocene
derivatives [15]. However, these crystals are built up
either of stacks of mixed-valence cations and their sur-

rounding stacks of counteranions (15, 1,Br, Br,l-, etc.)

[15] or of stacks in which mixed-valence cations alter-
nate with counteranions. In this case, counteranions
have either two e ectron-transfer-coupled electronic
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780

states X,—Y—Xg and X,—Y—Xg or two stable equilib-
rium positions between which anions jump. Charge
oscillations in the anion and the cation—anion interac-
tion lead not only to a change in the conditions for the
electron localization in the mixed-valence cation but
also to the ordering of charge or position of the anion
depending on itstype. The phenomenological theory of
phase transitions in biferrocene derivatives with due
regard for the interaction between mixed-valence cat-
ionsand anionswas constructed by Kambaraet al. [16].
However, these authors used the one-orbital model and
the Ising-type semiphenomenological Hamiltonian of
intercluster interaction and disregarded the interaction
of clusters with lattice vibrations. At the sametime, the
extra electron in the mixed-valence cation and the
charge oscillations in the counteranion cause a consid-
erable distortion of the local environment and favor the
stabilization of the charge-ordered phase.

In the present work, we proposed a two-orbital
semiclassical vibronic model of phase transitions in
crystals of biferrocene derivatives. Thismodel includes
electron migration in the mixed-valence cation, charge
oscillations in the counteranion, and cation—cation and
cation—anion cooperative interactions. Since the tem-
perature evolution of the Mdsshauer spectra reflects
changesin the electronic structure of biferrocene deriv-
ative crystals due to phase transitions, special attention
isfocused on the interpretation of thistemperature evo-
[ution within the model proposed.

2. HAMILTONIAN OF A CRYSTAL

Biferrocene derivatives whose crystals undergo
phase transitions belong to low-spin iron compounds.
SinceaFe** ioninthiscase can betreated asanion with
a hole in the de shell, the spins are represented as
S(Fe**) = 0 and §(Fe**) = 1/2 and the Heisenberg-type
exchange inside each mixed-valence cation is absent.
The interaction of iron ions in the cation can be
described within the model taking into consideration
only the electron transfer. Let us assume that the spec-
trum of the lowest electronic states of the Fe(l1)-Fe(l11)
cation with localized electrons contains two orbitals of

the d,, and dxz_yz types [10] which are separated by the
energy gap

A = E(dy) —E(d,_). D

Now, we designate the orbitals as ¢i(dxz_y2 ) and ;(dy)

(wherei = a and b) and introduce the transfer parame-

tersp =100, || §,0and p; = O, || WL which are related

to these orbitals [11]. The transfer integrals @, || WO
between the states of different symmetry are ignored

[11]. Furthermore, we introduce the transfer parameter

B =D, || drelating the states d, and Py in the coun-

teranion.
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The Hamiltonian of a crystal consisting of interact-
ing cations and counteranions can be written in the
form

H = ZHE+ZHQ+ZH§L”+ZH§Lm
n m n m

Cn Am CcC CA
+ZHL +ZHL + Vg *+ Vg -
n m

)

Eight terms of this Hamiltonian will be represented
below. Inthe basis set of the states ¢;®; and Y;®; (where
i = A and B), the electronic Hamiltonians of the cation
and anion have the form

0 O O O
HC = oply O Opn Cn+AD—|S ODDIC
n T 0 c0-% T30 & O-'m
00 punD 00 IhD
©)
S o f
A A
Ho=Bg > g0l
00 o0 O

Here, o, and o, are the Pauli matrices, O is the symbol
of thedirect product of matrices, and | isthe 2-by-2 unit
matrix. The third term in relationship (2) describes the
interaction between the extra electron of each cation
and the asymmetric (out-of-phase) mode [9] ¢, =

[dh — da/~/2 [here, g, (i = aand b) are the totally

symmetric displacements of ionsin the nearest environ-
ment of the a and b centers of the cation]; that is,

_ C C
HeL - VCantn! Tn

where v isthe vibronic coupling parameter for the cat-
ion. Informula (4), the constants of the interaction with
the ¢, and (; orbitals are taken equal to each other. For
biferrocene salts, this assumption was proved by calcu-
lations performed in [11]. The gg, mode is assumed to
belocal, and the dispersion of vibrationsis disregarded.
Moreover, it is assumed that free vibrations of the nth
cation at the frequency w¢ are harmonic; that is,

hw 9% 0
H" = =50~ =0 ©)
O 0qc{!

In asimilar manner, we can write the operator H QLm

of the interaction between the counteranion and its anti-
symmetric mode mixing the tunneling states ®, =
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(1/./2)(®, + dg) and also the Hamiltonian HM™ for
free vibrations of the anion:

DO_Am O D
A A A 7 A
Ha" = VaQamOm: O = O Joih,
U am U
00 o, 0O
0 0
H™ = = Rin—— 1 7)
90 am

Finaly, VS5 and V5, are the cation—cation and

cation—anion dipole—dipole interaction operators
defined as

1 n_C_C
VdcdC = _EZ'KCC(n_n)Tn T
n,n (8)
1
ij:é\ = _éz Kea(n _m)TSGQv
n,m

where
Kee(n —1) = dR5(3c08°8,y — 1),
Kea(n=m) = dyDoR2 (3c05°6,,,—1).

Here, R, is the distance between the nth and n'th cat-
ions, R,,, isthe distance between the nth cation and mth
anion, and 6, and 6,,,, are the polar angles of the R,,,
and R,,, vectors, respectively. Since the mean distance
between anionsislarge compared to those between cat-
ions or a cation and an anion, the anion—anion interac-
tion is ignored. In expressions (9), d, = eR,/2 is the
dipole moment of the cation with a completely local-
ized electron, Dy = grag/2 is the dipole moment either
of the anion with a completely localized charge or of
the anion occupying an equilibrium position (depend-
ing on the anion type), and, correspondingly, r g isthe
distance either between the anion fragments or between
two stable equilibrium positions of the anion. In the lat-
ter case, R, is the distance between the cation and the
midpoint of the segment r,g connecting two equilib-
rium positions of the anion.

(9)

3. THE MOLECULAR-FIELD APPROXIMATION
IN THE SEMICLASSICAL VIBRONIC MODEL

We now turn to the molecular-field approximation
and replace the quantities T-T+ and T.0% in the inter-
action Hamiltonians according to the equalities

O

2

C
n +

1
¥
i
i

3> 30

T T T

=}

(10)

s =20

C
n

3>

+ —10.

~

T,0, = TO T
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The parameters d,T and D,0 characterize the mean
dipole moments of the cation and the anion. In this
case, the quantities T and & play therole of dimension-
less order parameters and are defined by the formulas

Splexp(-H/KT)r]
Splexp(-H/KT)]
__ Sp[exp(~H/KT)a]
~ Splexp(-H/KT)]

~

(11)

Here, H isthe molecular-field Hamiltonian of the crys
tal, which can be expanded as the sum of the single-site
Hamiltonians:

HS = HS+ HS + HO" = KTt (12)
Ha = Ho+HAT+ HE" - 2Keatoh. (13)
Here, the quantities
Ke = Z Kee(N—=n"), Kca = Z Kca(n—m)

are the structure parameters, which depend on the
mutual arrangement of cations and anionsin the crystal
lattice. These parameters differ for biferrocene deriva
tive crystalsthat are formed by individual stacks of cat-
ions and anions and those formed by stacks in which
cations aternate with anions.

According to the molecular-field approximation, it
is necessary to determine the eigenvalues of Hamilto-
nians (12) and (13) at arbitrary values of the order

parameters T and G, i.e, a an arbitrary temperature.
Then, these eigenval ues should be substituted into rela-
tionships (11). The set of self-consistent equations thus
obtained determines the dependences T (T) and G (T).
However, a nonadiabatic pseudo-Jahn—Teller vibronic
problem with Hamiltonians (12) and (13) can be solved
only numerically. For thisreason, the set of self-consis-
tent equations for the order parameters cannot be
obtained in an explicit form. To overcome this diffi-
culty, hereafter, we will resort to the adiabatic approxi-
mation in the framework of the molecular-field method
and disregard the kinetic energy of the nuclei in Hamil-
tonians (12) and (13). Within this approximation, the
energies of the cation and the anion are the adiabatic
potentials. This approximation was used earlier in [5—
8]. It was shown that the temperature dependences of
the parameters for the charge-ordered state exhibit
physically adequate features for strong, intermediate,
and weak vibronic coupling. The spursin relationships
(11) are conveniently calculated in terms of the follow-
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ing adiabatic functions diagonalizing Hamiltonians

(12) and (13):
b= 3 e 3
[%I. C(QC)DTIZ
WACRE
=B o
[%1 Wiy ©

where

W(de) = [p*+ 2@l ™
Wi(do) = [P+ f2(aQ]

o] o
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Wa(an) = [B+ Fa@n]

.1 _
fe@o) = KCT+§KCA0_VCqC1

fA(Qs) = KCAT Va0

The corresponding adiabatic potential s take the form
hw,
U3 5(dc) = —dc = W(dd),

R
U3 4(0c) = —5-de+ A% Wy(do), (15)

hw
UL o0 = —5dat W(d)-

In the semiclassical approximation, the summation
over vibronic statesin relationships (11) is replaced by
integration over the vibrational coordinates g and g,.
As aresult, we obtain the following set of self-consis-

tent equations for the order parameters T and G':

[}Nz(QA)D A(qA)

_ 0 KT DW,(q) (qA)
el 7
ool o e PR of Aen MR T,
e R ]

—0co

This set of equations possesses a number of nontrivial
solutions that are determined by the ratios between the
vibronic and transfer parameters and the characteristic
cation—cation and cation—anion interaction energies.

In [14], it was demonstrated that, within the two-
orbital model, a crystal composed only of interacting
mixed-valence dimers of low-spin iron can undergo
two phase transitions under the conditions when —1 <
Alp<x* and 1 < p/D < y* (where D isthe characteristic
energy of intercluster dipole—dipole interaction and the
parameters x* and y* are derived numerically). At the
same time, one transition occurs at p/D < 1 and A/p >
x* or a Alp < -1 and p,/D < 1. We assume that there
exists one orbital on each center of the cluster, asisthe
case with the anion. Hence, the system is characterized
by one transfer parameter and only one phasetransition

can take place, provided the transfer parameter is con-
siderably lessthan the characteristic energy of theinter-
cluster interaction. On this basis, we will analyze the

temperature dependences of the order parameters T and

0 for the system of interacting cations and anions
within the framework of the above model including two
orbitals on the cation and one orbital on the anion.

For simplicity, we assume that p > p,. The validity
of this inequality for biferrocene salts was demon-
strated using molecular-orbital calculations in [11].
Since the studied compounds are characterized by the
parameters p = 500 cm, we =300 cmt [11], and w, =
150 cm™ [16], we have plowe = 1.7 and w,/we = 0.5.
First, we consider the case when the level with the
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energy —p and the wave function ¢_ = (¢, — d,)/ /2
(A/p > 1) is the ground state of an isolated mixed-
valence cation. Figures 1 and 2 display the family of
curves that illustrate how the vibronic interaction
affects the temperature dependences of the order
parameters T(T) and 6(T) . It is seen from these figures

that the T(T) and o(T) parameters simultaneously van-
ish at the phase transition temperatures. In the case of
weak cooperativeinteractions (B/Kc, =1 and p/K = 3),
the charge ordering in a frozen lattice is absent. At all
the temperatures, the parameters T = ¢ = O are the
solution to the set of equations (16). The vibronic inter-
action in the cation (v /fie = 2) leads to the localiza-
tion of the extra electron in this cation, and the maxi-
mum dipole moment of the cation becomes equal to
0.93d,. The localized electron in the cation induces the
dipole moment of the anion. However, the parameter
0, is considerably less than T, , because the vibronic
coupling parameter v, isequal to zero (Fig. 1, curves,
1). The opposite situation occurs with curves 2 and 2'
inFig. 1. At temperatures T < T, (where T, is the phase
transition temperature), the anion due to the interaction
with itsodd vibration either hasalocalized extracharge
or occupies afixed equilibrium position, thus suppress-
ing the electron tunneling in the cation. The tempera-
ture dependences of the order parameters T and & for
the case when two phase transitions are possible in the
rigid lattice at temperatures T, and T, (T, < T, are
depicted in Fig. 2 (curves 1, 1', 2, 2). The charge-
ordered state occurs in the finite temperature range
T, <T<T. Asthevibronic interaction becomes stron-
ger, the temperature range of the stabilization of the
charge-ordered state becomes wider and the order
parameters T and 0 increase (Fig. 2, curves 2, 2').
Finally, under the condition when v, = v = fity, one
phase transition instead of two transitions is observed
and the order parameters T and G increase. This result
can be qualitatively interpreted as follows. Since the
transfer parameter p of the ground state (A/p = —-0.45)
exceeds the energy of the cation—cation interaction
(p/K¢ = 1.5), this interaction cannot localize the elec-
tron in the cation. At the same time, the ratio B/Kc, is
equal to 1.5. Therefore, at v, = v = 0 and low temper-
atures, when only the ground states of the cation and the
anion are populated, the crystal is in the disordered
state. For thefirst excited level in the cation, the tunnel-
ing splitting p, issubstantially lessthan the characteris-
tic energy K of the cation—cation interaction. Asacon-
sequence, the population of thislevel leadsto an order-
ing of electronsin cations, the appearance of anonzero
molecular field on each anion, and, hence, an ordering
of anions. An increase in the temperature results in a
disturbance in the correl ation between dipole moments,
and the crystal reverts to the disordered state. In the
presence of the vibronic interaction, the spacing
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Fig. 1. Temperature dependences of the order parameters
1,2 T and(1,2) 0 at (1, 1) va=0and vc/hiwe = 2and
(2,2) ve=0and v/ = 2. plhwe = 1.7, Alp=0, p/K¢ =
3, (.A)A/OL)C =0.5, B/p =1, and KCA/KC =1.

0.8
kT/p

Fig. 2. Temperature dependences of the order parameters
(1-3) T and (1'-3) G at ve=va=(1,1)0, (2, 2) 0.45hwg,
and (3, 3) fiwe. plhwe = 1.7, Alp = 045, p/Kc = 1.5,
(JL)A/(AJC =0.5,p/p=15,and KCA/KC =15.

between the minima of the ground and first excited adi-
abatic potential s of the cation with the transfer parame-
tersp and p, decreases and the range of the existence of
the charge-ordered phase increases (Fig. 2, curve 2).
For v, = v = ik, the minimum of the adiabatic poten-

tial Uf(qc) with the transfer parameter p, corresponds

to the ground state, the conditions for the stabilization
of the charge-ordered phase in the crystal appear to be



1.0
kT/p

Fig. 3. Temperature dependences of the order parameters
(1,2) T and (1, 2) O at different Kca/Ke ratios: (1, 1Y) 10
and (2, 2) 6.25. plhwe = 1.7, vplhe = 0.5, vlhwe = 1,
Ap =0, p/lKe =5, wp/wc = 0.5, and B/p = 1.

considerably milder, and one phase transition occursin
the crystal.

Theinfluence of the cooperative cation—anion inter-
action isillustrated by the curves plotted in Fig. 3. An
increase in the ratio K-/K leads to an increase in the
phase transition temperature and the order parameters
T and G . Both variantsdepicted in Fig. 3 are calcul ated
a p/K¢ = 5. Thisindicates that the strong cation—anion
interaction aligns dipole moments of cationswith a suf-
ficiently fast electron tunneling in cations. Figure 4
showsthe temperature dependences of the order param-
etersfor the ground level with atunneling splitting p; <<

p and the wave function Y_ = (P, — P)/ /2. In this sit-
uation, even avery weak cation—cation interaction sup-
presses the electron tunneling in the cation. Therefore,
the charge-ordered phase is stabilized at p/Ks = 2 and
B/Kca = 1.25.

4, MOSSBAUER SPECTRA

The electron delocalization being partly dependent
on the temperature is due to the temperature depen-
dence of the molecular field. Thiseffect isreferred to as
delocalization in a stationary sense [17], because the
spectrum is determined by the el ectron density redistri-
bution inside the mixed-valence cluster with a change
in the temperature rather than by the jJump frequency of
the extra electron. The stationary (spatial) mechanism
of temperature transitions of the localization—delocal-
ization typein the M ssbauer spectra of mixed-valence
molecular crystalswas quantitatively investigated in[7,
8, 18-21]. Now, we apply the theory of stationary local-
ization—delocalization of an extra electron to the calcu-
lation of the Mdssbauer spectra of biferrocene deriva
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Fig. 4. Temperature dependences of the order parameters
(1,2)T and(1,2) 0 atvec=va=(1,1) g and (2, 2)0.
plhwe = 1.7, Alp = -1.5, p/lKc = 2, wp/we = 0.5, B/p = 1.5,
and KCA/KC =1.2.

tive crystals within the two-orbital vibronic model of
charge ordering. For a dimeric cluster with identica
nuclei a and b, the operator for the quadrupole interac-
tion of electron shells with nuclei can be written in the
form

2
_ e Q, w2
V(r,R) = 2 -1 Z Qul3lx—1(1 +1)], (A7)
k=ab

where Q, is the quadrupole nuclear moment, q, =
(3Z—rh)/riis the operator for the electric field
gradient acting on the kth nucleus, r;, is the radius vec-
tor of the ith electron (reckoned from the kth nucleus),

and | is the nuclear spin. The isomer shift operator is
given by the expression

_ 2176’7,

8= —¢ gé(rik)[R;—R;].

(18)

Here, Ry and R, are the radii of nuclei in the excited
and ground states, respectively. The quadrupole split-
ting and the isomer shift for the cation in a particular

state with the wave function quC(qC) are determined by

averaging operators (17) and (18) over the electronic
coordinates and then by integrating the result over the
vibrational coordinate g.. However, taking into account
that, at agiven temperature, the system with the highest
probability residesin minima of the adiabatic potential
sheets, we determine the quadrupole splitting and the
isomer shift in minima of each adiabatic potential
sheet. The quadrupole splitting for the nucleus of the a

ion in the state quc(quV) in the cluster at an arbitrary
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temperature is defined by the relationship

2
(l 2y _ € Qn
AE, =
(1,2)y (1, 2)v
_fe(ge 2 O fe(qe
X {EIL o Gan=d " o
O W(qe7)d 0O W(Qc )O
o 19
(3 4)y _ € n
AEG 7
(3, 4)y (3 4)v
T fe(qe™)U fe(ac )D
|:|:ﬂ- W (3,4)y W (3,4)y; . '
O (aqc’d O 1(ge )0

Here, yisequal to 1 for the adiabatic potentials Ug(qc)
(wherea =1, 3, and 4) with one minimum at the point

g, This is true for the adiabatic potentia UY,

because p > p,. The adiabatic potential Ug(qc) hastwo

minima, and, hence, the value of y can be equal to 1 and
2. The quadrupole splitting for the b nucleus can be
obtained by the replacement g* ~—— g and g~— g*.

Here, g and g* designate the mean electric field gradi-
ents at the Fe(l11) and Fe(ll) ions, i.e., the ions of the
cation with the completely localized electron. These
guantities are determined directly from experiments
with mononuclear complexes (cluster fragments) The

isomer shifts for the cations in the states yJ; (q Yy are
represented in a similar manner; that is,

way - 1
0, =5

1,2)y (1, 2)v

_felae ™' fe(qe

% {%“ WD ‘0 = ey 0o,
(qc’™)0 0O W(ge'™")d 20

s@ay - 1
a 2

fe(ac ™, 0, felac™")]

F oL,
[D wy(@S0 O wl(q“ KON }

where & and &* are the isomer shiftsfor the Fe(l11) and
Fe(11) nuclel. The nucleusis sensitive to the quadrupole

splitting and isomer shift of the (q Y) state of the cat-

ion at the minimum g in the case when the width of

this level is less than the corresponding quadrupole
splitting and isomer shift, i.e., when the relaxation is
rather slow. Note that the overall Mdssbauer spectrum
is the sum of the spectra attributed to different states

Wo(qY) of the cation at the minima g of the adiabatic

potential in the molecular field. If therelaxation isfast,
i.e., the level width islarger than the quadrupole split-
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ting, the nuclei respond only to the averaged parame-
ters. In this case, the contributions from different min-
ima of the adiabatic potentials to the quadrupole split-
ting and the isomer shift are averaged over equilibrium
populations.

The structure of the adiabatic potential minima for
the cation in the molecular field is such that, asthe tem-
perature increases, the gap between the minima of the

potentials Us(qe) and Ug(do) (p > py) and the gap

between two minima of the sheet Ug(qc) first decrease
and vanish at the T, temperature. At the same time, the

adiabatic potential US(q.) at T —~ T, hasaminimum

at thepoint g&- = 0 at which US(gY) = p. By assuming

that the state PS(ge) relaxes slowly, the quadrupole

splitting AEG ™" and the isomer shift 3" *

calculated from relationships (19) and (20).

Since the minima of the adiabatic potential Ug(qc)
rapidly approach each other at T —» T, the contribu-

tions from the Y, state at the points gz~ and g to AE,
and 9, should be averaged over the equilibrium popula-

tions of the minima US(g%) and U5(gZ) . For the qua-

drupole splitting, this can be described by the expres-
sion

can be

AEZ exp[-U3(q2)/KT]
AE(Z) - Y= 1 ,

2

3 el —US(aE)/KT]

i = a b.(21)

The relationship for theisomer shift 3> can bewritten

E(3 4) 6|(3 4),

in a similar manner. The quantities A and

which correspond to the U3 and U4 sheets, can be eas-
ily derived by averaging AES", AES), 5%, and &{**

over the equilibrium populations of the US and US
sheet minima.

The overall Mdssbauer spectrum (i.e., the observed
spectrum) is a superposition of Lorentzian curves
describing different electronic states of the cluster in
the molecular field with due regard for their Boltzmann
populations. The temperature evolution of the Mdss-
bauer spectra of biferrocenium triiodide and diiodobi-
ferrocenium hexafluoroantimonate crystalsis displayed
in Figs. 5 and 6. The spectrawere calculated using for-
mulas (19)—(21) with the isomer shift d(Fe*) =
O(Fe?*) = 0.48 mm/s [22] and the vibronic coupling
parameter v = 417 cm [11]. The following quadru-

pole splitting parameters  €Q.,q(Fe**)/2  and
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Fig. 5. Temperature evolution of the Mdssbauer spectra of
the biferrocenium triiodide crystal. Temperature, K:
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Fig. 6. Temperature evolution of the Mdsshauer spectra of
the diiodobiferrocenium hexafluoroantimonate crystal.
Temperature, K: (1) 100, (2) 200, (3) 263, and (4) 265.
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Fig. 7. Temperature dependences of the order parameters T
and ¢ for (1, 1") biferrocenium triiodide and (2, 2') diiodob-
iferrocenium hexafluoroantimonate crystals.
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eQq(Fe?*)/2, the molecular field parameters K, and
the gaps A were taken from [22]: €Qq(Fe*")/2 =
0.54 mm/s, €Q,q(Fe?*)/2 = 2.08 mm/s, Kc = 172 cm?,
and A = 322 cm for diiodobiferrocenium hexafluoro-
antimonate and eQ,q(Fe*)/2 = 0.3 mm/s, eQ,q(Fe**)/2 =
2.11 mm/s, Kc = 200 cm?, and A = -81 cm* for bifer-
rocenium triiodide. The parameters p, w,, and w: were
specified in Section 3, and the transfer parameter 3 was
taken equal to 480 cm. The vibronic coupling param-
eter v, and the molecular-field parameter K¢, for the
crystals under consideration were determined by the
best fitting of the cal culated to experimental phase tran-
sition temperatures. The temperature dependences of
the order parameters ¢ and T for both crystalsare plot-
ted in Fig. 7. We start our discussion with the spectrum
of the biferrocenium triiodide crystal. At low tempera-
tures (T < 200 K), the spectrum consists of two doubl ets
with quadrupole splittings characteristic of Fe?* and
Fe** (Fig. 5). Asthe temperature increases, the lines of
the doublets come close together and the quadrupole
splittings differ from AEo(Fe*") and AEq(Fe*). Already
at the temperature T = 335 K, the delocalized compo-
nent with a noticeable intensity appears in the spec-
trum. Thus, the spectrum involves three doublets,
namely, two localized doublets and one delocalized
doublet. At T = T, the spectrum is averaged. These
results can be qualitatively explained in terms of the
adiabatic potentias (Fig. 8). At low temperatures, only
the deepest minimum of the lower adiabatic potential

sheet U5(qeo) (Fig. 8a) is populated and the system is

localized; i.e., W3(dc) = ¢a(r) and Wo(dc) = Py(r). As
a consequence, two doublets appear in the M 6ssbauer
spectrum (Fig. 5). With an increase in the temperature
(adecrease in the molecular-field parameters), the min-
ima of the Ug sheet approach each other in energy
(Fig. 8b) and, correspondingly, the lines in the Mdss-
bauer spectrum come closer together. Thisis accompa-
nied by the population of the minimum of the Uf(qc)
adiabatic potential sheet. Therefore, at the temperature
T = 335 K, the spectrum contains three doublets: two

localized doublets associated with the U4C potential

sheet and one delocalized doubl et attributed to the u§

potential sheet. The latter sheet is responsible for the
appearance of the delocalized doublet, because the
minima of this sheet almost level off at T = 335 K
(Fig. 8c). However, at the same temperature, the system

remains localized at the minimum of the Uff potential
sheet. This situation occurs as a consequence of alarge
difference between the p and p, transfer parameters and
small values of the order parameters T and ¢ at 335K.
Thus, the proposed model provides a clear physical
explanation for the coexistence of the localized and
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Fig. 8. Temperature evolution of the adiabatic potentials

Uic(qc) (i = 1-4) of acation in the molecular-field approx-

imation for the biferrocenium triiodide crystal. Tempera-
ture, K: (a) 100, (b) 300, (c) 335, and (d) 342.

delocalized spectra experimentally observed by Hen-
drickson’s group [23-25].

The temperature evolution of the M éssbauer spec-
trum of the diiodobiferrocenium hexafluoroantimonate
crystal (Fig. 6) differs from that described above. The
spectrum contains two doublets over a wide range of
temperatures. A changein the temperatureleadsonly to
a change in the spacing between the lines of the dou-
blets. At the phase transition temperature, the spectrum
transforms into the averaged doublet. As in the above

case, the Ug potential ischaracterized by alower sheet.
However, the spacing between the minima of the lower
sheet and the minimum of thefirst excited potential Uf
is larger than the energy KT, so that the population of

the minimum of the U;; potential sheet and, hence, the
intensity of the spectrum attributed to this sheet are
negligibly small at all temperatures T < T,. For thisrea

son, the spectrum at any temperature does not exhibit
three doublets.

5. CONCLUSION

The basic results obtained in this work can be sum-
marized as follows. The charge ordering, phase transi-
tions, and their manifestation in the Mdssbauer spectra
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were investigated in crystals of biferrocene derivatives
in the framework of the microscopic model proposed.
This model accounts for the complex spectrum of tun-
neling states of the cation and anion, the vibronic inter-
action of the pseudo-Jahn-Teller type in the cation and
anion, and the cation—cation and cation—anion cooper-
ative interactions. It was shown that, in addition to the
localized M 6ssbauer spectra (Fe** and Fe*) at low tem-
peratures and the delocalized (averaged) spectra
(Fe**) at high temperatures, the spectra can contain
three doublets. This reflects the coexistence of local-
ized (Fe** and Fe**) and averaged (Fe*5*) Mossbauer
spectra. The experimental data on the M éssbauer spec-
tra of the biferrocenium triiodide and diiodobiferroce-
nium hexafluoroantimonate crystals were interpreted.
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Abstract—This paper reports on a study of the temperature dependences of the electrical resistivity, Hall coef-
ficient, and thermopower of nanoporous carbon prepared from polycrystalline carbides (a-SiC, TiC, Mo,C) and
6H-SiC single crystalsin the temperature range 1.5-300 K. The structural units responsible for the character of
charge transport in these materials are carbon nanoclusters measuring ~10-30 A. The conductivity in all the
samples studied was found to be p type with a high carrier concentration (n, ~ 10%° cm™3). The behavior of the
transport coefficients at low temperaturesis discussed. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Studies of the various carbon modifications capable
of forming structures with manometer-scale dimen-
sions, such as fullerenes, nanotubes, and nanoclusters,
have recently attracted considerable interest. The trans-
port properties of macroscopic bulk materials produced
by combining such structures will depend both on the
properties of the nanostructural constituents them-
selves and on the methods used to compact them into a
sample [1]. One of the new objects with nanostructural
constituents combined to form acompact high-porosity
material is nanoporous carbon (npor-C). It is prepared
by chemically reacting carbide compounds (SiC, TiC,
Mo,C). Chemical remova of other than carbon atoms
produces a nanocluster carbon framework with an aver-
age cluster size of 10-25 A and ahigh porosity of up to
70 vol % [2]. The possibility of fabricating mechani-
cally strong pieces of agiven shape, combined with the
nanoporous structure, makes this material promising
for application, for instance, for use in electrodes in
electrolytic capacitors with record-high capacitance
characteristics [3]. At the same time, the electrica
properties of npor-C have not been studied in detail.
Information on the mechanisms of conductivity and on
the character of carrier scattering in these materialsis
lacking.

This paper reports on a study of the electrical and
thermoel ectric properties of nanoporous carbon carried
out over a broad temperature range. It was found that
the difference in transport properties between npor-C
samples prepared under different technological condi-
tions is primarily of a quantitative nature, whereas the
gualitative characteristics of al the samples studied are
similar and are apparently due to the properties of their
structural elements, more specifically, of carbon nano-
clusters.

2. SAMPLE PREPARATION

The npor-C material was prepared by chlorinating
the starting carbides (a-SiC, TiC, Mo,C) at tempera-
tures of 700 to 1000°C. Composite samples were pro-
duced from apolycrystalline powder of the correspond-
ing carbide. Powder with grain sizes of up to 40 um was
molded into a sample using a temporary binder; next,
pyrocarbon was synthesized in the pores to bind the
carbide grains into a compact material, after which
high-temperature chlorination (950°C) was carried out,
and the chlorine was removed in an argon flow. This
treatment leaves 8-11% of the nonporous pyrocarbon
binder in the sampl es (denoted subsequently by B). Part
of the samples prepared from SIC powder were sub-
jected, before chlorination, to high-temperature silici-
dation (type A samples). The pyrocarbon inclusions
reacted chemically to produce disordered 3-SiC and
were subsequently also transformed to nanoporous car-
bon by chlorination. We also studied npor-C samples
prepared by chlorination of 6H-SIC single crystals
shaped as 0.5 to 1-mm-thick plates.

The npor-C structure was characterized using x-ray
diffraction and small-angle x-ray scattering [4], as well
as electron microscopy. It was found that the scattering
structural elements—carbon nanoclusters and nanop-
ores—are approximately of the same size. The size of
the nanoclusters and pores depends primarily on the
type of the starting carbide used, and the degree of their
uniformity depends on the grain size of the starting car-
bide powder, temperature, and rate of the carbonization
process, which is determined, in turn, by the rate with
which the reaction gases evolve. The nanoclusters in
the samples prepared from polycrystalline SiC (npor-
Clpoly-SiC[) are the most uniform in size, the major
part of their volume being made up of structural ele-
ments 10-15 A in dimension. In npor-Clpoly-TiCO
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samples, the average size of such nanoparticles is
larger, 14-16 A, and in npor-CIpoly-Mo,CL] it is 20—
25 A. The carbonization of npor-C from single-crystal
6H-SiC takes more time than that from polycrystaline
carbides because the reaction gases experience difficul-
tiesin escaping (dueto its denser structure); asaresult,
the low rate of the reaction front progression in npor-
CBH-SICO allows the formation of relatively large
quasi-graphite nanoclusters measuring 30-120 A and
greater.

3. RESULTS AND DISCUSSION

The temperature dependences of the electrical resis-
tivity p and of the Hall coefficient R are shown in
Figs. 1 and 2, respectively, for anumber of npor-C sam-
ples prepared from different carbides under different
conditions. The curves in al the figures are labeled
according to the sample numbers in the table. Also
specified are the type of the starting carbide and the
technology of preparation (A and B for the polycrystal-
line carbides), aswell asthe electrical parameters of the
samples at 300 K (calculated without regard for the
material porosity). The p(T) and R(T) relations of most
samples are seen to follow a similar pattern, with the
resistivity and the Hall coefficient increasing with
decreasing temperature. Some samples exhibit satura-
tion of R(T) at low temperatures, and the Hall coeffi-
cient of npor-C[BH-Si C[sample no. 9) istemperature-
independent throughout the temperature interval cov-
ered. The sign of R corresponds to the p-type conduc-
tion. The magnetic-field dependences of the Hall volt-

0.1

p, Qcm

0.01

10 100
T,K

Fig. 1. Temperature dependences of the electrical resistivity
of nanoporous carbon. Here and in the other figures, the
curves are labeled in accordance with the samples in the
table.
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age arelinear for most samplesup to H = 30 kOe. Thus,
the conduction can be assumed to be primarily of asin-
gle-band nature. The hole concentration ny, in the sin-
gle-band case lies within the range n, = 1/eR > 10'°—
10%° cm for the samples studied.

The corresponding Hall mobility p (T =300 K) cal-
culated from the expression u = R/p isabout 1 cm?/V s
in the npor-ClpolyCsamplesand isashighas23cm?/V s
in one npor-CBH-SIC(Samples no. 7).

Figure 3 displays the temperature dependence of
thermopower a for a number of npor-C samples. The
sign of the thermopower corresponds to hole conduc-
tion and coincides with that of the Hall coefficient. The
o(T) relation isseento be linear for T > 50 K, afeature
characteristic of the diffusion thermopower ay of a
degenerate carrier state with one carrier type [5],

oy = TCK°T(1+r)/3eE.. (1)

Knowing the scattering exponent r and the carrier
concentration n;,, and recalling that the Fermi energy is
Er = ®A%(3n/m)?3/2m*, one can estimate the carrier
effective mass m* in the nanoclusters. Assuming r =
—0.5, which corresponds to scattering from grain (nan-
ocluster) boundaries [5], we obtain m* ~ 0.1m, (my is
the free-electron mass). A specific feature of the ther-
mopower behavior in npor-C is the absence of the
phonon-drag maximum in the o(T) dependence
observed in both pure and microcrystalline graphite [6]
at T ~ 90 K. Indeed, the phonon drag effect manifests
itself at low temperatures, where electron interaction

|
10 100
T,K

0.01 :
1

Fig. 2. Temperature dependences of the Hall coefficient of
nanoporous carbon.
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Sample no. Starting carbide R(300 K), cm®/C

1 SiIC-A 0.023

2 SiC-A 0.022

3 SIC-B 0.024

4 SiC-B 0.029

5 TiC-B 0.22

6 Mo,C-B 0.1

7 6H-SIC 0.255

8 6H-SIC 0.035

9 6H-SIC 0.38

p(300K), Q cm H(300K) = Rip, cm?/V s

0.028 0.82

0.038 0.58

0.032 0.75

0.019 15

0.51 4.3

0.002 5.0

0.011 23

0.01 35

0.033 12

with long-wavelength phonons increases and the
phonon component a,, adds to the diffusion ther-
mopower: a = 04 + dg,. As the cluster dimensions
decrease, the phonon spectrum changes and phonon
scattering increases, which results in a change in the
character of the electron—phonon coupling and the
phonon drag effect being suppressed. Suppression of
the phonon component was earlier observed in nano-
cluster PbSe embedded in an opal host [7].

The difference in crystal structure and electrical
properties between different modifications of carbonis
known to be accounted for by the fact that its atoms can
reside in more than one valence state and can form
(through s—p hybridization) bonds of three main types
(sp?, sp?, and sp hybridization). Furthermore, real struc-
tures, depending on the actual conditions of their for-
mation, can form structures of intermediate types [8].
Accordingly, the electrical properties of different car-
bon modifications may vary over awide range. A com-
parison of the electrical properties of the studied sam-
ples of nanoporous carbon with those of its other mod-
ifications shows that the dependence of the electrical
resistivity on temperature follows neither the behavior
of amorphous carbon, where one observes a strong
growth in the resistivity with decreasing temperature
(p ~ exp(Ty/ TN, with n lying between 1/2 and 1/4 [9]),
nor the metallic course p(T) in crystalline graphite [8].

In pure single-crystal graphite, band overlap results
in electron—hole anisotropic conduction with a high
carrier mobility. In microcrystalline graphite, the Fermi
level shiftsinto the p band, such that, at concentrations
N, = 8 x 10* cm3, one can use the single-band model
to describe the transport phenomena[10]. The increase
in the hole concentration with decreasing grain size is
usually attributed to the increase in the number of sur-
face states acting as €l ectron-trapping centers. Thus, the
high hole concentration in nanoporous carbon can be
associated with a large free surface and, accordingly,
with a high concentration of acceptor states. The low
hole mohility is apparently caused by band-structure
distortions near the nanocluster boundaries and by the
mean free path being constrained to the nanocluster
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size. Indeed, the hole mohility in the samples prepared
from different carbides grows in proportion to the
dimensions of the nanoclusters and to the extent to
which they fill the sample volume and assumesthelarg-
est value in npor-C[BH-SiCLlwhere large quasi-graph-
ite clusters play a substantially larger part. The pres-
ence of the pyrocarbon binder in type B samples pre-
pared from polycrystalline carbides does not affect the
mobility markedly. The carrier mean free path being
apparently determined by the crystallite dimensions,
the usual mechanisms of its limitation (due to phonons,
impurities), which govern the temperature dependence
in conventional graphite-based materials, do not play a
noticeablerolein our case. In these conditions, the tem-
perature dependences of the transport coefficients can
be determined by quantum corrections to the conduc-

16

14

12

10

a, WV/K
oo

1
200 300
T,.K

400

Fig. 3. Temperature dependence of the thermopower of nan-
oporous carbon.
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tivity, whose comprehensive study would require mea-
surement of these coefficients in magnetic fields and at
low temperatures.

4. CONCLUSIONS

Thus, our study of the electrical and thermopower
properties of nanoporous carbon prepared under the
specified technological conditions suggests that the
conduction has ap character with ahigh carrier concen-
tration. The main carrier scattering mechanism respon-
sible for the low mobility is associated with the carbon
clusters being nanosized. The specific features in the
nanocluster structure also account for the suppression
of the thermopower component originating from the
phonon drag.
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Abstract—The unfilled electronic states of dysprosium submonolayer films absorbed on the W(100) surface
are investigated using angle-resolved inverse photoel ectron spectroscopy. It is shown that the energy position
of the peak at 1.7 eV isindependent of the angle of incidence of electrons onto the crystal surface. This specific
feature is associated with electron transitions to the Dy 4f state located above the Fermi level. A correlation
between the change in the energy position of this peak and the change in the work function with an increasein
the absorbed dysprosium coverage suggests that the dipole moment of adatomsis affected by the dipole—dipole

interaction. © 2002 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Earlier [1, 2], lanthanide submonolayer coatings on
the surface of tungsten and molybdenum were studied
to develop high-temperature cathodes with a small
work function. Further investigations were performed
for the purpose of revealing the reasons for the
observed change in the work function of different faces
of the substrate upon atomic adsorption of rare-earth
metals and of elucidating the structure of adsorbed lay-
ers and therole played by the 4f shell of rare-earth met-
as[3-7].

It isknown from theoretical and experimental works
that adsorption on tungsten is accompanied by atransi-
tion of divalent lanthanidesto the trivalent state. In this
case, the d electron transferred from the f shell is
attached to two valence s electrons. As aresult of this
electron transition, the ground state of the rare-earth
metal remains unfilled and is located above the Fermi
level. Since the f shells are isolated from external per-
turbations, the f level can be treated as the core level
and its position relative to the Fermi level is determined
by both the interaction with the substrate and the inter-
action between adsorbate atoms.

In thiswork, the energy location of thef state above
the Fermi level of dysprosium submonolayer coatings
on the W(100) face was investigated using angle-
resolved inverse photoel ectron spectroscopy.

2. EXPERIMENTAL TECHNIQUE

The experimental results were obtained by measur-
ing the spectrain an isochromate mode. Electrons with
the energy E,;, impinged on the sample at a specified
angle to the normal to the surface. In the spectrum, the
intensity of emitted photons with afixed energy (isoch-
romate) was measured on scanning E,.

The measurements were performed with a photon-
counting spectrometer similar to the spectrometer
described earlier in [8]. The photon-counting spectrom-
eter included an electron multiplier with a CaF, win-
dow. The maximum detection efficiency was 9.8 eV,
and the transmission band was 0.6 eV.

TheW(100) samplewas cleaned from carbon impu-
rities according to the standard technique of annealing
in a rarefied oxygen atmosphere. The surface was
cleaned with aflash up to T = 2500 K. The dysprosium
source was prepared from atantalum strip that was pre-
viously degassed under vacuum at a temperature above
the working temperature. A 1-mm3 piece of dysprosium
was welded onto the depression of the strip. The adsor-
bate purity was 99.99%. The adsorbate deposition onto
the sample was performed at room temperature. The
residual pressure in the vacuum chamber was
107! Torr.

3. RESULTS AND DISCUSSION

Figure 1 shows the isochromate inverse photoelec-
tron emission spectra of the Dy—W(100) system, which
were measured for normal incidence of the electron
beam and different adsorbate coverages. It is seen that
the spectrum of the atomically clean W(100) surface
contains a broad peak located approximately 4.4 eV
above the Fermi level. This peak is associated with
electron transitions to tungsten bulk unfilled states [9].
Asthe dysprosium coverage increases, the amplitude of
the main peak decreases, specific features appear on its
sides, and the minimum at 7 €V smoothens. Noticeable
differences between the inverse photoel ectron emission
spectrum of the clean tungsten surface and the spectra
of the surface with the deposited adsorbate manifest
themselves at the coverage 8 = 0.1 of the monolayer
(ML) of dysprosium.

1063-7834/02/4404-0793%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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Fig. 1. Inverse photoelectron emission spectra of the
W(100) surface covered with adsorbed dysprosium films at
different coverages measured for normal incidence of elec-
trons.

Upon the deposition of dysprosium, theinverse pho-
toel ectron emission spectrum changed only slightly due
to alow probability of radiative transitions to 4f levels
at aphoton energy of 9.8 eV. For thisreason, the spectra
were decomposed into a structurel ess background and
Lorentzian peaks. The structureless background was
approximated by a linear function. An example of the
decomposition of the inverse photoelectron emission
spectrum for normal incidence of electrons at a cover-
age of 0.6 ML is shown in Fig. 2 (dotted lines). It can
be seen that, apart from the peak associated with the
electron transition to band states (4.4 V), there exist
two peaks at energies of 1.7 and 6.2 €V. The latter two
peaks correspond to adsorbed dysprosium. Here, we
analyze the change in the energy position with varia-
tions in the coverage for only one peak whose energy
with respect to the Fermi level isequal to 1.7 eV at 6 =
0.6 ML. In order to elucidate the nature of the observed
peaks, we measured the angle dependence of the
inverse photoelectron emission (Fig. 2). The experi-
ment demonstrated that the energy position of the
1.7-eV peak isindependent of the angle of incidence of
the electron beam onto the surface; i.e., it is indepen-
dent of the tangential component of the momentum. A
comparison with the energy level diagram for atomic
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Dy/W(100)
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.....
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tea,

Fig. 2. Inverse photoelectron emission spectra of the
W(100) surface (6 = 0.6 ML of Dy) at different angles of
incidence of the electron beam onto the substrate. The
decomposition of the inverse photoel ectron emission spec-
trum into the Lorentzian peaks and the linear background is
illustrated at the bottom of the figure. The dashed line shows
the change in the location of the Dy 4f level.
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Fig. 3. Changesin the (1) work function, (2) width, and (3)
location of the 4f level of dysprosium atoms adsorbed on
the W(100) face as functions of the dysprosium coverage.
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dysprosium gives grounds to assume that thisfeatureis
associated with transitions to the ground 4f state of the
triply charged dysprosium ion ®H,g/, [10].

The changes in the energy position and width of the
studied feature with respect to the Fermi level with an
increase in the dysprosium coverage on the surface is
illustrated in Fig. 3. The root-mean-square error in the
determination of the energy position is shown for one
of the points in Fig. 3. In order to calculate its value,
several inverse photoelectron emission spectra, which
were measured under identical conditions, were
decomposed into peaks and a structurel ess background.
Note that, as the coverage increases to half the mono-
layer, the level under investigation approaches the
Fermi level. This dependence correlates with the
change in the work function with variations in the
adsorbate coverage (Fig. 3). A further increase in the
dysprosium coverage leads to an increase in both the
work function and energy of the level. According to the
concept of adsorption of electropositive atoms|[11], the
dipole moment of adatoms decreases in the region 0—
0.5 ML due to the dipole—dipole interaction. This pro-
cess should be accompanied by a decrease in the dis-
tance between the adatoms and the surface and can lead
to a shift of the Dy 4f level toward the Fermi level.
Another argument in support of this inference is the
observed increase in the width of the energy level
(Fig. 3). In actual fact, as the adatom approaches the
metal surface, the probability of the electron transition
from the 4f state to the substrate bulk increases, which
leads to broadening of the energy levels of adatoms. A
similar mechanism was considered earlier in [12].

It should be noted that, upon the adsorption of elec-
tropositive elements on the W(100) surface, the specific
feature of the el ectron density of unfilled stateswas also
observed in the vicinity of E; with the use of angle-
resolved inverse photoelectron emission spectroscopy
[13, 14]. However, in contrast with the Dy—-W/(100) sys-
tem, the energy position of this feature varies depend-
ing on the angle of incidence of the electron beam but
remains unchanged with an increase in the adsorbate
coverage. Thisdifferencereflectstherole played by the
4f states of the rare-earth metals in the course of
adsorption.

PHYSICS OF THE SOLID STATE Vol. 44 No. 4

2002

795

4. CONCLUSION

Thus, the inverse photoelectron emission spectro-
scopic investigation of the dysprosium adsorption on
the W(100) surface experimentally revealed the
unfilled Dy 4f states above the Fermi level. The data
obtained confirm the inference that the dipole moment
of adatoms decreases as the result of the dipole—dipole
interaction. Further consideration of the shifts of 4f
stateswith variationsin the adsorbate coverage callsfor
theoretical estimations.
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Abstract—This paper reports on a study of the size distribution of aluminum islands forming an auminum-
coated poly(ethylene terephthalate) film subjected to tension. The islands are shown to form four statistical
ensembl es, with the distribution in each of them being thermodynamically optimized and coinciding with the
canonic distribution of thermodynamic probability. © 2002 MAIK “ Nauka/lnterperiodica” .

1. INTRODUCTION

Thedistribution n(y) in sizey in an ensemble of non-
equilibrium objects (soot aggregates in filled rubber,
nanodefects on the surface of loaded metals, bacteria,
yeast fungi, protein molecules in bacteria, density fluc-
tuations on the surface of polymethyl methacrylate)
was found [1-5] to be identical to the canonic distribu-
tion of the thermodynamic probability [6]:

n(y) = noy’exp(-ByAU,), 1)

where AUy, is the formation energy of the object, B =
1/kgT, Kg is the Boltzmann constant, T is the tempera-
ture, and ng is the normalization constant. Thisimplies
that the distribution of such objects is thermodynami-
cally optimized, i.e., that the entropy of their arrange-
ment has a maximum value.

Thiswork isacontinuation of those studies. It deals
with the distribution of aluminum islands forming on
the surface of an aluminized poly(ethylene terephtha-
late) film subjected to tension.

2. EXPERIMENTAL

The samples used were oriented poly(ethylene
terephthalate) films 5 pum thick, 15 mm long, and 4 mm
wide, on whose surface a 30-nm-thick aluminum layer
was deposited. The films were stretched along the ori-
entation axis, and the elongation was measured. Two
samples were studied: one of them was stretched to
1.33timesitsorigina length at atemperature of 323 K
the other, to 1.53 times its origina length at 373 K.
When stretched, the aluminum layer cracked to form
islands (Fig. 1). The size distribution of the islands was
analyzed with a Neophot 32 optical microscope (Karl
Zeiss, Jena). The number of islands on the surface
under study was =1000-1500, thus ensuring fairly reli-
able statistics.

3. RESULTS AND DISCUSSION

Figure 1 showsapart of the surface of an aluminum-
coated poly(ethylene terephthalate) film stretched (at
373 K) to 1.53 times its original length. The tension
axis was horizontal. Aluminum islands with their long
axis perpendicular and short axis parallel to the direc-
tion of tension are seen to have formed on the surface.
The linear size of an island was estimated as the mean
of two measurements, one parallel and the other per-
pendicular to the stretching axis.

Theisland size distribution for one of the samplesis
displayed in Fig. 2. The n(y) distribution for the second
sample had the same asymmetric pattern. Anaysis
shows that the distributions can be described as a sum
of four relations of the type of Eq. (1) with different

Fig. 1. Image of aluminum islands on the surface of a
poly(ethylene terephthal ate) film stretched to 1.53 timesiits
original length at 373 K.
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energies AUy, (Fig. 2):
4

n(y) = 3 oy, exp(-By.AUG). e
i=1
Hence, the aluminum islands make up four statisti-
cal ensembles. The idand formation energies for these
ensembles were found to be AUy = 0.098, AUy, =
0.033, AUy = 0.01, and AU, = 0.003 kJ/mol. The aver-
age idland sizes in the four ensembles are [3/,[1= 0.05,
Oy,[0= 0.15, Oy,0= 0.45, and Oy,0= 1.40 um, respec-
tively.
Thus, the formation energy and the average isand
size in the neighboring ensembles differ by a factor of
three:

AUy _AUg AUy _ Y0 Y0 yf0_
AUy DU, AU, 0 0

The ratio of the average sizes and formation ener-
gies of nanodefect ensembles on the surface of loaded
metals was also found to be three [2, 5].

The room-temperature values of PAU, do not
exceed 0.03. Thisimplies that the ensembles of islands
on the surface of poly(ethyleneterephthal ate) were pro-
duced by thermal fluctuations.

At equilibrium, the prefactor in Eqg. (1) has the
form[1]

3. (3)

1-p)°
Noi = (——EBL)—1 (4)

AUy
AU, .. = 3, the pref

wherep, = exp(—BAU,;). Because

Noi+1

actor ratio y; = for the two adjacent ensembles
Oi

should be equal to y, = 1/27 at equilibrium. In real fact,
however, the values of vy, varied from 0.01 to 29; hence,
the ensembles of auminum idlands in the samples
under study are not at equilibrium. A similar result was
obtained for ensembles of nanodefects on the surface of
loaded metals[2, 5]; namely, there was no equilibrium
between defect ensembles and the extent to which the
equilibrium was not reached depended on the actual
experimental conditions (the load and duration of its
application).

Despite the absence of equilibrium, the shape of the
island size distribution is described as a sum of canon-
ical probability distributions (1), each of them being
determined by the maximum entropy [6]. A thermody-
namically optimized shape of the distribution sets in
apparently in atime considerably shorter than the sam-
ple loading time (under our conditions, this time was
approximately 10 min).
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Fig. 2. Size distribution of aluminum islands on the surface
of a poly(ethylene terephthalate) film stretched to
1.53 times its original length at 373 K. Salid line is the fit-
ting of the distribution with Eq. (2); dashed line, the island
distributions for ensembles 1, 2, and 3.

Thus, it was established that the aluminum islands
produced in an auminum-coated poly(ethylene tereph-
thalate) film under tension form four Statistical ensem-
bles. The sizedistribution of theidandsin each ensemble
is thermodynamically optimized and has the form of a
canonical distribution of thermodynamic probability.

ACKNOWLEDGMENTS

This study was supported by the Ministry of Educa-
tion of the Russian Federation, project no. E00-4.0-21.

REFERENCES

1. H. G. Kilian, R. Metzler, and B. Zink, J. Chem. Phys.
107 (20), 8697 (1997).

2. H. G. Kilian, V. I. Vettegren, and V. N. Svetlov, Fiz.
Tverd. Tela (St. Petersburg) 42 (11), 2024 (2000) [Phys.
Solid State 42, 2083 (2000)].

3. H. G. Kilian, Rubber Chem. Technol. (2002) (in press).

4. H. G. Kilian, M. Koepf, and V. |. Vettegren, Prog. Col-
loid Polym. Sci. (2002) (in press).

5. H. G. Kilian, V. |. Vettegren, and V. N. Svetlov, Fiz.
Tverd. Tela (St. Petersburg) 43 (11), 2107 (2001) [Phys.
Solid State 43, 2199 (2001)].

6. B. L. Lavenda, Satistical Physics. A Probabilistic
Approach (Wiley, New York, 1991).

Trandated by G. Skrebtsov



	601_1.pdf
	603_1.pdf
	607_1.pdf
	612_1.pdf
	615_1.pdf
	617_1.pdf
	623_1.pdf
	625_1.pdf
	629_1.pdf
	631_1.pdf
	634_1.pdf
	637_1.pdf
	641_1.pdf
	644_1.pdf
	647_1.pdf
	652_1.pdf
	656_1.pdf
	659_1.pdf
	663_1.pdf
	666_1.pdf
	668_1.pdf
	674_1.pdf
	677_1.pdf
	681_1.pdf
	683_1.pdf
	686_1.pdf
	692_1.pdf
	704_1.pdf
	709_1.pdf
	714_1.pdf
	720_1.pdf
	727_1.pdf
	732_1.pdf
	738_1.pdf
	744_1.pdf
	747_1.pdf
	752_1.pdf
	759_1.pdf
	763_1.pdf
	769_1.pdf
	774_1.pdf
	779_1.pdf
	789_1.pdf
	793_1.pdf
	796_1.pdf

