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CONDUCTION ELECTRON SPIN RESONANCE
IN GRAPHITE INTERCALATION COMPOUNDS

ALBERT M. ZIATDINOV

Institute of Chemistry, Far East Division of the Russian Academy of Sciences,
Viadivostok, Russia )

Abstract: This paper intends to briefly review on recent progress in understanding the conduction ¢lectron spin
resonance (CESR) phenomenon in graphite intercalation compounds. Emphasis will be placed on the following
points: (1) correct line shape analysis in anisotropic conductors; (2) possible mechanisms of spin-relaxation and
reasons of the CESR linewidth temperature dependence; (3) onigin of the g-factor value and reasons of its tem-
perature dependence.

v LINTRODUCTION

Conduction Electron Spin Resonance (CESR) is one of the most powerful methods of the study
of the dynamic properties of carriers in conductors. The analysis of CESR lineshape and linewidth
may yield information on physical characteristics of the resonance and conductors: the electrical
conductivity, the spin relaxation time, the gyromagnetic factor, the clectron state density on the Fermi
surface, as well as the carrier diffusion constant [1-13]. It is just natural, therefore, that this powerful
techniques should have been extensively applied to graphite and graphite intercalation compounds
(GICs) to study the electronic and other properties of thesc anisotropic conductors. ‘

Graphite is a well known compound which consist of honeycomb layers of carbon atoms strongly '
linked by covalent bonds with only weak interlayer forces as evidenced by the in plane and out of
plane carbon-carbon distances. Many significant features of the electronic properties of graphite, such
as the large basal plane electroconductivity and the large anisotropy of electroconductivity, the “me-
tallic” and “non-metallic” temperature dependence of electroconductivity along and perpendicular
to the basal plane, respectively, steams from the fact that graphite is a quasi-two-dimensional
semimetal [14, 15]. Accordingly, the electronic structure and properties of this material [14] are
significantly different from those in an insulator, semiconductor, or metal.

Because carbon occupies a middle position in the order of clectronegativity of the elements in the
periodic table, graphite welcomes many chemicals as guests, or intercalants, making it possible to
produce a large number of new metallic matenials known as GICs [16, 17]. The intercalation process
is usually accompanied by charge transfer between the intercalate species and the graphite layers.
Similar to doped semiconductors they are classified as “donor” GICs or “acceptor” GICs depending
on whether the inserted species donate or accept an electron. The intercalation process usually occurs
without disrupting the integrity of the carbon sheets, but the interplanar bonds are weak and easily
to be broken. ’

GICs consist of an altemnating sequence of n-hexagonal graphite monolayers (n =1, 2 ... is called
the “stage” of the compound) and a monolayer of guest (intercalant) atoms or molecules (Fig. 1). The
ability to vary the strength of interlayer interaction at the synthelic level, by varying the stage, sug-
gests the possibility of systematically investigating phenomena unique to two dimensions, such as
anomalous behavior of phase transitions (e.g. melting), highly anisotropic electron-phonon interac-
tions, and Fermi-surface-driven lattice instabilities [16). Rescarchers have also found new kinds of
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phase transitions between stages [18], two-dimensional metals with electron mobilities higher than
those of ordinary metals, such as copper [19], superconductivity [20], two-dimensional hydrogen hole
band with a heavy mass [21], magnetic [22], charge density wave type [23] and commensurate-inco-
mmensurate type [24] phase transitions and etc. Because of these phenomena, GICs have completely
changed the ordinary concept of metals and thus in recent years have aroused great interest among
physicist, chemists and materials scientists.
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Fig. 1. Schematic diagram illustrating the staging phenomenon in graphite intercalation compounds. The intcrea-

lant layers are indicated by dashed lines and the graphite layers by solid lines connccting open circles, and indica-

ting schematically a projection of the carbon atom positions. For cach stage, the distance I, between adjacent
intercalate layers is indicated

In this article a short review on developments in the field of CESR in GICs with emphasis on the
stage and temperature dependence of the g-factor, spin relaxation time and lineshape obtained for
different donor and acceptor GICs is presented. These results are qualitatively discussed and compa-
red with the existing theories.

IL. EXPERIMENTAL DATA AND THEORIES

In GICs, as in other metallic systems, the resonant absorption is accompanied by another
absorption process due to the eddy current induced by the hyperfrequency electromagnetic field. Both
absorption are coupled and determine the field and current distributions in the medium. The direct
magnetic resonance absorption with the small variations of the strong conduction losses leads to the
characteristic asymmetric Dysonian shape of the resonance line in the derivative absorption spectra
(Fig 2). But in GICs, as in anisotropic conductors, the Dyson theory [1] and currently used Feher-Kip
[5] or Kodera [7] procedures, which have been developed to interpret the CESR spectra in isotropic
metals are not appropriate. In this context the situation is analogous with the case of the CESR in gra-
phite, which was considered in {25] in detail. In other aspects the CESR in GICs, such as the g-shift
and linewidth values, its temperature dependence and the origin of resonance parameters may be
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quite different from those in graphite. In the following subsections of this chapter the present state
of the experimental and theoretical investigations of the CESR in GICs are reviewed.

dP/dH

Fig.2. Typical spin-resonance derivative curves for el H
graphite intercalation compounds; C;oHNO; with
dimensions 04 x 0.4 x 0.035 ecm®. v =9.52 GHz,

T=300K

CESR lineshape in GICs.

Due to the large anisotropy skin depths and conductivities, as well as anisotropy carrier diffusion,
the application of the simple Dyson-Kaplan [1,2] theories to the case of GICs, as in the case of
graphite [25], is not obvious, First, it was pointed out by Blinowski et al. [26] and Saint Jean et al.
[27]. Following Kaplan 2] they have written the following, Bloch type, equation of the motion for
the magnetization M as

dM/de = (2mg B/h) [((M + M,) x (H + H)] - MJ/T, -

-M,/T,+ D,(d*M/dy?) + D (d*M/dz?) M

where M and M | are the lc:ngitudinal and the transverse components of M; the oscillating magnetic
field and magnetization are Hexp(-iwf) and M exp(-iwt), D, and D, are diffusion coefficients along
the planes and the c-axis, respectively, and M, is the equilibrium magnetization. The x and y axis
situated in the basal plane, the z axis and external constant magnetic field H situated along the c-axis.
Neglecting quadratic and higher orders in the expansion of M, and using the standard boundary con-
dition that the component of the gradient in (1) vanishes at the surface of the sample, Blinowski et
al. [26] and Saint-Jean et al. [27] have obtained a solution for the transverse part of magnetization
M,(w). The power absorption, F, was calculated and the line shape asymmetry parameter A/B was
estimated from dF/dH. The results were given graphically as a function of the dimensionless parame-
ters g = d/d, and p = 1/8 (d and / are the dimensions of GIC plate along the c-axis and in the basal
plane, respectively; 8, and 3, are the skin depths, which are determined by the c-axis (0,) and the
basal plane (0,,) conductivities, respectively) for the following limiting cases:
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1) Very slow diffusion limit: T, » Ty and Ty » T,

2) Very rapid diffusion limit: T, « Ty and Ty, « T

3) Mixed cases: a) Ty, » T, and TDa «Tyorb) TDc « Tyand Ty, » Ty

Here Tp,= 6,%2D,and Ty, = &; 22D, are the average times of dlffusmn of electrons across the skin
depth along and perpendxcular lo the c-axis, respectively.

The calculations clearly indicate [26, 27] that whatever the diffusion regime the A/B ratio is very
sensitive to the value of p (except for very thin samples with g =d/, « 1). As long as p is not much
bigger than g the penetration of the radio frequency field through the sample borders parallel to the
c-axis may not be neglected and for p smaller than q this way of penetration may even be dominant.

In the limit p/g ~ O (say, p/q < 0.01) practically all the microwave power is absorbed via the
sample borders. Then 4/B ratio does not depend on the diffusion regime along the c-axis and can be
interpreted with the us¢ of the one-dimensional Dyson formula involving o, and T, .. This case corre-
sponds to the experimental conditions for highly anisotropy acceptor GIC e.g. AsFq - graphite.

For less anisotrope GICs e.g. low stage donor compounds, one has typically both p and g of the
order of 100 or more. In these conditions the power absorbed on the sample faces perpendicular to
the c-axis, as well as that absorbed on the borders parallel to the c-axis can again be calculated from
the one-dimensional theory. The observed A/B ratio depends however on the total power absorbed
in the sample and might thereforc be a complicated function of 0, 0, T, and Ty,

Unfortunately, the above calculations of Blinowcki et al. [26] and Saint Jean et al. [27] are inap-
plicable for the qualitative analysis of the CESR experimental data. Such limitedness of their calcu-
lations is associated directly with the author’s assumptions on uniform distribution of the microwave
field around the sample and on the independence of this distribution on the sample dimensions. In
[25], using the graphite as an example, it was shown, that this assumption does not hold in anisotro-
pic conductors. Therefore, it can be say, that at present, the completed theory of the CESR lineshape
in GICs is still absent.

Fig. 3. The experimental (filled symbols)

6.0 3 . and theoretical (solid lines) values of the line
50 asymmetry parameter A/B of the ConNog
plates with dimensions / x 0.4 x 0.02 cm
40 as a function of sample width (/). The expe-
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g 3.0 300K,220 K and 174 K, respectively. H +
¢, v = 9.52 GHz. The theoretical curves at
20 300 K, 220 K and 174 K are one-dimensio-
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3.13(Ohmemy !, R, = (Tp,/Tp)" =
0.0 v x ; . + v ) 18and 2.1, ande 2.84, 2land197
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In acceptor GICs one may neglect the absorption of the microwave field through the basal planes
and, consequently, the contribution to the CESR from regions adjacent to this planes due to the high
conduction anisotropy (- 10). Only in this particular case the CESR line shape may be analyzed
using the one-dimensional Dyson (1] expression with 0 =g, and T = T, (and not g, and Ty, !).
InFig. 3, as an example, for acceptor GICs C,4HNO,, our experimental data for the dependence of
the asymmetry parameter A/B on a sample width (1) are presented. From this figure it can be seen that
really the experimental points are approximated by the theoretical curves A/B(f) calculated on the
basis of the one-dimensional Dyson [1] expression with 0 = 0, and T, = T, , very well.
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g-factor of conduction electrons in GICs

Unlike pure graphite for which the shift of g-value from the free electron g-value at external
magnetic field being along the c-axis, 4g_., is about 0.05, GICs based on HOPG show only little ani-
sotropy in the g-value. This was recognized, first, by Muller and Kleiner [28] for the donor type
graphite-alkali metal compounds. Since this pioneering work, CESR was observed for a large class
of donor and acceptor type GICs with well defined stages and even on residue compounds {29-36].
In all cases the spectra exhibit a single Dysonian lineshape with the g-factor around the free electron
value and with a very small anisotropy in the field for resonance. At present no clear systematics of
this anisotropy across the various systems exist.

In GICs, the theoretical derivations of A g, and Ag,, (the shift of g-value from the free electron g-
value at external magnetic field being perpendicular to the ¢-axis) arc limited. In the framework of
the band structure of GIC’s developed by Blinowski and Rigaux {37}, Sugihara ct al. have calculated
Ag,(i= a,c) for stage 2 [38) and 4 [39]. For stage 2, symmetry arguments previously developed by
Dressclhaus ct al. for three-dimensional graphite [40] have been used to determine the non-vanishing
cocllicients of the spin-orbit hamiltonian. Generalization to stage 4 is immediate. In this model, the
magnetic ficld perpendicular to the layers was introduced following the Luttinger-Kohn formalism
[41], the hamiltonian matrix with the spin-orbit intcraction being developed to first order in pertur-
bation. In both cases, the calculated average value of Ag, (i = a, ¢) is strictly zero. These theoretical
results are not in agreement with the experimental studies which exhibit small but finite values of Ag;
(i=a, ¢). Morcover, the application of this procedure to the first stage would result in a zero Ag, (i =g,
¢), in contrast with the theoretical derivation for two-dimensional graphite [42].

The failure of this model is linked to the limitation to the first order in Luttinger-Kohn formalism.
This approximation, used by McClure [43] to describe the case of three-dimensional graphite, is
unjustified in GIC’s. Indeed, in the case of three-dimensional graphite, McClure {43] has shown that
the second order terms could be neglected since all the irreducible representation of the wave vector
group were involved in the bands of interest near the Fermi level and the effect of the second order
terms must be small compared to those already present in the hamiltonian [37]. For different reasons
these conditions are not satisfied in GIC’s: in the first stage, all the representation are not involved
near Fermi Jevel — whereas in the second stage, even if all the representations are present, the second
order terms have to be taken into account to obtain a finite value of 4g, (i = a, c).

To derive 4g, in GIC’s Fretigny and Saint-Jean [44] have developed a model in the framework
of the Luttinger-Kohn analysis, including the second order terms in the hamiltonian matrix in the two-
dimensional model of independants subsystems approximation. It was shown that the interband terms
have to be included to obtain a coherent description of Ag,.. For both first and second stage GICs -
the only which were considered — the Ag,, values are inversely proportional to the Fermi energy and
must depended on stage index. The Fretigny-Saint Jean model [44] predicts negative and positive
values of Ag_respectively, for acceptor and donor compounds in qualitative agreement with the ex-
perimental results [28-36]. But good quantitative agreement was only found by comparison with the
experimental data only for acceptor compounds. Nevertheless, in our last cxperiments, for instance
with graphite-nitric acid [45], the independence of Ag, — valuc on stage index has been found.

CESR linewidth in GICs

In GICs the CESR linewidth is determined by various factors, such as, the stage of GICs, the ato-
mic number and aggregate state of the intercalate species, the temperature cte [28-36].
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There is enough evidence now that the CESR linewidth in GICs increases significantly with the
increase of the atomic number of the intercalate species. First, this was observed by Muller and
Kleiner [28] for alkali metal GICs and recently for the XF,, fluoride GICs [46]. It implies that the
carriers are not necessarily confined to the graphite layers and the scattering by the intercalants plays
a significant role in the spin-relaxation process.

Almost for all GICs the linewidth is the smallest in the second stage and increases monotonically
with the stage number for n > 2 [28-36]. The temperature dependence of the linewidth investigated
in several donor and acceptor compounds reveals striking differences depending on intercalated
species and on the stage. Generally the linewidth for H || ¢ is larger than for H 1 ¢ but their tempera-
ture dependencics are similar. For acceptor compounds, for instance, with AsF [35], SbCl; [34] and
AICl, [33] a decrease of linewidth is observed from helium to room temperature, similarly as in pure
graphite. Abrupt changes of linewidth were observed in GICs with HNO; at about 250 K [29, 45).

In alkali metal GICs the situation is more complex. Rb-GICs of stage n > 3 [47] exhibit the same
type of the temperature dependence of the linewidth as in acceptor compounds. In second stages of
Rb [48] - and K [47] GICs, above 100 K, the linewidth is practically temperature independent. In
first stage of alkali mctal compounds the linewidth is larger at 300 K than at low temperature but the
temperature dependence is not monotonic: in CgRb there is a broad maximum at about 200 K [47],
in CgK a broad minimum at about 50 K followed by a linear increase from 100 K is reported [48].
Finally higher stages of potassium compounds exhibit low tempcrature maxima than minima followed
by the region of the lincar increase [48].

The regions of the linear increase of the linewidth with temperature observed above 100 + 150 K
for potassium compounds were qualitatively intcrpreted in terms of the Elliott theory with the help
of the next expression for the temperatures above the Debye temperature (85):

AH ~ (Bg)ym* - u(T) ,

where 4g is the g-shift, ¥ is the electronic gyromagnetic ratio, m* is the carriers effective mass, and
u(7) is the in plane carriers mobility. This expression predicts a simple correlation between the
CESR linewidth and the basal plane resistivity p, (AH « p,). The decrease of the linewidth with
temperature observed in other GICs and for potassium compounds at lower temperatures was gene-
rally attributed to the motional narrowing of the inhomogeneous broadening [29, 38, 39, 47].
Different physical origins of the inhomogeneous broadening were proposed. Murata and Suematsu
[47) and Sugihara [38] suggested the spread of g-values at the Fermi energy in different bands.
Khanna et al. [29] attributed the broadening to the effect of intercalated molecules whose motion is
frozen at low temperatures. On the other hand Stein et al. {33] claimed in their recent paper that the
CESR linewidth in acceptor as well in donor GICs can be entirely described by Elliott theory. To
explain the decrease of the linewidth with increasing temperature, they involve the next expression
obtained by Elliott for alkali metals bellow the Debye temperature:

AH~ (Ag)8,/ym"-u(T)- T2 .

All above given interpretations of the CESR linewidth origing in GICs are purely qualitative and,
at best, not justificd experimentally. In individual cases they are in direct conflict with the experimen-
tal evidence. For instance, a systematic study of the CESR in first stage GICs with AsF [49] at tem-
peratures between 4.2 and 300 K have revealed that at a given temperature the linewidth is an incre-
asing function of the in-planc conduclivity (both for 1 || ¢ and H 1 ¢). Whereas the opposite behavior
results from the Elliott theory.
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Examining GICs with HNO, by means of the CESR method, we obtamed new experimental re-
sults related to the problem under consideration. In these synthetic metals during and after crystalli-
zation of the HNO; guest molecules, the simultaneous increase of concentration (N) was found and
investigated (Fig. 4 and 5) [50]. In terms of graphite intercalation compounds tight binding model,
the increase of N is directly connected with partial localization of the conduction n-electrons. Since
the localized electrons are the perturbation centres for the conduction electrons, it has been proposed
that the increasc of their concentration is the main reason for the decrease of the in-plane spin carriers
mobility and the “nonmetallic” increase of the CESR linewidth observed during and after crystalli-
zation of the guest layers.

III. CONCLUDING REMARKS

In this brief review it is clearly demonstrated that CESR technique can provide uscful informa-
tions on the spin relaxation time, the gyromagnetic factor, the spin carriers diffusion constant and
electroconductivity. But several fundamental problems connected with the CESR in materials under
consideration have not been invoked here: for instance, (1) the dependence of the CESR linewidth
on GICs stage; (2) the contribution of the surface relaxation to the CESR linewidth; (3) the “bottle-
nock” regime of the cross-relaxation between localized and conduction electron subsystems; (4) the
corrclation between spin relaxation and the c-axis clectroconductivity and (5) the possibility of the
anisotropic electronic relaxation. Also, it will be notcd, that the very interesting ficld of ESR appli-
cation to the study of GICs with magnetic ions and impurities is beyond the scope of this review.

All CESR results being considered in this article were obtained using CW conventional spectro-
meters. At low temperatures the observation of the clectron spin echo opens new possibilities for
studies of GICs [S1]. Such investigations might also yicld valuable information about the electronic
states, wave functions and relaxation processes. Furthermore, as usual, the efficiency of the CESR
technique is highly increased when used together with other techniques.

Acknowledgments

The author wishes to express his sincere thanks for help in experiments to N. M. Mishchenko and V. V. Sereda.
The author is grateful to L. B. Nepomnyashchii (Scientific Rescarch Center for Graphite, Moscow) for providing
the HOPG samples. This rcscach was supported by grant No. 97-03-33346a from the Russian Foundation of
the Basic Research.

References

[1]1  Dyson, Phys. Rev. 98, 349 (1955).

[2] Kaplan, Phys. Rev. 115, 575 (1959).

[3] T.Murao,J. Phys. Sec. Jpn. 16, 1940 (1961).

(4] M. Lampeand P. M. Platzman, Phys. Rev. 150, 340 (1966).

[5]  G.Fcherand A. F. Kip, Phys. Rev. 98, 337 (1955).

(6] Schulz, G. Dunifer, C. Latham, Phys. Lett. 23, 192 (1966).

[7] - H.Kodera, J. Phys. Soc. Jpn. 28, 89 (1970).

(8] I H.Pifer and R. Magno, Phys. Rev. 83,663 (1971).

{91 M.B. Walker, Phys. Rev. 83,30 (1971).
[10]  A. Janossy and P. Monod, Journ. Phys. F: Met. Phys. 3, 752 (1973)
[11}] V.A.Zhikarevctal, JETP. 64, 1356 (1973).
[12] M. R. Mcnard and M. B. Walker, Canad. Journ. Phys. 52, 61 (1974).
[13]  V.G.Gavriljuk ctal., Phys. Rev. B48, 3224 (1993).



Conduction Electron Spin Resonance in GICs 157

(14]
(15]

[16]
(171
[18)
(19]
(20]
[21)
(22

(23]
[24]
(23]
[26]
[27]
(28]
(29]
(30]
131]
(32}
(33)
(34]
(35])
(36)
137}
(38)
(39
(40]
(41]
(42
[43)

(44)
(45]
(46}
(47]
(48]
[49]
(50]
(51

1. L. Spain, in: Chemistry and Physics of Carbon, P. L. Walker, Jr. and P. A. Thoroweer (cds.),
Marcel Dekker, New York. Vol. 8. 119-305 (1973).

A. R. Ubbelohde and F. A. Lewis, Graphite and its Crystal Compounds.
Oxford, Clarendon Press. 1960.

M. S. Dressclhaus and G. Dresselhaus, Adv. Phys. 30, 139 (1981).

S. A. Solin and H. Zabel, Adv. Phys. 37, 87 (1988).

S. A. Safran, Sol. St. Phys. 40, (1987). .

L. Vogel et al., Mater. Sci. and Engin. 31,261 (1997).

. B. Hannay ct al., Phys. Rev. Lett. 59,327 (1987).

_R. York, S. K. Mark, S. A. Solin, Phys. Rev. Lett. 50, 1470 (1983).

u. S. Karimov, Soviet. Phys. JETP 38, 129 (1974).

A. M. Ziatdinov, and Yu. M. Nikolenko, Phys. Sol. State (Russia) 36, 1283 (1994).
E. J. Samuclson ct al., Phys. Rev. B32,417 (1985).

A. M. Ziatdinov, and N. M. Mishchenko, Phys. Sol. State (St. Petersburg, Russia) 36, 1283 (1994).
J Blinowski ct al., Synth. Met. 12,419 (1983).

M. Saint-Jean, C. Rigaux, J. Blinowski, J. Phys. France, 51, 1193 (1990).

K. A. Mulicr and R. Kleiner, Phys. Lett. 1, 98 (1962).

S. K. Khanna ct al., Sol. St. Comm. 25, 1059 (1978).

P. Lauginic ct al., Phys. 998, 514 (1980).

R. M. Stcin ct al,, Synth. Mect. 12, 407 (1985).

K. A. Muller et al., Sol. St. Comm. 55, 803 (1985).

R. M. Stein et al., Phys. Rev. B32,4774 (1985).

S. Rolla ct al., Sol. St. Comm. 58, 333 (1986).

S. Luski et al., Synth. Mct. 34, 549 (1989).

1. Palchan et al., Synth. Met. 10, 101 (1984/85).

J. Blinowski and C. Rigaux, Synth. Met. 2, 297 (1980).

K. Sugihara, J. Phys. Soc. Jpn. 53,393 (1984).

K. Sugihara, K. Matsubara, T. Tsuzuku, J. Phys. Soc. Jpn. 53, 795 (1984).
G. Dressclhans and M. S. Dresselhans, Phys. Rev. 140, 402 (1965).

J. M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955).

K. Matsubara, T. Tsuzuku, K. Sugihara, Phys. Rev. B44, 11845 (1991).

J. W. McClure and Y. Yafet, Proceedings of the 5th Conference of Carbon
(Pergamon Press, Oxford), 1,22 (1962).

C. Fretigny and M. Saint-Jean, Mat. Sci. Forum, 91-93, 527 (1992).

A. M. Ziatdinov, N. M. Mishchenko, Yu. M. Nikolenko, Synth. Mct. 59, 253 (1993).
D. Davidov, O. Milo, 1. Paichan, H. Selig, Synth. Met. 8, 83 (1983).

M. Murata, H. Sucmatsu, J. Phys. Soc. Jpn. 51, 1337 (1982).

P. Delhaes et al., Synth. Met. 8, 269 (1983).

M. Saint-Jean et al., Ann. De Phys. 11, 215 (1986).

A. M. Ziatdinov, and N. M. Mishchenko, Sol. State Comm. 97, 1085 (1996).
D. Davidov et al., Synth. Met. 23, 291 (1988).

F.
N
B
Y



