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Abstract—In graphite intercalation compounds CHNO; we have observed a similar dependence of
conductivity, conduction electron spin resonance (CESR) linewidth and spin carrier concentration versus
temperature. It was shown that the increase of conductivity and ‘nonmetallic’ broadening of the CESR
linewidth observed at and after crystallization of the HNO; ‘guest’ molecules may be due to an increase in
concentration of conduction electrons and a decrease in their mobility, respectively. © 1997 Elsevier Science

Ltd. All rights reserved.
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INTRODUCTION

The temperature dependence of the conduction elec-
tron spin resonance (CESR) linewidth (A H) in metals
is successfully explained [1] in terms of Elliot’s theory
[2], according to which AH = «(Ag)?/r, where ais a
constant, Ag is the g-shift from the free electron value,
and 7 is the conductivity relaxation time. Upon cool-
ing of metals the frequency of the electron—electron
and electron—phonon collisions decreases and, as a
result, 7 increases, while the concentration of the
current carriers (N) remains practically constant
because of high values of Fermi temperature [3]. As
a result, as the temperature is lowered, the conduc-
tivity of pure metals ¢ = Ne*r/m"* = Nep (where m*, e
and p are the effective mass, charge and mobility of
charge carriers, respectively) increases and, simul-
taneously, the CESR linewidth decreases. In this
paper we report a new physical situation found in
acceptor graphite intercalation compounds (GICs)
C,HNO;, when both the basal plane and the c-axis
components of the electroconductivity and the CESR
linewidth dependences versus temperature are similar,
and we present the results of an investigation of this
phenomenon.

EXPERIMENTAL

GICs comprise a wide class of synthetic metals and
present an alternating sequence of # hexagonal graph-
ite monolayers (where n is the stage index) and a
monolayer of ‘guest’ atoms or molecules (the inter-
calate) [4]. The C,0HNO; compounds investigated
belong to the fourth stage of a-modification of GICs

with nitric acid, with the general formula Cs,HNO;
(n=1, 2, 3...)[4, 5]. According to data from various
physical methods [4], in these GICs the two-
dimensional liquid-like layers of HNO; are ordered
and form a two dimensional crystal at temperatures
lower than T, ~250K. Layers of HNO; may be
incommensurable with a carbon net along one of its
crystallographic directions and they undergo a
structural phase transition of the incommensurate
phase—commensurate phase type at T ~ 210K [6].

CESR spectra of GIC CyyHNO; plates were regis-
tered at the X-band (v = 9.52 GHz) in the tempera-
ture range of 90-300 K using a rectangular resonator
with the TE;, mode and 2.5 kHz modulation of an
external constant magnetic field H,. At the conven-
tional setting of the rectangular resonator, the electric
component of the microwave field is parallel to H,; in
the geometric center of the resonator the magnetic
component of the microwave fleld (Hy¢) is parallel to
the vertical axis of the resonator.

Highly oriented pyrolitic graphite plates required
for GIC synthesis were cut out of a single bar with
the basal plane conductivity equal to (1.3 £0.2) x
10°Q~'cm™!. These plates had the shape of a rec-
tangular parallelepiped with dimensions of / (width)
x h (height) x d (thickness), where / x £ is the square
of the basal plane. The accuracy in determining the
size of the plates was ~ 5 x 10™*cm. Synthesis of GIC
CHNO; was carried out in nitric acid with a den-
sity p = 1.47 gem™>, The GIC stage was controlled by
the diffraction method. The effect of temperature on
CESR lineshape parameters was investigated using a
plate with dimensions of 0.40 x 0.40 x 0.02cm’.
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Fig. 1. Temperature dependence of CESR linewidth AH of CyHNO; plate with dimensions 0.4 x 0.4 x 0.02cm”® at
crystallization and melting of intercalate. Unfilled (filled) symbols correspond to experimental values of parameters on
cooling (heating) of the GIC. T¢; (T5;) and T (T4) are the temperatures of the first and second stepwise increase (decrease) of

AH on cooling (heating) of the sample, respectively. HyL¢; v = 9.52GHz.

RESULTS AND DISCUSSION

Over the entire temperature range of the investiga-
tions a single asymmetric CESR signal of C;oHNO3 is
observed. Down to ~250K the asymmetry parameter
of the first derivative of the absorption line 4/B
(which is defined as the ratio of the maximum peak
height (4) to the minimum peak height (B), both
measured with respect to the zero-line of the reson-
ance derivative) and the width (AH) of the CESR line
at half the height of the peak A4 are independent of
temperature and are equal to 3.24+0.1 and 2.20 X
107*T, respectively. At all temperatures the spectrum
is axial with respect to the c-axis and is characterized
by gy = 2.0023 = 0.0001 and g; = 2.0028 £ 0.0001.
At T ~ 247K, Ty ~ 242K and T ~ 212K the
AH undergoes a stepwise increase and continues to
increase as the temperature decreases (Figs 1 and 2).

As the temperature increases, the AA values change
inversely, but with a ‘global’ temperature hysteresis
(Figs 1 and 2). The value of A/B slightly decreases at
temperatures lower than 77 and is equal t0 2.8 0.1
at 90 K. The temperatures of the stepwise changes in
AH, T and T3, are close to the temperature of
intercalate crystallization (melting) in CyHNO;
(T, ~ 250K) known from the literature [4]. This
allows us to treat the CESR lineshape transformations
observed in C,oHNO; at T3 and 7'3 as being due to
the change in the aggregate state of the ‘guest’ mole-
cules. The CESR lineshape transformation at T is
probably due to the incommensurate phase—commen-
surate phase type transition. At microwave field
power levels far from saturation and the same tem-
perature, AH values in the Q- and X-bands coincide,
indicating that the CESR line is homogeneously
broadened.
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Fig, 2. Dependence of parameters of the CESR line of C;oHNO; plate with dimensions 0.4 x 0.4 x 0.2cm’, 1.e. 4/B(curve 1),

AH (curve 2) and I/I, (curve 3), where I, is the intensity

of the Mn?* ESR line in a standard sample (ZnS:Mn**), on

temperature at crystallization and melting of the intercalate. Curve 4 corresponds to the dependence: N(T)/N(300K) =

[I(T)/1(300K)][o.(T)/a:(300 K)J/?, where I(T) is an experimental value of the intensity and the value of ¢ (T) is determined

by the linear functions [(—6.52 x 1072 /K)T +3.56](2cm)™" and [(=8.46 x 107> /K)T + 4.6/(Q em)~! for T > Tg and

T < T3, respectively. Unfilled (filled) symbols correspond to experimental values of parameters on cooling (heating) of the
GIC. T, is the temperature of the third stepwise change of AH. HoLlc; v =9.52 GHz.
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Fig. 3. Experimental (filled symbols) and theoretical (solid lines) values of the line asymmetry ratio 4/B of C,oHNO; plates

with dimensions 1 x 0.4 x 0.02¢m® on sample width (/). Experimental curves 1, 2 and 3 correspond to 300, 220 and 174K,

respectively. H,Lc; v = 9.52 GHz. The theoretical curves at 300, 220 and 174K are one-dimensional Dyson’s curves with

0. =16,2.74and 3.13 (Qcm)™, R, = 1.2, 1.8 and 2.1, and T, = h(g, BAH)™" = 2.84 x 107, 2.1 x 10~%'and 1.97 x 10~%,
respectively (where £ is the Bohr magneton).

The basal planeelectroconductivity (o, ) of Coo HNO;
plates was measured by a contactless induction method
using a device analogous to that described by Pendrys
et al. [7]. Saint-Jean and McRae [8] recommended the
contactless method to determine the c-axis electro-
conductivity (o), using the well known 4/B vs 1/6,
nomograms and narrow samples with 1/§, < 2.5
(where §; is the skin-depth determined by the o,
conductivity). At 1/6, < 2.5, the ratio of 4/B does
not depend on spin carrier mobility [8]. This enables
one to determine the value of §, and, consequently, the
value of o, unambiguously, by measuring the values of
A/B and I. However, in narrow samples of GICs with
HNOs; [9], as well as in narrow samples of GICs with
AsF; [8], the values of o, and the two-dimensional
diffusion constant depend on the sample width. This
unusual result for narrow GIC samples is probably
connected with the fact that the intercalate layer
composition depends on sample dimensions [8]. That
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Fig. 4, Temperature dependence of o, (1), o, (2) and p, (3) in

C20HNO;. The dashed line corresponds to the linear func-

tion o, = [(—6.52 x 107%/K)T +3.56)(Qcm)™! and o, =

[(~846 x 10°/K)T +4.6)(Qcm)™ for T>T5 and
T < T, respectively,

is why, in this study, another contactless method was
used to determine the value of o,. Here it was deter-
mined by locating the coordinate of the maximum /,,
of the 4/B(l) dependence. At a given frequency of
the microwave field the values of /,, and o, are
unambiguously related [10]. In this case the 4/B(/)
dependence was preliminarily studied in more detail
at a fixed temperature both before and after the phase
transition (Fig. 3). It was established that, as the
temperature decreases, both electroconductivity com-
ponents increase (Fig. 4). Thus, in C,0HNOj, at and
after crystallization of the intercalate, the electro-
conductivity and AH increase. This observation con-
tradicts the existing considerations on the character
of the relation between these quantities in pure
metals. We have found the explanation for this con-
tradiction by investigating the effect of temperature
on N and the mobility of the spins along the carbon
layers y,.

In the microwave field of a given configuration only
the conduction plate regions adjacent to the vertical
faces (hxI) and (hxd) and situated approximately
within the skin-depth contribute to the CESR [10,
11]. In C,oHNO;, due to the high conduction aniso-
tropy (~10°) one may neglect the contribution to
CESR from regions adjacent to the basal planes
(hx0). This peculiarity of C,)NHO; plates allows us
to analyze their CESR lineshape using the one-dimen-
sional Dyson expressions [12] for CESR lineshape in
isotropic metals and Feher and Kip [13] or Kodera
[14] nomograms calculated from the Dyson expres-
sions [12]. In particular, using the values of 4/B and
AH and Feher and Kip [13] nomograms one can easily
determine the value Tp,—the spin diffusion time
along basal planes across the skin-depth §.. According
to Dyson [12], in the approximation of independent
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electrons the value Tp, is connected with the inplane
spin diffusion coefficient D, by the relation D, =
82/2:Tp,. In its turn, the value s, is connected with
the value D, via the Einstein relation for diffusion
processes, i, = eD,/kT. The estimation of , accord-
ing to these expressions has shown (Fig. 4) that
its value at and after intercalate crystallization
decreases.

If in the GICs investigated the spin carrier mobility
is proportional to the current carrier mobility, then
the simultaneous increase in o, and decrease in p,
which takes place in CooHNO; at and after intercalate
crystallization, already indicates an increase of N,
since o, = Ney,. Analysis of the temperature depen-
dence of the CESR signal integral intensity I =
(A + B)AH?* (Fig. 2) supports this conclusion. In
fact, for a given geometry of the sample I ~ Né..
Because of this, the simultaneous increase in I and
decrease in 6, which takes place in C,pHNOj; as the
temperature decreases from ¢ to T3, suggests that N
increases over this temperature range. This conclusion
does not change once the 6.7% increase in I (relative to
its value in the liquid phase of the intercalate) accord-
ing to the decrease in A/B in this temperature range
has been taken into consideration by a standard
procedure [13, 14]. Using this relation and approxi-
mating the experimental values of o, before and after
phase transition by the linear functions [(—6.52 x
1073 /K)T + 3.56}(Qem) ™! and [(—8.46 x 107°/K)
T + 4.6)(Qcm) ™!, respectively, we have calculated the
dependence (Fig. 2):

N(T)/N(300K) = [I(T)/I(300K)]
loo(T)/ 0. (300K)]'/2.

As would be expected from the results of the quali-
tative analysis of the experimental data, in the crystal
phase of the intercalate N increases as the temperature
is lowered (Fig. 2). Concerning the behaviour of N in
the quasiliquid phase of the intercalate, all its varia-
tions occur within the limits of experimental error
(Fig. 2). By summing the results of the experimental
data analysis, one can conclude that in synthetic metal
C,,HNO; in the solid phase of the intercalate (over
the entire temperature range of the investigations) the
increase in o, is at least partially due to an increase in
N, whereas the broadening of the. CESR line at and
after crystallization of the intercalate is essentially due
to the decrease in 7,.

The broadening of the CESR line is homogeneous.
The g-tensor values of spin carriers are independent
on the changes in aggregate states of the intercalate
and they are close to the g-tensor value of a free
electron. These facts testify that the density of the

probability of charge carriers on intercalate molecules
is small and does not change at phase transition. The
foregoing shows that it is possible to analyze the trans-
formations of the electronic properties of CHNO;
induced by phase transition in terms of the rigid
electronic band model of GICs [4, 15]. In terms of
this model, in acceptor GICs related to conductors
with the hole Fermi surface [4], an increase in N as the
temperature decreases is possible only with a lowering
of the Fermi energy, for instance due to the transfer of
additional electrons from carbon layers to intercalate
layers [4, 15], or due to the localization of spin carriers
in graphite layers, preferentially at the edges of the
Dumas—Herold islands [16]. In this case, an increase
in N must obviously be accompanied by a decrease in
1, and an increase in AH, because the localized
electrons are the perturbation centers for the conduc-
tion electrons. That is, in the crystal phase of the
‘guest’ molecule subsystem, the rigid electronic band
model predicts, qualitatively, the correct temperature
effect for these experimental values. Note that several
recent experimental results confirm the existence in
GICs of localized moments and traps. For instance,
Davidov et al. [17] observed, using spin-echo
techniques performed on AsFs GICs, the presence
of localized magnetic moments in the graphite layers
and suggested the existence of traps. A precise analysis
of the spin-relaxation time [8] and the anisotropy
of the linewidth with respect to the orientation of
H, [18] confirms this assumption. At the present
time, the exact nature of these traps remains to be
determined.
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