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ESR study of the hydrogen-potassium-graphite ternary intercalation compounds
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The electronic properties of the stage-1 and -2 hydrogen-potassium-graphite ternary intercalation
compounds (KH-GIC's) C4„KH„(m=1,2; x-0.8) were investigated by means of ESR measure-
ments. The observed temperature dependence of the difFusion time is found to be associated not
only with the conduction-electron spins but also with the localized spins. The behavior of the
paramagnetic susceptibilities and the g values gives additional evidence for the presence of localized
spins which interact with the conduction-electron spins. The KH-GIC s possess the ionic lattice of
the donor intercalant with sandwich layers K+-H -K+, which are affected by the conduction elec-
trons on the graphite layers. The composition C4„KHO8 suggests hydrogen de6ciency in the K
H -K+ ionic intercalant, which gives defects in the intercalant. The presence of the localized spins
is attributed to trapped electrons at the defects in the intercalants. The spin relaxation at high tem-

peratures is explained with use of the Elliott mechanism. The exchange interactions between graph-
ite m and alkali-metal s electrons and the large spin-orbit interaction of alkali-metal atoms play im-

portant roles in the relaxation process.

I. INTRODUCTION

CzK acts as a catalyst in some hydrogen reactions: the
H-D exchange reaction and ortho-parahydrogen con-
version. ' Hydrogen absorption, based on the catalytic
activities of C8K at room temperature, produces the hy-
dride C&KH„, in which, for low hydrogen concentrations
x &0. 1, hydrogen atoms dissociated through a chem-
isorption process sit at interstitial sites among the K
atoms in the intercalant layers. Further hydrogen uptake
brings about a structural change to a second-stage struc-
ture with sandwiched intercalants including double K
layers between which an H layer is inserted. The
second-stage structure is completed at a saturated hydro-
gen concentration x -0.67. ' The hydride C4„KH„
(stage number n=1,2,3, . . .), where the hydride with
n=2 has the same structure as that obtained by the hy-
drogen chemisorption described above, can also be
prepared by the direct intercalation of the ionic hydride
KH into graphite. In this case, the hydrogen concentra-
tion can reach x -0.8, which is larger than the saturated
concentration for the chemisorption process. The alkali-
metal —hydrogen ternary graphite intercalation com-
pounds are known to be isostructural to the alkali-
metal-mercury ternary graphite intercalation com-
pounds, C4„K.Hg„."

The hydrogen deficiency (x-0.67—0.8) in the inter-
calant lattice K+-H plays an essential role in providing
an opportunity to bring about a charge transfer from the
intercalant to graphite layers, leading to the formation of
the graphite intercalation compounds. The de6ciency is
also an important feature in the relation between the
structure and the electronic properties.

In the potassium-hydrogen ternary graphite intercala-
tion compounds, the electronic properties investigated by
means of the specific-heat and the Shubnikov-de Haas
e8'ect, are found to be characteristic of an ionic donor in-
tercalant K+-H inserted between a metallic medium of
graphitic layers where most of the electron carriers exits.
On the other hand, conductivity (Ref. 8) and H-NMR
(Ref. 9) measurements suggest the presence of a small
number of carriers on the hydrogen atoms in spite of the
ionic system. Among the many kinds of metal hydrides,
transition-metal hydrides such as PdH„are regarded as
metallic alloys between the transition metal and hydro-
gen, where the hydrogen species possesses delocalized
electronic states associated with the large screening e8'ect
of the conduction electrons from the metal atoms. At the
other extreme, the electronic state of hydrogen in alkali-
metal hydrides such as K+-H is described in terms of a
hydride anion H with localized character, since these
hydrides are ionic insulators. Among the metal hydrides,
ternary graphite-alkali-metal hydrides are special; the
presence of a small number of charge carriers on the hy-
drogen atoms will produce novel electronic properties,
though the overall features of the intercalants K+-H
seem to be ionic with localized character.

The present paper concerns an ESR experiment in ter-
nary graphite potassium hydrides, C4„KH„(n =1,2). Up
to now, many ESR experiments have been carried out in
graphite intercalation compounds (GIC's) where the ESR
signals show the Dysonian shapes of conduction-electron
spin resonance because of the metallic properties of
GIC's. ' ' Recently, Blinowski et al. ' and Saint Jean
et al. ' pointed out the necessity for consideration of the
geometry of the samples in the measurement of
conduction-electron spin resonance for graphite inter-
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calation compounds which have two-dimensional aniso-
tropic conductivity. We take into account the geometri-
cal dependence of the line shape in our experiment. The
present paper also contains a discussion of the relation
between the experimental results of ESR and the trans-
port phenomena, in connection with the structural prob-
lem in C4„KH compounds.

II. EXPERIMENT
20G

Samples of stage-1 and -2 hydrogen-potassium-graphite
ternary intercalation compounds C~„KH„(n= 1,2) (KH-
GIC's) were prepared by a direct intercalation method.
Highly-oriented pyrolytic graphite [(HOPG), Union Car-
bide UCAR] and KH powder sealed in a vacuum Pyrex
tube were treated in a furnace for about two weeks at
430'C and 250'C for stage-1 and -2 KH-GIC's, respec-
tively. The as-prepared samples were characterized by
(001) x-ray diffraction, and transferred to quartz ESR
tubes in an Ar glove box operated at an impurity level of
1 ppm. The sample was mounted on a Teflon holder in
an ESR tube where 20-Torr He gas was sealed as a heat
exchanger. ESR spectra were measured using a conven-
tional X-band spectrometer (Varian E112) with a rect-
angular TE,02 microwave cavity and a continuous-flow
He cryostat (Oxford ESR-9) between liquid-helium and
room temperatures. To investigate the dependence of
ESR line shapes on the shapes of samples, three kinds of
sample dimensions were employed (see Fig. 2):
l Xw Xd=(1) 3X2.5X0.25 mm, (2) 5X0.5X0.25 mm,
and (3) 2 X 2 X 0.25 mm, where the c axis of the sample
was parallel to the d direction, an oscillating magnetic
field H, was applied in parallel to the I direction for cases
(1) and (2), and d for case (3), respectively. A static field
H was applied perpendicular to the I direction for cases
(1) and (2), and d for case (3), respectively.

As exhibited in Fig. 1, ESR spectra showed asym-
metric Dysonian line shapes for stage-1 and -2 KH-GIC's
which suggest the metallic nature of the materials. The
sample dependence of the shape was small enough to in-
vestigate the characteristic features of these materials if
the samples were in the same geometrical arrangement.
The microwave-power dependence and modulation-
frequency dependence of the ESR spectra were taken in
the power range between 10 and 10 m%' and in the
frequency range between 35 Hz and 100 kHz, respective-
ly. The intensity of ESR spectra was found to be a linear
function of a square root of power up to 10 mW (max-
imum power available in our instrument) even at liquid-
helium temperature. This means the absence of the satu-
ration effect in the present experiment. The line shape in-
cluding the asymmetry parameter A /8 [the ratio of the
heights between the maximum (A) and the minimum (8)
of ESR spectra] for the Dysonian line shape was revealed
to be independent not only of the microwave power, but
also of the modulation frequency, in disagreement with
the experimental results for CSAsF~ which suggested the
inapplicability of the Feher-Kip procedure' for the line-
shape analysis of the Dysonian signal in anisotropic con-
ductors such as acceptor compounds with large in-plane
to c-axis conductivity ratio o, /0. , ' The asymmetry pa-
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FIG. 2. Geometrical dependence of the asymmetry parame-
ter 3 /B. The samples have the dimensions (1) I g w )(d
=3&2.5&(0.25 mm (0), (2) 5&(0.5&0.25 mm (0), and (3)
2X2X0.25 mm ()&). The d direction is parallel to the c axis.
The static field H is applied perpendicular to the I direction for
(1) and (2), and the d direction for (3), respectively. An oscillat-
ing field H, is applied in parallel to the I direction for (1) and
(2), and parallel to d for (3), respectively. The solid line gives
the slow diffusion limit.

FIG. 1. The first derivative of an ESR spectrum of the stage-
1 KH-GIC at 289 K under applied field perpendicular to the c
axis. A and B denote the heights of the maximum and the
minimum of the spectrum, respectively. 5H denotes the devia-
tion of the maximum peak from the resonance center of the
spectrum; 6 is the linewidth. The geometrical arrangement of
the sample belongs to case (1) (see text).
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rameter A/8 was found to depend on the geometry of
the sample as shown in Fig. 2 for the stage-1 KH-GIC.
In the case of the sample with the dimension of
1 X m )& d =2 & 2 &0.25 mm, the applied field parallel to
the I direction and the microwave field parallel to the c
axis (parallel to the d direction), 3/8 possesses the ob-
served value below the slow-difFusion limit 2.55 (infinite
difFusion time TD~ ~) with a weak temperature depen-
dence. The reason for the small A /8 is that the observed
spins in the experiment exist in the boundary regions just
beneath the surfaces of the sample where the motion of
the conduction carriers is disturbed by a large irregulari-
ty in the crystal lattice since the microwave skin depth,
5=c(2mcoo, ) ', related to good in-plane conduction o,
is quite shallow and the microwave propagates in parallel
to the c plane. For cases (1) and (2), the samples are ex-
posed to microwave radiation at two sides. One side is
perpendicular to the c axis where the microwaves propa-
gate in parallel to the c axis in the surface region within
the shallow skin depth 5, =c(2ncocr, )

'~~ related to the
large magnitude of o.„while the other side is parallel to
the c axis with the deep skin depth of 5, =c(2mcocr, }
given by the small magnitude of c-axis conductivity o, .
The ratio of the observed regions between the two sides is
described by y=lw5, /ld5, . From the conductivity
measurement for C4KH„(o, =2.1X10 Q cm ' and
6.9X10 Qcm ' at 300 and 4.2 K, o, =5.9 Qcm ' and
64 Qcm ' at 300 and 4.2 K, respectively), the skin
depths are estimated at 5, =3.6X10 cm and 6.4X10
cm at 300 and 4.2 K, and 5, =0.022 cm and 6.6X10
cm at 300 and 4.2 K, respectively, for I-band mi-
crowaves with 9.1 GHz. The skin depths give estimates

of the ratios y; 0.16 and 0.10 at 300 and 4.2 K, respec-
tively, for case (1},and 0.03 and 0.02 at 300 and 4.2 K, re-
spectively, for case (2). The magnitudes of y suggest that
the observed spins in the ESR experiments are associated
mainly with the surface region parallel to the c axis. The
difference in the parameter A /8 between cases (1) and (2)
is ascribed to the geometrical di8'erence of the samples
which modi6es the contribution from the surface region
perpendicular to the c axis. Thus, the geometrical
difkrences of the two-dimensional conductors make
quantitative analysis dif5cult, so that the observed line
shapes in the KH-GIC systems are understood only qual-
itatively by means of the Feher-Kip procedure for the
one-dimensional line-shape analysis of Dysonian signals
with a skin depth of 5, and an in-plane conductivity of
o„' ' where microwave radiation works for the ESR
detection of electrons existing around the surface region
parallel to the c axis. Here, we have to be satisfied with
rather qualitative explanation of the ESR results, though
the future development of theoretical works will offer a
clue to make quantitative analysis for the detailed experi-
mental results.

III. RESULTS AND DISCUSSION

We calculate the g values, the spin-relaxation time T&,
and the diffusion time TD, using the Feher-Kip equa-
tion' for the samples described in case (1). In this pro-
cedure, the problem of electron diffusion is treated in
connection with the paramagnetic resonance in metals,
and the following expression is given for an ESR spec-
trum:

T

To R (x —1)+1 2R x—
(5A )a) Ti

[(Rzx —1)~+R ]
+R (x+1)—3

g2 42R —2@R 2'
[(R x —1) +R ] R(1+x )'

where x =(co coo)T~, g=sgnx—[(1+x )' —1]',g=[(1
+x )' + 1]',R =(TD/Tz)'~, 5 is the skin depth, A
the area of surface, g the paramagnetic part of the static
susceptibility, and coo is the resonant frequency satisfying
the condition Acoo gPH. The first —d—erivative of Eq. (1)
with x shows an asymmetric line shape with an asym-
metry parameter A/8, as illustrated in Fig. 1. The g
value, TD, and Tz can be calculated using A/8; the
linewidth hH and the deviation of the maximum peak
from the resonant 6eld 5H, using the numerical calcula-
tion of Eq. (1). The g values are summarized in Table I
for the stage-1 and -2 KH-GIC's with the applied fields
parallel and perpendicular to the c axis. The magnitudes
of the g values

g~~
and g~ are close to the g value of the

free-electron spin. The anisotropies in the g values,

g~~
—gj are 6X10 and 5~10 for the stage-1 and -2

TABLE I. g values of C4„KH„.

C4KH„
C8KH„

2.0031
2.0018

2.0025
2.0013

KH-GIC's, respectively, which are considerably smaller
than the anisotropy in pristine graphite and possess an
opposite sign from that of pristine graphite. The situa-
tion is quite similar to that of the K-GIC's.

The asymmetry parameters 3 /8 are presented in Fig.
3 for the stage-1 and -2 KH-GIC's. In the case of the
stage-1 compound, A /8 decreases weakly as the temper-
ature is lowered, and then, below about SO K, it increases
steeply. As for the stage-2 compound, 3/8 depends on
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FIG. 3. Temperature dependence of the asymmetry parame-
ter A /B. The stage-1 KH-GIC: ~, Hlc; o, H~~c. The stage-2
KH-GIC: X, Hlc; +, Hiic.

the direction of the applied field more strongly than that
for the stage-1 compound. A/8 decreases weakly at
high temperatures above 150-200 K on lowering the
temperature. Below these temperatures, it decreases
steeply and then, below about 50 K, it shows an increase.
The Feher-Kip procedure gives the diffusion time TD of
the carriers within the skin depth, as shown in Fig. 4.
For the stage-1 sample with the dimension of
I Xw Xd=3X2.5X0.25 mm, TD increases as the tem-
perature is lowered while it decreases steeply below 100
K. For comparison, we present the results with different
dimensions. The sample with a dimension of
l Xw Xd=5X0.5X0.25 mm shows an additional tem-
perature dependence at high temperatures where TD de-
creases weakly with lowering temperature. The max-
imurn of TD is shifted to the low-temperature side, in
comparison with the results of the sample with
I X w Xd=3X2.5X0.25 mm . As mentioned in the
preceding section, the samples are exposed to microwave
radiation on two sides. The mixing ratio of the observed
surface regions between the two sides is different for the
diFerent sample shapes. Thus, the difference in the be-
havior of TD is considered to be associated with the
difference in the magnitude of the ratio for the different
samples. For the stage-2 compound, TD shows a max-
imurn around 50 K, below which the decrease in TD be-
comes steep.

The diffusion time can also be estimated by means of
conductivity measurements. The diffusion time parallel
to the a axis is given by the equation

FIG. 4. Temperature dependences of the diffusion time TD.
The open and solid circles denote the results for the stage-1
samples with the dimensions (1) I gw Xd=3X2.5X0.25 mm'

and (2) 5X0.5X0.25 mm', respectively. The crosses denote the
results for the stage-2 sample with the dimension
I X w Xd=3X2.5X0.25 mm'. The field is applied perpendicu-
lar to the c axis. The solid line denotes the diffusion time es-
timated from the conductivity measurement where the value at
T=295 K is reduced to the value calculated from the ESR mea-
surement.

g nec 1

4&co k To'
g o'~

(3)

where n is the carrier density. The derivation of Eq. (2)
shown above suggests an equivalency between TD and
TD. The diffusion time TD of the stage-1 KH-GIC es-
timated by Eq. (3) with the conductivity measurement is
also shown in Fig. 4, for comparison. The diffusion time
decreases rnonotonically when lowering the temperature
down to about 20 K, and then it increases below 20 K.
The behavior of the diffusion time is different from that
of the diffusion time derived from the ESR measurement.
The experimental fact that TD derived from ESR is con-
siderably larger than that from the conductivity measure-
ment suggests that, for the former Tl„ the contribution
to TD is associated not only with the conduction-electron
spins, but also with the localized spins with an infinite
diffusion time which work to make the observed diffusion
time effectively large at low temperatures because of the

$2

2D,

where D, is the diffusion constant parallel to the a axis
which is described by the Einstein relation for the mobili-
ty p„D,=y,,kT/e. Therefore, we can estimate the
diffusion time from the conductivities cr, and o., in the
following way:



37 ESR STUDY OF THE HYDROGEN-POTASSIUM-GRAPHITE. . . 9167

increase in the susceptibility of the localized spins on the
lowering temperature.

The temperature dependences of the spin paramagnetic
susceptibility X and the g value are shown in Fig. 5 for
the stage-1 KH-GIC. The magnetic susceptibility is cal-
culated from the ESR intensity which is considered to be
proportional to the product ( A +8}(EH), where hH is
the linewidth, after the correction for the skin depth. In
Fig. 5, two kinds of corrections are made to estimate the
susceptibility. One is associated with the skin depth 5,
parallel to the a axis, where the observed ESR intensity
comes from the spins within the skin depth at the surface
parallel to the c axis, while the other is ascribed to 5,
parallel to the c axis, where the observed intensity is
caused by the spins at the surface parallel to the a axis.
The actual situation for the correction stands close to the
former though a small part of the contribution to the
ESR intensity is attributed to the spins at the surface
parallel to the a axis, since the ratio of the observed re-
gions between the two surface sides y is small, as men-
tioned in the previous section. Therefore, judging from
Fig. 5, the magnetic susceptibility is considered to have a
temperature dependence over the whole temperature re-
gion, even though the estimation of the ESR intensity in-
cludes some ambiguity because of the roughness in the
calculation related to the product (3+8)(b,H) . At
high temperatures above about 100 K, the susceptibility
seems to increase weakly with lowering temperature,
while below that temperature, it shows a decrease. The
temperature dependence of the susceptibility cannot be
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FIG. 5. Temperature dependences of the spin paramagnetic
susceptibility X and the g value for the stage-1 KH-GIC. The
open and solid circles denote the susceptibilities after the
correction of the ESR intensity for the skin depths parallel to
the a and c axes (5, and 5, ), respectively.

explained only with the contribution from the conduction
electrons for which the susceptibility obeys a
temperature-independent Pauli paramagnetism. The g
value is also temperature dependent as shown in Fig. 5.
It decreases in the high-temperature region above about
100 K as the temperature is lowered, while it increases
below about 100 K. Figure 5 suggests that the tempera-
ture dependence of the g value is connected with that of
the paramagnetic susceptibility. In the bottlenecked sys-
tem with the coexistence of conduction-electron spins
and localized electron spina such as a dilute alloy CuMn,
the g value is described in terms of the magnetic suscepti-
bilities of the conduction-electron spins X and the local-
ized electron spins X&, as shown in the following equa-
tion:"

Xpgp +Xlgl

Xq +II
where g& and gI are the g values of the conduction-
electron spins and the localized electron spins, respective-
ly, and Eq. (4) is valid only in the low-concentration limit
of localized spins. Therefore, the temperature depen-
dences of the magnetic susceptibility and the g value,
which are closely correlated with each other as shown
here, are thought to be explained by the presence of local-
ized spins in the KH-GIC system, in agreement with the
behavior of the difi'usion time observed with the ESR
measurement. It is very difficult to estimate the concen-
tration of the localized spins because of a considerably
large ambiguity, but a rough estimate suggests the con-
centration of —10 per K atom, taking into account the
magnitude of the temperature dependence of the suscep-
tibility and the electron density of states at the Fermi
level N(EF }-0.1 states/eV (C atom) for the Pauli
paramagnetism.

Next, we discuss the spin relaxation in the KH-GIC
system. The temperature dependence of the linewidth
b,H is shown for the stage-1 and -2 KH-GIC's in Fig. 6.
At room temperature, we have hH j =9.5 G and

hH~~ ——9.2 G for the applied fields perpendicular and
parallel to the c axis, respectively, for the stage-1 KH-
GIC. 6H decreases linearly in the high-temperature re-
gion above about 100 K as the temperature is lowered,
awhile below 100 K it increases steeply and then tends to
be constant below about 20 K. The anisotropy in hH is
temperature dependent and reverses at about 30 K. In
the case of the stage-2 KH-GIC, 58 is smaller than that
of the stage-1 KH-GIC; bHj =2.8 G and EH~~

——3.2 G at
room temperature. The anisotropy in AH at room tem-
perature is opposite to that for the stage-1 KH-GIC, ex-
cept in the low-temperature region below about 30 K.
EH shows a weak decrease with lowering temperature in
the high-temperature region above about 90 K, but in-
creases steeply below about 80 K. 5H tends to be con-
stant below about 10 K, reminiscent of the situation in
the stage-1 KH-GIC.

Here, we explain the spin relaxation in terms of the
contributions from the conduction-electron spins and the
localized electron spins. If T2 is assumed to be caused by
the spin-lattice relaxation, the linewidth AH can be ex-
pressed by the following equation:
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FIG. 6. Temperature dependence of the linewidths hH. The
stage-1 KH-GIC: O, H~~c; ~, Hlc, and the stage-2 KH-GIC:
X, Hiic; +, Hlc.

I ~phH~
p ++I TI Tp

(5)

The first term denotes the relaxation process TI from the
localized spins to the lattice, and this contribution is pro-
portional to the susceptibility XI due to the localized
spins. The second term is associated with the relaxation
process T from the conduction-electron spins to the lat-

P
tice, and this contribution is proportional to the Pauli
paramagnetic susceptibility Xp. For the relaxation pro-
cess with the Elliott mechanism ' at high temperatures
(T »SD ), T~ is described in the following way:

1

Tp R
(6)

where ~z is the relaxation time for carrier conduction.
The Elliott mechanism plays an important role for the re-
laxation process related to the conduction electrons in
the high-temperature region. The contribution from the
Elliott mechanism can be estimated in the following.

In the case of stage-1 KH-GIC, the number of carriers
is estimated at n=2.24)&10 ' cm, taking into account
the formula unit CsK2Hz„(x -0.8). The relaxation time
is related to the effective mass of carriers m * and conduc-
tivity cr through the formula o.=ne ~z /m '. Therefore,
if we take m'=0. 2m from the Shubnikov —de Haas ex-
periment and o., =2.1&10 Q cm ' at 300 K, the con-
tribution to the linewidth from the Elliott mechanism,
which is expressed by Eq. (6), is found to be —10 G at
300 K, taking into account the observed g shift

kg~~ -8X10 . The estimated contribution is found to
be the same order as the magnitude of the observed
linewidth b,8-9 G at 300 K. Since, from Eq. (6), the
linewidth related to the Elliott mechanism is proportional

to the resistivity at high temperatures, the decrease in the
linewidth shown in Fig. 6 is also consistent with the be-
havior of the linewidth for the Elliott mechanism. There-
fore, we can consider that the Elliott mechanism serves
mainly for the spin-relaxation process at high tempera-
tures. Sugihara suggests that the linewidth is expected to
be 10 ' to 10 G in the Elliott mechanism with graphi-
tic ~ electrons, which is two or three orders of magnitude
smaller than the observed linewidth for alkali GIC's ever
known. 22 In order to explain this discrepancy, he pro-
posed a relaxation mechanism where the spin energy in
the graphitic ~-electron system was relaxed to the lattice
system through exchange interactions between the gra-
phitic m and alkali-metal s electrons and the large spin-
orbit interaction in alkali-metal atoms. Also in the KH-
GIC's, the participation of the K4s electrons might be re-
quired to explain the magnitude of the observed
linewidth, although the K4s electrons contribute less to
the carrier transport in the KH-GIC's than in the alkali-
metal binary GIC's. '

At low temperatures the localized spins contribute to
Eq. (5) more than at high temperatures as mentioned for
the behaviors of the diffusion time, magnetic susceptibili-
ty, and the g value. An increase in the linewidth at low
temperature is considered to be associated with the spin-
relaxation process with the localized electron spins. To
understand the behavior of the linewidth at low tempera-
tures, the surface scattering of the conduction electrons
also has to be taken into consideration. GIC's are usually
sensitive to air so that the surface irregularity is larger
than that in ordinary metals. Therefore, the surface
scattering of the conduction electrons is enhanced when
lowering the temperature, since the skin depth becomes
more shallow at low temperatures. The surface scatter-
ing process can contribute partly to the increased
linewidth at low temperatures, in addition to the process-
es mentioned in Eq. (5).

Finally, we will discuss the origin of the localized spins
in the present ESR experiment. The presence of localized
spins has been reported in several cases of graphite and
graphite intercalation compounds. Neutron irradiation
and ion implantation with boron generate defects on
graphite layers to give localized spins, since these pro-
cesses are so strong that the network of the bonding be-
tween carbon atoms is easily destroyed. The intercala-
tion process was reported to generate localized electrons
in alkali-metal graphite intercalation compounds where
the ESR signal associated with the localized spins did not
show a Dysonian line shape and was not fused with the
Dysonian signal due to conduction electrons.
Powdered graphite also gives localized spins which are
attributed to surface irregularity caused by dangling
bonds. The present case with localized spins does not
seem to correspond to the conditions in the above cases,
since the intercalation process is rather mild, and the ob-
served signal is a fused Dysonian signal. Moreover, the
host material is HOPG which does not possess observable
localized spins. We attempt to explain the present case in
the following way.

For the KH-GIC, specific-heat and Shubnikov —de
Haas experiments suggest the presence of an ionic lattice



37 ESR STUDY OF THE HYDROGEN-POTASSIUM-GRAPHITE. . . 9169

of the donor intercalant with sandwich layers K+-H
K+, which is affected by the conduction electrons on the
graphite layers. Therefore, the K+-H -K+ intercalant
lattice has similar characteristics to those of pristine
alkali-metal hydride K+-H, though the H-NMR experi-
ment suggests the presence of a small concentration of
carriers on the hydrogen species in the intercalant lattice,
which is 2 orders of magnitude smaller than that of hy-
drogen atoms of transition-metal hydrides such as PdH„
where the system is regarded as an alloy between Pd and
H atoms. The compositions of ihe KH-GIC's are
C4&Ho, s and CSKHo. s for the stage-1 and -2 compounds,
respectively, which suggest a hydrogen deficiency of the
ionic intercalant lattice K+-H . The observed localized
spins are thought to be caused by the trapped electrons at
the defects due to the hydrogen deficiency in the ionic in-
tercalant lattice with a very small concentration of can-
duction carriers.

The temperature dependences of the diffusion time, the

g value, and the paramagnetic susceptibility suggest that
the contribution from the localized spins increases as the
temperature is lowered. However, the contribution seems
to decrease in the low-temperature region below 80-100
K. The surface area within the skin depth where the
spins are observed by the ESR measurement is reduced
when lowering the temperature, since the skin depth be-
comes shallow at low temperatures. The hydrogen con-
centration just beneath the surface is lower than that in
the bulk of the sample, since some desorption of hydro-
gen takes place. The reduction of the hydrogen concen-
tration makes the intercalant lattice near the surface
more metallic than that of the bulk, leading to a similar
situation to that in the K-GIC's. The metallic features
are not favorable for stabilizing the trapped electrons
with localized spins in the intercalant lattice. The de-
crease in the contribution from the localized spins at low
temperatures below 80-100 K is considered to be associ-
ated with the metallic characters of the intercalant in the
near surface area.

IU. SUMMARY

The electronic properties of the stage-1 and -2 KH-
GIC's were investigated by means of the ESR measure-
ment in the temperature range between liquid-helium and
room temperatures. The ESR spectra show Dysonian
line shapes associated with the metallic properties of the
KH-GIC's. The experimental results were analyzed by
means of the Feher-Kip procedure. This procedure does
not give a quantitative analysis for the graphite intercala-
tion compounds which are anisotropic conductors with
two dimensionality, and, at the present time, there is no
other theoretical treatment for the ESR spectra of the an-

isotropic conductors. Therefore, we have to be satis5ed
with rather qualitative explanations of the experimental
results in this paper.

The diffusion time TD estimated with the asymmetry
parameter 3 lB of the Dysonian signal is found to be
larger than the diffusion time obtained from conductivity
measurement. This suggests the presence of localized
spins interacting with conduction-electron spins. The g
value and the paramagnetic susceptibility possess temper-
ature dependences. The temperature dependence of the g
value is well correlated with that of the susceptibility.
This ending is reminiscent of the behaviors in a dilute al-
loy CuMn, which is regarded at the bottlenecked system
with the coexistence of conduction-electron spins and lo-
calized electron spins. Therefore, the ESR signals of the
KH-GIC's are associated not only with conduction-
electron spins but also with localized electron spins. The
KH-GIC's possess the ionic lattice of the donor inter-
calant with sandwich triple layers K+-H -K+, which is
affected by the conduction electrons on graphite layers.
The composition of C4„KHo 8 suggests a hydrogen
deficiency in the K+-H -K+ ionic intercalant, which
gives defects in the intercalant. The presence of the lo-
calized spins is attributed to trapped electrons at the de-
fects in the intercalant.

The linewidth hH decreases linearly as the tempera-
ture is lowered in the high-temperature range. As well as
the temperature dependence of b,H, the magnitude of b,H
can be explained with the Elliott mechanism of the spin
relaxation for conduction electrons at high temperatures.
Judging from the magnitude of dLH, the spin energy in
conduction electrons which stay mainly on the graphite
band is relaxed to the lattice system through exchange in-
teractions between graphite m and alkali-metal s electrons
and the large spin-orbit interaction in alkali-metal atoms.
At low temperatures, b,H is enhanced with the lowering
of temperature. The increase in hH is considered to be
associated with the spin-relaxation process with localized
electron spins. The surface scattering process can also
contribute to the increase in b,H at low temperatures as
well as the process with localized spins.
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