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c-axis conduction in graphite intercalation compounds
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In an ear1ier paper, we introduced &he concepts of phonon-assisted and impurity-assisted hopping
processes to explain the c-axis resistivity in graphite intercalation compounds (GIC s). A dilerent
theory was proposed by Shimamura. Boih theories provide a qualitative explanation for the ob-
served behaviors in low-stage compounds but they cannot account for the high-temperature behav-
ior in high-stage compounds. In this paper two new mechanisms are introduced. One is the in-

teraction of the carriers with the LO phonons polarized along the c axis. This is important in low-

stage compounds with large charge transfer. The other mechanism is the scattering of the carriers
by stacking faults, which is important in high-stage compounds. By considering the mechanisms

proposed previously by us and by Shimamura together with the new mechanism, we obtain a quali-
tative explanation for the temperature and stage dependences of the c-axis resistivity in GIC s.

I. INTR@DUCTION

Measurement of the c-axis conductivity 0, at room
temperature in graphite intercalation compounds (GIC's)
yields very small values of o, ranging from —10 ' to 10
(Qcm) '. ' If we apply the simple Drude formula
cr, =ne I Ilk„ it yields a mean free path I, «10 cm.
This imphes that tr, is too small to apply the standard
Boltzmann-Bloch formalism.

Most of the c-axis resistivity behavior in low-stage
compounds is metalhc, while in high-stage compounds
the resistivity p, decreases with increasing temperature
(see Figs. 1 and 2). Though this behavior is a common
feature in GIC's, some kinds of low-stage compounds ex-
hibit a maximum around 150-200 K in the p, versus T
curve" and this behavior is shown in Figs. 3 and 4.

Two theories have been presented to explain the tem-
perature dependence of tr, in GIC's, One is due to us, '

and the other is Shimamura's theory. " Our theory pro-
posed two mechanisms: (i) an impurity-assisted hopping
process and (ii) a phonon-assisted hopping process. The
transition across the intercalated layers is described by a
transfer Hamiltonian. In low-stage compounds mecha-
nism (i) makes the dominant contribution to p, and it ex-
plains qualitatively the observed temperature dependence
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of p, . Though the temperature dependence expected
from mechanism (ii) is similar to the one in high-stage
compounds, its magnitude is too small to account for the
observed values.

Shimamura proposed a difFerent theory from ours, "
which involves two mechanisms: (1) the transition across
the intercalant layers which is attributed to conduction
paths (conduction channels) associated with the structur-
al imperfections, and (2) the interlayer transition process
which accompanies phonon emission and absorption.
The Srst process makes an important contribution to p,
in low-stage compounds, while mechanism (2) provides
values of cr, too small to explain the observed data in
high-stage compounds. Accordingly, neither theory sat-
isfactorily accounts for the observed behavior in the tem-
perature dependence of the c-axis conduction.

In this paper we introduce two new mechanisms: (A)
the interaction of the carriers with the LO phonons po-
larized along the c axis and (8) the scattering of the car-
riers by stacking faults. Mechanism (A) plays a role in
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FIG. 1. Temperature variation of the c-axis resistivity of a
stage-2 FeC13 GIC (Ref. 1),

FIG. 2. Temperature dependence of the c-axis resistivity of
stage-5 potassium GrIC (Ref. 1).
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II. PHONON-ASSISTED HOPPING PROCESS

The current density or the conductivity is given by

j,=o,E=—g Uz(k),
k

(2 1)

Graphite Rb-Bi
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low-stage compounds with large charge transfer. Ono
pointed out that the electron-wave reflection by the
stacking faults associated with the basal dislocation rib-
bons enhances the e-axis resistivity in graphite. ' This
mechanism explains the resistivity anisotropy p, /p,
ranging from —10 to —10 . The theory predicts that p,
exhibits a metallic temperature dependence, while the ob-
served resistivity shows a maximum around 50 K and de-
creases with increasing temperature above -50 K.' '
This 1nconslstcncy can bc removed by introduc1ng a
thermally activated process over an elective potential
barrier associated with the stacking faults. This mecha-
nism is favorable for explaining the resistivity decrease at
high temperature in graphite. Since the graphite interior
layers of high-stage GIC s are similar to pristine graphite,
the same mechanism is expected to be operative in GIC's.

In this paper we show that the temperature and stage
dependenccs of the c-axis resistivity in 10%-stage and
high-stage compounds, except the compounds exhibiting
a maximum in p, versus T curves, are well explained in
terms of the impurity-assisted hopping process, the
conduction-path mechanism, interaction of the carriers
with the 1.0 phonons, and scattering by stacking faults.

In Sec. II the phonon-assisted hopping process is dis-
cussed and we refer to the impurity-assisted hopping pro-
cess and the scattering by stacking faults in Sec. III. In
the same section the conduction-path mechanism is refor-
mulated. Comparison with the experimental results is
made in Sec. IV. Finally, the conclusions are summa-
rized in Sec. V.

(2.2)

where 8 represents a hopping rate across the intercalant
layer and zo is an average hopping distance along the c
axis. An explicit form for 8'is given in the Appendix.

The c-axis conductivity derived from Eqs. (2.1) and
(2.2) is composed of three contributions:

&.=«.)~o+(~.)LA+(~. 4 (2.3)

where LO, LA, and I denote the longitudinal-optical
phonon, the longitudinal-acoustic phonon, and the ion-
ized impurity, respectively. Expressions for the interac-
tions for the three contributions are given in the Appen-
dix. Equation (2.3) describes the conduction process re-
lated to the bounding layers between which an intercalant
layer is sandwiched. To obtain the total resistivity, it is
necessary to include the contribution from the interior
layers. Since more than 90% of the charge transferred
from the intercalant to the graphite layers is located on
the graphite bounding layers due to the strong Coulomb
screening, ' ' the total resistivity can be approximated
by the following formula:"

p, = —[p, (GIG)+(n —1)p, (GG)],1

n
(2.4)

where n is the stage number. p, (GIG) stands for the
resistivity given by the inverse of Eq. (2.3) and p, (GG)
denotes the resistivity associated with the transition be-
tween adjacent graphite layers. In low-stage compounds

p, (GIG) makes a dominant contribution to p„while in
high-stage compounds p, (GG) term is important.

At first, we consider (cr, )Lo in Eq. (2.3). In general the
(0,0,1) phonons polarized along the c axis consist of one
acoustic branch and n optical branches in GIC's, where n

is the stage number. 's z One of the optical branches is a
polarization wave where the graphite layers and inter-
calant layers displace in antiphase, and the associated di-
pole field scatters the carriers. Since the carriers in GIC's

~here E is an applied 6cld along the c axis and 0 is the
sample volume. The drift velocity Uz(k) takes the form'

Ud(k) =zo g [W(n, k +—n+ i,p) —8'(n+ l,p~n, k)],
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FIG. 3. Temperature dependence of the e-axis resistivity of
Rb-Bi GIC's of stages 1-7 (Refs. 4-7).

FIG. 4. Temperature dependence of the c-axis resistivity of
lo~-stage fluorine compounds {Ref.8). Measurement for C&F is
due to Selig et al.
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are 2D-like, the screening effect on the dipole field is
negligible. The interaction between the carriers and the
LO phonons with wave vector q is given in the Appendix.
The calculation of (rr, )Lo is performed along a similar
procedure to that used previously. ' After a lengthy cal-
culation, we obtain

32HRe {Jee )'""= kT M

g3
X I exp(8/T) —1

' (2.5)

kg8=AcoLo .

It should be noted that R/I =~„„is not identical to
the relaxation time ~ associated with the in-plane resis-
tivity p„since 1/r, »& does not include a factor limiting
the forward scattering. However, for simplicity I is es-
timated from the observed in-plane resistivity in the fol-
lowing. The phonon factor [exp(8/T) —1] ' makes
(cr, )Lo small at low temperature (T &&8) but at high
temperature T/8 & 1 (cr, )„o becomes important. Equa-
tion (2.5) is compared with the observed resistivity for the
stage-1 Rb-Bi GIC's in Fig. 3. The following set of pa-
rameters is inserted into Eq. (2.5) (J from Ref. 10):

where J denotes the transfer integral across the inter-
calant layers associated with the transfer Hamiltonian,
M' the reduced mass related to the LG vibration, and e'
stands for the effective charge which is proportional to
the charge-transfer factor f per intercalant (see the Ap-
pendix). Ez is the Fermi energy and I' is the collision
broadening which is included in the energy denominator
of the transition rate W in Eq. (2.2) (see the Appendix).
po, q„and 8 are given as follows: pa=(3'~~/2)you(yo
=3.16 eV}, q, is the average of the LO-phonon wave vec-
tor

qa =(qx +qy )

(2.6}

Next, {o,)tA is estimated. The coupling constant D
for the electron-phonon interaction associated with the
out-of-plane vibration was evaluated to be -4 eV in
graphite. It has been recently ascertained that the in-
plane resistivity in low-stage compounds below 150 K is
well explained in terms of the interaction with the out-
of-plane vibration. ' Discrepancies above 150 K are
removed by introducing the interpocket scattering pro-
cess suggested by Kamimura et al.

The contribution from the bounding layers to (o, )L~
was obtained in the previous paper

2e' xo Q (DJ)' q(T)'F(e/T)&~
I N 6 du I'

where

(2.10)

I I

Graphite Rb-Bi

k~T 8/Tq(T)=, F(e/T)= f dx x(e"—1)
RU,

'
0

(2.11)
k@8=fiu, q,„.

The sound velocity U, in GIC's depends on both the inter-
calant species and stage number' and its magnitude
ranges from -2X10 to -4)&105 cm/sec. I, represents
the c-axis repeat distance and N is the number of unit
cells, where the unit cell is de6ned as the volume includ-
ing two carbon atoms sandwiched by intercalant layers.
Equation (2.10) seems to be ineffective for high-stage
compounds, since it is proportional to I, . However,
after checking the procedure used in the previous calcula-
tion, ' we obtain an expression of (o, )LA which does not
include I, . Since o, given by Eq. (2.3) comes from the
bounding layer, the sample volume Q in Eq. (2.1} should
be replaced by Q(do/I, ), where do is the distance

J=0.005 eV, Ez ——0.8 eV,

q, =10 cm ', I =1.2X10 ' ergs,
(2.7)

to obtain

p, =0.17 Qcm, (2.9}

p, =0.024(m /2f ) [exp(8/T) —1] Q cm (m =4),
(2.8)

where the chemical formula for the GIC is assumed to be
C I (I: intercalant). If 8=T= 100 K and f= 1 are em-
ployed, Eq. (2.8) yields

=SCCIf.

&0.0—
N

C +
CN +

p—75— X

cR ++
C3

2.5 —,++

—10.0

which is in qualitative agreement with the observed re-
sult. In Eq. (2.7) I is estimated from the observed resis-
tivity p, (100 K) = 1.25 pQcm (see Fig. 5) by using the
formula p, =m*/ne r, where I =A/r, m'=RkF/UF,
pl =kg/KI~, and Ep=pokp-. LO frequencjes for vaAous
GIC"s are ln the range 8=AGrpto/kg ~ 100-150K.
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FIG. 5. Temperature dependence of the in-plane resistivity
for Rb-Bi GIC's of stages 1-4 (Ref. 4).
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separating two graphite layers between which an inter-
calant layer is sandwiched. Accordingly, we have

'2
zo Q zo ~e 0 zo

U~ (2.12)
I, N I, do N do

From Eq. (3.3) and

EF =0.8 eV, Ni /N =2 x 10

zo ——do ——10 A, Z =2
(3.4)

D=4 eV, u, =2.5&&10 cm/sec, zo=do=10 A

J=0.005 eV, EF ——0.8 eV,

I =1.2X10 ' ergs, T=100 K, d=2. 5 g/cm

into Eq. (2.13), we obtain

p, =28(1/F) Qcm .

(2.14)

(2.15)

Since F(8/T) S1, then (cr, )Lo»(0', )„~ if the charge-
transfer factor f is not so small.

III. IMPURITY-ASSISTED HOPPING,
CONDUCTION-PATH MECHANISM,

AND SCATTERING BY STACKING FAULTS

where U, is the unit-cell volume which is de6ned as the
volume including two carbon atoms sandwiched by inter-
calant layers. Therefore, Eq. (2.10) becomes

zo (DJ)z q(T) F(e/T)EF
o po d IUs

(2.13)

Inserting the following set of parameters (D from Ref. 23,
u, from Refs. 18 and 22),

we have

(p, )i( T=0)=0.19 Q cm . (3.5)

This approach provides a correct order of magnitude of
p, (T=0) for the stage-2 FeCli GIC in Fig. 1 and for the
upper curve of the stage-1 Rb-Bi GIC in Fig. 3.

At low temperatures where the scattering due to
structural imperfections makes a dominant contribution,
I is temperature independent. %ith increasing tempera-
ture the phonon scattering becomes important and I in-
creases. This explains the qualitative feature of the resis-
tivity in low-stage compounds except the appearance of
the maximum in alkali-metal-bismuth ternary com-
pounds and in fluorine GIC's (see Figs. 1, 3, and 4). At
high temperature ( T»e) (o, )Lo provides the same
temperature dependence as that of (o, )i [see Eq. (2.5)].

Although the conduction-path mechanism proposed by
Shimamura" is a physically different process from the
impurity-assisted hopping, both mechanisms give rise to
the same temperature dependence. Shimamura assumed
that the existence of the conduction paths (conduction
channels) across layers are caused by structural imperfec-
tions. The expression derived by Shimamura is, however,
not appropriate for comparing with the observed results.
Then, a more convenient formula is derived in the follow-
ing. The scattering potential is assumed in the form

In the previous paper, ' (o, )i was obtained as V=N '~ g V(z, r)h(r —R ), (3.6)

mzo X2

4fiI N
C

S

(3.1)

where Xz denotes the number of ionized impurity centers
and Z is the effective nuclear charge of the centers. The
simple two-dimensional band model E,(k)=@ok+6,, is

employed. As mentioned in Sec. II, the factor 1/Q in Eq.
(2.1) should be replaced by (I, /do)(1/Q); then Eq. (3.1)
becomes

o Vo
(iri/1 = i.„„), (3.7)

where No is the conduction-path number and Vo is the
matrix element for V, the conductivity (cr, )i. becomes

(j, )i =(o, )iE

where h(r —R ) represents a two-dimensional Kroneck-
er delta function. Since the transition rate across the
conduction paths is given by

2

~zo Ns
2

2iiido N Po

g (EF —&, )'
JZe

'
1

g (EF—6, )

ezo No Vo Bfo
Q N fi "" BEC k

(3.8)

where Q, =(do/I, )Q. By using the simple two-
dimensional band model Eq. (3.8) becomes

1"=4&10 ' ergs . (3.3)

~here an extra factor of 2 is multiplied in consideration
of the processes (A') and (B') which were disregarded in
the previous calculation (see Appendix). Equation (3.2) is
estimated for the stage-1 Rb-Bi GIC's. The a-axis resis-
tivity p, (T=0)=0.4 pQ cm m Fig. 5 leads to

Ze zo2

(o', )i =—
Po

o I
Vo I'
rr (3.9)

where zo ——do is inserted. Though we have no informa-
tion on the magnitude of Vo, we tentatively employ the
following set of parameters:
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Vo ——0.02 eV, No/N =10, zo ——10 A

g kF, =2X10 cm I"=4)& 10 ' crgs, (3.10)

and then we have

(p, )l ——0.28 Qcm, (3.11)

(o', )I +(lr, )1 & (o', )Lo+ (o', )LA,

which is comparable to (p, )I given by Eq. (3.5).
The interlayer phonon-assisted hopping proposed by

Shimamura" is unimportant, because an effective
electron-phonon interaction constant is roughly given by

D,f,=De (3.12)

where c' is an extension of the wave function of the n.
electrons along the c axis, which is expected to be
zo/c' »1. Accordingly, we have D,s «D and the cal-
culated conductivity a, is negligibly small.

By adding the four contributions discussed in Secs. II
and III, p, (GIG) is expressed as

p.«G) =[(. )Lo+«. )LA+(~. 4+(~. )1 1
' (313)

The sequence of the magnitudes for the various contribu-
tions is as follows:

~, =(~, )r+(cr, )&, (3.18)

where (o, )r stands for the tunneling efFect contribution
and (o, ) „denotes the thermal activation part which is
assumed in the form

(cr,)„=A [exp(bE/ks T) 1]— (3.19)

To explain Fig. 6, hE is estimated to be -100 K. This is
consistent with a theoretical prediction, since hE is ex-
pected to be on the order of b ( = —0.008 eV, Ref. 28)
which denotes a difference in crystalline fields experi-
enced by inequivalent carbon atoms in layer planes. If
the same mechanism is expected to be operative in GIC's,
then we have

nected by introducing the Tamm states, which are local-
ized in the vicinity of the stacking fault, in addition to the
Bloch state. ' This implies that the stacking faults are
equivalent to a potential barrier with a width of one lat-
tice spacing. Ono's calculation corresponds to the tun-
neling effect without any activation energy; however, at
6nite temperature, the phonon-assisted thermal activa-
tion process takes place. The latter process becomes im-
portant at 6nite temperature, if the activation energy
(barrier height) hE is not so large. Accordingly, the con-
ductivity is composed of two parts:

(o )Lo»(o )LA

where the condition of Eq. (3.15) is realized for the com-
pounds with a large charge-transfer factor f, except at
low temperature (T «8). Neglecting (o, )LA, we obtain

p, (GIG) as

P, (GG) = [(lr, )r+(o, ) & ]

Combining Eq. (3.13) with Eq. (3.20), one obtains

p, =—[p, (GIG)+(n —1)p, (GG)] .
1

(3.20)

(3.21)

P, (GIG)=I (T)(a N~T '+aI+al. ) ', (3.16)

where N~ =(eg~ 1) ' a—nd a~, ol, and al. are tempera-
ture independent. At high temperature ( T»6)
p, (GIG) is proportional to I"(T ), which shows a metallic
temperature dependence.

To obtain the total resistivity p, represented by Eq.
(2.4), it is necessary to estimate p, (GG). In high-stage
compounds p, (GG) is approximated by the resistivity in
pristine graphite. As was pointed out by Ono, ' the
re6ection of electron waves at stacking faults plays an
essential role in the e-axis conduction of graphite and an
effective relaxation time is given by

Graphite

~0
~t

~I
~0

..""L=10'A

150

.93

l.,s=~[1+(R /T)(2l/L )] (3.17) :.' L=10 A

where T and R denote the transmission and reflection
coeScients for an electron wave at stacking faults, r and I
are the usual relaxation time and mean free path without
stacking faults, and I. is a mean distance between stack-
ing faults. ' The stacking faults associated with the basal
dislocation ribbon give the most effective electron scatter-
ing lnechanism (R =1, T=O), among the various types
of faults. ' ' A typical experimental result in graphite is
shown in Fig. 6.' The resistivity decrease above -50 K
cannot be accounted for by Ono's theory. %'ave func-
tions on both sides of a stacking fault are smoothly con-

I I

100 200
Temperature ( K)

FIG. 6. Temperature dependence of the c-axis resistivity for
various graphite samples, and two theoretical curves due to Ono
correspoadlllg fo the stacklllg falllt spaclllg I = 10 slid 10 A,
respectively. The number in each curve denotes the RRR value
deSaed by p, (300 K)jp, (4.2 K) (Ref. I4).
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IV. COMPARISGN WITH THK EXPERIMENTAL
RESULTS

In low-stage compounds p, (GIG) »p, (GG), then we

have

path mechanism. These terms qualitatively explain the
observed metallic behavior ofp, in low-stage compounds.

(ii) In high-stage compounds p, (GG) term is impor-
tant, where it is composed of the two contributions:

p, (GG) =[(o, ) T+(o, )„] (5.2)

p, =—p, (GIG) = —[(o, )Lo+(o, }I+(a,)z. ]
n n

Accordingly, we have

[Z( ejr 1}]—I

+coll

+aI+aI j (4.1)

Pe=
1 A'

(ape '+al +al. ) ', T »e .
+coll

p, = p, (GG)= [(o, )r+(o, )„]
n n

(4.3)

which can qualitatively explain the observed temperature
dependence in high-stage compounds (see Figs. 2 and 3}.

As mentioned in Sec. II, r„s ( =A/I ) is not identical to
the relaxation time associated with the in-plane resistivity
and I/r„~, does not include the factor 1 —cos8k k which
limits the forward scattering. Since the factor
1 —cos8k k introduces an additional temperature depen-
dence to p, in the phonon scattering region, the tempera-
ture dependence of p, is smaller than that of p, . Most of
GIC's satisfy this condition. Though Eq. (4.1) cannot ac-
count for the appearance of the maximum in p, versus T
curve for the low-stage alkali-metal-Bi ternary corn-
pounds and for the low-stage Iluorine compounds (see
Figs. 3 and 4), it can explain the metallic behavior of p,
which is a common feature in low-stage GIC's (see Fig. 1)
and its order of magnitude by using a reasonable set of
parameters.

In high-stage compounds the p, {GG) term is more im-
portant than the p, (GIG) and

(o, )r is the conductivity associated with the tunneling
effect at the stacking faults without any activation ener-

gy,
' while (o, )~ denotes the thermally activated con-

ductivity. At low temperatures the (cr, )z term is impor-
tant and then p, is temperature independent. At high
temperatures p, decreases with increasing temperature
due to (cr, )„, which is proportional to
[exp(bE/k~ T) 1] '—. Therefore, Eq. (5.2) qualitatively
explain the observed temperature dependence in high-
stage compounds.

The presence of the maximum in the p, versus T curve
for the low-stage alkali-metal —Bi ternary compounds and
for the low-stage fluorine compounds cannot be explained

by the present theory. Further investigations are neces-
sary experimentally and theoretically.
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APPENDIX

The hopping rate across the intercalant layers 8'in Eq.
(2.2) is expressed as follows

8'(n, k~n+1, p)

(n, k (%' [i)(i [&'
( n+l, p)

e(k )—s(i }+i I

X5(e(k ) —s(p )+eE~o), (Al)
where k, i, and p represent the electron and phonon states
and I is a collision broadening controlled by the interac-
tions with the phonons and impurities in the basal plane.
The Hamiltonian is given by

The previous calculation on the c-axis conductivity in
graphite intercalation compounds' is revised and extend-
ed in this paper. Shimamura's theory on the
conduction-path mechanism is reformulated. For the
stage-n compounds the resistivity p, is approximated by

p, =—[p, (GIG)+(n —1)p, (GG)],1
(5.1)

where p, (GIG) corresponds to the resistivity for the
graphite-intercalant-graphite sandwich unit and p, (GG)
represents the interior layer contribution to the resistivi-
ty.

(i) In low-stage compounds p, (GIG)»p, (GG) and

p, (GIG) is composed of the phonon-assisted and
impurity-assisted hopping processes and the conduction-

f1 =JVO+ JV',

where

%o= g QE(k)ak(n)ak(n)+ gfm (b b + —,'),

& =JY,„+JV ph+e&g

g J(k —lt')[al, .{n+1)ak(n )
n k, k'

+ak(n )ak.(n+1)],
~e-ph e-LA+~e-LO ~

2 iq(r —R )
O'Ire Z ~ ~ 8

n~

(A2)

(A3)

(A4)

(A5)
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&o is the unperturbed Hamiltonian, n an index denoting
a graphite layer, and %„ is the transfer Hamiltonian
across the intercalated layers. The indices specifying the
band and phonon branches are omitted in Eqs. (A3) and
(A4). N is the number of unit cells, where a unit cell is
de6ned as the volume including two carbon atoms which
sandwich an intercalated layer. (In the previous paper'
X was incorrectly taken as the carrier density. ) &, LA
represents the electron-I. A-phonon interaction associat-
ed with the out-of-plane vibration, ' and S,Lo is the
electron-LO-phonon interaction. %It denotes the ion-
ized impurity potential, where tc is the dielectric constant,
i(, the screening constant, Z the efFective nuclear charge,
and 0 is the sample volume.

Equation (A 1) includes the following four processes:

~e-LA
q

(e q)

iraq

r rut ) b-i(q r cot))-—
qe qe

(A) ~n, k& ~n,p'&, ~n,p'& [n+l,p&;

(A')
)
n, p'&-+

[
it+ 1,p &, [ n, k &~

] n, p'&

In k&~
I
n+1 p'& [n+i,p'&~ [n+l,p&;

(8')
)

n +I p'&~
J
n+1 p &,

J
n, k &

J
n+l, p'& .

In the previous theory' processes (A) and (8) were taken
into account, while (A') and (8') were disregarded. Each
process makes the same contribution to cr, . %, L~ and
&, t o are given by

8mtee'

Uc

1/2
(e q)

)((bt i(q. r —cot) b i(q r—s. &t—))qe qe

(AS)

where e is parallel to the c acis. The dispersion to(q) is
neglected and we assume that m=~LO ——const. Equation
(AS) is valid in the long-wavelength approximation. For
simplicity the stage-1 compounds are treated in the fol-
lowing discussion. Here, U, is the unit cell which is
defined as the volume including two carbon atoms
sandwiched by intercalant layers:

31/2
U, = a I„a=2.46 A, (A9)

1 n 1

2M (c) 2M (I) 2M (c)
(Al 1)

where M(c) is the mass of a carbon atom and M(I) the
mass of an intercalant atom or molecule. In Eq. (All)
the chemical formula for the GIC is assumed to be C„I.
e' in Eq. (AS) is the charge located on two carbon atoms
which are included in the unit-cell volume U, . Accord-
ingly, e' takes the form

where I, represents the c-axis repeat distance. d' stands
for the efFective density associated with the LO vibration
and is given by

(A10)

where N is the total number of unit cells and M' is the
reduced mass defined by

where the polarization is taken for e parallel to the c axis
and toe =u,

~ q, ~. The interaction between the carriers
and the LO phonons with wave vector q is given by where f is the charge-transfer factor per intercalant.
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