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e-axis conductivity and thermoelectric power in graphite intercalation compounds
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The measurements of the c-axis conductivity o, at room temperature for acceptor graphite inter-

calation compounds typically show very small values of o.„ranging from —10 ' to -10 (Q cm)
The formula o.,=Re I, /m, U, leads to a mean-free path /, ~&10 cm. This implies that the c-axis

conduction is not a band conduction but a hopping process. The model for the phonon-assisted and

impurity-assisted hopping conduction is presented and the diffusion thermoelectric power along the
c direction is also calculated. Reasonable orders of magnitude are obtained for these transport coef-

flclcnts. Thc phonon-assisted hopping conduct1vlty 1ncI'cases with temperature, whllc thc impurity-

assisted hopping conduction is teInperature independent at low temperatures and decreases with

temperature in the region where the phonon scattering process is predominant. The diffusion ther-

moelectric power S, is proportional to temperature and takes the form which is essentially

equivalent to the one in metallic conductors.

I. INTRODUCTION

The electrical conductivity in graphite inteI'calation
compounds (GIC's) is highly anisotropic. Typical values
for the a and c-axi-s conductivities for a number of donor
and acceptor compounds are listed in Table I.' As is
shown in Table I, the behavior of the c-axis conductivity
tf, is very different in donor compounds and acceptor
compounds. Namely, donor intercalation into graphite
lncrcascs o~, while Rcccptof lntcI'calRt1on tends to dcclcasc
0'~ .

The typical value of o, in acceptor compounds at
room-temperature ranges from —10 ' (Qcm) ' to —10
(0 cm) '. If we apply the simple Drude formula

a,=¹l, /m, v„ it yields a mean free path l, g&10
cm. This 1Dlpl1cs that thc c-axis condUctlon 1Q acceptor
compounds 1s not R band condUct1on but a hopping con-
duction. On the other hand, l, of the low-stage donor
compounds are much larger than those of the acceptor
compounds Rnd thcIl thc condUction 1s R band condUct1on.

Hopping conduction in GIC's is different from that in
the usual small polaron, since the carriexs in GIC's are
completely delocalized in the basal plane. In this respect
the situation is analogous to the transverse conduction in
strong magnetic field. In this case carriers can freely
move along the magnetic field direction, vvhile in the
plane perpendicular to the magnetic field, the carriers are
confined in the Landau orbit.

We can formulate a theory of the c-axis conduction in a
similar way to the Miller-Abrahams theory in impurity
conduction. In this approach, the cuI'rent density is
given by a net flow of carriers per unit time across an in-
tercalant layer, and this process can be calculated by in-
troducing Rll llltcrplRy of thc tlallsfcl' Hallllltolllall floni
onc graphite 1RycI' to RQ Rd)acent layer Rnd thc clcctfon-
phonon interaction or the impurity potential. Diffusion
theITIloelcctr1c power S~ 1s calcUlatcd Hl a sBMlar way. IQ
Sec. II the hopping conductivity due to the phonon-
assisted process is obtained and S, is also calculated. In

th1s CRsc o~ 1nclcascs with temperature RIKl S~ takes thc
form which is essentially equivalent to the one in degen-
erate conductors. In Sec. III a similar calculation is car-
ried out in the case of impurity scattering. o, is tempera-
ture independent at low temperatures and decreases with
increasing temperature in the region where the phonon
scattcf1ng 1s important. Finally 1Q Scc. IV thc con-
clUslons Rlc summarized.

1S

II. PHONON-ASSISTED HOPPING CONDUCTION

Tllc HRIIllltDIllall cIIlploycd lll tllc followlllg RrgllIllcIlt

H =Ho+H„+H, h,

Ho ——g g E,(k)a, k(n)a, k(n),

HQPG
K
K
K
Ll

HN03
ASFg
AsF5
AsF5
FCC13
FCC13

SbClg
SbClg

2.5 g10"
1.1g10'
1.7g16'

2,5g10'
1.7g10'
5.0&&10'
6.3x10'
5.8~10'
1.1g10'
2.5 ~10'

8.3
1.94& 10
1.97' 10'
7.0
1.8~10'
2.0
0.23
0.24
0.26

10.0
1.6
1.2
3.0

TABLE I. Conductivity values of some typical donor and ac-
ceptor graphite intercalation compounds at room temperature
(Refs. 1 and 2).

o, [(Qclnl ']
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H„=X-'"ggg J,(k —k')
n s kk'

X [cI, k(n +1)a,k{n)

+a, I, (n)a, k(n +1)], (2.3)

H, .~h= g g giD(A/2dAcoq)'~
~ q, ~

n s k, q

X [a, k+q(n)a, k(n)bq

—a, k {n)cI,k(n)b ],
where Ho is the two-dimensional unperturbed Hamiltoni-
an, n is an index denoting a graphite layer, and s is an in-
dex specifying bands. H„ is the transfer Hamiltonian
across intercalated layers and H, ph represents the
clcctl'011-pllolloI1 11ltcl'actlo11 assoclatcd. With tllc Gilt-of-
plane vibration. ' The interaction with the out-of-plane
mode is important to explain the deviation from a T-
linear dependence of the resistivity in graphite. ' For
simplicity, interband transitions are neglected in H„and
H, ~h %is .the carrier density, D the electron-phonon
coupling constant, and 0 represents the volume of the
crystal. In the long-wavelength approximation, the
dispersion relation of the out-of-plane vibration takes the
form6 7

coq=—u, /q, /, z//c axis. (2.5)

j,=(e/0) g g ud(s, k),

tu, =(1/0) g g [E,(k) —E~]ud(s, k),
{2.6)

where the drift velocity ud(s, k) takes the form

ud(s, k)=zoic [8', ( nk —+n+l, p)

—W, (n + l,p ~ n, k)] . (2.7)

Here, 8' denotes a hopping rate across the intercalate
layer and zo is an average hopping distance along the c
axis. The diffusion thermoelectric power is given by

S, =tu, /Tj, . (2.8)

Tllc trallsltloll late W (n, k ~ n + l,p) ls cxplcsscd by

Equation (2.5) is expected to be a good approximation in
GIC's, since the contributions from ql and ql terms are
very small in graphite. In graphite we have
u, —=3.96X10 cm/sec, ' while in GIC's it depends on
both the intercalant species and stage numbers, and its
magnitude ranges from -2X 10 cm/sec to -4X10
cm/sec. Along the z direction, the current density and
heat current density for VT=O are given by

+ 2

W(nk n+1 )=' y. '"""~ '~'"'~ '~"+"'P' S(E(k) E(-)+Ez
[E(k)—E( i )]

H'=H„+H, '
ph, (2.9)

where k, i, and p include electronic and phonon states, and E is an electric field applied parallel to the c axis. Without
the electric field W, (n, k ~ +nl, p), W, (n+1,p —+ nk) becomes zero. Using an approximation J,(k —k')=/= const,
we obtain the following expression for W, ( kn~ n+ 1,p) —W, (n+ l,p —+ n, k):
W, (n, k —+ n+ l,p) —8;(n+ l,p ~ n, k)

2 fiDJ g ~ q, ~ g [E,(k) —E,(p)+Irlcu ] [1—f(p')]
S q P

%+1
X f(k)[1—f(p)] —f(p)[1—f«)] ~

X 5(E,(k) E,(p)+ficoq+eEzo)—

+ g [E,(k) —E,(k')] [1—f(k')]

Xq+ l
X f(k)[1—f(p)] —f{p)[1—f«)] ~ +1

X 5(E,(k) E,(P)+fmq+«zo)—



where N» denotes the phonon occupation number and f is

the Fermi distribution function and (~ +») indicates

phonon-absorption and -emission processes.
Retaining the linear terms in electric field and assuming

elastic scattering, we get the expression for cr, from Eqs.
(2.7) and (2.10)

0, x& —1

1 —f{x)=— —,'(x+1), 1&x & —1 (2.16)

tial state IIi/I and replace
~
E,(k) —E,(p')

~

'
by

[[E,(k) —Es(p')] +I j '. Moreover, we introduce an
approximation

2m e ~o A(DJ)
fi QNkoT 2dQU,

[1 fV ')—]4,»+I

~
E,(k)—E,(p)

~

'

where x =[E,{p') E~]—/koT. Finally, we obtain
V

2e ~0 Q (DJ) q(T) F(8/T)
I N dUg

Fs s

x&(E,(k) E,(p—))N»
~ q, ~, (2.11) (2.17)

where the factor of 4 in front of g comes from the spin
dcgcncl Rcy Rn«i from thc two 1Il«icpcndcnt c«igcs along
HKH 111 tllc BrIllouln zoIIc Rlld another factor of 4 stcIIls
from the summation over p' and k' and over phonon-
absorption and -emission processes. g in Eq, (2.11) can
be represented by

where kz, is the Fermi momentum of the s band and 6,
takes the form

2I
II

IE I E86,= —1+—tan —+ T1n
e I"

(2.18)

X X J dksdP sdPsdqs '
~ (212)

whcl c k p g Rnd p Rrc t%'o-dIIIlcnslonal %'Rvc vcctoI's
perpendicular to the HEH axis, and I, denotes the repeat
distance of the crystal along the c axis. If the band ex-
tremum is far from the Fermi level, we can employ the
Rpproxlm ation

E,{k)=2k, +h„A =v'3/2yoa,

and then Eq. (2.11) becomes

2e ~o Q (DJ) q (T) F(8/T)
C

S(O/T)= g 1 —e-"'" 1+"
n=I ~ T (2.19)

(2.20)

In consideration of the temperature dependence of q (T),
F(8/T), and 6„ the temperature dependence of the
phonon-assisted c-axis conductivity is given by

Here c =koT, and Es is a quantity with the order of the
bandwidth. The most important term in 6, is the last
term. At low temperatures this term is temperature in-
«icpcndcnt, while Rt higll. tcIIlpcraturcs it dccI'cases Rs
T '. Since 8=-100 K, ' F(8/T) is a temperature-
dependent function except at low temperatures. I'(8/T)
is given by

x g f dE, (k)k, dE, (p')dE, (p)p

E,(p') As—
, [1—f, (p )]~(E,(k) —E,)

/
E,(k) —E, (p')

/

'

T Rt low tcIIlpcI'Rtul'cs
O~ (x

T independent at high temperatures, (2.21)

X &{E,(k) —E,(p) ), (2.14)

koT O~/Tq(T)=, E(8/T)= J dxx(e"—1)
AUg 0

(2.15)

We note that Eq. (2.14) diverges at E,(k) =E,(p'). To re-
IIlove this «iivcI'gcIMc, lct us 1Iltloducc R lifetiIDc of thc illi-

since at low temperatures I and F(8/T) are temperature
Independent, whllc Rt hlg11 temperatures F(O/T)=O/T
Rnd I Is R1so proport1onal to T . Thc tclrlpcI'Rturc
dependences of the c-axis resistivity of higher stage
SbCI&-GIC's (Ref. 13) and stage-5 K-GIC {Ref. 14) are
s11own in Figs. 1 RI1«i 2. Thc anomaly in certain SbC1,-
GIC near 210 K shown in Fig. 1 has its origin in the
commensurate-incommensurate transition. '

The observed behaviors of stages-4, -6, and -10 SbC1&-
GIC's below 200 K are qualitatively explained by using
Eq. (2.21), and the observed temperature dependence in
Fig. 2 above -30 K is not inconsistent with Eq. (2.21).
At low ternpeI'atures, impurity scattering becomes
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smaller than those of the observed values in Figs. 1 and 2.
Although there is some ambiguity in the parameters of
Eq. (2.22); such a discrepancy may not be serious.

From Eqs. (2.6), (2.8), and (2.14) the diffusion ther-
moelectric power S, can be easily obtained as follows:

2+(E~ 5,—)
trI koT

S,= (2.24)g (1 &, /—EF)(Ep &, )—

HQPG Equation (2.24) is essentially equivalent to the expression
in usual metallic conductors. By inserting the parameters
employed in Eq. (2.22) into Eq. (2.24), we get

I 00 ZOO
Temperature (K ) S,=18.4 pV/K at 300 K, (2.25)

FIG. 1. Temperature dependence of the e-axis resistivity p,
of higher stage of SbC15 graphites (Ref. 13).

predominant and o., approaches a constant value. To
evaluate the magnitude of IT„ let us consider a stage-2
compound with the following set of parameters (see Refs.
7, 8—10, and 1 for D, u„and hz, respectively):

N/Q =10 ' cm, D =4 eV, J=0.005 eV,

u, =2.5&(10 cm/sec, ' d =2.5 gcm, EI 0.8 eV, —

which is in qualitative agreement with the observed re-
sults shown in Fig. 3.' Except for the low-temperature
anomaly of S, for stage-5 graphite potassium compounds,
the linear dependence on temperature in Fig. 3 is con-
sistent with the theoretical expectation given by Eq. (2.24).
If we insert D=16 eV and u, =2.10)& 10 cm/sec for the
in-plane vibration, which plays an important role in the
basis plane conduction, ' ' into Eq. (2.17), we obtain a
very small value for o, «0.01 (Qcm) '. This indicates
tllat out-of-plane vlblatloIl ls lllucll Illole 1IIlportaIlt 111 c-
axls coIlductlon.

b, l
——0, 51——yl ——0.39 eV, 8=100 K,

I =2&10 ' erg, A =6.732&10 eVcm,

zo ——Io, T =300 K,
and we obtain

(2.22)

o, =0.1 (Qcm) (2.23)

This is of the same magnitude as those of a,F5 com-
pound»n Table I. » Eq. (2.22) the transfer integral J is
an unknown parameter and is chosen so as to fit the con-
ductivity data. I is estimated by using the relaxation
time ~ associated with the room-temperature resistivity
values. ' The magnitude of Eq. (2.23) is an order of 1

+we

Og

O~

— 0'
IOO 200 500

Temperature (K)
I I I I I III I I I l I IIII I

IQo ~ 5 IQ' ~ ~ IG~

Temperature (K)

FIG. 2. Temperature dependence of the c-axis resistivity of
stage-5 graphite potassium intercalation compounds (Rcf. 14).

FIG. 3. Temperature variat1ons of thc c-axis thermoelectric
power S, of' a stage-2 graphi. te-peC13 compound (open circle,
positive) and stage-5 graphite-potassium compound (open circle,
negative). For comparison, results for the in-plane thermoelec-
tric power S, are shown (Rcf. 14).
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III. IMPURITY-ASSISTED HOPPING CONDUCTION

A similar calculation to the one in Sec. II can be carried
out in the case of localized charged-center scattering. The
presence of the charged centers is expected in the form of
defects with localized charge (traps) in the intercalant
layers. %'e assume that the scattering potential is given
by

4lrZC g g 8
Qx'

I q 2+ qD2

where Ir denotes the dielectric constant, and qn is the
screening constant due to mobile carriers. 0., takes the
orm

P '2 2
32 e' &o &I Jze'

ir'qn I, N A z g kF, G, , (3.2)

where Nl denotes the scattering center concentration. In
the Thomas-Fermi approximation, qn is given by

«qn 4mc N(——E~),
where N(E~) denotes the density of states at the Fermi
level. N(EF) is obtained by

N{Ep)= g f dE, k5(Eg EF)—

Eq. {3.2) dcc1'cases with T at high temperature, and 'tilts

trend is consistent with Figs. 4 and 5. The thermoelectric
power S, is also given by Eq. (2.24).

The total conductivity is given by the sum of Eqs.
{2.17) and (3.2) as the following:

o, =(a., )ph„,„+(rr, ); p gy, (3.6)

where (g, ) I„„,„and (o, ); ~„„.,„have opposite temperature
dependences. The different behaviors of the c-axis resis-
tivity between low-stage compounds and high-stage com-
pounds (see Figs. 2—5) can be explained as follows. In
low-stage compounds many impurities or defects are in-

troduced in the intercalation process. Then the localized
charged-center scattering is more effective than the pho-
non scattering even at high temperatures. On the other
hand, in high-stage compounds the phonon scattering be-
comes predominant at high temperatures.

I I I I

lilies

I I—I I I l llilf

E

ceo e erne+&+ 4' yg

iog I I I I I IIII I I I I I IIII I I

Ioo 2 5 ~OI P. 5 IO2

Temperature ( K)

FIG. 5. Temperature variation of the c-axis resistivity of a
stage-2 graphitc-FCC13 intercalation compound (Ref. 14).

At low temperatures, G, given by Eq. (2.18) is tempera-
ture independent, since I is limited by point-center
scattering. Assuming NI /N =10, Z= 2, and
I =2&(10 ' erg which is an order of 1 smaller than the
value in Eq. (2.22), we obtain

o, =—1.4 (Qcm) (3.5)

which is in qualitative agreement with the observed values
of the low-stage compounds in Figs. 4 and 5. o, given by

Stage

tO ~~~~~ ~ ~ ~
I r

p ~ ~4

~O

aaao + ~

HOPG

l I

IGG 2QQ
Temperature ( K }

I

5QQ

FIG. 4. Temperature dependerce of the c-axis resistivity of
lower stage SbC15 graphite (Ref. 13).

A model for the c-axis conduction and thermoelectric
power in graphite intercalation compounds is presented.
The c-axis conduction in GIC s is a hopping conduction
without activation energy and is induced through the in-

terplay between the transfer Hamiltonian H„and the
electron-phonon interaction or the Coulomb potential due
to the localized center. H„makes a carrier transfer from
the nth layer to the n + 1 or n —1 layers across the inter-
calant layers. The c-axis conductivity is given by the sum
of the phonon-assisted hopping term and impurity-
assisted contHbution:

o, =(o, )ph, „,„+(a',); p &r

We conclude the following:
(1) (o., )~h~„,„is proportional to T at low temperatures

and constant at high temperatures. This term is dominant
for high-stage compounds, which exhibit a temperature
dependence similar to that for (o, )~h,„,„.

(2} (o, ); ~„„,„ is constant at low temperatures and de-
creases with increasing temperature at high temperatures.
This behavior is in qualitative agreement with the ob-
served results in low-stage compounds, where (o, ); „.,r
is expected to be predominant. The intercalation process
introduces many defects and/or impurities in the crystal,
so that impurity-assisted hopping process is expected to be
dominant even at high temperatures for the low-stage
compounds.

(3) The temperature dependence of the thermoelectric
power S, is essentially equivalent to the one in usual me-
tallic conductors, and the calculated value is in good
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agreement with the observed ones.
(4) In (o, )~~,„,„the interaction with the out-of-plane vi-

bration plays an important role.
(5) Assuming the magnitude of the transfer integral

J=0.005 eV, we can get a reasonable order of magnitude
for (o, )~b,„,„and (o, ); ~„„,„. S, does not include J.
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