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A model for the temperature variations of the thermoelectric power (TEP) of acceptor graphite in-
tercalation compounds (GIC’s) is presented. At low temperatures, the TEP in GIC’s increases
monotonically with T, then levels off above ~200 K in striking contrast to that of pristine graphite.
The diffusion contribution to the TEP is proportional to T and its magnitude is small as compared
with that of the observed data. This observed behavior is attributed to the phonon drag effect. In
the temperature region where the TEP is weakly temperature dependent, phonon relaxation is main-
ly controlled by the Rayleigh scattering due to point defects. The resultant TEP, which is composed
of the phonon drag and diffusion terms, leads to a nearly T-independent value. Since the cross-
sectional diameter of the Fermi surface in GIC’s is larger than that of pristine graphite, the relaxa-
tion rate of the Rayleigh scattering, which is given by 1/¢;(q)=fg?, becomes very large at high tem-
peratures (7> 100 K). At low temperatures, where the boundary scattering plays a dominant role,
the TEP is proportional to T>. Detailed calculations are carried out by solving the phonon-carrier-

coupled Boltzmann equation.

I. INTRODUCTION

Studies of the transport properties of graphite intercala-
tion compounds (GIC’s) have attracted a good deal of at-
tention from many investigators.! Among the various
techniques, the measurements of the thermoelectric power
(TEP) provide useful information on the Fermi energy, en-
ergy dependence of the carrier-relaxation time, strength of
the electron-phonon coupling, and the phonon-relaxation
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FIG. 1. Temperature variation of the TEP of the three
FeCls-intercalated graphite compounds compared to that of pris-
tine graphite (Refs. 2 and 3).

processes. Recently, the thermal conductivity, TEP (a-
axis and c-axis values), and c-axis resistivity of FeCl;-
intercalated graphite and a stage-5 potassium GIC have
been measured.’ >

Detailed measurements on the TEP and thermal con-
ductivity of SbCls-intercalated graphite spanning stages
2—10 have been carried out by Elzinga et al.,° Figs. 1 and
2 indicate a typical feature of the TEP in the acceptor
compounds.>® These curves indicate that the TEP in
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FIG. 2. Temperature dependence of the TEP of SbCls-
intercalated graphite compounds. 7T; marks the temperature of
the commensurate-incommensurate transition (Ref. 6).
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GIC’s exhibits a different T dependence from that of a
pristine graphite and that it is nearly stage independent ex-
cept for a high-stage compound.”®

Highly crystalline graphite exhibits a large negative dip
of the TEP around 35 K,*%7 and this anomaly was as-
cribed to the phonon drag effect.”~!° In this paper it is
shown that T dependence of the TEP in GIC’s is also ex-
plainable in terms of the phonon drag effect. Since the
carrier density in GIC’s is 1 or 2 orders of magnitude
larger than that of pristine graphite,' the cross-sectional
diameter of the Fermi surface of GIC’s is much larger.
This affects the phonon drag TEP in the following two
ways: The first effect is that the maximum phonon ener-
gy participating in the phonon drag effect, which is given
by 2#ivkp (v is the velocity of sound and kf is the Fermi
momentum), is larger than ko7 in the temperature range
in which we are interested. On the other hand, in pristine
graphite 2% kp/k, is at most ~40 K. The second effect
is as follows. The g-dependent scattering processes, for in-
stance, the carrier-phonon scattering, Rayleigh scattering,
and phonon-phonon scattering provide large relaxation
rates in the phonon-relaxation processes. Among them
the Rayleigh scattering, due to point defects, is strongly
enhanced as compared with the case of pristine graphite,
since its relaxation rate 1/t;(¢) is proportional to ¢° in
two-dimensional phonons and to ¢* in three-dimensional
cases. At temperatures above ~100 K, the Rayleigh
scattering plays an important role in the phonon-
relaxation process, and by combining the diffusion term
with the phono drag term, the overall features of the TEP
in the acceptor compounds are qualitatively explained.
Detailed calculations are carried out by solving the cou-
pled Boltzmann equations for carriers and phonons.

II. ELECTRON-PHONON INTERACTION

A. Diffusion contribution to TEP

The TEP is composed of the two contributions: The
diffusion term S; and the phonon drag term S,
S§=8; +S,. We will first evaluate S;. To be more defin-
ite, let us consider the stage-2 acceptor compound, which
can be treated on the basis of the band model of Blinowksi
et al."!

In the presence of an electric field Fand a temperature
gradient VT, the current density T and heat-current den-
sity W are expressed as follows:

j=0F—BVT, W=XF—(VT. (1

Between the transport coefficients o, 3, X, and & there ex-
ists Onsager’s relations,

o;(H)=0;(—H), (2a)
TBij(H)=X;(—H), (2b)
Gij(H)=E;(—H) . (2¢)
In the absence of a magnetic field H, the TEP is given by
S=Px/0xx =Xyx /TOx . (3)

Theoretically, it is easier to calculate X, than 8,,,"'° so
that in the following we may set VI'=0. X,, and o,, are
given by
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Xex=—e 3 3 vi7( Ei(k)—Ep)df,/9E; ,
Ox=—€3 3 vi7:9f0/9E; ,

where v;, denotes the velocity component along the x axis
of the ith band and 7; is the relaxation time. X,, and o,
may be rewritten in the form,

4)

_ewkr? | d [dki, s
Xx_x— 37TIC ; dE, dE, (k"vixf') =EF ’
(5)
e? dk; )
O xx Ic ; dE, (kl'vix‘rl) -k, ’
where v2=v2 + v,-i. Then S, becomes
d dkl 2
e ; iE; |, (k;vixTi) -
a = 3e dk. (6)
; -‘}Ell—_(k,-vf,r,-) _E,

The band structure of the stage-2 acceptor compound is
shown in Fig. 3, and the two hole bands 1 and 2 (v, and v,
are abbreviated by 1 and 2) are given by'!

E (k)= %['}/1—(7/%+97,20b2k2)1/2] ,
Ey(k)=3[—11—(ri+978b7%k)']

where°k2—_-k3 + k,,2 and b denote the nearest C-C distance
(1.42 A). Since 3ygbkr >>7,,'"1? Eq. (7) leads to

vi=(A/H?, dk;/dE;=1/4, A=y . (8)

(7

Accordingly, Eq. (6) becomes
S [(d/dE ) E;T; )]E,:E,

4= 3€ E(E,-T,')E',=EF
i
Assuming 7;(E;) « Ef, we get
Sy=(m?/3e) (k3T /Ep)(1+P), (10)

FIG. 3. Band structure of the stage-2 acceptor compounds
(Ref. 11).
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where p depends on the scattering mechanism. If Er=0.7
eV is inserted into Eq. (10), we obtain

S4=3.50(1+P)x 10T , (11

measured in uV/K, which is in good agreement with the
observed value of 3.0X1072T(wV/K) for the stage-2
SbCls-intercalated graphite.® Equation (11) yields too
small a value of S; to explain the observed TEP at high
temperatures. However, it should not be neglected.

B. Scattering due to the in-plane vibration

Electron-phonon interaction is assumed to be in the fol-
lowing form:

Hop=3 Vy(ble —bge) ,
! (12)
V,=—iD(#/2dQ0,)'’q

(Q is the volume of crystal and d is the density), where the
in-plane vibration interacts most strongly with carriers
and the dispersion relation is approximately given by

(13)
J

Wq =Usq, (12=(1f+¢1,?

1 aD?
mu(E) ~ dQu,

+%‘—5(E1(k — @) —E\ (k) +7,)

X

For simplicity, we assume that

SolE (k) +0g) pho, koT

=], Ny=——,
folE(k)) 9™ fi

q (16)
S(E | (ktq)—E,(k)Fiwg)=8(E(k+q)—E (k) .
Equation (16) is a high-temperature approximation. In
the temperature region of interest (T ~300 K), the above

approximation is not valid since 27 kr > koT. From Egs.
(15) and (16), we get

1 D, T
m(E) ~ 2ml.dfw?

X [ dgd,q8(E,(k +q)—Ey(K))

+O(E (k —q)—E (k)] ,

(17

where I, denotes the period of the crystal along the ¢ axis.
By using Eq. (7), we obtain

1 DkoT(|E\| +37)
(E) dfvl4’l,
Similarly, 1/75,( E) becomes

(18)

q
§qu0 —éawl(kﬂ)—E,(k)—ﬁw,)

2159

(v, =2.1X 10° cm/sec). We disregard the potential exerted
on the carriers in the graphite layers by the ionized inter-
calated layers. Recently, Giergiel et al. revealed that low-
frequency phonon modes with a large density of states ex-
ist in stage-2 graphite rubidium.'> These modes are as-
cribed to the vibrations of the intercalated layers. These
modes might be related to the anomalous behavior of the
TEP in a stage-5 graphite-potassium compound. (See Fig.
4, lower panel.) In this paper we do not go deeply into the
calculation for the TEP in donor compounds. Equations
(12) and (13) are essentially equivalent to the case of gra-
phite.!*

The coupling constant D has three components associat-
ed with the three transitions 1 —»1’, 2—2’, and 1<>2. Here
we assume that

D“ =D22 _=_D, DIZ =D21 ED' . (14)

In general, D, 5D,,, however, if 2E is larger than vy,
D, is approximately equal to D,,. As is shown in the
Appendix, the intraband transition term D is much larger
than the interband contribution D’. Therefore, in the fol-
lowing, D’ is neglected. From Eq. (12) the relaxation rate
711 is represented as follows:

SolE (k) +Fw,) pho,

SolE (k)

FolEy(k)—Hiog)

15
SolE (k) 13

30

0 I00 200 300
Temperature (K)
FIG. 4. Temperature variation of the c-axis TEP S, of stage-
2 FeCls-intercalated graphite and stage-5 potassium-intercalated
graphite compounds. For comparison, the in-plane TEP S, are
also represented (Ref. 5).



2160

1 DzkoT(lEzl—%Yl)
™(E) dfvld’l,

(19)

To get an order-of-magnitude estimate of the carrier-
relaxation time, we insert the following set of parameters
into Egs. (18) and (19):

D=l6, |E1|=iE21=EF=0.7, ’)/]=O‘3,
measured in eV (Ref. 14),

Yo=3, d=2, v,=2.1x10% I.=8.75, (20)

where 7, is measured in eV, y; is measured in cm/sec (Ref.
14), and I, is measured in A,! then at 300 K, 7y, and 7,
become

1=2.3%10"1, 7,,=3.6x10"13, 21
measured in sec. These values for the carrier-relaxation
times give rise to the mobility values
measured in cm?/Vsec. Apart from numerical factors,
Eq. (22) gives the correct order of the observed mobilities.'
D=16 eV is the value in pristine graphite.'* As already
mentioned, Eqs. (18) and (19) are derived by using the
high-temperature approximation 2fiv;kr/koT <1, which
is not valid for T <300 K. Therefore it is necessary to
calculate the conductivity on the basis of a variational
principle and determine the magnitude of the coupling
constant D in comparison with the observed data.

aNq _ -1 2
—L | =—(N,—Nyolt. ' +(g%/Qw,)2X 2BN 1o

at

] carrier

X 2 ai 2 {[Vi(ENfik']—[Vi( E)fik ]}
i k.k’

X 8( Ei(k')—-E;(k)—ﬁ(t)q )ak',k_,.qfko“—fk',o) (BE l/koT)
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III. PHONON DRAG CONTRIBUTION
TO THE TEP

The distribution function for carriers and phonons is
governed by the following Boltzmann equation:

N afi :
e(F V’)aE,- =13 » (e>0), i=1,2
(23)
3N, NNy
at carrier t ’

where for convenience the hole bands 1 and 2 are inverted,
fi is the distribution function for the ith band,
(ON4/08)carricr denotes the change of the phonon distribu-
tion function due to collision with carriers, and ¢,
represents the phonon-relaxation time resulting from all
scattering processes except the phonon-carrier scattering.
(3f;/08)on is composed of the two terms

o o fi=Fio

At ot o,

’ (24)

coll phonon

where 7, indicates the carrier-relaxation time including all
scattering processes except the scattering due to the in-
plane phonons. Let us assume f; and N, have the follow-
ing forms:

where a; =7D}/d=mD?/d, and the relaxation time #, due to the collision with carriers takes the form

S
Qu,(Nyo+1) <

1
tC
Equation (27) is calculated as follows:

a;figkp;
wl,A?

In

1 «q
Lii ’

@ 38 Ei(k")— Ey() iy ik ool 1~ fro) = 3 -
k,k’ it

where kp; is the Fermi momentum of the ith band. (3N,/3)c,re, is rewritten as

aN,
ot

-— V‘
] =_(Nq_—Nq0)tr.‘ 1+BNqO(NqO+l)E_Lﬁi ’
carrier i Li(g)

where we employ the approximation of V;( E)=V,( Ep)=V;.
In the case of a;;540 for is£j, Eq. (29) should be replaced by
aN,

af}o aNqo

fi=fio— Vil EVik]——, Ny=N,0—[U(w,)q] ,

! ! dE q q q awq
(25)

where (AN, /08)caricrs 1 Written as follows”—°:
(26)
(27)
(28)
(29)
(30)

(VA 1+Q;(g)]1

ot

=—(Ng—Ngo)t7 ' +BNyo(No+1) 3,
iJj

carrier

@ , (31)
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where
kF] kfz'l 1 1
Qlj qz ’ tc _§ t,'j ’
——1__ aijﬁq(kFiij)li (32)
i wlA?
Inserting Eqs. (25) and (30) into (23), we get’~°
= S Rul@WVi, Rulg=—2 1,
1i(q)
1 1 1 (33)
__=__+_._ .
t ot ot
Similarly, Eq. (24) is written as
[af,- ~(fi=f) | |of; ]
- = + | y
at coll T ot drag (34)
1 1 1 1 1
—‘=—+—_a — =

Ti  Tir T Tip  Tij

Tjp is the relaxation time of ith band carriers associated
with in-plane phonon scattering. Since we disregard inter-
band transitions, 7;, is nearly equal to 7; and (3/;/30)4rag
is represented by

3f; #iry,! ; af,o
—_— =— "d Ulw,)k
ot drag 4k;' fo q49 [ q ]

(35)

In deriving Eq. (35), we assume that the carrier system has
a three-dimensional band represented by E=#%k%/2m.

From Egs. (35), (33), and (23) the coupled equations for
V; are obtained,

V,~[1—I“(i,i)]——21“(i,j)l{,-=y,vF, (36)
i)
where
Ui 2k Ti
I“(z,_;):——T f quqSR,-j(q), r,'_—<l (37)
4kp; 70 Tip

I'(i,j) is called the “mutual drag coefficient” which was
first introduced by Gurevich and Korenblit!> in their
study of thermoelectric and thermomagnetic effects. p;
denotes the mobility of the ith carrier in the case of
N,=N,o. Since r; and Rj; are both smaller than unity,
then we have I'(i,j) < 1. T'(i,j) is usual neglected in treat-
ing thermoelectric and thermomagnetic effects,’ !>
though sometimes it plays an important role. The mobili-
ty ppy of highly oriented pryolytic graphite defined by
lim(H —0)C(Ap/poH?)!/? is proportional to T ~!® be-
tween 40 and 80 K, and to T ~'2 above 80 K. The T2
dependence was observed by Soule!® and it is in good
agreement with our theory.'* The change from a T —!2
dependence to a T ~!'® dependence is caused by the mutu-
al drag effect.!” A similar temperature dependence of 1,
was also observed by Kreps and Woollam.®

We will not enter into the detailed consideration on
I'G,j). Equations (33) and (36) are the basic equations
describing the thermoelectric effect in the presence of a
deviation of the phonon distribution from equilibri-
um.”~%" Now we can easily extend these equations to the
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higher-stage compounds, because Egs. (33) and (36) are
general expressions which are not limited to the two-
carrier system.

Solving the simultaneous equations on ¥, and V,, we
obtain (N,N, are the carrier concentrations)

Oxx =€ zNi.u'?
i

1t = [1=T(2,2)]+p,0(1,2)} /A
s = {pa[ 1= (1, D]+ T2, 1)} /A
A=[1-T(1,1)][1-T(2,2)]-T(1,2)[(2,1) .

Now we are ready to calculate the phonon drag TEP. The
heat-current density associated with the phonon system is
given by

Zﬁw Vi(gy /@) (Ng—Ngo) ,
(39)
Nq—Nqo= —[U(wy)q)(3N40/3wy) .
Referring to Eq. (33), w, becomes
Nqo(Nqo-f-l)zRﬁ(Q)V, (40)
Inserting Eq. (38) into (40), we obtain
B(#ivg)
: quq wlNgo+ D iRy . @D
Therefore the phonon drag TEP takes the form
B(ﬁv
== f dq g°Nyo(Ngo+1)
-1
E#?Rﬁ 2 eNju} (42)
i i

In expression (42), the temperature dependence of yj in
the denominator and numerator cancel each other. Ac-
cordingly, the behavior of S, is determined by the T and g
dependence of R;(q)=t(g)/t;(q). An explicit expression
for ¢;;(¢) has already been given by Eq. (28); however, the
information on ¢(q) is needed to evaluate Eq. (42).

IV. TEMPERATURE DEPENDENCE
OF THE PHONON DRAG TEP

The total phonon relaxation rate 1/t is represented by
1 1 1.1 1 41 1 +_1_
t oty ot A
where (i) 1/t, is due to boundary scattering,
1/t, =v,/L =b, where L is the sample dimension; (ii) 1/z,
is due to the carrier-phonon scattering process given by
Eq. (28), namely 1/t.=ag; (iii) 1/¢; is due to Rayleigh
scattering associated with point defects. For two-
dimensional phonons, 1/¢;(g)=fq3; (iv) 1/1, is due to the
phonon-phonon scattering process, which for two-
dimensional phonons has the functional form
1/t,=BqT "=’ In the following, I'(;,j) is neglected.
According to (i)—(iv), the temperature range is divided
into the following regions.

(43)
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(1) Very low temperatures: 2B%v,kp >>1. In this region,
the boundary scattering is the predominant process. Then
we have R =1,/t, < q. From Eq. (42), we get S, « T3 and
this temperature variation was confirmed 1n SbCl;s-
intercalated graphite compounds up to 20 K. An esti-
mate for 1/t, can be obtained from Eq. (28). Since the
carrier densities in GIC are 1 or 2 orders of magnitude
larger than that of pristine graphite, the screening effect
on the electron-phonon interaction due to carriers is more

important in GIC. Therefore it is expected that
D(GIC) < D(graphite). Tentatively, let us assume that
D=10eV.

Substituting the values yp=3 eV, k;=2Xx10" cm™!,

d=2, and ¢=10° cm™! (in,q/ko=16 K) into Eq. (28), we
get 1/t;=2.95X10° sec™!. If we take a value L=10"*
cm, 1/t, becomes v;,/L=2.1x10'" sec™!. Then the rela-
tion of ¢, <<, is satisfied at very low temperatures.

(2) Low temperatures: 2Pfiv;kr >>1. In this case the
phonon-relaxation rate is approximately given by

11 .1
t ot ot
where (44)
1 1
ty .

Therefore R «gP, where O<p <1 and then S, o« T **7.
However, it should be noted that in this case the mutual
drag coefficients I'(i,j) cannot be neglected (since they are
not small compared with unity) and the situation will be-
come complicated.

(3) Intermediate temperatures: exp(2Pfiv;kg)>>1. In
this region 1/t is represented by

1
t

I

1 1
. + i +—, (45)

'u"‘l»—-

and we assume that the mequahty 1/t >>1/t, 1/, is sa-
tisfied. Dreyfus and Maynard'® analyzed the thermal con-
ductivity measurement in graphite and obtained

tizfq% f=8.63x10"1,
I

-1 cm3,

measured in sec (46)
i:BqT{ B=2.65x10"°,

b

measured in cm/sec K>,

However, they did not take into consideration the relax-
ation process due to the electron-phonon interaction. By
introducing a simple two-ellipsoid model, the phonon-
relaxation rate related to the carrier scattering is obtained
as follows’ ™

_1‘ @mmg’

» wd (47)

where m { denotes the effective mass in the basal plane of
the ith band (electron or hole) and
gz(m(e)/m(le))l/Zz(mhk)/m(lh))l/ZE 12.1.

Inserting D=16 eV, m'®'=0.057m,, m\"'=0.039m,, and
g=2x10%cm~! into Eq. (47), we get
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1 ]241x10° i=j=h

o 15.16X10°, i=j=e (48)
measured in sec™!. Substituting g=2x10® cm~' and
T=200 K into Eq. (46), we get

L _sx10°

154
and (49)

L _42ax108,

)

measured in sec”!. These values are much smaller than

Eq. (48). Therefore it is very necessary to consider the
phonon-carrier scattering process in analyzing the thermal
conductivity data in pristine graphite. On the other hand,
Kelly® obtained

—=6.18%10°, (50)

3¢
measured in sec™! at T=200 K. This value is very much
larger than the one obtained by Dreyfus and Maynard."
In the recent measurements on the thermal conduction in
FeCl;- and K-intercalated graphite, Issi et al?! employed
the same parameters for 1/¢; and 1/t, as those of gra-
phite."’

In the case of GIC, there are many reasons why the
Rayleigh scattering is important. By introducing inter-
calant layers into pristine graphite, it is expected that
many point defects are formed Owing to the functional
dependence of 1/t;(q)«q’, the Rayleigh scattering be-
comes the predominant process at high temperatures in
GIC with a large cross-sectional diameter of the Fermi
surface (kg ~10" cm ™).

Now let us return to the estimation of the TEP. From
Eq. (42), the T dependence of the phonon drag TEP is
given by

-2 9max 3
S,«T fqo dq ¢°Ny (Ny,+ DR
_2 9max
T =2 [ ™ dgqNg (N, +1) (51)

where ¢, =2kr and the lower limit g, is estimated by
the condition

11,1 (52)
T A A
Namely, we have
=(a/f+BT*/H'*. (53)

If the condition of 1/t; >>1/t.,1/1, for #iv,g ~koT is sa-
tisfied, we get

Bhiv,go=xo=(#v, /ko)a /fT*+BT/)V? <1
and since

exp(Bﬁvsqmax)Eexp(ﬁxm )>1,

Eq. (51) is approximated by

ex

(e*—1)?

xmax
S, « fx() dx x 1

= —Inxo+0.46 . (54)
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In the case of a/fT>>BT/f, S, slowly increases with
T, while in the region of a/fT2<BT/f S, slightly de-
creases with 7. By addmg to S, the dnffusmn term S,
which is a few uVK™ at T> 100 K, the resultant
S§=S84 + S, exhibits a weak temperature dependence. This
behavior is in qualitative agreement with the observed re-
sults shown in Figs. 1 and 2.

V. DISCUSSION

On the basis of the above calculations, we can under-
stand that the reason why the TEP of GIC and graphite
behave differently is due to differences in their Fermi sur-
faces. The diameter of the Fermi-surface cross section in
graphite is at most ~10® cm™!, while the corresponding
value in GIC is ~10" cm~'.! Thus in GIC the Rayleigh
scattering becomes very important in the phonon-
relaxation processes, while in graphite this process plays a
minor role. The many point defects introduced in the in-
tercalation process further enhance the importance of the
Rayleigh scattering.

Figures 1 and 2 show that the observed TEP values are
weakly dependent on stage except for stage-10 SbCls-
intercalated graphite, which is a weakly degenerate sys-
tem. This feature can be qualitatively explained by the

basis of Eq. (42). For simplicity, we assume u} =ug; then
Eq. (42) becomes
ﬁv,
= dqq N )R, 55
5= 4nl.TNe [ daq ot 69
where
R=SR;=3 t(g) _ tlg)
R U R AT
and N=3N;.

The repeat distance I, is related to ¢y (interlayer gra-
phite distance) by'

I,=d,+(n—1)c, (56)

(n is the stage index), where d; is in most cases essentially
independent of stage for n >2.! Since the carrier density
is roughly inversely proportional to stage-index n, I is
nearly constant. f; and ¢, are expected to increase with n,
so that R=t(q)/t.(q) is considered to be insensitive to
stage in the intermediate-temperature range. Therefore S,
is roughly stage independent.

In the following we will derive the ratio S,/S; from
simple considerations. As is well known, the phonon drag
TEP can be represented by the following simple formula’:

_{GR)
P 3eN
where C, denotes the heat capacity of the phonon system

participating in the phonon drag effect. In the present
problem (C,R ) takes the form

(57)

2T 2w Zkp (ﬁwq)2 )
d 5 Nqo(Nqo+1)R(q) .

C,R
( )= I am3 Jo qkoT

(58)
Rewriting Eq. (58), we get
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R(x),

ko‘l% *max 3
J, M dxx (59)

<C"R): 27l

eX
(e*—1)?
where fiv,gr =koT and x,, =2v;kp/koT. The carrier den-
sity N is given by

2X2 21

=omy I é= (60)
Then we get
sk (o s, Jo= [Tax—2C =26
P= 6e | kp 074, v4 0 (e*—1)2
(61)

Here we consider the low-temperature region where the
phonon relaxation is mainly controlled by the boundary
scattering.

Then

~

R(q)zt—b=a1bqrx= — |x=Ryx , (62)
c

where ago=t, '. With the use of Eq. (10), S,/Sy is given

by
S
Sq 2172
Inserting kp'=~2><107 cm™!, Tp=8120 K (Er=0.7 eV),

T=30 K, and Eq. (28) with D=10 eV into Eq. (63), we
get

S, /84=0.88
then (64)
S, =Sy .

2 TF
T, kOTFEEF . (63)

QT

This is in qualitative agreement with the observed value
in Fig. 2 for stage-2 SbCls-intercalated graphite. At high
temperatures we can also show that S, > 5.

In Fig. 4 the temperature variation of the TEP in
stage-5 potassium GIC is shown.” This behavior is dif-
ferent from those in the acceptor compounds. It may be
related to the phonon drag effect associated with the low-
frequency phonon modes with a large density of states in
the donor compounds.'3 These modes are ascribed to the
vibrations of the intercalated layers.'3

Elzinga et al. measured the magnetothermoelectric
power of SbCls-intercalated graphite samples up to 6 T
and ascertained that the effect of a magnetic field is very
weak.® Investigation of the magnetothermoelectric power
and Nernst-Ettingshausen effect over a wide range of tem-
peratures and field strengths will provide useful informa-
tion, then it is highly desirable to study the thermomag-
netic effects.

ACKNOWLEDGMENT

The author is indebted to a number of his colleagues for
helpful discussions, notably Professor M. S. Dresselhaus
and Dr. G. Dresselhaus.

APPENDIX

To get an expression of the electron-phonon interaction,
the rigid-ion approximation is employed (see Ref. 14, Sug-
ihara and Sato).
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The perturbing potential is
H'=3 3 [V(T—Rja—£;o)— V(I —Rj,)]
j a

=— 33 & VWia, (A1)
J a

where V(r'— ﬁjaLis the potential energy of an electron due
to the ion (ja), & o denotes the displacement of the lattice
point R;, from the equilibrium position, j represents the
Jjth unit cell, and a is the nonequivalent carbon atoms in a
unit cell.

Introducing normal coordinates for _Eja, we have to
evaluate integrals of the type

[0 &) |33 e i, Vv, |, (K,
j a

(A2)

where ¢t and ¢’ are suffixes specifying the electron states
and e, is the polarization vector of a phonon belonging to
the Ath mode.

In the case of the stage-2 acceptor compounds, we diag-
onalize the two-layer Hamiltonian in the subspace spanned
byl 1

=)

—

Up(©)=N"123 " "y (v_R,), i=4,B,4",B",
n

(A3)

where the summation is carried out over one type of the
J

‘ [ U2 (D) VV(E-R)Up(Prd

<< | [ Ut ®FVE-R) (P,
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equivalent carbon atom sites. Namely, the summation
over n is equivalent to the summation over j in Eq. (A1)
for a fixed @. A and B are located in the first layer, while
A' and B’ lie in the second layer, The nearest 4-4" dis-
tance is equal to Cy/2=3.354 A. In the tight-binding
approximation, i, represents the 2P, orbital. Wave func-
tions corresponding to the two hole bands v, and v, are'!

\Pl_:[(ZEl)1/2(,};1+9,}/(2)b2k2)1/4]——1
X(E Ugk +v08*Upk +E Ugk +708Upx )

(A4)
Wy =[(2E,) H(yi+9750 %) 41!

X(E,Ugi +vog*Upk —E2 Uyk —v08Up'k) »

where g = %bk exp(—i6), tan@=k, /k,.

Similarly, the electron wave functions are easily written
down.'! If the potential in one unit cell is mainly due to
the ion in the cell, Eq. (A2) becomes

S [ ep VVE-Rexp[ Tig-(F—R,)]
a

Xuf (K u,(K)dT, (AS5)

where a=A4,B,4',B', ¥,=N~!/2 exp(iif’)u,(l?), t=1or
2, and d 1y is the integral over a unit cell. In deriving Eq.
(A5), conservation of the wave vectors E—E'i?j:O is
employed. Assuming ¥,(F—R) and V(F—R) are well lo-
calized around the lattice point R, we can use the approxi-
mation

) (A6)

for a=4i' or i or i'#i. Therefore, by inspection of Eq. (A4), we get the relation

Zzeiiﬁ-kjafW?*V*Vjawldngzeiia-Rjaf\pzev}a‘yzd7_>>22eiia-l{jaf\PTﬁVja\yszI
j a j a j a

(A7)

The condition approximately equal to Eq. (A7) is realized under the conditions of Er >> %yl. Equation (A7) corresponds

to D” EDzz >>D]2 =D2] in Eq. (14).
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