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The electronic structures of sodium hydride intercalated graphite (NaH-GIC’s) C,,NaH (a =2.5-4.5,
n =stage index), which have ionic triple atomic layers Na*-H -Na™ in their graphitic galleries, are in-
vestigated using c-axis resistivity and thermoelectric power measurements. The introduction of NaH in
the graphitic galleries depresses the c-axis resistivity, in contrast to the case of the isostructural com-
pounds KH-GIC’s or KHg-GIC’s. This suggests that the NaH intercalate does not contribute to the
transport properties. The thermoelectric power, which is explained mainly in terms of phonon-drag
effects, anomalously decreases as the stage index increases. This behavior is explained by the important
role played by the domain-scattering mechanism of phonons in phonon-drag effects, and proves that the
Fermi surface of graphitic 7 electrons is small. The results of thermoelectric power measurements give
the Fermi energy at E;=0.45 eV for a stage-3 compound, which is considerably smaller than that for
KHg-GIC’s and KH-GIC’s. From these experimental results, it is suggested that the ionic NaH inter-
calate with a stoichiometric composition of [Na]/[H]=1 makes a complete charge transfer within the in-
tercalate layer, resulting in the presence of a small concentration of graphitic 7-electron carriers and the
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absence of conduction carriers in the intercalate regions.

INTRODUCTION

Graphite is a layered material with a conduction -
electron system. Graphitic galleries are available to in-
tercalate foreign species, leading to the formation of
graphite intercalation compounds (GIC’s).'? GIC’s with
additional layers in every graphitic gallery are called
stage-1 compounds, while those with one added layer per
n graphitic galleries are stage-n compounds. Among
GIC’s, alkali-metal GIC’s, whose stoichiometries are
CgM for stage-1 and C,,,M for stage-n compounds
(M=K, Rb, and Cs), are known to absorb hydrogen in
the graphitic galleries through either chemisorption or
physisorption processes.>”’ In the high-temperature re-
gion above about 200 K, chemisorbed hydrogen species
are stabilized in the intercalate space through the dissoci-
ation of hydrogen molecules and through the charge-
transfer process from the host alkali-metal GIC to hydro-
gen.3”° At low temperatures below about 200 K, hydro-
gen molecules are occluded by physisorption without any
dissociation process.>’ The hydrogen-chemisorbed
alkali-metal GIC’s, which are regarded as alkali-metal
hydride GIC’s, are systems analogous to transition-metal
hydrides such as PdH, or VH_,*° while the hydrogen-
physisorbed systems are considered to be similar to
molecular sieves such as activated charcoal or zeolites.’

We have been interested mainly in the electronic prop-
erties and structures of the hydrogen-chemisorbed GIC'’s,
from the viewpoint of metal-hydrogen systems.!®2! The
hydrogen chemisorption strongly depends on the alkali
metals, and the magnitude of the chemisorption activity
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decreases in the order of K >Rb>Cs.*® In a K-GIC,
hydrogen is accommodated in interstitial sites of the po-
tassium lattice in the intercalate space at low hydrogen
concentration x <0.1 for CgKH,, while an additional in-
troduction of hydrogen induces a structural change to a
stage-2 compound where the introduced hydrogen forms
a layered lattice sandwiched between two potassium
atomic layers in the graphitic galleries.*>?* The Cs-GIC
has no activity for hydrogen chemisorption, even though
it shows strong catalytic activity for the hydrogen-
deuterium exchange reaction.?* The activity in a Rb-GIC
is intermediate between them.>* At ambient hydrogen
pressure, the hydrogen concentration becomes saturated
only at x =0.05 and the application of pressure up to
about 100 atm is required to reach a hydrogen concentra-
tion x =0.67, where the formation of the stage-2 struc-
ture analogous to CgKH,) ¢ is completed.> The direct in-
tercalation of alkali hydrides into graphite can also give
alkali-metal hydride GIC’s similar to the materials ob-
tained by hydrogen chemisorption. In the case of KH-
GIC’s, the direct intercalation of KH gives compounds
with stoichiometries of C,, KH, (stage number n =1,2,
x=0.8),?%?5 which have a higher hydrogen concentra-
tion than that obtained by hydrogen absorption. We can
also prepare RbH-GIC’s and CsH-GIC’s by direct inter-
calation,?® though these compounds are less stable than
their KH analogs. Sodium hydride GIC’s are special
among alkali-metal hydride GIC’s. It is difficult to
prepare Na-GIC’s except for compounds with stages
higher than stage 4.! However, the direct intercalation of
NaH can provide NaH-GIC’s with anomalous
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stoichiometries of C,, NaH (a =2.5-4.5).%":%8

It is well known that there are two kinds of metal-
hydrogen systems. Transition-metal hydrides, which are
typical metal-hydrogen systems, are considered to be
metal-hydrogen alloys where hydrogen has a delocalized
electronic nature,®° while alkali-metal hydrides such as
K*1TH™ are ionic insulators having hydrogen anions H™
with a localized electronic state. The electronic structure
of KH-GIC’s investigated by measurement of the specific
heat,'®!! Shubnikov—de Haas oscillations,'? and optical
reflectance® is characterized by the ionic sandwiched tri-
ple atomic layers K"-H -K ™ intercalated between me-
tallic graphitic sheets. This suggests that the electronic
structure of the intercalated hydrogen has a nature simi-
lar to pristine KH. However, detailed investigations with
proton NMR,!*1430 thermoelectric power,!> photoemis-
sion spectroscopy,'® and magnetoresistance!® demon-
strate the presence of two-dimensional metallic hydrogen
layers®""3? in the graphitic galleries, which is accom-
plished by the incomplete charge transfer from the host
K-GIC to hydrogen H™ and the nonstoichiometric ratio
of [H]/[K]=0.67~0.8. Therefore these experimental
facts suggest that the electronic properties of the hydro-
gen in KH-GIC’s is between that in transition-metal hy-
drides and that in alkali-metal hydrides. NaH-GIC’s,
which are discussed in this paper, have more ionic struc-
ture than KH-GIC’s and the ratio between Na and H is
almost unity.?”?® The difference in the structures be-
tween these two alkali-metal hydride GIC’s will give the
hydrogen in NaH-GIC’s a different electronic nature
from that of hydrogen in KH-GIC’s.

In this paper we investigate the electronic structure of
NaH-GIC’s by means of c-axis resistivity and thermoelec-
tric power measurements.

EXPERIMENTAL DETAILS AND RESULTS

Sodium hydride—graphite ternanry compounds with
stoichiometries C,, NaH (@ =2.5-4.5) for stage-n struc-
tures were prepared by the direct intercalation of sodium
hydride?” into highly oriented pyrolytic graphite (HOPG,
Union Carbide) flakes. Sodium hydride powder and
HOPG flakes sealed in a glass vacuum tube were heat
treated at 400-500°C for one to several days to obtain
stage-2 to stage-6 NaH-GIC’s. Samples were character-
ized with (001) x-ray-diffraction patterns before electrical
measurements. The c-axis repeat distances are identical
to those reported by Guérard et al.?’ (I,=14.2, 17.6,
20.9, and 24.3 A for stage-3 to stage-6 compounds). The
c-axis resistivity was measured by means of the dc four-
probe technique from liquid-helium temperature to room
temperature. The thermoelectric power was measured by
the technique developed by Chaikin and Kwak>*® with
AuFe Chromel thermocouples in the temperature range
from 4.2 K to room temperature. The temperature was
monitored by Ge (T <35 K) and Pt (7 > 35 K) thermom-
eters.

The temperature dependences of the c-axis resistivities
are shown in Fig. 1 for stage-3 to stage-6 samples. The
resistivities showed metallic behavior for all compounds
with different stages, even though the magnitudes of the
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FIG. 1. Temperature dependence of the c-axis resistivity p,.
for stage-3 to stage-6 NaH-GIC’s. < denotes the resistivity for
pristine HOPG. Stage (2+3) is a sample with a mixture of stage
2 and stage 3.

resistivities are relatively high, ranging from 0.5 to 1.5
Q cm and showing a stage dependence, where the resis-
tivities are a minimum at a stage-4 compound. The large
resistivity values suggest that the c-axis conduction is at-
tributed to a hopping process in NaH-GIC’s. For the
compounds with stage number higher than stage-4, an in-
crease in resistivity is observed at low temperatures below
about 70 K. The anomalous changes in the resistivities
shown just below room temperature in stage-(2+3) and
stage-4 compounds might be associated with a degrada-
tion process taking place at high temperatures above
about 250 K.

The temperature dependence of the thermoelectric
power parallel to the ab plane, S,, is shown in Fig. 2 for
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FIG. 2. Temperature dependence of the in-plane thermoelec-
tric power S, for stage-(2+ 3), stage-3, and stage-6 NaH-GIC’s.
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FIG. 3. Temperature dependence of the in-plane and c-axis
thermoelectric powers, S, and S,, for a stage-6 NaH-GIC.

stage-(2+3), stage-3, and stage-6 compounds. The ther-
moelectric power has negative values over the whole tem-
perature range, except at low temperatures below about
20 K for all compounds. This finding suggests that the
majority of carriers are associated with the graphitic
electrons which are generated by the charge transfer
from NaH ionic donor intercalate to graphite. In the
mixed-stage compound [stage-(2+3)], the thermoelectric
power increases slowly as the temperature is lowered
from room temperature. Below about 100 K, the ther-
moelectric power increases steeply and finally changes
sign to positive values below about 20 K. The stage-3
sample shows a trend similar to the stage-(2+3) sample,
although it has a kink at 120 K. The thermoelectric
power vs temperature curve of the stage-6 NaH-GIC
sample has a weak temperature dependence above about
40 K and shows a steep increase below that temperature.
Figure 3 shows the temperature dependence of the c-axis
thermoelectric power S, for the stage-6 compound in
comparison with the in-plane thermoelectric power S,,.
S., which is negative over the whole temperature range,
has an approximately linear temperature dependence
with a weak anomaly around 40 K, at which S, shows a
change in trend. Overall, S, has larger absolute values
than S,. A positive contribution, which is observed in
the S, trace below about 20 K, is absent in the behavior
of S,.

DISCUSSION

Now we discuss the c-axis resistivities with particular
reference to the anomalous temperature and stage depen-
dences that are observed. c-axis resistivities with magni-
tudes around 1 Q cm are very much larger than those for
the isostructural KHg-GIC’s (Ref. 34) and KH-GIC’s.!®
The c-axis conduction with resistivity values of
1072-1073 Q cm in KHg-GIC’s, which have alloy inter-
calates consisting of K-Hg-K triple atomic layers, is situ-
ated close to the borderline between band conduction
(1,>1,) and hopping conduction (1, <I,), where 1, and
1, are the mean free path of carriers parallel to the ¢ axis
and the c-axis repeat distance, respectively. KH-GIC’s
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are considered to have a hopping mechanism for c-axis
conduction, since they have larger c-axis resistivity values
(107'-107? @ cm) than KHg-GIC’s. Taking these facts
into account, it is suggested that the c-axis transport can
be explained by a hopping conduction mechanism in
NaH-GIC’s, whose resistivity values are two or three or-
ders of magnitude larger than those of the isostructural
KHg-GIC’s.

Since GIC’s have stacking structures with a sequence
of graphene double layer units and graphene-intercalate-
graphene composite layer units, the c-axis resistivities of
a stage-n compound (stage index n) can be analyzed phe-
nomenologically on the basis of the equation

p.=(1/n)p; i+ (n —1p. ccl > (1)

where p. g6 and p, gig denote the resistivity contribu-
tions from the graphene double layer unit and the
graphene-intercalate-graphene composite layer unit, re-
spectively. Using Eq. (1) with experimental results of the
stage-dependent resistivities, these two contributions are
estimated to be p. gig~3 Qcm and p, g6<1 Qcm at
room temperature. Namely, the ratio of p, g to p. g1 18
less than unity; p. gG/p.,gig <0.3. This means that the
introduction of the NaH intercalate decreases the c-axis
conduction. In other words, the NaH intercalate layers
do not contribute to the c-axis transport. The trend in
NaH-GIC’s is different from other isostructural analogs,
KH-GIC’s and KHg-GIC’s, with p, /P, i =14 and
7, respectively. As mentioned above, in KHg-GIC’s and
KH-GIC’s there exists conduction carriers in the inter-
calate layers as well as the graphitic 7-conduction car-
riers; carriers of the KHg alloy intercalates for the form-
er and hole carriers on the two-dimensional metallic hy-
drogen lattice for the latter. Therefore we can suggest
that there are no NaH intercalate carriers in NaH-GIC’s,
different from KHg-GIC’s and KH-GIC’s. Figure 4
shows the stage dependence of the c-axis resistivities at
room temperature and 4.2 K from stage-1 to stage-6 com-
pounds, where we employ p. g1 as the resistivity value
for the stage-1 compound. c-axis resistivities decrease
with increasing stage index until stage 4, which has the
minimum resistivity; above stage 4 the c-axis resistivities
are again elevated. The increase in c-axis resistivities for
lower-stage compounds suggests the absence of conduc-
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FIG. 4. Stage dependence of the c-axis resistivity p, at 4.2
(0) and 273 K (@) in NaH-GIC’s. The data in parentheses are
the values obtained after analysis for stage 1 or the data for
mixed stage (2+3).
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tion carriers on the NaH intercalate in the graphitic gal-
leries. Structures of higher-stage GIC’s are known to
have stacking faults, which contribute to carrier scatter-
ing for the c-axis conduction.’> The increase in p, for
higher-stage compounds can be attributed to the carrier
scattering by stacking faults.

Next we discuss the temperature dependence of the c-
axis resistivities. The trend in the temperature depen-
dence of the c-axis resistivities is metallic, even though
the magnitudes of p, are in the hopping conduction range
(1, <<1I,). The residual resistivity ratio ranges from
about 0.5 to 1, depending on the stage index. As Sug-
ihara suggested,>®3” the c-axis conduction includes two
processes. A carrier stays on a graphitic plane between
successive hopping events. In the graphitic plane, the
carrier transport is governed by in-plane phonon scatter-
ing, resulting in a relaxation time similar to that observed
for the in-plane resistivity. The hopping between graphi-
tic planes occurs with the assistance of impurities and
(001) phonons, the former contributing mainly to the
conduction process. The expression for the conductivity,
considering the two scattering processes available to
low-state compounds, is given by the equation

_e’NQI, 2Ep |j|?
¢ 2% 3y I

where N, Qq, Ep, J, 7o, b, and T are the carrier density,
the unit cell volume, the Fermi energy, the interplanar in-
teraction associated mainly with impurity-assisted hop-
ping, the graphitic in-plane band parameter (3.16 eV), the
in-plane C-C atomic distance (1.42 A), and the relaxation
time of the in-plane carrier scattering, respectively. Since
I" has a metallic temperature dependence similar to that
for the in-plane resistivities, it is assumed that the metal-
lic temperature dependence observed for low-stage com-
pounds (at least below stage 4) is associated with the in-
plane carrier scattering, which also affects the c-axis hop-
ping conduction.

In the present experiments, metallic behaviors in the
temperature dependence of p, are also observed for
higher-stage compounds, although the scattering by
stacking faults, which give an activation-type behavior in
p.» overwhelm other scattering mechanisms in the
higher-stage compounds, as suggested in Fig. 4. This
finding is curious and is in disagreement with results ob-
served in high-stage (stage-5) K-GIC, where the tempera-
ture dependence is consistent with an activation mecha-
nism, except in the low-temperature range. The second
anomalous point concerns the increase in p, in the low
temperature range below about 70 K for higher-stage
compounds (stage 5 and stage 6). One possibility to ex-
plain this is to assume that the scattering by stacking
faults follows an activation mechanism, though the
behavior is not in agreement with that predicted by Sug-
ihara.’® The next possibility concerns carrier localiza-
tion.® Since higher-stage compounds have structures
with smaller domains formed in the intercalation reaction
(Daumas-Hérold domain),’® the presence of disorder
might contribute to the localization of carriers. Yet
another possibility is related to the presence of localized
spins. NaH-GIC’s (especially those higher than stage 1)

o ()

10 665

have anomalously broad electron-spin-resonance (ESR)
spectra (linewidth ~60 G) even though the small spin-
orbit interactions of the constituent elements are expect-
ed to result in a sharp linewidth. The temperature depen-
dence of the magnetic susceptibility obeys Curie’s law,
suggestive of the presence of localized spins as well as the
graphitic conduction m-electron spins.”’ Since the NaH
ionic intercalate is expected to have defect centers with
localized spins such as F centers, the electrons weakly
bound at the defect centers have expanded orbitals, so
that the ESR signal becomes broad due to the effect of
hyperfine interactions from surrounding Na and H
atoms. The exchange coupling between the localized
spins and the graphitic conduction m-electron spins gen-
erates a broad asymmetric ESR signal. The presence of
the localized spins in the NaH intercalates interacting
with the conduction electrons can give rise to enhanced
resistivities at low temperatures.*’

With regard to the discussion of the thermoelectric
power, as mentioned above, the main contribution is as-
cribed to the 7 electrons in the graphitic 7* conduction
bands, which have electron character. There are two
characteristic behaviors observed in the in-plane ther-
moelectric power S, in NaH-GIC’s. The thermoelectric
power tends to saturate in the high-temperature range for
all of the samples with stage (2+3) to stage 6. The abso-
lute values of the thermoelectric power decrease with in-
creasing stage index, as opposed to the trend in ordinary
GIC’s with 7 electrons as the majority carriers.*! The
thermoeletric power is explained in terms of the electron
diffusion process (S;) and the phonon-drag process (S, ).
The former contribution gives a linear temperature
dependence in the in-plane thermoelectric power S,,

which is expressed by the equation*!4?
_ wk} dlno,; 3)
adi ™ 3¢ 3E |E.’

where i is a band index for the conduction carriers and
the contribution of carriers in the ith band to the in-plane
conductivity is given as

2
_ N;e“7vp;

= AL 4
a,i ﬁkF,i > 4)

o
in which N; is the carrier density for the ith graphitic
band, which is approximated by a cylindrical Fermi sur-
face having an in-plane wave number k. ;,

ki

Ni=?) (5)

c

and vy ; is the Fermi velocity,

JE,
ok

1
UF,[“Z

(6)

Ep

Here 7; represents the in-plane relaxation time with the
energy dependence*!#3

T(E)=1o,E"" . %)

The value of P; is given to be —1 or O for the relaxation
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time associated with the acoustic phonons in a two-
dimensional electronic system with a linear or a parabolic
energy dispersion, respectively. The phonon-drag term
has characteristic behavior, showing a saturation at high
temperatures in GIC’s, which is related to the phonon-
scattering mechanism. Equation (8) gives an expression
for the phonon-drag term in the in-plane thermoelectric
power:*1:42

_{C,R),

@i 2eN, @®

where C,; denotes the specific heat of the phonon sys-
tem, which can interact with the 7 electrons in the ith
band. R is the momentum-transfer ratio through the
electron-phonon interaction from the phonon system to

carriers, and the ¢ dependence of R is given by*/"#?
_R = L = aq 3 T (9)
t. B-aq+fq’+ AqT

where 1/t is the total phonon relaxation rate, which in-
cludes processes of (1) the electron-phonon scattering
(ag=1/t.), (2) the boundary scattering (B), (3) the Ray-
leigh scattering associated with point defects and vacan-
cies, and also due to the strain-field scattering ( fq*), and
(4) the phonon-phonon scattering ( AgT). The boundary
scattering is related to the domain size L as B=uv, /L,
where v, is the sound velocity of the acoustic phonons.
In GIC’s, the introduction of guest species into the gra-
phitic galleries in an intercalation reaction forms domain
structures (Daumas-Hérold domains), depending on stage
indices.®® The Rayleigh scattering, the electron-phonon
scattering, and the phonon-phonon scattering all depend
on the phonon momentum g, so that the shape and the
size of the Fermi surfaces affect the behavior of R and of
the phonon-drag term through these scattering processes
since the momentum of phonons available to these pro-
cesses is cut off at ¢ =2k.

Here we analyze the experimental data for the in-plane
thermoelectric power for the stage-3 compound in order
to investigate the temperature dependence of the thermo-
power and to extract information on the electronic struc-
ture. (The stage-6 compound has six conduction bands,
so that analysis is complicated.) According to the Bli-
nowski and Rigaux model,* the stage-3 compound has
three conduction 7 bands (1c, 2¢, and 3c¢), to which elec-
trons in the NaH intercalates are transferred, as shown in
Egs. (10)-(12) and Fig. 5,

E\=|3vobkl| , (10)
B, =[yi+5vebk>—(vi+3vrib k212, (1D
E,=[r3+ 37302+ i+ 3rdy 212, )

where b is the in-plane C-C distance (1.42 A), and the in-
tralayer and interlayer resonance integrals are denoted by
Y0=3.16 eV and y;=0.39 eV, respectively. [In these
equations, we neglect the potential-energy difference
among graphitic layers since the concentration of charge
transferred to the graphitic layers is expected to be small
as mentioned before, namely, =0 in Eq. (9) in Ref. 45.]
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FIG. 5. Band structure of stage-3 NaH-GIC on the basis of
the Blinowski and Rigaux model (6=0). The units of the
abscissa are x = %70bk. l¢, 2¢, and 3¢ denote conduction bands
while 1lv, 2v, and 3v are valence bands. Ef is estimated at 0.45
eV from the analysis of the thermoelectric power data.

The band 1lc has a linear energy dependence, while the
energy dispersions of the bands 2¢ and 3¢ are approxi-
mately expressed as parabolic functions in the low-energy
region below about |E| <0.5 eV. Figure 5 shows that the
bottom of the conduction band 3c¢ is shifted up by
V/3y,=0.54 eV from the bottoms of the bands 1c and 2c.
As shown in the discussion below, the Fermi energy E is
below about 0.5 eV, so that only bands 1c and 2c¢ are oc-
cupied by the electrons transferred from the NaH inter-
calates. Therefore we need not take into account the con-
tribution of band 3c¢ to the thermoelectric power.

First, we calculate the electron diffusion term S,; ac-
cording to Eq. (3). The contribution of the band 1c to the
electron diffusion term is given using Egs. (3)-(7) and
(10), as follows:

_ ki 1+P,
@l™ 3¢ Ep

(13)

where the exponent in the energy dependence of the re-
laxation time 7,(E) associated with the acoustic phonons
is given by P;= —1 for the band with the linear energy
dispersion.*! The electron diffusion term for band 2c
with a parabolic energy dispersion, which is calculated by
Eq. (11), has a form identical to Eq. (13) for band lc, al-
though the energy dependence of the relaxation time
7,(E) gives P,=0 for the parabolic band coupled with
the acoustic phonons.*>**

Next, we calculate the phonon-drag terms for both
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bands. The electron-phonon terms for bands lc and 2¢
are expressed by the equations*! ~#

#D? | 4k,
= e 2 4
g ml,d | 9y2p? 7> (14)
#D? | m3 1
="y —q, 15
@29 wl.d ‘ # kF'Zq (15)

where D is the deformation potential for the graphitic =
electrons having the magnitude of D =16 eV, mj is the
effective mass for band 2c, and d is the crystal density. In
Eq. (8), {C,,R ), is given for i =1 or 2 as
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1 ka,,' (h'wq)z
2l Jo T NN T DRI

(C,R(q));=

(16)
where N, is the equilibrium in-plane acoustic phonon
distribution. If we take x=%v,q/kpT and
X max,i = 2#0skp ; /kp T, using Eq. (16), the phonon-drag
term is given by the equation

S ks Tzfx’““‘"dxx3-—————e
P dek} v} 0 (e*—1)?

X

R(x), (17

where R(x) is expressed by the following equation for
band 2c, using Eq. (15):

_ksT #ip? | m3 | 1 x (18)
v, 7ld | # | kes o 2 [m2 k ky | k '
s O  AD” |2 BT |22 | T 4 |2 X1
L wld | # | kg, | fiv, Av, vy
[
The expression for band lc can be derived by replacing S = 2772]‘1%"1; (1+(P)) 23)
(m3 /#)* with 2kg | /3y ob. ad 3e#k2,

The observed in-plane thermoelectric power includes
contributions from the two bands as given by the equa-
tion

2
2 Ua,i(Sad,i +Sap,i)
i=1

S, = 3 , (19)

2 aa,i

i=1

which is modified by the total electron diffusion term S,
and the total phonon-drag term S,, as follows:

83 =S8.a1tSe
_ Sad,laa,1+sad,20a,2 + Sap,loa,1+Sap,20a,2 (20)
0a,1+aa,2 Oa,1+aa,2

Using Eq. (13), the following expression is obtained for
the total electron diffusion term:

_ kb 14(P) .

Sad 3e Eg ’

(21)

where the average exponent (P ) of the energy depen-
dence of the relaxation time between bands lc and 2c¢
varies between 0 and — 1, depending on the contribution
ratio of the two bands:

— Po,,+P,0,,

04110,

(P) (22)

As shown below, in the energy range around 0.5 eV,
where Ej is located, m3 for band 2c¢ derived from Eq.
(11) is smaller only by about 9% than the effective mass
of band Ic calculated by Eq. (10) with m{ =#kg /v ;.
Thus we can make the approximation m{ ~m3, and ob-
tain

In the total phonon-drag term Saps the contribution from
each band involves each effective mass m;* and Fermi
wave number kp;. The difference between kr; and kg,
(kg <kpg,) is estimated to be about 30% around E ~0.5
eV from Egs. (10) and (11), and the difference in the
effective masses is 9% (m} <m3). Moreover, taking
into account that o, ; is proportional to the carrier densi-
ty N;, 0,,/0,, is approximated to be 0.5 from Egs. (4)
and (5). Therefore we can make the approximation
Sap ~Sap,2 in making a semiquantitative calculation.

Using Egs. (17), (18), and (23), a least-squares fitting of
the measured data is carried out in terms of the fitting pa-
rameters kp,, m5, and L, where we take I, =14.2 A and
d=1.876 g/cm® for the stage-3 NaH-GIC with a
stoichiometry of C;,NaH (a ~4). For boundary scatter-
ing, Rayleigh scattering, and phonon-phonon scattering,
we employ the parameters for pristine graphite:
v, =2.1X10° cm/s, [f=2.5X10"12 cm?/s, and
A=2.7X10"° cm/s K.*! The calculated result is shown
in Fig. 6 in comparison with the experimental results.
Good agreement is achieved with the values
kp,=1.0X10" ecm™!, m}=0.12m, (m, is the free-
electron mass), (P)=—0.90, and L=10000 A. From
the estimated Fermi wave number kp, and Eq. (11), the
Fermi energy is derived to be Ez=0.45 eV, which is lo-
cated just below the bottom of the band 3¢ as shown in
Fig. 5. The charge-transfer rate f, from intercalate to
graphitic layer (per carbon atom) can also be estimated to
be f.=3.7X 103 from the position of the Fermi energy
and the relation*

Ep=yoV3mf )2 . (24)

The small Fermi energy and charge-transfer rate ob-
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FIG. 6. Comparison of the experimental results with the cal-
culated values obtained on the basis of Egs. (17), (18), and (23)
for the temperature dependence of the in-plane thermoelectric
power S, in a stage-3 NaH-GIC. §,, S, and S, +S, are calcu-
lated electron diffusion term (dot-dashed line), the phonon-drag
term (dashed line), and the total thermoelectric power (solid
line), respectively. The least-squares fitting parameters are
kp,=1.0X10" cm™!, m}=0.12m,, (P)=-—0.90, and
L=10000 A.

tained in the thermoelectric power demonstrate that the
NaH intercalate does not transfer charge to the graphitic
7 system to the same extent as occurs for the intercalates
in ordinary GIC’s; that is, the presence of small Fermi
surfaces for the graphitic 7 band is consistent with the re-
sults for the c-axis resistivity presented here. The es-
timated value of (P )= —0.9 proves that there is a con-
tribution from band lc with a linear energy dispersion,
which must be considered in relation to the fact that
band 2c¢ deviates from a parabolic to linear dispersion to
some degree near E.. Actually, the contribution of each
band to the thermoelectric power is proportional to the
conductivity, which has a quadratic k dependence. Equa-
tions (10) and (11) give k7, /k#,~0.4. Therefore band
lc contributes about 30% to the total thermoelectric
power. The domain size estimated at L =10000 A is
consistent with a typical size of the Daumas-Hérold
domains for intercalates in GIC’s.

We now discuss the stage dependence of the ther-
moelectric power. The absolute value of the thermoelec-
tric power decreases with increasing stage index. This is
opposite to the behavior for the stage dependence in ordi-
nary GIC’s. In ordinary GIC’s, a large charge transfer
between the graphite host and the guest intercalate gen-
erates relatively large cylindrical Fermi surfaces with a
dimension of kz=10"-10% cm~'. In this case, the Ray-
leigh scattering term having a cubic dependence on ¢
gives the main contribution to the phonon-drag term,
whose magnitude increases with decreasing stage index.
From the experimental results for the in-plane ther-
moeletric power and c-axis resistivity, in NaH-GIC’s, it is
concluded that the charge transfer is almost complete
within the NaH intercalates. This is due to the ionic
structure  having a  stoichiometric = composition
[Na]/[H]=1, resulting in a reduction in the size of the
Fermi surfaces of the graphitic 7 bands, as well as to the
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absence of conduction carriers in the NaH intercalates.
The small Fermi surfaces in NaH-GIC’s make the Ray-
leigh scattering and phonon-phonon scattering processes
ineffective in the phonon-drag term. According to Egs.
(17) and (18), a saturation in S,, starts at lower tempera-
tures for a smaller Fermi wave number. This trend is re-
vealed in the stage dependence of the thermoelectric
power as shown in Fig. 2, since higher-stage compounds
have smaller Fermi wave numbers due to a smaller
charge-transfer rate per graphitic sheet. Therefore, in the
discussion of the phonon-drag term in higher-stage
NaH-GIC’s, we can neglect these two contributions, re-
sulting in the modification of Eq. (9) to yield

=99
R Btag | (25)

In the denominator of Eq. (9), we can also neglect the
term agq if we take q (<2kz)~10% cm™! and B ~10'°
sec”! for a typical domain size of L ~10™* cm, that is,
R=aq/B. In the intercalation process, the size of
domains decreases with increasing stage index as expect-
ed in the Daumas-Hérold model.®® This means that the
term B becomes more important and R becomes smaller
for higher-stage compounds. According to Eqgs. (8) and
(25), we can understand the anomalous stage dependence
of the phonon-drag contribution to the thermoelectric
power, which is emphasized at high temperatures in
NaH-GIC'’s, based on the boundary scattering process.

The presence of a small positive contribution to the
thermopower is observed for the in-plane S, in the low
temperature range below about 20 K. This is related to
the existence of hole carriers. Though this is not clearly
understood, inhomogeneity of the materials and the ex-
istence of impurity phases with different stages can give
positive holes since GIC’s with higher stage index than
stage 3 have complicated band structures with the coex-
istence of positive and negative curvatures in their energy
dispersion curves.*>46

Finally, we discuss the c-axis thermoelectric power S,.
The c-axis transport is characteristic of hopping conduc-
tion. Sugihara suggested that, even in the hopping con-
duction regime, the diffusion term in the thermoelectric
power is expressed by a linear temperature dependence,
similar to that for the band conduction system.’® The
phonon-drag effect does not contribute to the c-axis ther-
moelectric power.>® The experimental finding of a linear
temperature dependence in the thermoelectric power is
consistent with this theoretical suggestion.

SUMMARY

We have investigated the c-axis resistivity and ther-
moelectric power for NaH-GIC’s, and their dependence
on the stage index. The c-axis resistivity shows a metallic
temperature dependence, with room-temperature resis-
tivity values around 1 Q cm and a large residual resistivi-
ty ratio of about 0.5:1. The large magnitudes of the c-
axis resistivity suggests that the c-axis transport is
governed by a hopping conduction mechanism. The me-
tallic temperature dependence is associated with the re-
laxation process of carriers remaining on the graphitic
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planes between successive hopping events. For com-
pounds with stages higher than stage 4, increases in the
resistivity appear at low temperatures, below about 70 K.
The increase in the resistivity might be ascribed to carrier
localization due to lattice disorder or to interaction be-
tween the carriers and localized spins which exist in the
NaH ionic intercalates in the graphitic galleries. The
scattering by stacking faults can also contribute to the in-
creased resistivity. The c-axis resistivity decreases with
increasing stage index below stage 4, while an increase in
the stage number above stage 4 enhances the c-axis resis-
tivity. The stage dependence is analyzed in terms of
sequential contributions of two terms: the graphene dou-
ble layer unit (p.gg) and the graphene-intercalate-
graphene composite layer unit (p, gig). For the NaH-
GIC’s the ratio of p. gG/p.,gic becomes less than unity
(<0.3). This finding suggests the absence of conduction
carriers in the ionic NaH intercalates. The increase in
the resistivity below stage 4 is caused by the presence of
nonconductive NaH spacer layers in the graphitic gal-
leries. The increase above stage 4 is interpreted in terms
of the scatterings by stacking faults which are generated
more effectively in higher-stage compounds.
Thermoelectric power with negative values is sugges-
tive of the contribution of the graphitic = conduction
electrons generated by charge transfer from ionic NaH
intercalates to the host graphite. The temperature depen-
dence of the in-plane thermoelectric power is described in
terms of electron diffusion and phonon-drag processes,
the latter of which is governed by the relative magnitudes
of the contributions from boundary scattering, electron-
phonon scattering, Rayleigh scattering, and phonon-
phonon scattering. The electron diffusion term gives a
linear temperature dependence, while the phonon-drag
term tends to saturate at high temperatures. From the
analysis of thermoelectric power, we conclude that
NaH-GIC’s have a small Fermi surface; kp~1.0X10’
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cm ! with an effective mass of m* ~0. 1m, for the stage-
3 compound, in comparison with isostructural donor
GIC’s (KHg-GIC’s and KH-GIC’s). The stage depen-
dence, where the increase in stage number depresses the
magnitude of the thermoelectric power at high tempera-
tures, shows a trend opposite to that for ordinary GIC’s,
in which Rayleigh scattering by ionized impurities plays
an important role in the phonon-drag effects. The stage
dependence in the thermoelectric power is explained by
assuming that boundary scattering by Daumas-Hérold
domains plays a crucial role. This situation can be real-
ized in a system with small Fermi surfaces. Since the
charge transfer is almost complete within the ionic NaH
intercalate layer having a stoichiometric composition
[Na]/[H]~1, the ionic NaH donor does not provide
enough carriers to form large Fermi surfaces. The pres-
ence of positive contributions to the in-plane thermoelec-
tric power is associated with hole carriers in an impurity
phase with different stages. The c-axis thermoelectric
power is attributed to an electron diffusion term governed
by hopping conduction parallel to the c axis.

In conclusion, NaH-GIC’s have ionic NatH™ inter-
calates with an absence of conduction carriers and a very
small concentration of conduction 7 electrons in the gra-
phitic planes. This is different from the situation in
K+tH™ intercalates in the isostructural KH-GIC’s.
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