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The resu1ts of low-temperature specific-heat measurements are presented for hydrogen-
chemisorbed CSM (M =K,Rb), to clarify the effects of dissolved hydrogen on its electronic and lat-
tice vibrational properties. The density of states at the Fermi level is suppressed through a charge
transfer from CSM to hydrogen which is stabilized in interstitial sites in the intercalate layers. This
finding is consistent with the results of ESR and positron-annihilation measurements. The introduc-
tion of hydrogen increases the acoustic and optic phonon energies for C8KH„(x &0.1). The elec-
tronic effects of dissolved hydrogen are considered to be the cause of the increase. At the
hydrogen-saturated concentration (C8KH2/3), the phonon energies are lowered by an increase in the
effective mass of the intercalants due to the strong ionic coupling between K and H through bond-

ings with hydrogen. In the case of the CSRb system, the acoustic-phonon energies increase while the
optic-phonon ones decrease through the introduction of small concentrations of hydrogen (x &0.1).
The effects of dissolved hydrogen on the superconductivity of C8KH„are discussed using the
specific-heat results.

I. INTRODUCTION

It is known that graphite —alkali-metal intercalation
compounds have catalytic activities for hydrogen leading
to occlusion of hydrogen in the intercalate layers of the
compounds. At temperatures below about 200 K, the
second-stage compounds C24M (M=K, Rb, and Cs) phy-
sisorb hydrogen molecules in the vacant sites of alkali-
metal atoms in the intercalate layers like molecular sieves.
This is because the density of alkali-metal atoms in the
second-stage compounds is only —', that of a two-
dimensional, triangular close-packed stacking in the inter-
calate layers. ' Ortho-para-hydrogen conversion takes
place through the physisorption in andjor on the com-
pounds. At higher temperatures, hydrogen is inserted
chemisorptively in the intercalate layers where hydrogen
molecules are dissociated into atoms. Through this
process the compounds exhibit activities for the H-D ex-
change reaction.

Previous phenomenological studies on hydrogen absorp-
tion in graphite compounds have revealed phenomena as
interesting as those in transition and rare-earth metals
such as PdH„, in spite of the absence of systematical stud-
ies on the hydrogen-absorbed graphite compounds. In the
case of transition-metal hydrides, the volume of the inter-
stitial sites for the metal atoms is so small that the dis-
solved hydrogen is greatly affected by the conduction elec-
trons of the transition metal through intimate interactions
between the hydrogen and transition-metal atoms, so that
the systems are considered to be metal-hydrogen alloys.

On the other hand, alkali-metal hydrides such as KH are
ionic insulators formed through complete charge transfer
(K+H ). For hydrogen-chemisorbed graphite —alkali-
metal intercalation compounds which contain intercalated
alkali-metal —hydride layers, conduction electrons of the
graphite compounds will have only a small effect on the
absorbed hydrogen, since the volume of the interstitial
sites between alkali-metal atoms in the intercalate layers is
large. Therefore, hydrogen-chemisorbed graphite —alkali-
metal intercalation compounds are expected to have novel
properties different from both transition-metal hydrides
and alkali-metal hydrides.

In order to clarify the mechanism of hydrogen chem-
isorption into the graphite compounds and the solid-state
properties of hydrogen-absorbed graphite compounds,
several studies have been recently carried out. The change
in magnetic susceptibilities as a function of hydrogen con-
tent has been investigated for hydrogen-chemisorbed CsK
by Furdin et al. Conard et al. suggested that dissolved
hydrogen in CsK was paramagnetic by means of magnetic
resonance studies. ' We presented a systematic study on
hydrogen chemisorption in C„M (n=8 and 24; M=K,
Rb, and Cs) using ESR and electrical conductivity, and
showed that the stabilization of absorbed hydrogen species
in interstitial sites in the intercalate layers proceeds
through the dissociation of hydrogen molecules and subse-
quent charge transfer from C„M to hydrogen. " ' The
dissolved hydrogen in the graphite compounds was re-
vealed to form the hydride ion H with a localized char-
acter by means of positron-annihilation studies. '
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Recently, Kaneiwa et aI. showed that the supercon-
ducting transition temperature in CSK is enhanced by the
presence of chemisorbed hydrogen in the intercalate
layers. ' ' It is known that the superconductive behavior
of transition metals is strongly influenced by dissolved hy-
drogen. For example, the transition temperature of PdH„
increases as a function of hydrogen content. The effects
of dissolved hydrogen on the superconductivity are
thought to originate from changes in the electronic and
lattice structure due to hydrogen absorption. ' The
enhancement in T, for graphite compounds is explained
via a different mechanism from that for the change in T,
for transition-metal hydrides. The present authors are in-
terested in the correlation between hydrogen chemisorp-
tion and superconductivity in C8K.

In this paper we investigate the low-temperature specif-
ic heat of the hydrogen-chemisorbed first-stage com-
pounds C8K and CSRb in order to clarify the effects of
dissolved hydrogen on the electronic and lattice properties
and the origin of the superconductivity enhancement of
CSK.

II. EXPERIMENTAL

Samples of C8K and CqRb were prepared from Grafoil
GTA (Union Carbide Co.) since Grafoil-based samples
chemisorb hydrogen easily, while hydrogen chemisorption
in HOPG-based samples is extremely weak (HOPG
denotes highly oriented pyrolytic graphite). After Grafoil
ground into a 16-mesh powder and alkali-metal vacuum-
distilled three times was sealed under vacuum in a glass
tube, the reaction to CSM (M=K or Rb) was carried out
at 260'C for about 1 week, following the procedures
described in the literature. ' As CSM is extremely air-
sensitive, the samples were transferred to Au-plated
copper sample cells (about 30 g in weight, 16 mm in di-
ameter, and 58 mm in length) in a Dri-Lab glove box
(Vacuum/Atmosphere Co.) operated under purified Ar
with an impurity level of 1 ppm. The samples were then
tightly compacted in the sample cell in order to achieve
intimate thermal contact to the wall of the sample cells.
The sample cell was sealed by means of an In seal, evacu-
ated through a 1.5-mm-diam copper tube, and then sealed
off. The weights of CsK and C8Rb were 9.3893 and
12.8151 g, respectively. The packing densities were 0.93
and 1,27 g/cm for CsK and CsRb, respectively. Specific
heats were measured using an adiabatic calorimeter from
1.5 to about 10 K, where a calibrated Ge thermometer
was used.

After measuring the specific heat of pristine C8K and
C8Rb, hydrogen, purified by passage through a 450'C
heated Pd-Ag thimble, was introduced to the sample cell
through the 1.5-mm-diam copper tube. The amount of
dissolved hydrogen in CSM was estimated from a change
in hydrogen pressure during the time of hydrogen chem-
isorption at room temperature. For CSK, uptake of hy-
drogen gave C8KHpp547 at 9.4/10 Pa in 80 min and
CSKHp 6485 'at 9.09 & 10 Pa in a hydrogen-saturated
steady state which was achieved in about 1 week. In the
case of C8Rb C8RbHp p546 was obtained at 7.95&(10 Pa
in a hydrogen-saturated state in about 1 h, which is con-

sistent with the previous result obtained with a
powdered-graphite-based C8Rb. Specific heats of
hydrogen-chemisorbed compounds were measured after
evacuation of gaseous hydrogen for about 1 min in order
to prevent gaseous hydrogen from contributing to the
specific heat. (Desorption of hydrogen was considered to
be negligible because of the short pumping time and the
small volume of the sample cell. )

III. EXPERIMENTAL RESULTS

r 2
TF

4C~ ——%g kgn T exp

where Xz is Avogadoro's number, TE the Einstein
characteristic temperature for optic phonons, and n the
number of degrees of freedom for the optic phonons.
Equation (2) is an approximate formula for the contribu-
tion from Einstein lattice vibrations for T « TE.

Figure 3 shows the temperature dependence of the
specific heat for CsRb and hydrogen-absorbed C8Rb. For
both CSRb and C8RbH00546, as well as for C8K, the
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FICx. 1. C~/T-vs- T plots for C8K and hydrogen-absorbed
C8K. Open circles denote the result of C8K, solid circles
C8KHO o547 and crosses C8KHO 6485. Solid and dashed lines were
obtained by means of the method of least squares.
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Figure 1 shows the temperature dependence of the
specific heat for CsK and for hydrogen-absorbed CsK,
where the molecular weight is defined from the formula
unit CKi~sH„&s. The C~/T-versus- T plots deviate from
linear dependences above about 4 to 5 K for all samples.
This means the specific heats obey the following equation,
consistent with the previous results for pristine C8M
(M=K, Rb, and Cs), '

C~ ——yT+aT +AC~,
where the first term is an electronic contribution and the
second is due to acoustic phonons. Following the assign-
ment of Suganuma et al. , the deviation LCM is associ-
ated with low-energy optic phonons, characteristic of the
lattice vibrations in the CSM systems. The temperature
dependence of the contribution of optic phonons, AC~, in
the higher-temperature region (to about 10 K) is shown in
Fig. 2. Judging from the results, AC~ was found to obey
the following equation,
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FIG. 2. ACM T -vs-1/ T plots for CsK and hydrogen-
absorbed CsK. Open circles denote the result of CsK, solid cir-
cles CsKHpps4~, and crosses CsKHp64ss. Solid lines were ob-
tained by means of the method of least squares.
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FIG. 4. hC& T -vs-1/ T plots for CsRb and hydrogen-
absorbed CsRb. Open circles denote the result of CsRb, and
solid circles CsRbHp ps46. Solid lines were obtained by means of
the method of least squares.
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specific heat obeys Eq. (1). That of CsRb shows a devia-
tion from a linear dependence of CM/T on T above
about 4 to 5 K, while the deviation was observed above
about 3 to 4 K for hydrogen-absorbed CsRb. The devia-
tions due to optic phonons for the C&Rb system were
found to be larger than those for C8K. The temperature
dependence of the contribution of optic phonons, b, CM, in
the higher-temperature region (to about 10 K) is shown in
Fig. 4, where fairly good agreement is obtained between
the experimental results and Eq. (2). Tables I and II sum-
marize the specific-heat parameters for the electronic and
lattice contributions of both the CsK and CsRb systems,
respectively.

IV. DISCUSSION

A. Comparison with the previous specific-heat
measurement results for pristine CsK and CsRb

Although the qualitative properties of the present re-
sults for Grafoil-based CsK and CsRb samples are con-
sistent with the previous ones, there are differences in the
parameters for the electronic and lattice contribu-
tions. ' ' In the case of CsK, the present result of the
electronic specific-heat coefficient y=0.94 mJ/K mol is
larger than the results for the powdered-graphite-based
sample (0.784 mJ/K mol) (Ref. 19) and the HOPG-based
one (0.84 mJ/K mol) (Ref. 20) while, for C&Rb, the
present value y =0.82 mJ/K mol is between the
powdered-graphite-based one (0.727 mJ/K~ mol) (Ref. 21)
and the HOPG-based one (1.3 mJ/Kzmol) (Ref. 20).
Judging from both the present result and that for graphite
powder, ' ' the electronic specific-heat coefficient y de-
creases in the order of K, Rb, and Cs among CsM

Xo 2

TABLE I. Electronic specific heat. The density of states at
EF, N(EF), is estimated with electron-phonon coupling parame-
ter X=O.
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FIG. 3. Cz/T-vs- T plots for CsRb and hydrogen-absorbed
CsRb. Open circles denote the result of CsRb, and solid circles
CsKHpps46. Solid lines were obtained by means of the method
of least squares.

CsK
CsKH0. 0547

CsKHo. 64ss

CsRb
CsRbHp. os46

(mJ/K mol)

0.94+0.01
0.89+0.01
0.46+0.01
0.82+0.01
0.78+0.01

N(EF)
(states/eV atom of C)

0.40
0.38
0.20
0.3S
0.33
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TABLE II. Lattice specific heat. The number of degrees of
freedom, n, for the optic-phonon modes is estimated for one
mole of C, and n~ is estimated for one mole of alkali-metal
atom.

CsK
CsKHp p54

CsKHo 64.ss

CsRb
CsRbHo o546

393.5
403.0
350.3
245.4
319.1

82.2
90.7
58.1

60.3
56.2

n (nM}

0.087 {0.70}
0.146 (1.17)
0.025 (0.20)
0.100 (0.80)
0.115 (0.92)

(M=K, Rb, and Cs), though we have an exception for the
HOPG-based C&Rb sample due to the difference in the
nature of the parent graphite and the experimental condi-
tions among the three kinds of experiments. Theoretical
and experimental studies on the electronic structure
of the first-stage compounds C8M show that the basic na-
ture of the electronic structure is independent of the sort
of alkali metals among K, Rb, and Cs, and the alkali-
metal atoms have a fractional charge due to a degeneracy
of both graphitic ~' and alkali-metal s bands. Ionization
potentials Ip of K, Rb, and Cs metals are 4.339, 4.176,
and 3.893 eV, respectively. This means that the tendency
to become positively charged is on the order of
Cs & Rb & K. The amount of positive charge on the
alkali-metal atom has a reverse correlation to the contri-
bution to y of an alkali-metal s band. ' The experimen-
tal results for y are consistent with the tendency depend-
ing on the value of II. The fact that the activity for hy-
drogen chemisorption is in the order of CsK&C8Rb
& CsCs (Ref. 12) is easily explained by this difference in
the electropositivity because the more positive the alkali-
metal atom, the more stable the graphitic compound that
is formed and the less active the sample for further hydro-
gen chemisorption.

The present result of the Debye temperature for C8K,
OD ——393.5 K, is larger than the results of the powdered-
graphite-based sample (SD ——234.8 K) and the HOPG-
based one (OD ——374 K), but the difference between the
present and the HOPG-based ones is rather small. In the
case of CsRb, the present value OD ——245.4 K is smaller
than the previous two experiments (8D ——. 361.9 K for the
powdered-graphite-based one and 439 K for the HOPG-
based one). The present results for the contribution of the
acoustic phonons reveal that OD is proportional to I/~m
with an accuracy of 8%%uo, where m is the atomic weight of
alkali metal (m =39.102 for K and 85.4678 for Rb), con-
sistent with the neutron scattering results of the phonon
dispersion. This finding suggests that the acoustic pho-
nons are due to the C-intercalant-C composite layers, even
for the first-stage compounds, as well as those for the
higher-stage compounds. '

In our results, the Einstein characteristic temperatures
TE are 82.2 and 60.3 K for CsK and CsRb, where the re-
sults of CsK are unique (see Table II). The present value
of C8Rb is smaller than the values from the previous ex-
periments (TE ——71 K for the powdered-graphite-based

sample and 65 K for the HOPG-based sample). In the
case of the optic-phonon mode, which is identified with
the two-dimensional vibrations in the plane of the alkali-
metal atoms, ' ' we find a I/v m dependence of TE
with an accuracy of 8%%uo, though the observed values are a
little smaller than the values predicted by a theoretical
study, where TF ——'145 K for C8K and 105 K for C&Rb.

As those vibrational modes are two dimensional, the
number of degrees of freedom of these modes, n~, should
be 2 for each alkali-metal atom unless this freedom is
quenched. ' On the other hand, the degrees of freedom
nM observed for CsK and CSRb are 0.70 and 0.80, respec-
tively, as shown in Table II, which are significantly small-
er than 2. Alkali-metal atoms form a two-dimensional
triangular lattice in the intercalant layers for first-stage
compounds, while the intraplane density of alkali-metal
atoins is —,

' of that of first-stage ones in the case of
higher-stage ones where the number of degree of freedom
is around 2. ' Judging from the experimental results
showing a small number for the degrees of freedom, and
lower vibrational energies than the theoretically predicted
ones, strong interactions between alkali-metal atoms as-
sociated with the high intraplane density of alkali-metal
atoms might induce clustering among them in the first-
stage compounds. The diameters of alkali-metal atoms
with a partial charge in CSK and CSRb are 3.40 and 3.64
A for K and Rb, respectively, which are smaller than 4.92
A, the periodicity of the 2)&2 triangular alkali-metal su-
perlattice relative to the graphitic layer. ' The clustering
can be explained with the inconsistency between the diam-
eter and the lattice periodicity.

8. Effects of dissolved hydrogen in CsK and CsRb

Figure 5 shows the change in the electronic specific-
heat coefficient y depending on the content of dissolved
hydrogen in C8M. y decreases monotonically in CzKH„,
as the dissolved hydrogen concentration x increases, i.e.,
the decrement in y is 5.3%%uo at x=0.0546, and 51.1% at
x=0.6485, where the content of absorbed hydrogen is sa-
turated. (Colin and Herold estimated that the concentra-
tion at the saturation limit was —,'. ) In the case of CsK,
hydrogen is introduced in interstitial sites for alkali-metal
atoms with a two-dimensional close-packed triangular lat-
tice in the intercalate layers of the first-stage structure for
x &0.1, and then, above x=0.1, a greater amount of dis-
solved hydrogen induces a structure change to a second-
stage compound where bilayers of K atoms between
which H atoms are inserted are intercalated between two
graphitic bilayers. ' ' ' ' The C8KH~ system is a mix-
ture of the first-stage and the second-stage structures in
the concentration region 0.1 & x & —', . Finally, the homo-
geneous second-stage structure is completed at the
hydrogen-saturated concentration x =

3 .
Since hydrogen has a large electron affinity in metallic

materials (the H ls is at 13.6 eV below the vacuum level),
a charge transfer takes place from C8M to H after the in-
troduction of hydrogen, mentioned in the previous results
of ESR and positron-annihilation experiments. " ' This
behavior is similar to that of transition-metal hydrides,
where, generally speaking, the generation of bonding orbi-
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where D, (E) is the partial density of states attributable to
the K 4s band and E is measured from the bottom of the
s band. The partial densities of states for the two-
dimensional graphitic band and the three-dimensional s
band are described in the following way, respectively:
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FIG. S. The hydrogen concentration dependence of y and
N(E~) for CSKH„and CSRbH„. Open circles denote the results
of CsKH„and solid circles C8RbH„. Solid and dashed lines are
guides for the eye. N(EF) is not corrected for A, .

where E(k) =3k for the graphitic n-electron energy and
E (k) =A k /2m ' for the s-electron energy. If we neglect
m.-s mixing, we can get the total density of states per atom
of C at EF by means of Eqs. (3)—(6),

3'~4a
N(E )= f' (1—x)'

(2n )'
9'~ m a"~I
2' "(2~)'"e'

EF(s)
nK ——nU(1 —f)(1—x)= f dED, (E), (4)

tais between hydrogen and transition-metal atoms and hy-
drogen atoms around 5 eV below the Fermi level causes a
decrease of the density of states at the Fermi level. Judg-
ing from the electronic structure of CsK, ' the decrease
in the electronic density of states at the Fermi level,
N(EF); as a function of x, is caused by the'lowering of
the Fermi level EF due to a donation of C8K electrons to
H near E~. Therefore, hydrogen dissolved through the
chemisorption process is stabilized as hydride ions H
with negative charges. The fact that N(EF) has a con-
tinuous change as a function of x in spite of the existence
of a structure change at x -0.1 suggests that the electron-
ic structure of hydrogen-absorbed C&K with the second-
stage structure (x & 0.1) is similar to that of the first-stage
CsKH„( x (0.1).

Here, we estimate the charge-transfer rate from a donor
K atom, following the rigid-band model by Sugihara.
Taking into account that hydrogen atoms are stabilized
as hydride ions H in the high-hydrogen-con-
centration region, we can adopt a formula
Cs " "' K+

~~ „~(K+H )„ for C8KH„, where f is the
charge-transfer rate per K atom. The number of electrons
no transferred to carbon atoms from potassium atoms per
unit volume is given as follows,

E
nc nUf (1—x)= f dEDG——(E), (3)

where DG(E) is a partial density of states attributable to
graphitic electrons and nU is the number of unit cells per
unit volume, while the number of electrons n K on potassi-
um sites per unit volume is

where a is the in-plane lattice constant and I, is the c-axis
repeat distance. Since the parameters A and m in Eq.
(7) are not available for estimating the charge transfer rate
f, we modify (7) as follows,

N(EF) =uf ' (1—x)' +U (1—f)' (1—x)'

If we use theoretical results for the ratio of the partial
densities of states, ' and normalize the resulting value
to the present experimental results, and use f=0.6 for
C8K (x=O), u and U are numerically estimated to be
0.324 and 0.199, respectively. (The present discussion
neglects a correction for electron-phonon coupling param-
eter A, . ) In the case of C8KH0 6qs5, if we adopt f= 1.0 and
neglect the effect of the structure change, we get
N(E~) =0.19 states/eV atom of C, which is in good
agreement with the observed value, 0.20 states/eV atom of
C. This finding suggests that the charge transfer to hy-
drogen causes the change in the valence of K from a par-
tial positive value of + 0.6 to + 1. Through this charge
transfer by hydrogen uptake, the distributions of electrons
on K, C, and H atoms are changed as follows: 0.4e for K
and 0.075e for C in C4,K, and Oe for K, 0.044e for C, and
le for H in CsKHO 6485. Moreover, if we adopt the densi-
ty of states obtained by Inoshita et al. to CSKH„
(x =0.6485) and neglect effects due to structural changes,
then a 51% decrement in N(Ez) corresponds to transfer
of 52% of donor electrons in C8K to hydrogen. The
second-stage structure of C8KH„with intercalated K-H-
K composite layers is considered to be stabilized through
the gain of lattice energy among the K+ and H ions
generated by the charge transfer. The slope of an
N(Ez)-versus-x plot, dN(Ez)/dx, is estimated to be
—0.31 states/eVmolatom of H from Fig. 5, so that
N(Ez) will be 0 at about x=1.3. This suggests that a
formation of ionic K+-H intercalants in the intercalate
layers tends to reduce the charge-transfer process between
graphite and intercalant, due to the large electron affinity
of hydrogen.
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In the case of CsRb, y also decreases through the up-
take of hydrogen. The decrement in y is 4.9% at
x=0.0546, which is the concentration of the saturation
limit at ambient pressure. Since the decrement
[dN(EF)ldx = —0.31 statesleVmol atom of H] is similar
to that for CsKHp p547 dissolved hydrogen is suggested to
have similar charge-transfer effects on the electronic
structure for both CsK and CsRb. The previous ESR ex-
periment on C&Rb showed the generation of hydrogen
species with localized spins. ' Therefore, chemisorbed hy-
drogen is stabilized as H~

Figure 6 shows the hydrogen-concentration dependence
of the Debye temperatures OD for the acoustic-phonon
modes and the Einstein characteristic temperatures TE
for the optic-phonon modes. Figure 7 presents the num-
ber of degrees of freedom n (or n~) for the optic-
phonons. In the case of CsKH„, 8D is increased as a
function of x within the concentration range (x~0.1)
where introduction of hydrogen does not cause a structure
change. At X=0.6485, where the structure is the second-
stage one, OD decreases by 11%. TE increases by 10%
and the number of degrees of freedom, n, increases by
17% as a function x at x=0.0547, while the former and
the latter decrease by 29% and 71%, respectively, at the
hydrogen-saturated concentration x=0.6485.

In the case of transition-metal hydrides, introduction
of hydrogen in interstitial sites in a metal-atom lattice
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FIG. 7. The number of degrees of freedom as a function of
hydrogen concentration x for the optic-phonon modes. n
denotes the degree of freedom per atom of C and n~ per atom
of alkali-metal atoms. Open circles are for a CBK system and
solid circles for a C8Rb one. Solid and dashed lines are guides
for the eye.

400

300
I

I
I

I
I

I
I

I
I

200

I

02 04 0.6

FIG. 6. The hydrogen concentration dependence of OD and
TE for C8KH„and C8RbH„. Open and solid circles denote OD
for C&KH„and CSRbH„, respectively, and open and solid
squares TE for C8KH„and C8RbH„, respectively. Solid and
dashed lines are guides for the eye.

causes a lattice expansion because the size of dissolved hy-
0

drogen species ( -2.9 A ) is too large to be accommodated
in the interstitial sites. The lattice expansion reduces the
lattice vibrational energies. On the other hand, hydrogen
atoms dissolved in metal have electronic interactions to
the metal atoms, and chemical bonds are generated be-
tween hydrogen and metal atoms. This enhances the lat-
tice vibrational energies. The spectra of lattice vibrational
energies are modified through the competition between
the lattice expansion and the electronic effects for
transition-metal hydrides. Moreover, the optic-phonon
modes due to the dissolved hydrogen atoms have frequen-
cies around 1000 cm '. For palladium hydride, hydrogen
loading causes a lowering of the lattice vibrational ener-
gies, while vibrational energies in Nb, Ta, and V tend to
increase through the electronic effects due to hydrogen.

As to the CgK system, hydrogen uptake induces a
charge transfer from C8K to hydrogen as discussed above,
and then generates chemical bonding between CgK and
hydrogen which is considered to be fairly weak in com-
parison with the bondings in transition-metal hydrides,
because the volume of interstitial sites in CgK is large
enough to accommodate hydrogen atoms. The lattice ex-
pansion due to the uptake of hydrogen is negligible, tak-
ing into account this large volume of the interstitial sites.
Moreover, the decrease of electrons in antibonding graphi-
tic m* orbitals through the charge transfer to hydrogen
will restore the vibrational energies of graphite. There-
fore, for CsKHpp547, where the first-stage structure is
conserved in spite of hydrogen uptake, small increases in
the energies of the acoustic- and the optic-phonon modes
shown here are thought to be governed by the electronic
effects which are relatively small compared with those in
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transition-metal hydrides.
As mentioned in subsection A, alkali-metal atoms have

clustering in the intercalate layers through a small incom-
mensuration between the periodicity of the triangular lat-
tice of alkali-metal atoms and the diameter of alkali-metal
atoms. Insertion of hydrogen atoms in the interstitial
sites among alkali-metal atoms will break the clustering
among alkali-metal atoms. The restoration of the degrees
of freedom in the two-dimensional vibrations in the plane
of the alkali-metal atoms shown for CsKHOO&4q in Fig. 7
is caused by the dissolution of the clustering.

In the hydrogen-saturated compound CSKH06485 with
the second-stage structure, hydride ions H are surround-
ed by K cations whose positive charge increases by a large
amount through the charge transfer from CsK to H, lo-
cated in intercalant layers sandwiched between double
graphitic layers. The strong ionic interactions in the in-
tercalant composite K+-H -K+ layers will reduce the ef-
fective mass of intercalants not only for the acoustic vi-
bration of C-intercalant-C but also for the optic vibration
of the two-dimensional intercalant plane. This is suggest-
ed by the experimental facts, the decreases of 8D for the
acoustic-phonon modes, and TF. and the number of de-
grees of freedom nM for the optic-phonon modes, as
shown in Figs. 6 and 7. The finding that nM is only» of
the number of degrees of freedom in the two-dimensional
vibration for the hydrogen-saturated concentration means
that there is considerable development of the clustering in
the intercalant layers.

In the case of the CsRb system, 8D increases by 30%,
T@ decreases by 7%, and nM increases by 15% for
x=0.0546. For C8K, the volume of an interstitial site
among K atoms is so large in comparison with the small
diameter of the K atoms that hydrogen insertion might
not require a lattice expansion, while one of the reasons
for the inactivity for hydrogen occlusion in C8Cs is con-
sidered to come from the small volume for an interstitial
site between the large Cs atoms. ' Introduction of hydro-
gen will have a larger effect on the lattice expansion in
CsRb than in CSK, because of the larger size of the Rb
atoms. A large increase in 8D for the acoustic-phonon
mode and a small decrease in TE for the optic-phonon
mode suggest nonuniform change in lattice energies which
is determined by a subtle competition between the elec-
tronic effects and the lattice expansion for the CsRb sys-
tem. The increase in the number of degrees of freedom
for the optic-phonon modes for CsRbH0 0546 also provides
evidence for the elimination of clustering among Rb
atoms through the generation of weak bonding with hy-
drogen atoms.

C. Superconductivity in hydrogen-absorbed
C8K and CSRb systems

The effects of dissolved hydrogen on superconductivity
have been investigated for the CSK system by Kaneiwa
et aL and Sano et al. ' ' For C8KHO &9 prepared from
HOPG, the superconducting transition temperature T,
was enhanced to 0.22 K from 0.1S K of CsK, ' while
T, was not able to be observed down to 0.05 K for a
hydrogen-saturated sample C8KHQ/3 (see Fig. 8). Follow-
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FIG. 8. The change in specific-heat parameters OLI, TE, and
y as a function of hydrogen concentration x. OD, TE, and y are
denoted by o, &, and 4, respectively, for the CSK system,
while those by , +, and , respectively, are for the C8lb sys-
tem. The change in the superconducting transition temperature
T, (& ) is also shown after the literature (Refs. 15 and 16). Solid
and dashed lines are guides for the eye.

ing BCS theory, T, is given as follows,

T, =0.SSOD exp[ —1/N (E~ ) V], (9)

where V is an effective electron-electron attractive in-
teraction generated through electron-phonon interactions.
Using the McMillan equation, the electron-phonon cou-
pling parameter A, is related to T, in the following way,

OD 1.04(1+A, )
Tc = exp

1.45 1,—p'( I+0.62K, )

where p' is the Coulomb repulsive constant (assumed to
be 0.1). The density of states corrected for A,, N(Ez), is
given by the following equation,

y= ,
'

m. kg(1+A, )N(—EF) (11)

For CsKH0 &9, the system is a mixture of the first-stage
and the second-stage hydrogen-absorbed C8K structures,
CsKHO ~ and CsKH2/3, with a ratio of [CsKHo ~]/
[CQKH2/3] —4, since the concentration x =0.19 occurs in
an inhomogeneous structure region. X-ray measurement
of the HOPG-based CsKHO ~9 sample used for the super-
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TABLE III. The parameters of superconductivity, N(E+) is
the density of states corrected for electron-phonon interaction.

Tc
(K)

C8K 0.15
CSKHp p547 0.19
C8KHp 6485 & 0.05

C8Rb 0.026

x(EF)'
(states/eV atom of C)

0.31
0.29
0.10
0.28

0.30
0.31
0.87
0.27

x(E,)'v
0.13
0.13

0.11

'This value is expected from T, =0.22 K for CSKHp f9.

conductivity measurement suggests the coexistence of the
diffraction patterns for both the first- and the second-
stage structures with the expected ratio. ' ' Taking into
consideration that T, of the saturated hydrogen-absorbed
CSK with a complete second-stage structure, C8KH2/3 is
unobservably low, ' the enhanced T, for C8KHQ J9 is con-
sidered to be attributable to the part of the hydrogen-
absorbed C8K with a first-stage structure which contains
dissolved hydrogen with x -0.1. Hydrogen uptake causes
a decrease in the electronic specific-heat coefficient y and
an increase in the Debye temperature O~ for C8KH
(x&0.1). Following Eq. (9), the former reduces T, while
the lattice enhances it. For C8KHQ Q547 T is expected to
be about 0.19 K by means of an interpolation between
0.15 K for x=0 and 0.22 K for x=0.10, since the con-
centration x=0.0547 is in the homogeneous structure re-
gion. Using Eqs. (9) and (10), we obtain the parameters of
superconductivity for hydrogen-absorbed C8K, where

T, =0.19 K is adopted for x=0.0547, as well as those for
the pristine CgK and C8Rb, as shown in Table III. The
electron-phonon coupling parameter k in C8KHQ 547 is
enhanced by about 2% in comparison with that in the
pristine CSK. In addition to the increase in OD, this
enhancement in A, is considered to play an essential role
for the increase in T, and to overwhelm the decrease in
N(E~). For the superconductivity of the CsK system, it
is also possible that the optic-phonon mode might play a
role, and, in that case, the increase in TE for C8KHQ p547

will be favorable to enhance the superconductivity.
Introduction of hydrogen in the interstitial sites induces

a charge transfer to form hydride ions H and to make
the K valence more positive. Then, a conduction electron
will deform the positive K lattice more for the hydrogen-
absorbed CsK than for pristine CSK because of the
enhancement in interaction between a conduction electron
and a K+ atom. A polarization inherent in the H
K+ vibrations will enhance the effective electron-
electron attractive interaction, as suggested by the present
result.

In the case of the hydrogen-saturated compound
C8KH2/3 T, is suppressed greatly. The estimated value
of A, =0.87 shown in Table III is obtained from the
present specific-heat result and the ESR result. ' This
value for A, is too large in comparison with A. =0.30 for
C8K with weak coupling. This value might have some er-
ror since the estimation of the ESR intensity is ambiguous
because of the Dysonian line shape of the ESR spectra.
As described in subsection 8, C8KH2/3 does not have any

contributions for conduction electrons from the potassium
4s band, since the large electron affinity of hydrogen in-
duces charge transfer from potassium, leading to a change
in the charge-transfer rate f of 1. Theoretical study sug-
gests that the superconductivity of the graphite —alkali-
metal intercalation compounds is based on the coopera- ~

tion of graphitic m.-band and alkali-metal s-band elec-
trons. Therefore, the absence of superconductivity is
considered to be caused by the absence of s-band elec-
trons. The large decrease in the vibrational energies of
8D and TE is also disadvantageous for superconductivity.

Recently, superconductivity of CsRb was found at
0.026 K. The lower T, for C8Rb than that for CsK is
caused by smaller values of N(E~) OD, and A, . A, =0.27
suggests that C8Rb is a weak-coupling superconductor,
similar to CSK. ' As the present experiment shows a
large increase in OD by hydrogen uptake, T, is expected
to be significantly increased for CsRbH005, taking into ac-
count the discussion of the C8K system given above.

V. SUMMARY

Low-temperature specific heats have been investigated
for the hydrogen-chemisorbed CqK and CSRb systems in
order to clarify the effects of dissolved hydrogen on their
electronic and lattice vibrational properties.

The electronic densities of states at the Fermi level,
N(EF), decrease as a function of dissolved hydrogen con-
centration for both CSK and C8Rb systems. As the ener-

gy level of hydrogen ls is far below EF for CzM
(M=K,Rb), the hydride ion H is generated and stabi-
lized in the intercalate layers through a charge transfer
from C8M to hydrogen. The decrease in N(Ez) is ex-
plained by the charge transfer, consistent with results of
ESR and positron annihilation. "

Two kinds of phonon modes contribute to the low-
temperature specific heats for the hydrogen-absorbed sys-
tems, as well as those for pristine C8K and CSRb. ' ' In
the case of the CsK system, the energies of acoustic-
phonon modes due to the C-intercalant-C composite
layers and optic-phonon modes due to the two-
dimensional vibrations in the intercalant planes increase
because of the electronic effects of the dissolved hydrogen,
under introduction of hydrogen for x &0.1, where the hy-
drogen atoms are dissolved in the intercalate layers of the
first-stage structure. In the hydrogen-saturated com-
pound C8KH2/3y which has an intercalant composite layer
K+-H -K+ sandwich between two graphitic bilayers, the
phonon energies decrease by means of an increase in effec-
tive mass of the intercalants due to the strong ionic cou-
pling between K+ and H . For the C8Rb system, hydro-
gen uptake raises the acoustic-phonon energy while it
lowers the optic-phonon energy. This nonuniform change
in vibrational energies is suggested by subtle effects deter-
mined by a competition between the electronic effects and
the lattice expansion due to dissolved hydrogen since an
Rb atom is bigger than a K atom.

From the experimental specific-heat results, the
enhancement in superconductivity for the hydrogen-
absorbed compound CSKHQ &9 is explained by an increase
in electron-phonon interaction due to the charge transfer
and the polarization inherent to K+ -H vibrations.



32 LOW-TEMPERATURE SPECIFIC HEAT OF HYDROGEN-. . . 2505

The suppression of r, for the hydrogen-saturated com-
pound CsKH2/3 is caused by the absence of electrons in
the potassium s band and the lower vibrational energies.
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