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Electronic structure of the hydrogen-potassium-graphite
ternary intercalation compound CsKH„

Seiji Mizuno and Kenji Nakao
Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

(Received 10 February 1989}

We present the results of the first band-structure calculation for the hydrogen-potassium-graphite
ternary intercalation compound C8KH„. The Zunger-Freeman self-consistent numerical-basis-set
linear combination of atomic orbitals method has been used within the Hohenberg-Kohn-Sham
local-density-functional formalism. We find that hydrogen acts as an acceptor to graphite, while

potassium acts as a donor. The charge transfer to the hydrogen atoms is imperfect and therefore
the hydrogen 1s state forms a partially occupied metallic band. This hydrogen-1s-like band coexists
with the graphite-m*-like bands at the Fermi level.

Recently, much attention has been devoted to ternary
graphite intercalation compounds. The hydrogen-
potassium-graphite intercalation compound CSKH is
the most typical example of these compounds. The struc-
ture and electronic properties of C&KH„have been inves-

tigated by many experiments. ' However, there are
some controversial discussions about them. The central
problem is the relative position in energy of the hydrogen
state in CsKH„; whether the hydrogen ls (H ls) state lies
below the Fermi level or forms a metallic band intersect-
ing the Fermi level. Several experiments such as low-
temperature specific heat, ' Schubnikov —de Haas effect,
and optical reAectivity, suggest the low-lying H 1s state.
These results indicate that the hydrogen atom in C8KH„
has a localized electronic state as a H ion, while other
recent experimental results of proton NMR, ' electrical
conductivity, and thermoelectric power are interpreted
as showing the metallic character of the H 1s state. In
addition, Saito et a/. very recently carried out ESR, 'H
NMR, and ' C NMR experiments and found that the H
1s band intersects the Fermi level, showing a metallic
character of hydrogen state. On the other hand, the band
structure has not been theoretically established to date.

In this paper, we present the first calculated band
structure of C8KH and show that the hydrogen 1s state
forms a metallic band in this compound. Further, we es-
timate the amount of the charge transfer among the indi-
vidual atoms and show that the hydrogen atom acts as an
acceptor, while the potassium atom acts as a donor.

CSKH has a stage-2 structure where K—H —K
sandwiched layers are formed in the intercalants. That
is, the stacking order along the c axis is
—C—C—K—H—K—C—C—. Adjacent carbon layers are

O

separated by 3.35 A and the distance between the potassi-
um and hydrogen layers is 2.13 A. The distance between
the carbon and potassium layers is also 2.13 A. As for
the in-plane atomic arrangement, the structure of carbon
layer is a hexagonal net as in graphite. In a potassium
layer, potassium atoms form a 2 X 2 superlattice. Howev-
er, the structure of a hydrogen layer is not established to
date. Some possible models were proposed. In this
study, we use the simplest model; hydrogen atoms form a
2X2 superlattice. This structure leads to a hydrogen

content, x =0.5. This model structure, based on the ob-
served layer spacings and our assumption of H ordering
introduced above, is shown in Fig. 1. In this model, the
space group is D2 (C222) and each primitive unit cell con-
tains only 19 atoms: 16 carbon atoms, two potassium
atoms, and one hydrogen atom. The carbon atoms are
classified into four environmentally nonequivalent types
by symmetry, and the two potassium atoms are
equivalent. En the present calculation, we take account of
the charge transfer among these individual atoms com-
pletely.

The electronic structure was determined in a
Hohenberg-Kohn-Sham local-density-functional formal-
ism using the Zunger-Freeman self-consistent
numerical —basis-set linear combination of atomic orbitals
method. The Hedin and Lundqvist approximation for
the exchange-correlation potential was used. In this
work, we take the 1s, 2s, and 2p orbitals of carbon, and

»Z»~el»~~~»
OH 0 OH 0 OH

0 OH

' 0 OH 0

FIG. 1. Top view of the structural model of C8KH05. The
hexagonal net represents the carbon layer. Hydrogen atoms are
denoted by a circle with H,. Potassium atoms are denoted by
closed circles, and open circles, o. The stacking order along
the c axis is —C2 I

—{C l —K(~ ) —H(Q —K( 0 )
—C2 t—

{Cl —.Here, { { represents a unit cell. Adjacent carbon lay-

ers (C1 and C2} are in the A - A stacking. The four environmen-
tally nonequivalent carbon atoms are denoted by 1, 2, 3, and 4.
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1s, 2s, 2p, 3s, 3p, and 4s orbitals of potassium and 1s or-
bital of hydrogen as a numerical basis set. The details of
the calculation are presented in a previous paper. '

The calculated band structure is shown in Fig. 2. The
most remarkable feature is the appearance of a partially
occupied conduction band around the I point in the Bril-
louin zone (BZ). It is proved, from the amplitude of the
wave function, that this band originates mainly from the
hydrogen 1s orbital. In addition, it is found that the two
partially occupied conduction bands around the K point
originate mainly from the carbon 2p, orbitals. That is,
the hydrogen-1s-like band coexists with the graphite-a. *-
like bands at the Fermi level in CgKH ~ The H-1s-like
band has very little k, dispersion. This is due to large

0

separation (11.88 A) between the nearest hydrogen layers.
The bandwidth of this two-dimensional (2D) band is
about 0.6 eV. Thus, the hydrogen in C8KHO5 has a
weakly metallic nature. Consequently, the hydrogen-1s-
like 2D Fermi surface in the center of the BZ coexists
with the graphitelike cylindrical Fermi surfaces in the
corners of the BZ.

The overall band structure is similar to that obtained
by superposing the 2D free-electron band of hydrogen on
graphite bands folded into the smaller BZ of C8KH05.
Thus, many of the C8KH bands can be identified with
the ~ and o. bands of 2D graphite. The unit cell in our
model structure contains two graphite layers. Therefore,
there are two degenerate folded 2D graphite bands if
there is no interaction between the graphite layers and
the potassium and hydrogen potentials are vanishingly
small at the graphite layers. Due to the interaction, these
two folded bands split off. It is found that the energy sep-
arations of the folded m. bands are large (about 0.4 eV).
This is consistent with a large overlap between the ~ or-
bitals of the adjacent graphite layers. On the contrary,
the separations of the folded o. bands are small because of
small overlap of o. orbitals.

In the present calculation, the atomic occupation num-
bers are treated essentially as iteration parameters in the

TABLE I Occupation number

Atom

Carbon 1

Carbon 2

Carbon 3

Carbon 4

Potassium
Hydrogen

Orbitals

2$

2p
2$

2p
2$

2p
2s
2p
4s
1s

Occupation number

1.22
2.95
1.22
2.96
1.20
2.78
0.85
2.96
0.54
1.37

self-consistent procedure to produce the best superposi-
tion potentials. ' The obtained final occupation num-
bers are shown in Table I. The total population of each
atom in the crystal is given in Table II. We define the
amount of the charge redistribution of atoms as the
difference between the above self-consistent population
and the population of isolated (neutral) atoms. ' " These
values are shown in Table II. Here, a plus sign represents
the charge transfer from the atom and a minus sign
represents the transfer to the atom.

These results indicate that the hydrogen atom acts as
an acceptor, while the potassium atom acts as a donor.
Further, the charge redistribution between the environ-
mentally nonequivalent carbon atoms is produced; half of
the carbon are donors, the other half acceptors. The
averaged charge of these carbon atoms is about —0.04.
Therefore, it is found that the graphite layers act as ac-
ceptors on the average. Though the K-4s-like bands lie
above EI;, the amount of the charge redistribution of po-
tassium atoms is not unity. This is due to the fact that
the K 4s components are mixed slightly into the wave
functions of many graphitelike states below EF.

Figure 3 shows the calculated density of states for
CSKHo 5 near EI; . It was calculated by using the eigen-
values at 960 k points in the, '4 irreducible BZ. The large
peak near 0.2 eV below EF is corresponding to the H 1s
state. This large value is consistent with the small disper-
sion of the H 1s band. The structures near —12 eV and
below —14 eV are corresponding to the graphite m. and o.
states, respectively.

—10

1 2 TABLE II. Total population and amount of charge redistribution

—14

FIG. 2. Self-consistent band structure of C8KHO z along
several high-symmetry directions in the Brillouin zone. Here,
the dashed line represents the Fermi energy.

Atom

Carbon 1

Carbon 2
Carbon 3
Carbon 4
Potassium
Hydrogen

Total
population

6.17
6.18
5.98
5.81

18.54
1.37

Amount of
charge redistribution

—0.17
—0.18
+0.02
+0.19
+0.54
—0.37
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FIG. 3. Density of states of CSKHo & near the Fermi level.

Next, we will discuss several experiments in terms of
our results. The following experiments suggested that the
H 1s state forms a metallic band intersecting the Fermi
level. Nomura et al. carried out a 'H NMR experiment
and showed that the s-like band electron exists on hydro-
gen atoms. Enoki et ah. measured electrical conductivi-
ty and thermoelectric power. They showed that a large
electron and a small hole Fermi surface coexist and that
potassium acts as a donor to graphite, while hydrogen
plays the role of an acceptor. Saito et al. carried out
ESR, 'H NMR, and ' C NMR and found that the hydro-
gen atom has a metallic character and the H 1s band in-
tersects the Fermi level. Our results are consistent with
these experiments.

The recent photoemission experiment' for CSKHO 8 in-

dicates that there is a peak corresponding to the hydro-
gen state near 2.0 eV below Ez. In our density of states,
this peak locates at about 0 2 eV below EF. This
discrepancy may be due to the different hydrogen con-
tent. The relative position of the H-1s-like band to the
graphitelike band is very sensitive to the amount of the
charge redistribution, and the charge redistribution is
largely inAuenced by the hydrogen content. In this study,
we use the simplest model structure; the hydrogen con-
tent is 0.5. In the above experiment, the content is 0.8.
This different content will lead to the different relative
position of the H-1s-like band.

In our model structure, one of the folded upper vr

bands intersects the Fermi level slightly at the I point.
The position of the Fermi level is, however, very sensitive
to the amount of the charge transfer. Therefore, it is ex-
pected that some folded upper m bands go down below
the Fermi level around the I point and form metallic
bands in the case of the different hydrogen content.

In conclusion, we have found that the H 1s state forms
a 2D metallic band in C8KHo 5. We estimated the
amount of the charge redistribution among the individual
atoms and found that the hydrogen atom acts as an ac-
ceptor, while the potassium atom acts as a donor. The
charge transfer to the hydrogen atom is imperfect. As a
result, the H-1s-like 2D Fermi surface in the center of the
BZ coexists with the graphitelike 2D Fermi surfaces in
the corners of the BZ. The band structure of C8KH
with the different crystal structure and the stage-1 com-
pound C4KH will be given in the near future.

We would like to thank Dr. H. Hiramoto for valuable
dlscusslons.

T. Enoki, M. Sano, and H. Inokuchi, Phys. Rev. B 32, 2497
(1985).

T. Enoki, N. C. Yeh, S. T. Chen, and M. S. Dresselhaus, Phys.
Rev. B 33, 1292 (1986).

G. L. Doll, M. H. Yang, and P. C. Eklund, Phys. Rev. B 35,
9790 (1987).

4K. Nomura, T. Saito, K. Kume, and H. Suematsu, Solid State
Commun. 63, 1059 (1987).

S. Miyajima, T. Chiba, T. Enoki, H. Inokuchi, and M. Sano,
Phys. Rev. B 37, 3246 (1988).

T. Enoki, K. Irnada, H. Inokuchi, and M. Sano, Phys. Rev. B

35, 9399 (1987).
7T. Saito, K. Nornura, K. Mizoguchi, K. Kume, and H.

Suematsu, J. Phys. Soc. Jpn. 58, 269 (1989).
A. Zunger and A. J. Freeman, Phys. Rev. B 15, 4716 (1977).
L. Hedin and B. I. Lundqvist, J. Phys. C 4, 2064 (1971).
S. Mizuno, H. Hiramoto, and K. Nakao, J. Phys. Soc. Jpn. 56,
4466 (1987).
S. Mizuno, H. Hiramoto, and K. Nakao, Solid State Commun.
63, 705 (1987).
H. Yamamoto, K. Seki, T. Enoki, and H. Inokuchi (unpub-
lished).


