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The electronic structures of the stage-1 hydrogen-potassium-graphite ternary intercalation com-

pounds C4KH, are investigated. The band structures of these compounds are determined in a

Hohenberg-Kohn-Sham local-density-functional formalism using the self-consistent numerical-

basis-set linear combination of atomic-orbitals method. Our band-structure calculation is carried

out for C4 KH with three assumed in-plane superlattice models of hydrogen structure: (a)

(2X2)R{0') model (x=0.5); (b) {2X&3)R(0', 30') model (x=0.5); (c) (1X&3)R(0', 30') model

(x=1.0). In these three cases, we estimate the amount of the charge transfer among the individual

atoms and show that the hydrogen atom acts as an acceptor to graphite, while the potassium atom

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. These results indicate that C4KH„has features like those

of two-dimensional metallic hyrodgen.

I. INTRODUCTION

Recently, much attention has been devoted to the
hydrogen-potassium-graphite ternary graphite intercala-
tion compounds (KH„GIC's). ' ' The stage-1 and -2
compounds have the chemical formulas C4KH and
CSKH„respectively.

The structure and electronic properties of these
KH„GIC's have been investigated by many experi-
ments. ' " However, there are some controversial dis-
cussions about them. As for the electronic structure, two
different models are proposed from experiments. Two
schematic pictures of the density of states are shown in
Figs. 1(a) and 1(b). In the figures, the potassium 4s band,
hydrogen 1s band, and graphite upper and lower m bands
are shown. In the model (a), the potassium 4s band lies
above the Fermi level and therefore the charge transfer
from this potassium band is perfect. On the other hand,
the hydrogen 1s band lies below the Fermi level and the
charge transfer to the hydrogen band is perfect. This re-
sult indicates that the hydrogen atom in these com-
pounds has a localized electronic state. This model
(a) is proposed from low-temperature specific heat, '

Shubnikov —de hass effect, optical reflectivity, and so
on. In the model (b), on the other hand, the hydrogen ls
state intersects the Fermi level and forms a metallic band.
This model (b) is proposed from recent experimental re-
sults of proton NMR, ' electrical conductivity, ther-
moelectric power, and ESR, 'H NMR, and ' C NMR.
That is, the central problem is whether the hydrogen 1s
state lies below the Fermi level or forms a metallic band
intersecting the Fermi level.

In a previous paper, ' ' we calculate the band struc-
ture of the stage-2 compound C8KH„and show that the
hydrogen 1s state forms a metallic band. That is, this re-
sult supports the electronic structure model (b) (see Fig.
1).

In the present paper, we present the calculated band
structure of the stage-1 compound C4KH„. Though it is

known that this compound has a structure where
potassium-hydrogen-potassium sandwiched layers are
formed in the intercalant, the in-plane structure of a hy-

drogen layer has not been established. Therefore, in this
study we use three simple models: (2 X 2)R (0');
(2X+3)R(0',30'); (IX&3)R(0',30') in-plane superlat-
tice model (see Fig. 2). Our band-structure calculation is
carried out for C4KH„with these three model structures.
Our results show that the hydrogen 1s state forms a me-

tallic band in C4KH„, as in the stage-2 CSKH, .
Further, we discuss the feature of the band structure

near the Fermi level, using simple tight-binding models.
As a result, it is found that the charge imbalance between
the nonequivalent carbon atoms in a graphite layer is im-

portant for understanding the separation of the m.* bands
near the Fermi level around the I point of the Brillouin
zone in Fig. 3.

The outline of this paper is as follows. In Sec. II, the
crystal structures chosen for this study are discussed. In
Sec. III, we present the band structures of C4KH„ob-
tained by the self-consistent calculation, and compare
these band structures with the rigid band derived from
the band structure of graphite. Further, we discuss the
feature of the band structure near the Fermi level, using
simple tight-binding models. In Sec. IV, a summary is
given.

II. CRYSTAL STRUCTURE

C4KH„has a stage-1 structure where K—H —K
sandwiched layers are formed in the intercalants.
That is, the stacking order along the c axis is
—C—K—H —K —C—.The c axis repeat distance is report-

0 8ed to be 8.53 A. The neutron scattering experiments by
Kamitakahara et a/. indicate a stacking sequence
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AQByAQ, where A, B denote the graphite layers and

P,y denote the K—H —K trilayers. For simplicity, in this
study we use the simpler stacking sequence A/A PA P.
This dift'erence is not important because the interaction
between layers is expected to be very weak. [In fact, our
calculated results show that the energy band near the
Fermi level has very small c-axis dispersion (Fig. 4).]

As for the in-plane atomic arrangement, the structure

of a carbon layer is a hexagonal net as in graphite. In a
potassium layer, potassium atoms form a (2 X 2)R (0') su-
perlattice. However, the structure of a hydrogen layer is
not established to date. Some possible models are pro-
posed. " ' " In this study, we use three simple
models: (a) (2 X 2)R (0 ); (b) (2 X &3)R (0', 30'); (c)
(1 X &3)R (0', 30') in-plane superlattice model. Our
band-structure calculation is carried out for C4KH with
these assumed structures.

EF

K(4s)

A. (2X2)R(0 ) in-plane superlattice model

Figure 2(a) shows the (2 X 2)R (0') in-plane superlattice
model of hydrogen structure. This model corresponds to
a hydrogen content x =0.5. The Bravais lattice of this
model structure is base-centered orthorhombic and its
space group is D2 (C222). The primitive translation vec-
tors are

a=(a/2, —&3a/2, 0),
b=(a/2, &3a/2, 0),

(b)

Q
C
hJ

H(&s)

XZX~XZX///B

Density of States

K(4s)

H(1s)

c=(0,0, c ),
0 0

where a =4.92 A and c =8.53 A. The x and y axes are
shown in Fig. 2(a) and the z axis is perpendicular to the
layer plane. A unit cell is denoted by dashed lines in this
figure. The unit cell contains 11 atoms: 8 carbon atoms,
2 potassium atoms, and 1 hydrogen atom. The carbon
atoms are classified into three environmentally nonequiv-
alent types by symmetry, and the two potassium atoms
are equivalent. The three carbon atoms are denoted by
numbers 1, 2, and 3 in Fig. 2(a). The carbon 1 has one
nearest-neighbor potassium atom in the adjacent potassi-
um layer. On the other hand, the carbon 2 and 3 have
two nearest-neighbor potassium atoms in the adjacent po-
tassium layers. In the present calculation, we take ac-
count of the charge transfer among these nonequivalent
atoms completely.

The reciprocal-lattice vectors are

a' = (2n /a, —2m/&3a, 0),
b" = (2n. /a, 2m/&3a, 0),
c*=(0,0,2~/c) .

The Brillouin zone (BZ) defined by these reciprocal-
lattice vectors is a hexagonal prism, as in graphite. This
is shown in Fig. 3(a).

B. (2X &3)R(0,30 ) in-plane superlattice model

Figure 2(b) shows the (2X&3)R(0',30') in-plane su-
perlattice model of hydrogen structure. This model (b)
corresponds to a hydrogen content x =0.5, as the model
(a). The Bravais lattice of this model structure is different
from that of the model (a). It is primitive orthorhombic
and its space group is D2 (p222). The primitive transla-
tion vectors are

Density of States

FIG. 1. Two models of the density of states for the KH
GIC's.

a=(a, 0,0),
b =(0,&3a,0),
c=(0,0,c) .
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FIG. 2. Top view of the structural models: (a) (2X2)R(0'); (b) (2X &3)R(0',30'); (c) (1Xv'3)R(0', 30 ) in-plane superlattice mod-

el of hydrogen structure The hexagonal net represents the carbon layer Hydrogen atoms are denoted by squares (~ ) potassium
atoms are denoted by closed circles (~ ) and open circles (0 ). The stacking order along the c axis is -C-K(~ )—H( ~ ) —K{o )—C-
The environmentally nonequivalent carbon atoms are denoted by numbers. Models (a), (b), and (c) correspond to hydrogen contents
x =0.5, 0.5, and 1.0, respectively.

The unit cell contains 22 atoms: 16 carbon atoms, 4
equivalent potassium atoms, and 2 equivalent hydrogen
atoms. The carbon atoms are classified into three envi-

ronmentally nonequivalent types. These three carbon
atoms are denoted by numbers 1, 2, and 3 in Fig. 2(b).
The carbon 1 has one nearest-neighbor potassium atom in
the adjacent potassium layer. On the other hand, the car-
bon 2 and 3 have two in the adjacent potassium layers.
The reciprocal-lattice vectors are

a' = (2m. /a, 0,0),
b' =(0,2n /&3a, 0),
c =(0,0,217/c) .

The BZ is a rectangular parallelepiped. This is shown in
Fig. 3(b).

um layer. On the other hand, the carbon 2 has two in the
adjacent potassium layers.

III. RESULTS AND DISCUSSION

In this section, we first present the band structure of
C4KH„obtained by the self-consistent calculation, and

C. (1Xv 3)R(0,30') in-plane snperlattice model

Figure 2(c) shows the (1 X &3)R (0', 30') in-plane su-
perlattice model of hydrogen structure. This model (c)
corresponds to a hydrogen content x =1.0. The Bravais
lattice of this model structure (c) is base-centered ortho-
rhombic and its space group is D2I, (emma ). The primi-
tive translation vectors and the corresponding
reciprocal-lattice vectors are the same as the model (a).
The BZ is a hexagonal prism, as in the model (a) [Fig.
3(a)].

The unit cell contains 12 atoms: 8 carbon atoms, 2
equivalent potassium atoms, and 2 equivalent hydrogen
atoms. The carbon atoms are classified into two non-
equivalent types. These two carbon atoms are denoted by
numbers 1 and 2 in Fig. 2(c). The carbon 1 has one
nearest-neighbor potassium atom in the adjacent potassi-

Z

U~i
I

'r
~ s

Y

X S

(b)

FIG. 3. The Brillouin zone of C4KH„. (a) {2 X 2)R (0 ) model
and (1X&3)R(0,30') model. (b) (2X &3)R(0,30') model.
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discuss main features of the band structure. Next, we
reproduce the main features of the band structure, using
simple tight-binding models. Further, we discuss the
difference between the feature of m bands in C4KH„and
that in the binary GIC CSK and point out the importance
of the charge imbalance between the nonequivalent car-
bon atoms in a graphite layer in these compounds.

—10

—12

A. Band-structure calculation

The numerical method used in the present work is the
self-consistent numerical-basis-set linear combination of
atomic-orbitals (LCAO) method within the Hohenberg-
Kohn-Sham local-density-functional formalism. ' ' This
method was developed by Zunger and Freeman' and
later applied to the band-structure calculation of the
binary GIC C8K and the ternary GIC C8KH„ in a previ-
ous paper. ' ' ' ' The Hedin-Lundqvist parametriza-
tion' for the exchange-correlation potential was used.
As a numerical basis set, in this study we take the 1s, 2s,
and 2p orbitals of carbon, and 1s, 2s, 2p, 3s, 3p, and 4s or-
bitals of potassium and 1s orbital of hydrogen. The de-
tails of this method are presented in a previous paper. ' '
Our band-structure calculation is carried out for C4KH,
with three assumed structure models (a), (b), and (c).

l. {2X2)R(0')model (x =0.5)
—14

M KI' Z

The calculated band structure of C4KH05 with the
structure model (a) is shown in Fig. 4(a). [The model (a)
is the (2 X 2)R (0') triangular in-plane superlattice model
of the hydrogen structure. ] The overall band structure is

(b)

cO

~-10

~-12
—14

X S

Atom

Carbon 1

Carbon 2

Carbon 3

Potassium

Hydrogen

TABLE I. Occupation numbers.

Orbitals

(a) C4KH„, [(2X 2)R (0') model]

2s

2p

2$

2p

2s

2p

4s

1s

Occupation
number

1.20
2 ~ 84

1.24
3.05

0.86
3.09

0.54

1.29

(c)
(b) C4KHD q [(2X&3)R(0',30') model]

Carbon 1 2s 1.17

2p 2.84

—14

Carbon 2

Carbon 3

Potassium

Hydrogen

2s

2p

2s

2p

4s

1s

1.14
3.02

1.05
3.06

0.59

1.26

-16 Carbon 1

(c) C4KH, „[(1X&3)R(0,30') model]
2$ 1.22
2p 2.81

Kl Z

FIG. 4. Self-consistent band structures along several high-
symmetry directions in the Brillouin zone: (a) (2X2)R(0')
model; (b) (2X&3)R(0',30') model; {c)(1X&3)R(0',30 ) mod-
el. Here, the dashed line represents the Fermi energy.

Carbon 2

Potassium

Hydrogen

2$

2p

4s

1s

1.04
3.09

0.53

1.13
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similar to that obtained by superposing the hydrogen and
potassium bands on graphite bands folded into the small-
er BZ of C4KHo ~ (the band folding is described in detail
in Sec. III B I). Thus, many of the C4KHo &

bands can be
identified with the ~, ~*, and 0. bands of two-dimensional
(2D) graphite. However, the n' band near the Fermi lev-

el split off around the I point and one of them goes down
below the Fermi level. This separation cannot be under-
stood in terms of the band folding. We will explain this
energy separation in Sec. IIIA2 using a simple tight-
binding model.

The most remarkable feature in this band structure is
the existence of two kinds of partially occupied conduc-
tion bands. These are directly shown to be a hydrogen
1s-like band and a graphite m*-like band, from the ampli-
tude of the wave function. That is, the hydrogen 1s-like
band coexists with the graphite m'-like bands at the Fer-
mi level in C4KHO z with the triangular-lattice model.

The H 1s-like band has very small c-axis dispersion be-
0

cause of a large separation (8.53 A) between the nearest
hydrogen layers. The in-plane bandwidth of this two-
dimensional band is about 0.6 eV. Thus, the hydrogen in

C4KHo &
has a weakly metallic nature. Consequently, the

2D hydrogen 1s-like Fermi surface around the center of
the BZ coexists with the 2D graphite m'-like Fermi sur-
face.

In the present calculation, the atomic occupation num-

bers are treated essentially as iteration parameters in the
self-consistent procedure. The obtained final occupation
numbers are shown in Table I(a). The total population of
each atom in the crystal is given in Table II(a). 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

TABLE II. Total population and amount of charge redistri-
bution.

8

I

8
40

CO

', PF

(a)

I
I
~ k I ~ ~ I l I ~ I

-16 -14 -12 -10 -8 -6
ENERGY (eV)

20

" 15
a

-" &0
8

erg
D

5

~ I
I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
I

P F

values are also shown in Table II(a). 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.

Though the K 4s-like bands lie above the Fermi level,
the amount of the charge redistribution of potassium
atom is not unity. The reason for this is that the K 4s
components are mixed slightly into the wave functions of

Atom Total population
Amount of

charge redistribution I
~ I t ~ ~ ~ ~ I ~ ~

Carbon 1

Carbon 2
Carbon 3
Potassium
Hydrogen

(a) C,KHO, [(2X 2)R (0') model]
6.04
6.29
5.95

18.54
1.29

—0.04
—0.29
+0.05
+0.46
—0.29

(b)

10

—16 —14 —12 -10 -8 -6 -4
ENERGY (eV)

I
I
I
I
I
I
I
I
I
I
I

', H F

Carbon 1

Carbon 2
Carbon 3
Potassium
Hydrogen

(b) C,KHO, [(2X&3)R(0',30') model]
6.01 —0.01
6.15 —0.15
6.10 —0.10

18.59 +0.41
1.26 —0.26

4

Carbon 1

Carbon 2
Potassium
Hydrogen

(c) C,KH, o [( 1 X v'3)R (0,30 ) model]
6.03 —0.03
6.13 —0.13

18.53 +0.47
1.13 —0.13

I

0 ~ ~ ~ ~ I ~ ~ g I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~

—16 —14 —12 -10 -8
ENERGY (eV)

FIG. 5. Density of states of C4KH„: (a) (2X2)R(0') model;
(b) (2X&3)R(0',30') model; (c) (1X&3)R(0,30') model.
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many graphite-like and hydrogen-like states below the
Fermi level.

Figure 5(a) shows the calculated density of states for
C4KHp 5 with the hexagonal-lattice model. The large
peak near 0.2 eV below the Fermi level corresponds to
the H 1s state. This large value is a result of the small
dispersion of the H 1s band. The density of states at the
Fermi level is about 1.3 states/eV per unit cell. The
structures near —11 eV and below —14 eV correspond
to the graphite ~ and 0. states, respectively.

The present result is very similar to the result of the
stage-2 compound CsKH05 with the (2X2)R(0')
hexagonal-lattice model in a previous work. ' The only
difference is the number of folded graphite bands. In
C8KHp &, a unit cell contains two graphite layers and
therefore there are two folded graphite bands. Due to the
interaction between the graphite layers, two folded bands
split off.

between the nonequivalent carbon atoms is also pro-
duced.

Figure 5(b) shows the calculated density of states for
C4KHp 5. The large peak near 0.4 eV below the Fermi
level corresponds to the H 1s state. This large value is a
result of the small dispersion of the H 1s band. The den-
sity of states at the Fermi level is about 5.0 statesleV per
unit cell. The structures near —11 eV and below —14 eV
correspond to the graphite ~ and 0. states, respectively.

The structure of the density of states is very similar to
that of the model (a) [Fig. 5(a)]. The density of states per
unit cell has twice the value of that of model (a). This is
due to the fact that the unit cell of the model (b) contains
twice the nuinber of atoms of the model (a).

The models (a) and (b) correspond a hydrogen content
x =0.5. Therefore, it is found that the electronic state of
CgKHp 5 is almost independent on the hydrogen struc-
ture.

2. (2Xv 3)R(0',30') model (x =0.5)

The calculated band structure of C4KHp 5 with the
structure model (b) is shown in Fig. 4(b). [The model (b)
is the (2 X &3)R (0,30') rectangular in-plane superlattice
model of the hydrogen structure. ] The overall band
structure is similar to that obtained by superposing the
hydrogen and potassium bands on graphite bands folded
into the smaller BZ of C4KHO 5, as in the model (a).

This band structure seems to be quite different from
that of the model (a). This is due to different shape and
size of the BZ. In fact, this band structure can be well
identified with the n, m', and o bands as in the model (a),
using the rigid-band model. The folding of the n. and n'
bands in this case is described in detail in Sec. III B 1.

In this model structure, the unit cell contains two hy-
drogen atoms. Therefore, there are bonding and anti-
bonding H ls-like bands. The bonding H ls-like band lies
below the Fermi level and the antibonding H 1s-like band
intersects the Fermi level (these two bands are degenerate
on the S-Y line). Therefore, it is found that the H ls-like
band coexists with the n'-like bands at the Fermi level in
the model (b), as in the model (a).

The bonding and antibonding H 1s-like bands have
very small c-axis dispersion because of the large separa-
tion between the nearest hydrogen layers. The in-plane
bandwidth of the bonding and antibonding H 1s bands
are about 0.5 and 0.2 eV, respectively. The sum of these
two values is close to the bandwidth of the H 1s band in
C4KHO g with the inodel (a). Thus, the hydrogen in this
crystal also has a weakly metallic nature.

Consequently, it is found that the band structures of
C4KH05 with the (2X&3)R(0',30') rectangular-lattice
model has the essentially same feature as that with the
(2X2)R(0') hexagonal-lattice model, though it seems to
be different at sight.

The obtained final occupation numbers are shown in
Table I(b). The total population of each atom in C4KHO &

is given in Table II(b). The amount of the charge redistri-
bution is also shown in Table II(b). These values indicate
that the hydrogen atom acts as an acceptor and the po-
tassium atom acts as a donor. The charge redistribution

3. (1Xv 3)R(0',30') model (x =1.0)

The calculated band structure of C4KHI p with the
structure model (c) is shown in Fig. 4(c). [The model (c)
is (1 X&3)R(0',30') in-plane superlattice model of the
hydrogen structure. ]

In C4KH, p, the unit cell contains two hydrogen atoms.
Therefore, there are bonding and antibonding H 1s-like
bands. The overall band structure of C4KH, p is also
similar to that obtained by superposing the bonding and
antibonding hydrogen bands on the graphite bands folded
into the BZ of C4KHI p. The antibonding H 1s-like band
intersects the Fermi level near the E point. The bonding
H 1s-like band lies about 2.0 eV below the Fermi level.
Therefore, it is found that the H 1s-like band coexists
with the n.*-like bands at the Fermi level in C4KH, p, as
in C4KHp 5. The m* band near the Fermi level split off
around the I point and one of them goes down below the
Fermi level, as in the model (a). This separation cannot
be understood in terms of the band folding. We will ex-
plain this energy separation in Sec. III B 2 using a simple
tight-binding model.

The bonding and antibonding H 1s-like bands have
very small k, dispersion because of a large separation be-
tween the nearest hydrogen layers. The in-plane band-
width of the bonding and antibonding H ls bands are
about 1.0 and 1.3 eV, respectively. These are larger than
the bandwidth of the H 1s band in C4KHp ~. This is due
to the higher density of hydrogen. In our model struc-
ture of C4KHI p, the hydrogen atoms form linear chains
along the x axis. Therefore, the dispersion of the anti-
bonding H ls band has a one-dimensional (1D) feature.
Thus, the hydrogen in C4KH, p has a 1D metallic nature.
Consequently, the 1D H 1s-like Fermi surfaces in the
corners of the BZ coexists with the 2D graphite ~*-like
Fermi surfaces.

The obtained final occupation numbers are shown in
Table I(c). The total population of each atom in C4KH, 0
is given in Table II(c). The amount of the charge redistri-
bution is also shown in Table II(c). These values indicate
that the hydrogen atom acts as an acceptor and the po-
tassium atom acts as a donor. The charge redistribution
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between the nonequivalent carbon atoms is also pro-
duced.

Figure 5(c) shows the calculated density of states for
C4KH, O. In C4KH, O, there are two structures corre-
sponding to H 1s states; the structures near —8.5 and—5.8 eV correspond to the bonding and antibonding
states, respectively. The density of states at the Fermi
level is about 2.4 states/eV per unit cell.

The present result is very similar to the result of the
stage-2 compound CsKH, 0 with the (IX@3}R(0',30'}
linear chains lattice model in a previous work. ' The
only difference is the number of the folded graphite
bands. In CSKH, 0, a unit cell contains two graphite lay-
ers. Therefore, there are two folded graphite bands. Fur-
ther, these bands split off due to the interaction between
the graphite layers.

Our results show that the electronic structure of the
stage-1 compound C4KH is very similar to that of the
stage-2 compound CSKH„. That is, the hydrogen 1s state
forms a metallic band intersecting the Fermi level; this
result supports the electronic structure model (b) [Fig.
1(b)]. Now, we will discuss experimental results in terms
of our results. Enoki et al. measured electrical conduc-
tivity and thermoelectric power of the stage-1 and stage-2
compounds. They showed that potassium acts as a donor
to graphite, while hydrogen acts as an acceptor, and the
hydrogen has a weakly metallic nature in these com-
pounds. This result is consistent with our results. Other
experiments [proton NMR, ' and ESR, 'H NMR, and
' C NMR (Ref. 7)] supporting the electronic structure
model (b) [Fig. 1(b)] are carried out only for the stage-2
compound.

Very recently, Miyajima et al. carried out a proton
NMR study on the stage-1 compound C4KH„. They ob-
served metallic nature of hydrogen through the Korringa
relation, T, T=const, for the spin-lattice relaxation T, .
This is also consistent with our results.

x0

FIG. 7. The folded two-dimensional graphite m band in mod-
els (a) and (c).

B. Tight-binding models

1. Rigid-band model

In this section, we compare the band structure ob-
tained by the self-consistent calculation in Sec. III A with
the rigid band derived from the band structure of graph-
ite. The rigid band of C4KH, is obtained by superposing
the hydrogen and potassium bands on graphite bands
folded into the smaller BZ of C4KH .

First, we present the energy dispersion of graphite.
The principal feature of the dispersion of graphite can be
understood in terms of a simple tight-binding model of
two-dimensional graphite. This model consists of n. or-
bitals on two carbon atoms, because the m orbitals play a
major role in determining the energy dispersion near the
Fermi level. In this case, the energy dispersion of 2D
graphite is given by an analytical form,
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FIG. 6. Two-dimensional BZ of C4KH „with the (2 X 2)R (0')
or (1X&3)R(0,30 ) model (thick solid line) and BZ of 20
graphite (thin solid line). The four hatched regions are indicat-
ed as A, B, C, and D. Region A is in the first BZ of C4KH and
regions B, C, and D are out of this BZ. Regions B, C, and D are
all transferred to region A by proper reciprocal-lattice vectors
of C4KH„.

if we neglect the transfer integrals more distant than
nearest neighbors. Here, ao is lattice constant, co is diag-
onal energy, and y is transfer energy between the
nearest-neighbor carbon atoms. The transfer energy
@=3.0 eV suffices to describe the band structure of
graphite. As for the diagonal energy, we put co=0 eV.
The energy band E (k) corresponds to the upper m band
(m band} and E (k} to the lower m. band.

Next, we discuss the folding of these n. bands in the
hexagonal-lattice model. Figure 6 shows the 2D BZ of
C4KH with the (2X2)R(0') or (1Xv'3)R(0, 30 ) lattice
models (thick solid line) and the BZ of 2D graphite (thin
solid line). In this figure, the four hatched regions are in-
dicated as A, 8, C, and D. Region 3 is in the first BZ of
C4KH and regions 8, C, and D are out of this BZ. Re-
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gions B, C, and D are all transferred to region A by

proper reciprocal-lattice vectors of C4KH . These
reciprocal-lattice vectors are shown in Fig. 6.

In Fig. 7, the graphite bands e—(k) along the side of re-
gions A, B, C, and D are shown together. The rigid band
of C4KH„ is obtained by superposing the hydrogen and
potassium bands on this folded graphite band. This band
structure is similar to the calculated band structures
[Figs. 4(a) and 4(c)].

Consequently, the calculated band structure can be
roughly understood in terms of a simple rigid-band mod-
el. In the calculated band structure, however, the ~'
bands near the Fermi level split off around the I point
and one of them goes down below the Fermi level. This
separation cannot be understood in terms of the rigid-
band model. We will explain this energy separation of
the m' bands in Sec. III B2 using a simple tight-binding
model. (In this model we take further account of the
charge imbalance between the nonequivalent carbon
atoms in a graphite layer. }

Next, we discuss the folding of the m bands in the rec-
tangular lattice model. Figure 8 shows the 20 BZ of
C4KH„with the (2X &3)R (0', 30') rectangular-lattice
model (thick solid line) and the BZ of 2D graphite (thin
solid line). The ten hatched regions are indicated as A,
B, . . . , J. Region A is in the first BZ of C4KH„and re-
gions B, C, . . . ,J are all transferred to region A by prop-
er lattice vectors of C4KH, . In Fig. 9, the graphite band
e +—(k}along the side of regions A, 8, . . . , J are shown to-
gether. This folded band structure is similar to the calcu-
lated band structures [Fig. 4(b)].

2. Separation of v bands near the Fermi level

In this section, we discuss the energy separation of m*

bands of C„KH near the Fermi level around the I point,
using a simple tight-binding model. Further, we compare
this energy separation with that in the binary GIC C8K.
In this tight-binding model, we consider only m orbitals
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FIG. 9. The folded two-dimensional graphite m. band in mod-
el (b).

on carbon atoms in a graphite layer and neglect the
transfer energy more than the nearest neighbor.

Our band-structure calculations (Sec. III A) show that
the hydrogen atom acts as an acceptor to graphite while
the potassium atom acts as a donor. In our tight-binding
model, we assume that the only role played by the potas-
sium atom and the hydrogen atom is to produce the
charge transfer between these intercalant and the graph-
ite layer. If we consider only the potassium layers adja-
cent to the graphite layer, carbon atoms are classified
into two environmentally nonequivalent types ( A and 8).
In our tight-binding model, we consider only these two
types. These are shown in Fig. 10. The A-type carbon
has two nearest-neighbor potassium atoms, while the B-
type carbon has one nearest-neighbor potassium atom.
Our calculated results (Sec. III A) show that the charge
imbalance between the nonequivalent carbon atoms is
produced. In order to consider this charge imbalance, we
use in our tight-binding model five parameters: e.~, cz,
y „„,y „z, and y». Here, the parameters s z and c~ are
the diagonal energy of the A-type and B-type carbons, re-
spectively. The parameters y», y», and y» are

gg+B~g

Y S
FA&

r~ G~p

FIG. 8. The 2D BZ of C4KH with the (2X&3)R(0',30')
rectangular-lattice model (thick solid line) and the BZ of 2D
graphite {thin solid line). The ten hatched regions are indicated
as A, B, . . . , J. Region 3 is in the first BZ of C4KH and re-
gions B, C, . . . , J are all transferred to region A by proper lat-
tice vectors of C4KH, .

ih
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FIG. 10. Two types of carbon. Here, closed and open circles
represent the 1-type and B-type carbons, respectively. The A-

type carbon has two nearest potassium atoms, while the B-type
carbon has only one.
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transfer energy between the A-type carbons, the A-type
and 8-type carbons, and the 8-type carbons, respectively
(Fig. 10).

For the sake of simplicity, we assume that

and

E'B + 2F

VAA VAB ~BB V

Then, c and y are parameters. As for the parameter y,
we use the transfer energy between the nearest-neighbor
carbon in the 2D graphite (see Sec. III B 1). That is, we
set y=3.0 eV.

When c =0, the energy dispersion agrees with the fold-
ed n band in Fig. 7 (Sec. IIIB1). When eWO, the n'
bands split off around the I point. Figure 11 shows the
energy dispersion in the case of c, =0.5 eV. This is simi-
lar to the feature in the calculated band structure [Figs.
4(a) and 4(c)]. Therefore, the feature of the separation of
m* bands around the I point is well reproduced by using
this two-parameter tight-binding model.

In our previous work, ' ' we calculated the band
structure of the binary GIC C8K and found that one of
the m' bands goes down below the Fermi level. However,
the feature of this separation is different from that in

C4KH, . It cannot be understood in terms of the present
two-parameter tight-binding model.

In the next step, we use the three-parameter model.
Because we now consider only the m. orbitals, it is expect-
ed that the transfer integral between the same type of m

orbitals has a larger value than that between the different
types of m. orbitals. Therefore, we assume that

y„„=yaa=y (=3.0 eV),

r
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FIG. 12. The energy dispersion obtained by a simple tight-
binding model. (c=0.5 eV, y =3.0 eV, and 5 =0.5 eV.)

Figure 12 shows the energy dispersion in the case of
@=0.5 eV and 5=0.5 eV. In this case, the feature of the
separation of the m.* bands in CSK is well reproduced.
Therefore, the difference between the feature of the m*

band separation in CSK and that in CSKH„can be under-
stood in terms of the difference of the parameter 5. The
amount of the charge imbalance between the nonequiva-
lent carbon in CsK is large (this is about 0.5 in our previ-
ous calculation). Thus, the difference 5 between y„„
(yacc ) and y „~ is important in CsK. On the other hand,
the difference between y AA and EBB is not so important.
When yAA &y» or y» &yBB, the ~* band obtained by
the tight-binding model has essentially the same feature
as in f AA =EBB,

In this section, we discussed the energy separation of
the m* bands of C4KH and C8K near the Fermi level
around the I point, using simple tight-binding models.
We found that the charge imbalance between the non-
equivalent carbon atoms in a graphite layer is important
for understanding this separation, and the difference be-
tween the feature of the ~* band separation in C8K and
that in C8KH is due to the amount of the difference be-
tween the transfer energy y „„(y~~) and y „z.

IV. SUMMARY

—10
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FIG. 11. The energy dispersion obtained by a simple tight-
binding model. (c=0.5 eV, y =3.0 eV, and 5=0 eV.)

In conclusion, we have found that the H 1s state forms
a weakly metallic band in C4KH„, as in C8KH . We es-
timated the amount of the charge redistribution among
the individual atoms and found that the hydrogen atom
acts as an acceptor, while the potassium atom acts as a
donor. The charge transfer to the hydrogen atom is im-
perfect. As a result, the H 1s-like band coexists with the
graphite m'-like bands at the Fermi level. These results
indicate that C4KH has a feature of the metallic hydro-
gen.

The overall band structure of C4KH is roughly under-
stood in terms of the rigid-band model. However, the
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separation of the m' bands near the Fermi level cannot be
understood in terms of this model. We use a simple
tight-binding model and find that the charge imbalance
between the nonequivalent carbon atoms in a graphite
layer is important for understanding this separation.
Further, it is found that the difference between the
feature of the m* band separation in C8K and that in

C8KH„ is due to the amount of the difference between
the transfer energy y „„(ya~) and y „a.
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