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Theoretical study on electronic states of potassium-oxygen-graphite ternary
intercalation compounds
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Kenji Nakao
Institute of Materials Science, University of Tsukuba, Tsukuba 305-8573, Japan
(Received 25 August 1997

The electronic states of stage-1 and -2 potassium-oxygen-graphite ternary intercalation compounds are
studied from first principles by constructing several simple structural models. For all models, the gr&phite
band and the oxygenm®band form the electron and hole Fermi surfaces, respectively. Oxygémaids with
small dispersion contribute to the large density of states near the Fermi level. The véhalearye of
potassium is transferred to oxygen and carbon, and the present compounds are classified into the donor type.
Furthermore, no magnetic moment appears on oxygen irrespective of its arrangement, for which the reason is
discussed[S0163-18208)03912-3

[. INTRODUCTION effect measurements for KO-GIC’s showed that the signs of
their Hall coefficients are positiveThis suggests the exis-

A new type of ternary graphite intercalation compoundstence of hole carriers originating from the intercalate bands.
(GIC’s), alkali-metal GIC’s containing oxygen, was reported ~ To understand the electronic properties of KO-GIC's sys-
recently™? In these reports, an introduction of a small tematically, theoretical studies are required. In the present
amount of oxygen in alkali-metal GIC's gives rise to a highWork, we calculate the electronic band structures of KO-
content of alkali metal by forming a multilayered structure GIC’s from first principles in order to obtain a basis for
within galleries between layers of host graphite. As for anunderstanding their electronic properties. In particular, we

alkali metal and oxygen, they form three types of ionic Crys_foc;us.our attentic_m on the following thr,ee points. The first
tals, which are alkali-metal monoxides\{O), peroxides Pointis the question of whether KO-GIC's are classified into

(A,0,), and hyperoxidesAO,) (A=Na, K, Rb, C3. While donor or acceptor types, because the dgpotassium and

the former two show diamagnetism, alkali-metal hyperoxide acceptor(oxygen of electrons coexist in these compounds.
exhibit antiferroma netismgdue to ,the couplin (3/1‘pinherentsrhe second point is related to the origin of the electronic

. magn: ping | _ states aEr. The last point is to obtain the net spin polar-
spins of the diatomic molecular hyperoxide ions, O

) . - ization on oxygen atoms in the compounds, in connection
Therefore, GIC's containing O were expected to exhibit i the experimental fact of the disappearance of the mag-

the magnetism associated with an interaction between cofyetic moment in KO-GIC’s.

duction 7 electrons of graphite and localized magnetic mo- The outline of this paper is as follows. In Sec. I, we
ments of Q. With this expectation, Mordkoviclet al®  construct several structural models based on the experimen-
synthesized and isolated stage-1 and -2 potassium-oxygesl results. The method of calculation is briefly described in
GIC’s (KO-GIC's) (C4,KO,, wheren is the stage numbgr Sec. IIl. The resulting band structures are shown in Sec. IV.
with the use of potassium hyperoxides (§OThey studied From them, we extract the DOS, cross section of the Fermi
the crystal structure of KO-GIC's based on an x-ray-surface(FS), carrier density, and amount of the charge trans-
diffraction intensity analysis and the transmission electrorfer. In Sec. V, we discuss several experimental results in
microscopy electron diffraction, and supposed that two interterms of our results. Here the reason for the disappearance of
calating species, potassium and oxygen, form separate que magnetic moment is also explained. A summary is given
druple K-O-O-K layers between graphite layers. As concerngn Sec. VI.

the electronic states, Yamashital* carried out magnetic-

susceptibility measurements for KO-GIC’s. Contrary to the Il. CRYSTAL STRUCTURE

above expectation, their results showed that oxygen in KO-

GIC's is in a nonmagnetic state. They also estimated the Experimental results concerning the crystal structures of
density of statesDOS) at the Fermi level E¢) from the  KO-GIC'’s are summarized as follow$:® The chemical for-
Pauli paramagnetic components, and showed that these amulas for the stage-1 and -2 compounds ag&@, and
much larger than those expected from only the graphite CgKO,, respectively. Thec-axis repeat distancels. differ
band. This fact suggests the participation of the delocalizewvith synthesis methods. For samples synthesized with the
electronic states of intercalatesBt . In addition, the Hall-  vapor phase method,’s for the stage-1 and -2 compounds

0163-1829/98/5(1.2)/73698)/$15.00 57 7369 © 1998 The American Physical Society
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are 8.21 and 11.62 A, respectively. However, for sampleso be important on the electronic structures of GIC'’s in pre-
synthesized with the liquid phase methogs are 8.44 and  vious paperg?®

11.72 A for the stage-1 and -2 compounds, respectively. The Figure 2 shows the Brillouin zon@2) for our structural
intercalated potassium and oxygen form separate quadrupfgodels, where the high-symmetry points and lines are la-
layers. The stacking order along theaxis is(C)-C-K-O-O-  beled. In this BZ, alK points are equivalent, but the points
K-C-(C), where the parentheses are for stage 2. The structu@enotedM; andM, are distinguished.

of a carbon layer is a hexagonal net as in graphite, but dis-

tances between the nearest-neighbor carbon atdmg) (are IIl. METHOD OF CALCULATION

expanded compared with that of pristine graphite's for . L
the stage-1 and -2 compounds, and pristine graphite are In the present study, we adopted the linear combination of

1.431, 1.4260, and 1.4216 A, respectively. In a potassiunzittomic_orbit_als(LCAO)gmlelthod within the local-spin-density
layer, potassium atoms form the close-packet 23 trian-  @PProximation(LSDA).”"*"The LCAO method we used has

gular lattice structure. The distance between two potassiu®Me advantages. In this method, the partial DOS can be
layers is 2.730.12 A. On the other hand, the arrangementdearly defined. Therefore, it is useful to understand the char-

of oxygen atoms is uncertain, although the existence of tw@cteristics of energy bands in_ investigating the electronic
oxygen layers is detected. structures of complicated materials such as GIC’s. Moreover,

In the present study, we construct three simple structurdf!® integration of the partial DOS directly gives the popula-
models with the smallest unit cell as follows. First of all, 1ons Of the atomic orbitals. Thereby, we can estimate the
there is a possibility that oxygen atoms are intercalated,as GRMount of the charge transfer for constituent atoms. The

molecules, because K@sed for the synthesis of KO-GIC's charge _transfer plays an essential role in determining the
is composed of K cations and molecular.O anions. In this electronic structures of GIC’s. Furthermore, the calculational

case, two further arrangements are possible, i.e., bond ax Qmpactntess othhetrI]_CAt;O _mefthoc:_ enables us ;0 thmana?fe
of the G, molecules are parallémodel A or perpendicular arge systems. or the basis func |ons,7 we use e selr
(model B to thec axis. Models A and B are shown in Figs consistent all-electron numerical basis SEt.In the self-

; o consistent calculation, the populations of the atomic orbitals
L(&) and 1b), respectively. The axis is chosen to be parallel are utilized for the parameters of the iteration. Based on

to thec axis. In model A, the distance between adjacen em, the basis functions are modified in every iterative ste
oxygen layers is chosen to be 1.207 A, which corresponds t ' : . . Y ; P
0 be consistent with the corresponding charge density. In

the bond length of an isolated,@olecule. In model B, this 2 :
distance is chosen to be 1.94 A. The bond lengths of the Oorder to sample the BZ, we took 5kgpoints in the irreduc-

molecules are 1.207 A, as in model A, and their bond axe-bIe BZ. For the e_zxchggge-correlation potential, the Perdew-
are also perpendicular to the direction joining the two unger parametrizationis used.

nearest-neighbor potassium atoms. This arrangement is de-

termined so that the distance between neighboring potassium IV. BAND STRUCTURE, FERMI SURFACE,

and oxygen atoms is close to that in the K@ystal, on the AND CHARGE TRANSFER

ground that two negatively charged oxygen layers repel each \ye have carried out a band-structure calculation for the
other, and they are attracted by positively charged potassmrg}age_l compound &0, and stage-2 KO, with the struc-
layers. _ - tural models A, B, and C. The electronic structures were
Furthe_rmore, there is anothe_r possibility that oxygen atyetermined for two differentc-axis repeat distancek,,
oms are intercalated as nearly isolated atémedel Q. AS iven in Sec. II. However, we saw little difference between
mentioned in Sec. |, the results of the magnetic-susceptibility, results calculated for these twgds. Moreover, the stage

measurements suggest a nonmagnetic state of oxygen. Wiemper dependences seen in the results were similar for
consider this model to ascertain whether the reason for threnodels A. B. and C. In this section. we show the results for

disappearance of the magn.etic moment on oxygen is the ,dithOz with the structural models A, B, and C, angiD,
sociation of the @molecule in these compounds. Model C is |yt the model A, which are calculated with the usd ofor

presented in Fig.(t). The top view of this model is the same the sample svnthesized with the vapor phase method
as that of model A, shown in Fig.(d), but the distance ple sy porp '

between adjacent oxygen layers is extended. This distance is
tentatively settled to 1.94 A as in model B.

In Fig. 1,d; represents the distance between two graphite First, in Fig. 3a), we present the band structure and cor-
layers which sandwich intercalate layers. For the stage-tesponding partial DOS calculated for the stage K@,
compoundd; is just equal td ., while, for the stage-2 com- with structural model A, in which oxygen atoms are interca-
pound,d; has not been experimentally obtained. We assuméated as Q@ molecules whose bond axes are parallel toche
d; for the stage-2 compound to be equal to that for theaxis.

A. Stage-1 compound with structural model A

stage-1 compound, because the difference betwgsrfor As the first step to determine the electronic structure, we
the stage-1 and -2 compounds is close to the interlayer disarried out a spin-independent band-structure calculation.
tance of the pristine graphit@.35 A). Then we also made a spin-dependent calculation based on

Carbon atoms in GIC'’s are distinguished by the environ-the LSDA, in order to examine the amount of the spin po-
ment nonequivalency. These are denoted by numbers 1 and&ization on the @ molecules in the compound. Our results
(and 3 for stage Rin Fig. 1. We treat these carbon atoms show that the spin-dependent band structure is nearly the
distinctively, because the charge imbalance among the nosame as the spin-independent one, and then®lecules
equivalent carbon atoms in the graphite layer is pointed oubave no magnetic moment in the compound within the accu-
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FIG. 1. The top and side views of the structural modal: model A, (b) model B, and(c) model C. Open and closed large circles
represent potassium atoms, and open and closed small circles represent oxygen atoms. A unit cell is shown by dashed linesA &he labels
B indicate the rows of potassium atoms along thaxis direction, andv and 3 indicate those of oxygen atoms. In the side view, the rows
of B and B8 are shown by dashed circles.

racy of the present numerical calculation. The reason for théassium. Though ther and #* bands have nearly the same

disappearance of the magnetic moment is discussed istructures as those of two-dimensional graphite folded into

Sec. V. the BZ for this model, the charge imbalance in the graphite
The overall band structure shown in FigaBcan be un- layer generated by the crystal field causes the splittings of

derstood as the superposition of potassium and oxygen banttee = and =* bands. These are clearly seen alonglth ;

on graphite bands. That is, the effect of hybridization of thedirection around—10 and —5eV. As for the potassium

band with a different character is rather small. As a resultbands, two 4 bands lie in the energy region0.4 to 3.0 eV,

each of the dispersion curves shown in Fige)Zan be iden- much higher thark .

tified with the bondings and antibondingz* bands of The most noticeable feature of this band structure is the

graphite, the P bands of oxygen, and thesdands of po- existence of four p bands of oxygen with small dispersion
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k, TABLE I. The total DOS at the Fermi level.
C,KO, CgKO,
stage 1 stage 2
(theory) model A model B model C model A
DOS 3.09 2.47 1.54 2.47
k. (X 1072 states/eV/cr)
{experimenit
DOS 2.1 1.3
(X 107 states/eV/crd)

2p,7* bands are larger than those gb2r* bands, reflect-
k. ing the one-dimensional arrangement of oxygen atoms in
model A. In addition to the graphite* bands, these @=*
bands of oxygen contribute to the large DOS arodd
where the hybridization of potassiuns $ands is hardly seen

[see the partial DOS shown in Fig(ag]. The value of the
A kx total DOS atEg is shown in Table | to compare with the
experimental one.
r T, K In the intralayer directionsK-I"-M-K-I'-M,-K), the
upper 2, 7* band and the graphite* band intersecEg,

and form metallic states. Thispg7* band makes the hole
FS around thd" point, while themr* band gives the electron
FS around th& point. These FS’s are cylindrical, because
nearEr. In the oxygen P bands, the character of the,O the energy dispersions for these bands are very small along
molecular orbitalgMO’s) is reflected. These fourf2bands  thec-axis direction {'-A). In Fig. 3b), the cross sections of
nearEg are identified as the @, 2p,7*, 2p,7*, and  FS’s perpendicular to the axis are illustrated, which are
2pym* bands from the higher-energy side at thiepoint,  simplified because their detailed shapes are not important at
respectively. Furthermore, there exist twg,2* bands present. The values of these cross sections are presented in
around 7 eV, beyond this figure, and foys2 and two o Table Il in terms of the de Haas—van Alphé&iHvA) fre-
bands in—14.1 to —10.5 eV. Concerning the2=* and quency. In Table Ill, the electron and hole carrier densities
2p,7* bands, they split due to the interaction between theobtained numerically are also given. For model A, the carrier
nearest @ molecules. This splitting and the bandwidths of density of electrons is larger than that of holes.

@) CiKO: stage-1 model A (b)

FIG. 2. The Brillouin zone for ¢gKO, and GKO..

\\ij/ AR
ﬂ ™ K 4s
o Y < ~ [ '
TC*
g y== [ | 02p1t>l<
— =
¢ B oS B [
T k
= y
-10 —— >\£ —|
21 /& E Ozpn k.
fc%gﬁﬁi = 0 2pc
/- A O . ,
K r MiK T M:KTA O 10
T:. & T0n T: X T» A Partial Density of States

(states/eV/unit cell)

FIG. 3. (a) Band structure and corresponding partial DOS of the staggkOgwith structural model A. The Fermi level is indicated by
the horizontal dashed line. The partial DOS’s of potassium, oxygen, and carbon are indicated by the hatched, shaded, and unshaded parts
respectively(b) The simplified cross section of the FS perpendicular toctiaeis. FS's originating from the graphite* band and oxygen
2p band are represented by the unshaded and shaded parts, respectively.
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TABLE Il. The cross section of the Fermi surface in terms of
the dHVA frequency.
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TABLE IV. The amount of charge transfer, the charge transfer
averaged per one carbon atdg, and the experimentally obtained
fc.

C,KO, CgKO,
stage 1 stage 2 C/KO, CgKO,
model A model B model C model A stage 1 stage 2
- model A model B model C model A
Electron(graphite (T) 3440 3080 1750 912, 2430
Hole (oxygen (T) 4970 5070 Carbon 1 +0.13 +0.12 +0.09 +0.11
Electron(oxygen (T) Carbon 2 +0.07 +0.07 +0.05 0.00
Carbon 3 +0.06
Potassium —1.00 —1.00 —1.00 —1.00
The amount of charge transfer calculated self-consistentlyxygen +0.30 +0.31 +0.36 +0.30
is shown in Table IV. The ¢ charge of potassium is com- (theory)
pletely transferred to oxygen and carbon, i.e., potassium beg +0.10 +0.10 +0.07 +0.04
haves as a donor of electron, and oxygen and carbon as ac-
ceptors. It is also found that the carbon 1 accepts largefexperiment
amount of charges than the carbon 2. This charge imbalande +0.08 +0.04

in the graphite layer causes the splittings of thend #*

bands, as pointed out above. From the amount of charge . . . . .
transfer to oxygen atoms, the charged state of thenol- much different from that in model A. This hole FS is open in

: 0.60 the k,, direction. The cross section of this one-dimensional
ecule is found to be £ FS isyillustrated in Fig. ) together with the electron FS’s
originating from ther* band of graphite around the K point,
and the corresponding dHvA frequency of the FS is given in

Second, the band structure and partial DOS calculated fofable II.
C,KO, with structural model B are given in Fig(a. In this The amount of charge transfer is shown in Table IV.
model, oxygen atoms are intercalated aga®lecules whose These values are nearly the same as for model A, and the
bond axes are perpendicular to thaxis. Our results show charged state of the Omolecule is Q~%%. However, the
that the Q molecules have no magnetic moment in the com-carrier density of holes is slightly larger than that of electrons
pound within the accuracy of the calculation, as in model A.contrary to model A, as given in Table III.

B. Stage-1 compound with structural model B

The overall band structure in Fig(a} is similar to that for

model A. However, we should notice the different feature of

the oxygen d7* bands neakEg . These four bands are iden-
tified as the p,7*, 2p,7*, 2p,#*, and Z,7* band from
the higher-energy side at thhepoint, respectively. The band-

widths of these bands are smaller than those in model A.
This is due to the fact that the distance between the nearea];oundEF
r b

O, molecules is larger in model B. This leads to a narrowe
and larger partial DOS nedt, but the value of the total
DOS atEg is smaller than that for model A, as given in

arrangement of oxygen atoms in the compound.
In the intralayer directions, the uppep2r* band of oxy-
gen intersect€r, and forms the hole FS whose shape is

TABLE lll. The electron and hole carrier density.

C,KO, CgKO,
stage 1 stage 2
(theory) model A model B model C  model A
Electron(graphite 4.05 3.62 2.07 0.75, 2.02
(X10%t em™d)
Hole (oxygen 2.93 3.73 4.48 2.11
(X100 cm™3)
Electron(oxygen 2.76
(X210 cm™d)
(experimenit
Electron(graphite 3.6 2.6
(X100t em™d)

C. Stage-1 compound with structural model C

Third, we show the band structure and partial DOS calcu-
lated for GKO, with structural model C in Fig.®). In this
model, oxygen atoms are intercalated as nearly isolated ones.
In the band structure, 122 bands of oxygen gather
reflecting the large distance between the nearest
oxygen atoms. AbovE, four 2p bands exist in the vicinity
of theI" point, which are identified as thep2, 2p,, 2py,
and 2p, bands from the higher-energy side, respectively. The

®p, bands have the largest bandwidths due to the one-

dimensional arrangement of oxygen atoms in this structural
model. These two R, bands of oxygen interse&t: together
with the #=* band of graphite. The upper and lowep,2
bands form the electron and hole FS’s, respectively. The hole
FS is located at the middle of the BZ, and the electron FS’s
exist on both sides of the hole fBig. 5b)]. These FS's are
one dimensional similar to the hole FS in model B.

For model C, the amount of charge transfer to carbon
atoms is a little smaller than those for models A and B
(Table V). Accordingly, both the cross section of the elec-
tron FS and the carrier density of electrons by graphite
band are also a little small€fables Il and Il). On the other
hand, the amount of the charge transfer to oxygen atoms is a
little larger. The value of the total DOS & is smallest in
the three assumed structural mod@lable |).

D. Stage-2 compound with structural model A

Finally, the band structure and partial DOS calculated for
the stage-2 gKO, with structural model A are shown in Fig.
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FIG. 4. (a) Band structure and partial DOS of,KO, with structural model B(b) The cross section of the FS.

6(a). The overall band structure is similar to that for the and 3 behave as the acceptors of electron, carbon 2 is neutral.
stage-1 GKO, with model A, except that it has two graphite The value of the total DOS & and the carrier densities of
bands because of the existence of two graphite layers in @lectrons and holes are smaller than those for the stage-1
unit cell. That is, the p,7* band of oxygen intersec&z ~ compound(Tables | and II}.

together with twom* bands of graphite. The®g7* band
gives the hole FS around tHe point, while two #* bands
form two electron FS’s around th€ point [Fig. 6b)]. The
amount of charge transfer to oxygen atoms is equal to that For all assumed structural models, we show that the
for the stage-1 compoun@able 1V), and the cross section graphite #* band intersect€r, and carbon atoms in the
of the hole FS is also nearly equal to that for the stage-Draphite layer accept electrons. This is the nature of the
compound(Table Il). The amount of charge transfer to car- donor-type GIC. In this connection, the amount of charge
bon is different for carbons 1, 2, and 3. Although carbons ltransfer per one carbon atofg for the stage-1 and -2 com-

V. DISCUSSION

@ CsKO:2 stage-1 model C (b) M, K
_ : :
TR R R, -
of/ N x
/\ B () x
&
A
2 E %"% 4 ig % ---------------------------
é F &:_§9 / == 1 ;:_ 4
] —|
-10 §<?73<K =
NN
IO O .
K I Mi K T MoaKT A 0 10
T:. %0 Ti T X2 T» A Partial Density of States
(states/eV/unit cell)

FIG. 5. (a) Band structure and partial DOS 0§KO, with structural model C(b) The cross section of the FS. The hole and electron FS’s
originating from the oxygen |2 bands are represented by the heavy and light shaded parts, respectively.
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(@) CsKO:2 stage-2 model A
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FIG. 6. (a) Band structure and partial DOS of the stagegK@Q, with structural model A(b) The cross section of the FS.

pounds was estimated experimentally through the C-C interduction of KO-GIC's is undertaken by the electron carriers
atomic distanced.c in graphite layers by the in-plane x-ray of the graphiter* band and the hole carriers of the oxygen
diffraction measuremenfsdc. for KO-GIC's is found to be  2p band. In our band structures, the dispersion of the oxygen
expanded compared with that of pristine graphite, as pre2p band is much smaller than that of the graphite band.
sented in Sec. Il. This proves their donor-type nature, i.e., th&hus it is suggested that the mobility of the hole carrier is
charge transfer to carbon atoms. The value$0fre given  much lower than that of the electron carrier. It is also noted
in Table IV for comparison with our results. The experimen-that the densities of both carriers are of the same order, as
tal fc is in a good agreement with our theoreti¢alfor each  given in Table Ill. Yamashitat al® estimated the electron
model, where the theoretical values are determined by avecarrier densities of the graphite* band for stage-1 and -2
aging over nonequivalent carbon atoms. compounds from the amount of charge tran$tef which is
From the measurements of the Pauli paramagnetic suscepresented in Table Ill for comparison. Although the theoret-
tibilities for the stage-1 and -2 compounds, the values of thécal values differ from the structural models, the experimen-
total DOS atEr were estimateiwhich are shown in Table tal and theoretical values agree on the whole. Furthermore,
| for comparison. These values are much larger than thos¥amashitaet al® analyzed the transport properties of KO-
expected from only ther* band of graphite, which are GIC’s from their galvanomagnetic properties, and considered
0.35x10%? and 0.36< 107 states/eV/cmfor the stage-1 and that the electrical conduction of KO-GIC'’s is governed by
-2 compounds, respectively. This fact suggests that there exhe majority electron-carriers of a graphit& band with low
ist intercalate bands d&g. This is consistent with our re- mobility, and the minority hole-carriers of an oxygem 2
sults, though the theoretical values differ with the structuraband with high mobility. According to their estimation, the
models. density of the hole carrier is lower by about two orders com-
Our results show that the charge transfer to oxygen ipared with that of electron carrier, while the mobility is
incomplete. This leads to the coexistence of an oxygpn 2 higher by about one or two orders. Their consideration dis-
band with a graphiter* band atEg. Yamashitaet al> mea-  agrees with the suggestion from our band structures. The
sured the Hall effect for the stage-1 and -2 compounds, andppropriateness of their analysis, based on a simple two-band
found that the signs of their Hall coefficients are positive formodel(one electron and one hole banghould be examined
both compounds. For donor-type GIC'’s, negative Hall coeffor materials with complex band structures such as KO-
ficients are expected because they have electron carrie@IC’s.
originating from the graphiter* band. Hence this experi- For all models, we see no spin polarization on oxygen
mental result suggests the existence of hole carriers originagtoms. This is consistent with the experimental result of the
ing from the intercalate bands. Moreover, the thermoelectrignagnetic-susceptibility measuremehtlts temperature de-
power measurements showed the obvious contribution gfendence shows that there is no localized magnetic moment
hole carriers for the stage-1 compoutidramashitaet al>  expected if the state of oxygen is magnetig” O Here we
also investigated the ultraviolet photoelectron spectra ofliscuss the reason for the disappearance of the magnetic mo-
KO-GIC's, and considered from their incident photon energyment in KO-GIC’s. In model C, where oxygen atoms are
dependence that the origin of the hole carriers is the oxygemtercalated as isolated atoms, since the charge transfer to
2p bands. These results are also explained with our bandxygen atom is not complete, the incompletely filled oxygen
structures. Accordingly, we believe that the electrical con-2p bands form delocalized metallic states. This is why oxy-
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gen atoms have no magnetic moment. On the other hand, in A
models A and B, where oxygen atoms are intercalated,as O
molecules, no magnetic moment appears for the following
three reasons. The first reason is the incomplete charge trans-
fer to the Q molecule. Our results show that the charged
state of the @molecule is nearly @ %6, As a consequence,

the incompletely filled p#* band of oxygen causes the de-
localized metallic states. The second reason is the dielectric
screening. As is well known, for the ®nolecule, the triplet
state is more stable than the singlet state due to the electron-
electron interaction. The energy difference between these
two states is obtained as 0.98 eV from our spin-dependent
MO calculation. However, in the compounds, this energy
difference becomes much smaller because of the dielectric
screening. The third reason is the crystal-field effect. The O
molecules in the compounds interact with each other, so that

the oxygen p7* bands neaEg split, as seen in our band FIG. 7. The schematic of the band structure of KO-GIC's.
structureqdFigs. 3a) and 4a)], where the splittings of these

bagdg are 2'94 alnd _h]OS ev ?t _the m?x[:m;;cn ;or (rjnodels Adensity, and the amount of the charge transfer among the
and B, respectively. These splittings of thp72" bands are ., qtityent atoms. We compared these results with recent

larger than the energy difference between the triplet and sing, orimental results, and revealed the electronic states of
glet states of the ©molecule, which is further reduced by y5_g|c’s.

the dielectric screening. This means that the crystal-field ef-
fect inhibiting the existence of magnetic moment is Iargert
than the electron-electron interaction producing the magneti
moment. For the above reasons, oxygen atoms have no m
netic moment whether they are intercalated as isolated ato
or O, molecules.

Energy

Density of States

It was shown that KO-GIC'’s are classified into the donor
pe, where potassium acts as a donor and oxygen as an
cceptor. The charge transfer to oxygen is incomplete. Thus
AWie oxygen P band coexists with the graphite* band at
M. The band structure of KO-GIC's can be schematically
illustrated as in Fig. 7. Moreover, we showed that oxygen

Our results for each structural model can explain the ©Xhas no magnetic moment in these compounds within the
perimental results qualitatively. Though the value of '[hel_SDA and discussed the reason for this

DOS atEg and the shape of the FS are quite different in each Though the above results do not depend on the structure

model, it is difficult to choose an adequate model in th(_eof the oxygen layers or the stage number, the value of the
present stage. For this purpose, a dHvVA effect study

) : ; 'os atEr and the shape of the FS are very sensitive to the
needed. Furthermore, in order to discuss more detailed ele‘é‘rrangement of the oxygen atoms. Thus, to discuss the elec-
tronic properties of KO-GIC’s, it is necessary to clarify the oqic"roperties of KO-GIC's related to them, we need a
detailed arrangement of oxygen atoms in the compounds. geyajjeq knowledge of the arrangement of oxygen atoms in

the compounds.
VI. SUMMARY

In the present paper, we constructed three structural mod-
els for the stage-1 compound,KO, and the stage-2 &O,
based on the experimental results, and carried out self- We would like to thank T. Yamashita and T. Enoki for
consistent band structure calculations. We obtained the emroviding experimental data, and for useful discussions. We
ergy bands, the DOS, the cross section of the FS, the carri@re also grateful to S. Suzuki for helpful discussions.
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