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Nuclear magnetic resonance in higher-stage graphite intercalation compounds
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The theoretical results of "C nuclear magnetic resonance shifts of higher-stage graphite intercala-
tion compounds (GIC's) are presented. In this calculation a new formalism for calculating the
chemical shifts and Knight shifts for a metallic energy-band system is proposed. In this formalism
the overall feature of graphite ~ bands and o bands which are mixed due to the inhomogeneous c-
axis charge distribution is taken into account. The calculated results show several resonant lines
with different values of scalar and dipolar Knight shifts which can be assigned to the inequivalent
carbon atoms due to A-8 stacking and inhomogeneous c-axis charge distribution of the graphite
layers. The theoretical results of the NMR shifts on the basis of the first-principles band calcula-
tions of the higher-stage GIC's are in good agreement with the observed ones.

I. INTRODUCTION

Nuclear magnetic resonance (NMR) of graphite inter-
calation compounds (GIC's) has provided much informa-
tion on physical quantities, serving as a microscopic probe
of electronic structure of specified atoms. The informa-
tion obtained by the NMR shift includes the degree of
charge transfer from the intercalants studied by Carber
with ' Cs Knight shifts, ' high-temperature phase transi-
tions by Chabre et al. with ' C and 'Rb NMR, a
carbon-carbon bond length by Miller et al. with ' C
NMR, and the c-axis charge distribution of graphite
layers by many experimental groups. " An interesting
feature of GIC's is the inhomogeneous distribution of
charges transferred from donor-type intercalants over gra-
phite layers along the c axis. Actually, most of charges
transferred from the intercalants exist on the graphite
layers adjacent to the intercalant layers which we call
bounding layers, and the remaining small fraction of
charges exists on the interior layers. The stage depen-
dence of various physical quantities is closely related to
the c-axis charge distribution. Thus the precise deter-
mination of charge distribution has been investigated both
in theory and experiment.

Theoretically the c-axis charge distribution was calcu-
lated by many groups with use of semiclassical Thomas-
Fermi approximation, ' ' or tight binding scheme. ' ' A
crucial factor determining a small amount of charges in
the interior layers is the polarization of vr bands due to
screening effects. This is caused by the band mixing with
core a. bands' and antibonding ~* bands. ' Avoiding the
ambiguity of the adjustable parameters used in the con-
ventional semiempirical theory, nonempirical calculations
were performed by Ohno et al. ' ' on the basis of the
local-density fundamental formalism. In this calculation
they adopted a thin-film model where a system consists of
n graphite layers bounded by the intercalant charged
sheets. They showed that the c-axis charge distribution is
extremely inhomogeneous. The c-axis charge distribution
in the semiempirical calculation' ' is less inhomogene-
ous than that by Ohno et al.

Experimentally the c-axis charge distribution can be es-
timated by NMR experiments. Suganuma et aI. mea-
sured the ' C NMR for several donor- and acceptor-type
GIC's and discussed the results in terms of heterogeneous
charge distribution model. Conard et al. observed two
' C NMR lines from graphite bounding layer and some
graphitic signals of interior layers in the high field ' C
NMR. ' However, a powdered sample used in these ex-
periments results in much broadened signals due to the
large anisotropic parts of NMR shifts of graphite and
GIC's as two-dimensional materials. Recently high reso-
lution ' C NMR in highly oriented pyrolytic graphite
(HOPG) has enabled us to make sophisticated measure-
ments of NMR signal from inequivalent carbon atoms in
graphite layers. ' Domignetz et al. and Kume et aI.
showed independently that the ' C NMR spectra of
higher-stage GIC's consist of several lines at room tem-
perature. Furthermore, Kume et al. determined the dis-
tribution of density of states at the Fermi level from ' C
spin-lattice relaxation time T& of an individual resolved
line. ' '" According to Kume et al. the c-axis charge dis-
tribution is less inhomogeneous than that predicted by
Ohno and Kamimura' in case of potassium GIC's. From
the assignment of observed resonant lines to the ine-
quivalent carbon atoms by Kume et al. each inequivalent
graphite layer yields a doublet resonant line which has a
different value in a shift for a different inequivalent gra-
phite layer. The origin of the appearance of a doublet line
for a graphite layer is different for the first and higher-
stage GIC's as follows. '" In the first stage the appear-
ance of a doublet line can be explained from the fact that
two kinds of carbon atoms exist according to the distance
from intercalant atoms which form a 2&2 superlattice
relative to a graphite lattice. In the higher stage GIC's,
on the other hand, the local environment of carbon atoms
is averaged out due to the rapid motion of alkali-metal
atom in higher stage GIC's. Thus the existence of a
doublet line in higher-stage GIC s is ascribed to the ine-
quivalency of carbon atoms due to A-B layer stacking.

Though information on charge distribution is obtained
from the shift and width of a NMR line in the high-
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resolution NMR experiments, the charge distribution was
determined from T&, that is, the width of a NMR line.
The reason for this is that the shift of a NMR line con-
sists of the chemical shifts and Knight shifts which in-
clude information on charge density, and it is very diffi-
cult to determine chemical and Knight shift separately.

Theoretically the chemical shifts of GIC's was calculat-
ed by Tsang and Resing using the tight-binding approxi-
mation for a two-dimensional graphite band. ' They cal-
culated the paramagnetic (Ramsey) intra-atomic term
from the contributions at only three symmetry points of
Brillouin zone. The dipolar term was estimated from the
Fermi-level density of states N(EF) obtained by specific-
heat experiments. They claimed that the paramagnetic
shift does not change by intercalation and that the reduc-
tion of anisotropy of NMR shifts upon intercalation is
due to the increase of dipolar shifts. As regards the aniso-
tropy of the shift for a field direction, the dipolar shift
has an opposite sign to paramagnetic shift. However the
appearance of several lines in high-resolution NMR spec-
tra of higher stage GIC's can not be explained by the
single-graphite-layer model, because all carbon atoms are
equivalent within the two dimensional graphite bands.
Moreover the cr-~ mixing, which is missing in the single
graphite layer model influences significantly the Knight
shift because it is caused by the nonzero 2s component in
N(EF) induced by this mixing. In this view the precise
calculation of chemical shifts and Knight shifts should be
done, using the more realistic band calculation. Especial-
ly since the c-axis charge distribution is determined by the
screening due to the o.-~ mixing, the relation between the
o-m mixing and NMR gives important information about
the charge distribution.

The purpose of the present paper is to calculate the
chemical shifts and Knight shifts for inequivalent carbon
sites'of higher-stage GIC s nonempirically. For this aim,
we first develop a theoretical formulation for calculating
the diamagnetic and paramagnetic chemical shifts and
scalar and dipolar Knight shifts. This formulation is
presented in Sec. II. In Sec. III we calculate numerically

the chemical shifts and the Knight shifts for inequivalent
carbon atoms from second-stage to sixth-stage GIC's with
charge transfer f=1.0. The calculation is based on the
band structure derived by Ohno and Kamimura. Theoret-
ical results of f=1.0 are compared with NMR experi-
mental results in Sec. IV. Through the analysis of numer-
ical results, we try to clarify the effect of c-axis charge
distribution to the shifts. In Sec. V main results obtained
in this paper are summarized.

II. FORMULATION FOR MAGNETIC
SHIELDING TENSOR

In NMR, the resonance field at a nucleus in a bulk is
different from that of a free nucleus. If we denote the
shift of the total field seen by AH, the relative resonance
frequency shift o. which is independent of H is defined in
a tensor form by

AH= —o..H,
where cr is called the shielding tensor. There are two
kinds of contributions to the shielding tensor; one from
the orbital motion of electrons around a nucleus and the
other from the electron and nucleus spin-spin interactions,
which are called chemical shifts and Knight shifts of
NMR, respectively. Chemical shifts and Knight shifts
are further decomposed into diamagnetic and paramag-
netic shifts, and scalar and dipolar Knight shifts, respec-
tively. ' Hereafter we call only scalar Knight shift as
Knight shift and dipolar Knight shift as dipolar shift for
simplicity. As a result the shielding tensor consists of the
following four components which originate from different
interactions between a nucleus and electrons and they are
completely independent of each other, '

~(p)+ ~(d) +~(D)+ ~(K)

Here ~ p', ~ "~, ~ ', and ~' are the shielding tensor cor-
responding to paramagnetic, diamagnetic, dipolar and
Knight shifts, respectively, which are expressed in terms
of one-electron wave function g; as,

2
~(p)

2P7l C
2 2 E., E.

(4)

3 . 2 aE E.J J

In the above expressions, e, m, y„c, and f(E) are the charge, the mass, gyromagnetic ratio of the electron, velocity of
light, and the Fermi distribution function, respectively, and the summation on j is taken over occupied one-electron
states with the energy EJ and j over unoccupied states with the energy E~'. In these equations spin degeneracy is includ-
ed. When one electron wave functions g~ are expanded in terms of atomic orbital P,
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0, = ga„0„,
Eqs. (3)—(6) are expressed as

... X X&I.' p~ 4.. „, 4~)(A~I &ldp)+(4~ (8)

with

( )
2Q vJ. QPJ. Q gJ QPJ.

PvPA, ~ E Ejj' J J
t

=4J dE J dE' (9) with

(i)
Og 0 0

(i) 0C7g

0 (i)

(i =p, d, D,K), (16)

with

2 2I(d) e y K(d)
y

v rr
2m V,P

(10)

2/2

2m c

o.
t
f' = — 2P3 2K„'„„'„,

2m c
(18)

and

EF
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with where

V,P

(y, A')

2 BE
Q VjQpj

1
S~ = R2s R2sr

(24)

—J
~' f( (E)dE ' (E )

(14)

P) ——R2p —R2p

P3 ——R2p 3 R2p

(25)

(26)

In the above, we introduced the density matrix p& defined
as

p„=g 5(E E) )a„'~a—.

J
(15)

Equations (8)—(14) are a general formula for the NMR
shielding tensor in any energy band system. The local in-
formation of the wave functions around a nucleus is ex-
pressed as the matrix elements pertinent to the atomic or-
bitals and the information of an energy band structure is
included in the density matrix p„(E). For the basis func-
tions P 's and density matrix p „, we adopted those of
LCAO scheme used by Ohno and Kamimura. ' As the
angular part of atomic orbitals, the components of
s(1=0), p„, p„and p, (l = 1) of a carbon atom are taken
into account. Contributions of higher spherical harmon-
ics are small. When we consider only intra-atomic terms
in the calculation of matrix elements of P„, Eqs. (8)—(14)
can be written as

Furthermore, R 2, and R 2p are the radial parts of 2s and
2p wave functions of a carbon atom in a crystal, which
are obtained by solving the atomic LDF equations self-
consistently. These formula have been derived using
threefold symmetry with regard to the rotation around
each carbon atom. By this symmetrized property the ma-
trix elements of the shielding tensor are expressed by the
quantities S&, P, , P3, p„(E), Rz, (0), p (E), and p (E)
for each carbon site. These quantities are numerically cal-
culated with use of the results of the first-principles band
calculations by Ohno and Kamimura. The value of p„,p, and p are usually called as the partial density states
of 2s, 2p„, and 2p, components of the bands, respectively.
Numerical integration of these parameters and the calcu-
lation of shielding tensor are done by a supercomputor
S810 in the University of Tokyo with a fine care of accu-
racy. It should be noted that the calculation of K& '&~ in
Eq. (9) should be done carefully since the integrand of Eq.
(9) diverges at E=E'=EF. We find that the integration
does not diverge even at E=E'=EF as far as p& is finite.
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TABLE I. Calculated results of NMR shifts for inequivalent carbon sites from second- to sixth-stage
GIC's with the charge transfer f= 1.0. The graphite layers are labeled consequently, starting with layer
1, the bounding layer.

Layer
(site)

Diamagnetic
(ppm)

NMR shifts
Paramagnetic Dipole

(ppm) (ppm)
Knight
(ppm)

Total
(ppm)

IP

~iso

~iso

57.9
57.8
57.9

—0.2

58.6
58.3
58.5

—0.2

Stage
—332.3
—219.8
—294.8

112.4

—332.9
—221.7
—295 ~ 8

1 1 1.2

13.9
—27.8

0.0
—41.7

13.1
—26.2

0.0
—39.3

—8.7
—8.7
—8.7

0.0

—22.0
—22.0
—22.0

0.0

—269.2
—198.6
—245.6

70.6

—283.3
—211.6
—259.4

71.6

~iso

1P op

~iso

2A oy

~iso

2P o.,

iso

59.2
58.8
59.1

—0.4

59.2
58.8
59.1

—0.4

59.2
59.0
59.2

—0.2

59.4
59.2
59.4

—0.3

Stage
—337.7
—222.5
—299.3

115.2

—341.8
—226.6
—303.4

115.2

—342.6
—222. 1

—302.5
120.5

—343.0
—222. 1

—302.7
121.0

18.3
—36.6

0.0
—54.9

18.3
—36.7

0.0
—55.0

4.0
—7.9

0.0
—11.9

4. 1

—8.2
0.0

—12.3

0.7
0.7
0.7
0.0

0.0
0.0
0.0
0.0

—23.8
—23.8
—23.8

0.0

—52.9
—52.9
—52.9

0.0

—259.5
—199.6
—239.5

59.9

—264.2
—204.5
—244.3

59.8

—303.3
—194.8
—267. 1

108.5

—332.4
—223.9
—296.2

108.5

1&x op

~iso

1P o.,

~iso
CTa

2(x

cled

~iso

2P o,
~l

l

~iso

59.8
59.3
59.6

—0.5

59.8
59.3
59.5

—0.5

59.5
59.4
59.5

—0. 1

59.7
59.6
59.7

—0.2

Stage
—344.9
—229.8
—306.5

115.3

—347.5
—232.2
—309.1

115.3

—350.3
—228.2
—309.6

122.0

—350.3
—228.5
—310.1

122.4

20.5
—41.0

0.0
—61.4

20.5
—41.0

0.0
—61.5

5.1

—10.3
0.0

—15.4

5.3
—10.7

0.0
—16.0

1.0
1.0
1.0
0.0

0.5
0.5
0.5
0.0

—14.1

—14.1

—14.1

0.0
—29.9
—29.9
—29.9

0.0

—263.6
—210.5
—245.9

53.2

—266.8
—213.4
—249.0

53.4

—299.7
—193.2
—264.2

106.5

—315.7
—209.5
—280.3

106.3

~iso

60.0
59.3
59.7

—0.6

Stage
—347.4
—229.3
—308.1

118.1

19.5
—39.0

0.0
—58.6

0.9
0.9
0.9
0.0

—267. 1

—208. 1

—247.5

59.0



35 NUCLEAR MAGNETIC RESONANCE IN HIGHER-STAGE. . . 2967

TABLE I. ( Continued).

Layer
(site)

Diamagnetic
(ppm)

NMR shifts
Paramagnetic Dipole

(ppm) (ppm)

Knight
(ppm)

Total
(ppm}

1P

~iso

59.9
59.3
59.5

—0.6

—350.3
—232.0
—310.9

118.4

19.5
—39.1

0.0
—58.6

0.2
0.2
0.2
0.0

—270.6
—211.5
—250.9

59.1

2a og

~iso

2P o,
~ll
~iso

3a LTD

~iso

3p og

I
I

iso

59.6
59.3
59.5

—0.3

59.7
59.4
59.6

—0.3

59.9
59.8
59.8

—0.0

59.2
59.1

59.2
—0.1

—348.3
—225.8
—307.4

122.5

—347.9
—225.3
—307.0

122.6

—348.6
—227. 1

—308.1

121.5

—346.5
—226.8
—306.6

119.6

4.1

—8.2
0.0

—12.4

4.5
—9.0

0.0
—13~ 5

0.7
—1.4

0.0
—2.1

1.5
—3.0

0.0
—4.6

—13.5
—13.5
—13.5

0.0

—28.6
—28.6
—28.6

0.0

0.0
0.0
0.0
0.0

—0.6
—0.6
—0.6

0.0

—298.0
—188.1

—261.4
109.9

—312.2
—203.4
—276.0

108.8

—288.1

—168.8
—248.3

119.3

—286.3
—171.4
—248.0

114.9

la crj

~iso

1P op

~iso

2a 0~

~iso

2P op

iso

3a (7g

~iso

60.2
59.6
60.0

—0.6

60.1

59.6
60.0

—0.5

59.6
59.5
59.6

—0.1

59.8
59.7
59.7

—0.1

60.0
60.0
60.0

—0.0

Stage 6
—344. 1

—228.2
—305.5

116.0

—346.9
—230.6
—308.1

116.2

—347.2
—227.5
—307.3

119.6

—347.2
—227.8
—307.4

119.4

—351.1
—231.4
—311.2

119.6

23.1
—46. 1

0.0
—69.2

23.1

—46.1

0.0
—69.2

6.9
—13.7

0.0
—20.6

7.0
—13.9

0.0
—20.9

4.9
—9.8

0.0
—14.7

1.2
1.2
1.2
0.0

0.6
0.6
0.6
0.0

—18.2
—18.2
—18.2

0.0

—37.9
—37.9
—37.9

0.0

—0.4
—0.4
—0.4

0.0

—259.7
—213.5
—244.3

46.2

—263.0
—216.5
—247.5

46.5

—298.9
—199.9
—265.9

99.0

—318.3
—220.0
—285.6

98.3

—286.5
—181.6
—251.6

104.9

3P

~iso

59.4
59.3
59.4

—0.1

—348.9
—230.9
—309.5

117.9

5.4
—10.8

0.0
—16.2

—1.3
—1.3
—1.3

0.0

—285 ~ 3
—183.7
—251.4

101.6

III. CALCULATED RESULTS OF NMR SHIFTS

In Table I we present the calculated results of NMR
shifts for inequivalent carbon sites from second to sixth
stage GIC's with charge transfer f= 1.0. We list the shift

for an applied field along the e axis, o.
ll, that perpendicu-

lar to the c axis, o.z, the isotropic component of the shift,
o;, [= (cr

~ ~

+2o ~ ) /3], and anisotropic component o.,
[=(a~~ —o'q)]. Further in this table the contribution from
diamagnetic, paramagnetic, dipolar and Knight shifts are
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also shown for ~~~, o.z, o.;„,and o, The graphite layers
are labeled consecutively, starting with layer 1 being the
bounding layer. In every graphite layer there are two ine-
quivalent carbon atoms due to A-B stacking of graphite
layers which are denoted by a and P as illustrated by
black and white circles in Fig. 1 ~ Neighboring atoms exist
(do not exist) right above and below a- (P-) type atom
along the c axis in the adjacent graphite layer.

bution to the diamagnetic shift from 1s electrons is es-
timated to be 199.2 ppm. Since the value of (r ') for ls
is much larger than that for 2s, (r ')2, ——0.903 a.u. , and
that for 2p, (r ')zz ——0.789 a.u. , the ls electrons contri-
bute dominantly to the diamagnetic shift. Therefore the
diamagnetic shift is isotropic and does not change with
changing the stage number.

~l
Y'' I

a s L

A

B

I

I I ~Yo~

FICs. 1. A-8 stacking of graphite layers. yo and y& are the
transfer integrals between some neighbor carbon atoms.

A. Diamagnetic shift

Diamagnetic shifts for all carbon atoms from second
stage to sixth stage with f=1.0 have a nearly constant
value of about 60 ppm and they are almost isotropic ex-
cept for a small anisotropic in fraction of 1 ppm. The
small anisotropy of diamagnetic shifts is due to the slight
difference of the occupation numbers between 2p„~, and
2p, orbitals, that is the difference between the values of
K„'„' and IC' ' in Eqs. (19) and (20). There are two reasons
for this difference. One is that the extra charge in the an-
tibonding ~' band transferred from donor type inter-
calants enhances K, but not K „. The other is the polar-
ization effect of the bonding o. and ~ bands by the
charged intercalant layers. Since the bonding o. electrons
are coupled with bonding or antibonding ~ bands by po-
larization effects, the occupation number of 2s and 2p„„
in bonding o. bands are deviated about the order 10
from that of the sp configuration. Typical occupation
number of 2s and 2p„orbitals are 1.02 and 0.99, respec-
tively. In spite of a small value of o.-~ mixing ratio, this
effect is important in order to determine the c-axis charge
distribution. The polarization effect contributes also sig-
nificantly to the Knight shift as shown later in this sec-
tion. It is noted that the polarization effect may be more
important than the effect of transferred charge for the di-
amagnetic shift especially in the case of higher stage
GIC's since the anisotropy of diamagnetic shift still exists
even in the interior layer with a small excess charge.

Important information on the diamagnetic shift we
should point out here based on our calculations is the con-
tribution of 1s electrons of carbon atoms to the diarnag-
netic shift. The 1s electron does not contribute to other
NMR shifts because the 1s orbital forms a very deep
closed shell. From the value of (r ') ~,

——5.6116 a.u. cal-
culated by a numerical basis carbon 1s orbital, the contri-

B. Paramagnetic shift

Paramagnetic shift of GIC's has the largest absolute
value among others and it determines the sign of the total
shifts. Typical values of o.I~', o~I' and its anisotropy are
about 340, 225, and 115 ppm, respectively. The absolute
value of paramagnetic shift does not change so much by
the stage number. The reason for this, proposed by Tsang
et al. , ' within the rigid band model of two-dimensional
graphite is as follows. The contribution of o.

~~
comes from

excitation between bonding a. and antibonding o.* bands
which does not have partial density of states near the Fer-
mi level. Thus there is little effect of the staging on the
paramagnetic term of o.

~~. In Fig. 2 the partial density of
states in the case of second stage are shown for the easy
understanding of the relative position of these bands. In
this figure the o bands are further decomposed into the 2s
orbital component and the 2p~ and 2p~ orbital corn-
ponents. Concerning o.z, the contribution comes from
sum of the excitations between occupied ~ and unoccu-
pied o.* bands, and occupied o. and unoccupied ~ bands
which are expressed as IC'~„', and K„'~' in Eq. (17). We
might expect a significant stage dependence of ~z due to
the charge transfer effect, since the important contribu-
tion to paramagnetic shift comes from the integration
near the Fermi level. However such an effect for 0.

& turns
out to be small. The reason is that the enhancement of
n-o excitation due to the Fermi level shift to the o' band
is compensated by the decrease of o.-~* excitation.

The above discussion is valid even in the case of
higher-stage GIC's because the paramagnetic shift is con-
tribution from the entire Brillouin zone. Nevertheless one
observes clearly in the calculated results, in Table I, a
small, but significant effect of the charge transfer which
comes from the modification at small part of energy
bands near Ez. For example, in the case of the third
stage, the paramagnetic shift of site a of layer 1, that is,
the bounding layer, is 4.0 ppm larger than that of site f3 in
the same layer. Though this difference is small compared
with the absolute value of the shift, it gives the most im-
portant contribution to the difference between site a and
P in the total shift as shown in Table I. An explanation
of this effect on the paramagnetic shift is obtained from
the detailed band structure near EF. In the n stage GIC's
there are n conduction bands and n valence bands which
consist of 2p, orbitals of carbon atoms of n graphite
layers. If we neglect interlayer interactions between gra-
phite layers, each conduction and valence bands are com-
posed with an equal weight of the atomic orbitals of site a
and site 13 in a graphite layer. Taking account of the in-
terlayer interactions, the components of Bloch orbitals of
site a and P in the same energy bands are not equal. The
dominant contribution to this effect comes from inter-
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EF,
(a) Total

C
O

tg

I

(b) 2pz

N

v 5-
tg

lA

V0

EF
(c) 2px y

lI

0
& & d d & & & & & & & d d d

1

EF
(d) 2s

E NERGY ~Ry)

FICx. 2. Density of states of graphitic energy bands for the
second stage GIC; (a) total density of states, and partial density
of states of (b) 2p„(c) 2p„or 2p„, and (d) 2s components of car-
bon atomic orbitals.

layer interaction y&', which represents the transfer in-
tegral between one carbon atom and the other sitting just
above or below it. Because of the A-8 stacking as shown
in Fig. 1, only the Bloch orbitals of site e can interact
with each other by y&. As a result, the interlayer interac-
tion y& lifts the degeneracy of the conduction bands and
the valence bands on the equivalent graphite layers. The
split bands which have different energy relative to Fermi
energy contribute differently to the partial density of
states of site a and p. This causes the difference of
paramagnetic shifts between site a and /3. Though the en-
ergy bands in the higher stage are more complex than
those in the lower stage because of many interlayer in-
teractions between graphite layers, the difference of
paramagnetic shift between site a and /3 in the same gra-
phite layer can be explained by the relative energy position
with regard to FF of the split bands with the different or-
bital components of site a and /3. For example, in the
case of paramagnetic shifts for interior layers the differ-
ence of paramagnetic shift of site a and p in fifth and

sixth stage has an opposite sign to the case of lower stage
or the bounding layers. For the interior layers of higher
stage GIC's, the excess charge from donor-type inter-
calants is so small that the large part of these energy
bands are situated above the Fermi level. Therefore the
energy bands which belong to site a is nearer to the Fermi
level than those which belong to site p and thus the
paramagnetic shift of site a is larger than that of site p.

C. Dipolar shift and Knight shift

Dipolar shift and Knight shifts in the present calcula-
tion give important information on the electronic struc-
ture of metallic rr* bands of every graphite layer, since
they yield different values of shifts for inequivalent car-
bon sites. These shifts come from the electron spin polar-
ization in a magnetic field. Since the density of electron
spin is proportional to the density of states for each ~*
band at the Fermi level N(EF), the shifts have different
values due to the inhomogeneous c-axis distribution of
charges transferred from intercalants. Though both shifts
are due to the electron spin, they are related to the spin
densities of the different atomic orbitals in different
manner. Dipolar shift is related mainly to 2p orbitals
through classical dipole-dipole interactions between a nu-
clear spin and an electron spin. This interaction is aniso-
tropic and thus there is no isotropic term in the dipolar
shift. Though the dipolar shift comes mostly from the ~
electrons, all contributions from 2s and 2p orbitals to the
shifts are included in the present calculation. On the con-
trary, the Knight shift is related only to the s orbital. In
spite of a small component of 2s orbital in N(EF ), this in-
teraction is large enough to produce a significant isotropic
shift. We can obtain information on the s-orbital admix-
ture in m bands from the value of the Knight shift. This
mixing effect is important in determining the c-axis
charge distribution, as reviewed in Sec. I.

For the second stage, the absolute value of the dipolar
shift is o.z

' ——13 ppm and o-~~
' ———27 ppm, and its aniso-

tropy is 40 ppm. Since the sign of anisotropy of dipolar
shift is opposite to that of paramagnetic shift, the aniso-
tropy of total shift becomes small. Further the magnitude
of the dipolar shift is increased by the electron donation
from the alkali-metal intercalants. This causes the reduc-
tion of anisotropy of ' C-NMR shift from graphite to
GIC's. In the third stage the ~* bands which belong to
the carbon sites of the interior layer have smaller N(Ez)
than the m* bands of the bounding layer due to the inho-
mogeneous c-axis charge distribution. ' Therefore the di-
polar shifts of site 2a and 2p in the interior layer are
smaller than those of site la and lp in the bounding
layer. For higher-stage GIC's, by the same reason, the an-
isotropy of total shift becomes larger as going from the
bounding layer to the interior layer.

The magnitude of the Knight shift in the second stage
takes different values for the site la and lp. The differ-
ence is so large that two NMR peaks of the corresponding
sites can be resolved. Detailed analysis of numerical data
shows that 2s component in N (EF) through the vr'*-o*

band mixing effect induces the Knight shift. The mixing
ratio of these bands becomes larger near the crossing re-
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gion of fr and o* bands between I and lr'. points of the
Brillouin zone. ' Therefore the relative 2s component in
N(EF) is large in the interior layers compared with the
bounding layer. Further the 2s component of m* band is
larger in site P than in site a in the same graphite layer.
The reason for that is explained as follows. Since the m. *

band of site a gains the additional energy y& due to the in-
terlayer interaction as compared with that of site P, the 2s
component of n' band in site a is smaller than in site 13.

In the higher stage G-IC's, the Knight shift has a larger
value for interior layers and a smaller value for bounding
layers. This fact can also be explained by the relative po-
sition of fr* bands to cr' band. In the fifth and sixth
stages, however, the Knight shift of the innermost layers
has an exceptionally small value in spite of strong o.'-~*
coupling. The reason for this is that the density of states
at the Fermi level N(EF) of the innermost graphite layer
is very small because of extreme inhomogeneous c-axis
charge distribution.

IV. COMPARISON WITH EXPERIMENTS
AND DISCUSSION

In this section we compare calculated results of aniso-
tropy of shift cr, and of resonance peak positions for the
case of Hlc axis with experimental results by Kume et al.
for stages 2, 3, 4, and 6. In Table II we compare the an-
isotropy of total shift of the present results cr, with the
experimental one. As seen in Table II the agreement be-
tween theory and experiment is good. As discussed above,
the anisotropy of the total shift has a close relation to the
electronic structure of ~ bands, and the dominant contri-
bution to the anisotropy is the paramagnetic shift which
reflects global features of ~ band. Therefore the anisotro-

py of shift is not so sensitive to the c-axis charge distribu-
tions.

On the other hand, the absolute value of the shifts is
very sensitive to a slight change of charge transfer, espe-
cially in interior layers because a little change in character
of 2s orbital affects the Knight shift appreciably. From
this standpoint we have calculated the absolute value of 1b STAGE 3

the shift for the case of Hlc, oz. In Fig. 3 we indicate
the calculated NMR peak positions corresponding to o.z.
For comparison the observed resonance peak positions in
the high resolution ' C spectra of K GIC's by Kume et al.
for the case of Hole axis, where the standard signal of
tetramethylsilane (TMS) is assumed as —76 ppm with in-
clusion of the diamagnetic shift of ls electrons. As seen
in the figure, the calculated stage dependence of cr~ repro-
duces well the observed trend. By this calculation it has
been shown for the first time that peak la in the experi-
mental signal corresponds to the site P of the layer 1

(bounding layer), and 1 b corresponds to site a of the same
layer. For other graphite layers the assignment of peak a
to a site and peak b to P site is also made. As regards the
third stage the fact that the difference between 2a and 2b
is larger than that between la and 1b can be explained by
the contribution of Knight shift, because the difference
between the site a and P is due to the Knight shift. It
should be further noticed that the relative value of the cal-
culated shifts for layer 2 to those for layer 1 is much
larger than that of the experiment. This tendency can be
also seen in the higher-stage GIC's. Since the difference
of shift at 2a and 2/3 in the calculated results is almost the
same as the difference of observed 2a and 2b, the
discrepancy between theory and experiment lies in the
difference between the shifts of layer 1 and 2. Since the
difference between the layer 1 and 2 is due to the dipolar
effect, we can make the distribution of the transferred m

electrons less inhomogeneous over different layers without
changing its 2s component, the agreement between the
theory and experiment will be improved. In order to re-

TABLE II. Comparison of the anisotropy of the total shift of
the present results with the experimental results (Ref. 10).

2p
~

2~

2a~ 2b
GE 4

Stage Site

la
1P
la
1P
2a
2P
la
1P
2a
2P
3a
3P

Present
results

70.6
71.6
59.9
60.0

108.5
108.5
46.2
46.5
99.0
98.0

104.9
101.6

Experimental
results

53
67
62
65
139
144
90
91
167
144
134
134
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FIG. 3. Comparison of the absolute values of o.
& of the

present results with those of the experiment by Kume et al.
(Ref. 10), assuming the absolute value of TMS as —76 ppm.
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move the discrepancy between theory and experiments, we
need use more sophisticated nonempirical band calcula-
tions. In the Ohno-Kamimura's calculation the transfer
interaction between graphite layers through the inter-
calant layers has been neglected. If this interaction is tak-
en into account, we expect that the c-axis charge distribu-
tion will be less imhomogeneous, because the strong at-
tractive interaction between positive intercalated layers
and negative bounding layers becomes weak by screening
effects.

V. CONCLUSION

In conclusion we have calculated the chemical shifts
and Knight shifts at inequivalent carbon sites in higher-
stage GIC's on the basis of the first-principles band calcu-
lation. In doing so, we have developed a new formulation
to calculate the shielding tensor for the NMR frequency
shift in metallic systems. The numerical calculations have
been performed for donor-type GIC's from the second to
sixth stage with charge transfer f=1.0. We have calcu-
lated four kinds of the shift (diamagnetic, paramagnetic,
dipolar, and Knight shifts) separately for a ' C nuclear
spin in inequivalent carbon sites, and clarified how each
of these four kinds of mechanism contribute to chemical
and Knight shifts of GIC's. We have shown especially,
that the dipolar shift and Knight shift play important
roles in determining the resonance frequency position ob-
served in ' C NMR experiments of higher-stage GIC's.
We have further shown that the absolute value and aniso-

tropy of the NMR shift are determined mainly by the
paramagnetic shift and diamagnetic shift and that the
difference of anisotropy for inequivalent carbon sites is
due to the dipolar shift. The calculated anisotropy of the
shifts at inequivalent carbon sites in various graphite
layers for each stage of higher-stage GIC's has reproduced
the observed values fairly well. We have also shown that
the stage dependence of the absolute values of shielding
tensor has reproduced the observed tendency satisfactorily
well. Finally we have suggested that in order to obtain
quantitative agreement between theory and experiment in
the case of donor-type GIC's the charge distribution must
be less inhomogeneous compared with that obtained by
Ohno and Kamimura and thus a band-structure calcula-
tion in a more realistic system than the thin-film model
adopted by Ohno and Kamimura is necessary.
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