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Magnetic-susceptibility studies of graphite intercalation compounds
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Studies of the temperature (T) and magnetic field (H) dependence of the magnetic susceptibility

(g) for the nonmagnetic donor graphite intercalation compounds (GIC's, K-GIC's and KH, -GIC's)
are focused on three effects. First, an anomalous temperature dependence observed at low tempera-
ture and high magnetic field is attributed to inter-Landau-level transitions near the Fermi energy

(EF). Since the Landau-level separation of these quasi-two-dimensional electronic systems is energy

dependent, we relate the Fermi energies to the temperature T„where kz T, =hz(EF, H), and b~ is

the Landau-level separation, which is dependent on both the energy and the external magnetic field.

Second, in the low-magnetic-field limit where the Landau-level separation can be neglected, the
stronger enhancement of the paramagnetisrn for higher-stage-donor GIC's with decreasing tempera-
ture is attributed to the c-axis charge inhomogeneity. The screening effect on the interior graphite
layers is estimated from the temperature dependence of the susceptibility. Third, we compare the
room-temperature magnetic-susceptibility values of K-GIC's and KH„-GIC's considering both the
Fermi energy and the c-axis charge distribution. The enhanced Pauli spin susceptibility of these
GIC's, due to Fermi-liquid-theory effects, is shown to be significant.

I. GENERAL BACKGROUND
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where the El are all the energy eigen values,
f(Et)=texp[P(et —p)]+11 is the Fermi-Dirac distri-
bution function, and p is the chemical potential or Fermi
energy. Both of these orbital susceptibility calculations'

The theory of the magnetic susceptibility for nonmag-
netic metals is a complicated problem which includes the
response to an external magnetic field from the free-
electron spins, bound-electron spins, orbital motion of
Bloch electrons, electron spin-orbit coupling, nuclear
spins, and hyperfine interaction.

The orbital motion of band electrons in metals is gen-
erally the most complicated type of contribution to the
susceptibility, since it involves the band structures of the
metals, and has to be considered separately for each indi-
vidual system. Nevertheless, the orbital magnetic suscep-
tibility provides useful information about the band struc-
ture of a metal, and therefore is of special interest.

The simplest case of a one-band orbital magnetic sus-
ceptibility is the Landau-Peierls magnetic susceptibility
(JLp) ' which is given by the following expression:
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assume noninteracting electrons. In 1970, Fukuyama3
reconsidered the orbital magnetic susceptibility of Bloch
electrons using a Green's-function method. The formula
he obtained includes many-body effects as well as both in-
terband and intraband transitions. The y„b calculated by
Fukuyama is

kqT
g Jd k TrIly, Qyyfy, Qy~I, (2)

AC 4~3+orb

where 0 is the thermal Green's function defined as

Q=(E„I—A) (3)

and

E„=(2n +1)sriktt T+p, (4)

where I is the unit matrix, n =. . . ,
—2, —1,0, 1,2, . . . ,

and & is the Hamiltonian for the electrons in the tight-
binding approximation, i is the unit imaginary, and
y„=(t)/ t)k„)&, y~ =(t)/c)k )& are the tnomentum
operators multiplied by a reciprocal effective-mass factor
of A/I, *, provided the magnetic field is applied along the
z axis.

In the case of pristine graphite, the orbital magnetic
susceptibility (y ),„b for H~~c axis exhibits an unusually
large diamagnetic susceptibility (

—21.1 emu/g at room
temperature), which cannot be explained solely by the
Landau-Peierls contribution to the susceptibility.

The mathematical formalism of the orbital susceptibili-
ty of graphite was first obtained by McClure, and his
analysis yields the following expression in units of 1/cm:
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where p is the density of graphite in units of g/cm, p is
the chemical potential of the electron system measured
from the T =0 Fermi energy EF, co and a are, respective-

ly, the c-axis repeat distance and the in-plane lattice con-
stant of graphite (co=6.70 A and a =2.46 A), and yo
(-3.1 eV) is the in-plane nearest-neighbor overlap in-
tegral in the tight-binding approximation. The strong di-
amagnetism of graphite results from the interband contri-
butions from m electrons. These interband contributions
are actually the inter-Landau-level matrix elements be-
tween Landau levels close to p, =O (i.e., the Fermi energy
at r=0).

In contrast to the large diamagnetic orbital susceptibil-

ity in pristine graphite due to the interband terms and
the weak diamagnetism in acceptor-GIC s (graphite in-
tercalation compounds) as expected for normal metals, an
unusual paramagnetism in low-stage alkali-metal GIC's
was observed by DiSalvo et a1.' The theoretical explana-
tion for this anomaly was first provided by Safran et al.
The basic concept is that the paramagnetism is associated
with the special band structure of the intercalation com-
pounds near the M-point saddle-point singularity of the
graphitic Brillouin zone. Since the Landau-Peierls sus-
ceptibility strongly depends on the curvature of the ener-

gy bands, and the effective masses along the k, and k
axes [m„, =Pi (8 E/Bk„) '; m„=trt (8 E/Bk ) '] are op-
posite in sign because of the saddle-point-type singularity
in the energy dispersion relation at the M point, the
single-band orbital magnetic susceptibility acquires a pos-
itive sign, in contrast to normal parabolic dispersion rela-
tions in isotropic metals, which give rise to a negative
Landau-Peierls susceptibility. Calculations of the suscep-
tibility based on single-layer graphitic bands were done
by Blinowski and Rigaux, taking account of both
nearest-neighbor and next-nearest-neighbor interactions.
Blinowski and Rigaux pointed out that the inclusion of
the next-nearest-neighbor interaction accounts for the
enhancement of the orbital paramagnetism in donor-
GIC's, in contrast to the reduction of the orbital
paramagnetism in acceptor-GIC's. Although Blinowski
and Rigaux were able to qualitatively explain the
paramagnetic total susceptibility in low-stage donor-
GIC s, and the diamagnetic total susceptibility in non-
magnetic acceptor-GIC's, the calculated values were too
small to explain the experimental data in K-GIC's.

Saito further extended the susceptibility calculations
by including the contributions from the interlayer band
parameters. This extension is found to be especially im-
portant in accounting for the enhancement of the orbital
paramagnetism in higher-stage (n ~2) donor-GiC's. But
the theoretical calculations for g„b after including the
multi-graphite-layer contributions were still consistently
smaller than the susceptibility obtained by subtracting
the core, g„„„and spin, g„contributions from the total
measured susceptibility.

The failure to obtain quantitative agreement between
Saito's calculation and the experimental data may be ex-
plained by taking into account the exchange enhance-
ment of the Pauli spin susceptibility due to many-body
effects. This concept appears to be more appropriate
here because the orbital magnetic susceptibility based on
the Fukuyama formula is a many-body approach. In ad-
dition, the exchange enhancement becomes more impor-
tant for a dilute electron gas if the Hartree-Fock approxi-
mation is employed. (This point will be discussed in more
detail in Sec. IV.) Consequently, the ratio (y~),„b/g,
(where y, denotes the Pauli spin susceptibility) estimated
from experiments on K-GIC's, which increases sharply
with increasing stage index, should be effectively smaller
and should peak at a lower stage than that which DiSalvo
et al. calculated in GIC s with lower carrier densities. It
should be emphasized that the theories of y„b for GIC's
(Refs. 6 —8) are calculated in the zero-magnetic-field limit
(H~O), and the temperature dependence of y,„b(T) in

the limit where the Landau-level separation is compara-
ble to the thermal energy has not yet been explained.

In this paper we present temperature- and magnetic-
field-dependent susceptibility data for stage-1, 2
potassium-hydrogen intercalated graphite (KH, -GIC's)
and stage-1, 2 potassium intercalated graphite (K-GIC's).
The physics of the studies of KH -GIC's is that the rela-
tively strong electron aSnity of hydrogen in KH„-GiC's
greatly reduces the charge transfer to the graphite con-
duction bands from the potassium donor, resulting in
electronic properties intermediate between K-GIC's and
pristine graphite. " This special character of KH-
GIC's provides an advantage of using the Blinowski-
Rigaux approach to the calculation of g,„b, because the
lower charge transfer to the graphite ~ conduction bands
reduces the inhomogeneous c-axis charge distribution for
higher stages (n ~ 2), thereby reducing the contribution
from the interplanar graphite-graphite coupling to the or-
bital susceptibility. The enhancement of paramagnetism
at low temperatures in higher-stage GIC's (n ~3) in the
low-field limit is also explained by the inhomogeneous c-
axis charge distribution. This inhomogeneity is due to
the screening effect from the charge in the graphite
bounding layers on the graphite interior layers.

Furthermore, in this paper we modify the Fermi-liquid
theory to calculate the enhancement of the Pauli spin sus-
ceptibility (g, ) for GIC's, and then show that the ex-
change enhancement of g, is not negligible.

Finally, we show that in the limit where the Landau-
leve1 separation Az at EF becomes comparable to the
thermal energy, the anomalous temperature dependence
of M/H in these quasi-two-dimensional electronic sys-
tems is related to the inter-Landau-level matrix elements
near the Fermi energy. Since the Landau-level separation
in a two-dimensional system is a function of energy, these
anomalies provide us with a way of probing the Fermi en-
ergies of the donor-GIC's.

II. EXPERIMENTAL DETAILS

Stage-1 and stage-2 KH -GIC's based on highly orient-
ed pyrolytic graphite (HOPG) were prepared using a
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two-zone method under the conditions mentioned else-
where. A typical size of these samples after intercalation
is about 4 X 4 X 2 mm . The stage index and stage fidelity
of these samples were characterized using a (001) x-ray
diffractometer. The (00l ) diffractograms, indicating
stage-1 KH„-GIC's with interplanar repeat distance
I, =8.55+0.03 A and pure stage-2 KH -GIC's with

I, =11.92+0.03 A, are presented elsewhere. '
The dc magnetic susceptibility was measured using a

SQUID (superconducting quantum interference device)
magnetometer. The sensitivity of the measured magnetic
moments from the SQUID magnetometer is better than
10 emu/g. The air-sensitive KH, -GIC samples, typi-
cally with net weight of tens of mg, were mounted in a
TeAon sample holder using an argon-gas-filled glove bag.
The sample holder was then sealed with 5-min epoxy be-
fore being taken out of the glove bag. ' All these samples
were characterized again using (00l) x-ray diffraction
after the SQUID measurements, to ensure that the condi-
tion of the samples remained stable during the experi-
ments. The SQUID magnetometer allows measurement
of the total magnetic moment of the sample as a function
of temperature and magnetic field. The temperature
range of these measurements was between 6 and 300 K,
and the dc magnetic field range between 0 and 5 T. The
accuracy of the temperature reading is better than 0.1 K,
and that for the magnetic field reading is better than 10
T in our measurements. Since the total moments of these
nonmagnetic GIC's are very small, typically on the order
of 10 emu/g, a correction to the data from the back-
ground (sample holder plus epoxy) is very important. All
the measurements done on the samples were repeated on
the backgrou, nd, and the net signals from the samples
were obtained by subtracting the background data from
the total moments. The results for stage-1 KH„-GIC's
were averaged over the measurements on four samples,
and those for stage-2 KH„-GIC's were averaged over the
measurements taken on three samples. The variation of
gl(T) among samples with the same chemical composi-
tion but from different batches is less than 30% of the
average value.

Similar measurements were also done on K-GIC's and
pristine graphite, and were compared to other measure-
ments reported by other groups using a Faraday balance
apparatus. The low-magnetic-field data from these con-
trol samples were consistent with other measurements. '
The measurements of the magnetic susceptibility of these
controlled samples (K-GIC's) were carried out on a
stage-1 CSK, a stage-2 C24K, and a pristine HOPG sam-
ple. Since only the magnetic susceptibility with applied
field H~~c axis provides interesting information on the or-
bital susceptibility, we focused our studies on the mea-
surements with this orientation. It should be noted that
the demagnetization factor due to the anisotropic
geometry of the samples does not significantly affect the
in-plane magnetic-susceptibility data for this field orien-
tation, because the susceptibility with H~~c axis (g~~) is
much larger than that with HJ.c axis (y~), and the mea-
sured in-plane susceptibility (gl) satisfies the following
condition:

+~~+ K+i

where 0&K«1 and Xol«XO Therefore X =X' Typi
cally, K 0.02 in the case of pristine graphite, and K &0. 1

for GIC's.
In this paper the dc magnetic susceptibility in the mea-

surements was obtained by dividing the measured mo-
ments by the applied field and the sample weight. The
values for K-GIC's thus obtained are consistent with oth-
er measurements in the low-magnetic-field limit (which
we take as H ~ 0.5 T). On the other hand, as the magnet-
ic field becomes suSciently high to induce a nonlinear
effect, the dc magnetic susceptibility (M/H) exhibits de-
viations from the values obtained from the definition
y=AM/hH, where hH is sufticiently small.

III. EXPERIMENTAL RESULTS
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FIG. 1. The temperature dependence of the magnetic suscep-
tibility gl(T)] for stage-I KH„-GIC's at magnetic fields of 0.5,
2.5, and 5.0 T. The dots are the experimental data averaged
over three samples and the solid lines are the theoretical fits

[Eq. (27}]to the experimental data.

Figures 1-5 show plots of the c-axis magnetic suscepti-
bility (gl) versus temperature (T) at various static mag-
netic fields: Fig. 1 for stage-1 KH, -GIC's, Fig. 2 for
stage-2 KH„-GIC's, Fig. 3 for stage-1 K-GIC's, Fig. 4 for
stage-2 K-GIC's, and Fig. 5 for pristine graphite
(HOPG). There are several interesting features in these
figures. Firstly, for all the GIC's measured, the magnetic
susceptibility in the high-temperature range [the high-
temperature range is defined by k~ T) b, ~(EF,H), where

h~(EF, H) is the Landau-level separation at the Fermi
energy EF] is paramagnetic, in contrast to yl for pristine
graphite, which is diamagnetic. The absolute values of
the dc magnetic susceptibility (g= M/H) dec—rease with
increasing magnetic field.

Secondly, the magnetic susceptibility of GIC s is con-
stant in the high-temperature limit (Figs. 1 —4), in con-
trast to that of pristine graphite (Fig. 5). Thirdly, all the
traces for the GICs shown in Figs. 1-4 exhibit an in-
teresting temperature dependence in the low-temperature
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FIG. 2. The temperature dependence of the magnetic suscep-
tibility +1(T)] for stage-2 KH„-GIC's at magnetic fields of 0.5,
2.5, and 5.0 T. The dots are the experimental data averaged
over two samples and the solid line is the theoretical fit [Eq.
(27)] to the experimental data at 5.0 T.

FIG. 4. The temperature dependence of the magnetic suscep-
tibility b'~~( T)] for a stage-2 K-GIC at magnetic fields of 0.5, 2.5,
and 5.0 T. The dots are the experimental data and the solid line

is the theoretical fit [Eq. (27)] to the experimental data at 5.0 T.

region. The magnetic susceptibility shows an anomalous
decrease in paramagnetism for both the stage-1 KH, -

GIC's and K-GIC's in the low-temperature region for the
entire range of applied magnetic fields, and the magni-
tude of the anomaly increases with increasing magnetic
field (Figs. I and 3). In contrast, the magnetic suscepti-
bility for both the stage-2 KH -GIC's and K-GIC's ex-
hibits an increase in paramagnetisrn in the low-
temperature region for smaller magnetic fields (Fig. 2 and
4), while an anomalous decrease in paramagnetism is also
observed as the external magnetic field becomes
sufficiently large (Fig. 2 at 5 T and Fig. 4 at 5 T). The
anomalous decrease in paramagnetism for donor-GIC's
in the high-field and low-temperature limit is a specially
interesting phenomenon, and wi11 be explored in detai1
later. [X (T., )

—
X (0)]—:0 5[X (30o K)—X (o)] (7)

The y~~(T) data in the low-field limit (H ~0.5 T) for
both KH„-GIC's and K-GIC's are plotted in Fig. 6 for
comparison, and the room-temperature values are listed
in Table I. The g~~(T) traces for the stage-3 and stage-4
K-GIC's in Fig. 6 were taken by DiSalvo et al. , and not
by the present authors. Also note that both the stage-3
and stage-4 K-GIC's exhibit an increase in paramagne-
tism in the low-temperature region. Good agreement is
obtained between our measurements on the stage-1 and
stage-2 K-GIC's and those reported by DiSalvo et al. '

To discuss these data we define two characteristic tem-
peratures T, and Ta. For all the gt(T) traces showing a
decrease in pararnagnetisrn at low T, we define the satura-
tion temperature T, as
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FIG. 3. The temperature dependence of the magnetic suscep-
tibility Qt( T)] for a stage-1 K-GIC at magnetic fields of 0.5 and
5.0 T. The dots are the experimental data and the solid lines are
the theoretical fits [Eq. (27)] to the experimental data.

FIG. 5. The temperature dependence of the magnetic suscep-
tibility [yi(T)] for pristine HOPG at magnetic fields of 0.1, 0.5,
and 5.0 T.
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FlG. 6. Comparison of the magnetic susceptibility [X~~(T))
between KH, -GIC's and K-GIC's for H ~0.5 T of stage-1
KH„-GIC's (0), stage-2 KH„-GIC's (6), stage-1 K-GIC's (X),
stage-2 K-GIC's (0), stage-3 K-GIC's (Ref. 5) (+ ), and stage-4
K-GIC's (Ref. 5) (7). The measurements for the stage-3 and
stage-4 samples are from Ref. 5.

where y~~(0) represents an extrapolation to the low-

temperature limit from the experimental data. For the
traces of y~~(T) showing an increase in paramagnetism at
low T, we define To as

lXii(300K) Xii(T')l =0. lail(

The values for T, and To for both K-GIC's and KH„-
GIC's at various fields are listed in Table II, and the

physical meaning of the characteristic temperatures T,
and To is discussed below.

An intuitive explanation for the decrease in the rnagni-
tude of

g~~
at high field and low temperature (T & T, ) is as

follows. The thermally induced transitions from the oc-
cupied Landau levels right below the Fermi energy to the
unoccupied Landau levels above the Fermi energy give
rise to an additional enhancement of the paramagnetism
of the Bloch electrons, because the transitions of elec-
trons from the Landau levels below the Fermi energy to
those above the Fermi energy result in larger Bloch-
electron orbitals which are closer to the saddle point (the
M point). These transitions are easier to achieve if the
thermal energy of the conduction electrons near EF is

larger than the energy diff'erence hz between consecutive
Landau levels near EF. If the conduction electrons do
not possess enough thermal energy, most electrons will
remain below the Fermi level, resulting in a larger di-
amagnetic contribution to the susceptibility. On the oth-
er hand, if the Landau-level separation becomes much
smaller than the thermal energy, the electron distribution
becomes insensitive to the discrete Landau levels, so that
the transitions from the energy states below the Fermi
level to those above can take place within an energy in-
terval k~ T. This explains the gradual decrease of
paramagnetism in both stage-1 and stage-2 KH„-GiC's at
low temperature and in the high-magnetic-field limit.

The viewpoint of attributing the temperature depen-
dence of the orbital susceptibility to the inter-Landau-
level transitions is furthermore supported by the field-
dependent susceptibility data taken on HOPG, as shown
in Fig. 5. In the low-temperature region, we note that
with the increase of thermal energy the diamagnetism of
graphite increases due to the thermal excitations of elec-

TABLE I. Comparison between experimental orbital susceptibility (X,rb)ex ' after the correction to
y, and the theoretical orbital susceptibility (y„b)'""". [All the susceptibility data are in units of 10
emu/(g of sample). The experimental results for C,~K and C4,K are from Ref. 5.] Note that (y,„b)'"~'

for the stage-1 compounds agrees reasonably well with (X,„,)'""' after the exchange-enhancement
correction is made.

C4KHo. s

CsKHo. s

CsK
C~4K
C36K
C4sK
HOPG

1.10
1.25
1.02
1.50
1.75
1.87

—21.1

b
Xcore

—0.37
—0.38
—0.38
—0.39
—0.39
—0.40
—0.40

Xs

0.35
0.30
0.48
0.25
0.21
0.20
0.016

Xo
d

0.81
0.51
0.90
0.41
0.69
0.58
0.016

(Xo b)

1.12
1.33
0.92
1.64
1.93
2.07

—21 ~ 5

)theQr f

0.60
0.60
0.50
0.70
0.90
1 ~ 10

—24.0

)expt g

0.66
1.07
0.50
1.48
1.45
1.69

—21.5

'The values of the total susceptibility here are taken at 7=300 K.
The core susceptibility values are —4.8X10 emu/mo1 for C, —13X10 emu/mol for K+, and
—0.018X10 emu/mol for H (Ref. 5), respectively.
'The Pauli spin susceptibility is obtained from the electronic specific heat.
Enhanced Pauli susceptibility after Fermi-liquid corrections. The errors in the estimated values lie in

the uncertainties of the available fc, m,', and y, .
'(XQrb) is defined as (X«b) —=

X~~
—X«« —X, .

'The theoretical orbital susceptibility for K-GIC's is calculated using Saito's formulas (Ref. 8), and that
for KH -GIC's is obtained using the calculations of Blinowski and Rigaux based on the single-
graphite-layer tight-binding approximation (Ref. 7).
The experimental orbital susceptibility is obtained from the formula (X, b)

"
=X~~ X r Xo.
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TABLE II. Two characteristic temperatures T, and To for gll(T) at various magnetic fields.

C4KH0. 8

CsKHO s

CsK
Cq4 K

H=0. 5 T

T, «10 K
To —30 K
T, «10 K
To-40 K

H =2.5 T

T, -20 K
To -30 K
T, &10 K
To-30 K

H =5.0 T

T, -25 K
T, —30 K
T, —15 K
T, -20K

EF (eV)

1.2' (1 4)
1.0 (1.1)
2.4' (2.6)'
1.5' ( l. 8)'

'The Fermi energy
H =5.0 T.
Reference 13.

'Reference 14.

EF is estimated using the formula EF=B/ksT, [see Eq. {28}]and magnetic field

trons from the valence band to the conduction band. As
the temperature increases further, more electrons are ex-
cited to the conduction band, and larger Bloch-electron
orbitals become available. Since the band curvature of
the three-dimensional (3D) graphite near the E point be-
gins to deviate from a linear k dependence for larger
Bloch-electron orbitals, and the effective masses along the
k and the k axes become opposite in sign, a gradual in-
crease in the paramagnetism takes place at high tempera-
tures. However, if the applied magnetic field becomes
su5ciently high to introduce a large Landau-level separa-
tion, as in the case of Fig. 5 at 5 T, the thermal energy of
electrons in the experimental temperature region be-
comes too small, so that the transitions are restricted to
the interband transitions. Consequently, the magnetic
susceptibility at high magnetic fields saturates at high
temperatures (Fig. 5 at 5 T), in contrast to a gradual in-
crease in paramagnetism for smaller magnetic fields (Fig.
5).

The physical meaning of the other characteristic tem-
perature To (see Fig. 6 for stage-3 and -4 K-GIC's) can be
described as follows. Since the interior graphite layers
possess few conduction electrons relative to the bounding
layers due to the Coulomb screening effect, the effective
chemical potential for the interior layers (p;„) is much
smaller than that of the bounding layers. The lower
chemical potential of the interior layers results in a small
increase of paramagnetism at low temperature, reminis-
cent of the temperature-dependent susceptibility of pris-
tine graphite at T (p;„/ks (Ref. 4) (see Fig. 5). Since the
characteristic temperature T0 is related to the chemical
potential of the interior graphite layers, we may estimate
the chemical potential and the screening length of the in-
terior layers from the characteristic temperature T0, as is
discussed further below.

IV. CORRECTIONS TO yll OF K-GIC'S
USING FERMI-LIQUID THEORY

The exchange enhancement of the Pauli spin suscepti-
bility based on Fermi-liquid theory for T =0 yields'

m,*/m 0
X0 1+B Xg

0

where y0 is the enhanced spin susceptibility and B0 is a
negative constant. ' ' The effective mass of the quasi-

particle, m,*, for a 3D system with the energy dispersion
relation E(k)=A' k /2mo is enhanced relative to the
band effective mass m0 by the many-body interaction, ' '

Ai
m '=m0 1+e 0 (10)

where A, is a positive constant which can be determined
from the electronic specific heat. ' However, this effect is
not important for GIC's, ' which exhibit a linear energy
dispersion relation, E(a)=po~aa~, where z=x, +ic,z and

pe =v'3 yea /2.
Therefore, in the case of GIC's, where A, ((1,' the

Fermi-liquid-theory effects result in

m0e 2

B
vrA kF

(12)

The negative sign of B0 is characteristic of the Hartree-
Fock approximation which favors parallel spin states. In
a dilute system, the antiparallel spin correlation which is
neglected in the Hartree-Fock approximation does not
contribute significantly to the susceptibility, and there-
fore the expression for Bo in Eq. (12) remains valid. As
the quasiparticle concentration becomes denser, the in-
creasing Coulomb repulsion force requires consideration
of the antiparallel spin correlation. In this case, the
Fermi-liquid theory given above has to be modified, and
use of the Hubbard model' with correction for antiparal-
lel spin correlation in the strong-coupling limit becomes
necessary. This type of correction generally leads to a de-
crease in the Pauli spin enhancement. ' However, the
theories involved in the correction of the spin-exchange
enhancement are beyond the scope of this paper. We
sha11 only focus on the Fermi-liquid approach when dis-
cussing the susceptibility of GIC's.

If we employ the two-dimensional dispersion relation
[E(a)=p ~aao~] for GIC's, the carrier density n, can be
related to kF and the c-axis repeat distance (I, ) by the fol-

lowing formula:

1
X0 1+B X5

0

In the Hartree-Fock approximation, ' B0 is related to
the band-electron effective mass (mo) and the Fermi wave
vector (kF) through the expression
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grgc
k2)

2m
c 3 F

(2m )
(13)

moe 2

Bo=—
3/2g2(n I )1/2

C C

We define below the charge transfer of graphite to be

fc =charge per C atom for stage-n GIC's, where a posi-
tive sign indicates holes and a negative sign indicates
electrons. Then fc can be expressed as

where g, is the spin degeneracy and g, is the number of
carrier pockets per reciprocal unit cell. We may there-
fore rewrite Bo in terms of the physical quantities associ-
ated with donor-GIC's by the formula

tion measured from the Shubnikov —de Haas (SdH) exper-
iments. The comparisons between g, and go for stage-1
KH -GIC's and stage-1 K-GIC's are listed in Table I.
Although we could also estimate the exchange enhance-
ment of the Pauli susceptibility using Eq. (18), we do not
emphasize the significance of these values in Table I, due
to uncertainties in the fc and mo values from available
experiments. Nevertheless, from the enhanced suscepti-
bility go in the stage-1 compounds, we conclude that the
exchange enhancement to the Pauli spin susceptibility is
not negligible in GIC's.

Using this formula, we are able to obtain better agree-
ment between the experimental orbital susceptibility
(y,„b

)'"~' and the theoretical orbital susceptibility

(g,„b)'""'(Table I). Note that (g,„b)'" ' is defined as

expt
+orb) =X~~ score XO ~ (19)

g, g, ~kF'(2n /I, )

2n VBz
(15)

and (g„b) is the orbital susceptibility without Fermi-
liquid corrections:

31/4 mo

2~'"(n~f, ~)'" m* ag

0.55 mo

(n~ fc))'" m,'
' 1/2

0= —0.55
X

nfK m*
e

(16)

where a& =Pi /(m, *e ) is the effective Bohr radius and
0

a =2.46 A is the graphite in-plane lattice constant.
Since the Pauli spin susceptibility can be obtained from

specific-heat measurements, i.e.,

3Pa'V e

2k 2
7T

(17)

where y, is the electronic specific-heat coeScient, we

may rearrange the enhanced Pauli susceptibility in terms
of available experimental parameters:

3Pa'V e

2I 2
B

mo O 55
(18)

Note that the uncertainty of go lies in the uncertainty
of the available values for fc, mo, and y„where fc and

mo can be determined from the largest Fermi cross sec-

for donor-GIC's, where VBz =[(2m ) 2/(3/3I, a )] is the
graphite reciprocal-space unit cell.

In the case of K-GIC's, if the stoichiometry of the
carbon-to-potassium ratio is [C]:[K]=x:1,the charge
transfer per carbon atom can be related to the charge
transfer from potassium (fK ) in the form

~ fc ~

=fx /x.
Combining Eqs. (14) and (15), we obtain

0
(Xorb ) =Yl~~ Score Xv (20)

The calculated orbital susceptibility (g„b)'""" in Table I
for K-GIC's is based on Saito's calculations, which in-

clude consideration of the c-axis charge distribution.
Also note that the enhancement of g, becomes more im-

portant for a dilute system (i.e., smaller fc) under the
Hartree-Fock approximation. This may account for the
larger discrepancy between (y,„b ) and (y,„b

)'""' for
higher stages.

All the relevant parameters are listed in Tables I and
III. The largest Fermi cross section (v „) for each
donor-GIC, which is assumed to be from the dominant
carriers, and the corresponding effective mass (m o), are
determined from the Shubnikov-de Haas experiments.
The carrier densities and the charge-transfer ratios (fc
and fK) are also obtained from SdH measurements.
Since the highest SdH frequencies (v,„) in each sample
are usually difficult to be detected due to the experimen-
tal conditions, and the effective masses are heavier for the
carriers associated with higher frequencies, the real
enhanced spin susceptibility (yo) may be larger in magni-

tude than what we have estimated here. Apparently the
Fermi-liquid corrections are not negligible in view of the
above rough estimate.

It is shown in Table I that the agreement between
(g„b)'" ' and (y„b)'""' is the best for both stage-1 K-
GIC's and KH -GiC's, while (y,„b)'""" is consistently
smaller than (g„,b)'"~' for higher stages, although the
discrepancy has already been reduced substantially with
the Fermi-liquid correction. Besides the uncertainty in
the determination of go, a possible resolution of this
problem could lie in the calculations of (y,„b)'b"', which
may be more complicated than the Fukuyama approxi-
mation in the case of higher-stage GIC's, because the
number of energy bands participating in the orbital
magnetism increases with the stage index.
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TABLE III. Some important parameters for KH, -GIC's, K-GIC's, and pristine graphite.

HOPG
C4KHo „
C8KHo. s

C,K
C~~K

C,~K
C48K

12.01
15.16
13.88
15.02
13.09
12.74
12.56

b
&max

680'
1525'
2870"

440'
260~

338

0.020
0.025'
0.075
0.042
0.01
0.01

0.88
1.0
0.6
1.0
0.3
0.19

E '

0.02
0.89' (1.1g)

2.65'

1.8'

1.2
1.1

(m,*) „/m,*

0.036
0.23'
0.17'
0.3
0.2
0.15
0.12

"'Mole weight of samples, in units of g/mol.
Maximal Fermi cross section from Shubnikov —de Haas experiments, in units of T.

'In units of number of electrons per carbon atom.
In units of number of electrons per potassium atom.

'In units of eV.
'Reference 9.
Reference 13.

"From the SdH experiments (Ref. 19).
'From the optical measurements (Ref. 14).
"Reference 20.
"Reference 21.

V' THEORETICAL MODELS FOR yll( T H)
OF KH„-GIC'S

In the preceding section we focused on the room-
temperature values of (g~~)„, for various systems in the
low-field limit, where the temperature dependence of ply

was neglected. In this section we shall first examine the
origin of the temperature dependence of the magnetic
susceptibility. Then we use the formalism derived by Bli-
nowski and Rigaux to obtain the temperature depen-
dence of

g~~
for donor-GIC's, and compare the calculated

results to the experimental data.
The general calculations of the magnetic susceptibility

are usually derived in the low-magnetic-field limit, where
one may assume a continuous energy spectrum and the
calculation requires an integration over the Brillouin
zone. The temperature dependence of the magnetic sus-

ceptibility enters from the Fermi-Dirac distribution func-
tion for the conduction electrons. This temperature
dependence is usually negligible if the applied magnetic
field is very small, i.e., if the Zeeman energy is much
smaller than the thermal energy k~ T.

However, if the Landau-level separation (bz) at the
Fermi energy becomes comparable to the thermal energy
(b,~-k~ T), but not large enough to perturb the density
of states, an additional correction to the Landau-Peierls
susceptibility and Pauli spin susceptibility should be
made. This correction comes from the Fermi-Dirac dis-
tribution function in the integration of the magnetic sus-
ceptibility over the first Brillouin zone, which yields the
following temperature dependence:

(21)

In 3D metals, since y„p(0 and y, &0, and ~yLp~ —~y, ~,

this correction becomes very small. Generally, it is

necessary to know the band structure to obtain the
correct estimate for 5g. In the case of GIC's, since both
ALP and y, are positive, the temperature dependence of
the magnetic susceptibility becomes more significant in
the limit of A~ -k~ T. In the case of GIC's, the Landau-
level energies for a single-graphene-layer Hamiltonian
yield the following relation,

E„=+&(2n +1)B (22)

b,s(E„)=E„~, E„—
=+2B [(n + 1 )1/2 n I/2]

E,
(23)

The last equation, b~(E„)=B/E„, is satisfied provided
n » l. In fact, this approximation is better than 5% for
n &3. If the applied field is in units of T and E in eV,
then bs(E„)=(6.2 X 10 )(H/E„) eV.

An explicit expression for y„b using Fukuyama's ap-
proximation was derived by Blinowski and Rigaux for
the single-graphene-layer Hamiltonian. Using the
Fukuyama formula in Eq. (2), and inserting the explicit
expressions of the momentum operators and the
Green's-function matrix elements in that equation, Bli-
nowski and Rigaux obtained the orbital magnetic suscep-
tibility by performing the integration in Eq. (2) over the
two-dimensional graphite Brillouin zone:

where B = —', (a yo) s, and s =eH/Ac. Here, yo is the
nearest-neighbor overlap integral, which is about 3.1 eV
for pristine graphite, and a =2.46 A is the in-plane lat-
tice constant.

The energy difference h~(E„) between two consecutive
Landau levels is
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+orb

2 2
e N~rob 3 de

E2 EF E~ EF h] E P 6' A3 E' +P h4 E
32m o e

3 de . . . , ()f«i —&F }+ f 2 [h, (&}y~h,(e)+y e h, (E)+y'h4(e)+y'eh, (e)]
0 'BE ]

"r}f(E E—)+f, [h, (e) y—~h, (e)+y'e'h, (e)+y'h, (e) y—'eh, (e)]
0 BE2

(24)

where b =a/&3 and e=E/yo, E~(e)=E ye, a—nd

E2(E)= 6y'E, yyo is the next-nearest-neighbor cou-
pling energy, where y is a dimensionless constant, and
the functions h, (e) are defined in Ref. 7, and the limits of
integration correspond to the width of the ~ band.

With the analytical expression [in Eq. (24)] we can
proceed to consider the temperature and magnetic field
effects on the orbital susceptibility. The basic concept is
that the introduction of the Landau-level separation at
the Fermi level redistributes the electron states.

In the region b B -kB T, the electron distribution in the
k„k plane is no longer continuous near the Fermi ener-

gy due to the 2D nature of the GIC's. Therefore the in-
tegration in Eq. (24) for the orbital susceptibility has to
include the effect of the redistribution of electrons. A
zeroth-order approximation for this correction to y„b
can be calculated by the following method. We replace
the integration limits 0 to 3 in Eq. (24) by the interval eF
to EF, where eF =EF/yo=&2(n + 1)8 /yo, and

@FIEF/yo&EF. The 'integration over the Landau lev-

els adjacent to the Fermi energy gives the correction to
the orbital susceptibility. Defining the correction term as
5y„b, we obtain

2 2
e Na Qyoa

A'c 16m B

for kBT &KB, and

(25}

&X.,b-——e

Rc

'2
2N~ Qyoa bB
(1+y) 1—

16m F
(26)

for kBT &hB.
A semiemperical solution which satisfies both Eqs. (25)

and (26) can therefore be written as
2 2

e Na OXoa

Ac 16~
(1+y)

k (Tii+ T, )
&X.,b-——

= (
—4. 18 X 10-')(1+ y ) (27)

where T, —= b, ii /kii and Eq. (27) is in units of emu/(mol of
C). Note that in the high-temperature limit we recover
Eq. (25), while in the low-temperature limit we obtain
Eq. (26). Also note that ~5„(T,b)~

=
—,'~5„„(0)~ from Eq.

(27), so that T, can be estimated from experiments using
the definition of Eq. (7). The theoretical fits using Eq.
(27) for the experimental data are denoted by the solid
lines in Figs. 1 —4. The T, values obtained from the fits

are listed in Table II. For T = T, —= b,ii/kii, the Fermi en-

ergy yields the relation

8
EF

B Ts
(28)

from Eq. (27}. The Fermi energies thus estimated for
various K-GIC's and KH, -GIC's are listed in Table II.
Note that these values are generally in good agreement
with the optical measurements. '

The magnitude of the temperature-dependent variation
of the inagnetic susceptibility (5g,„„)„,at low tempera-
tures can be obtained from Eq. (27):

(5y.„)...—:5y„,(T =0)—5y„„(T»T, )

=( —4. 18X10 )(1+y)—6 bB

kBT,

= —4. 8 X 10 emu/(mol of C) . (29)

The total change of the susceptibility (5y,„b)„, for
KH, -GIC's is estimated from the fits of the experimental
data (see Figs. 1 and 2), which yields (5g„b)'"~'=
—4.0 X 10 emu/(mol of C) for stage 1 and
= —4. 6 X 10 emu/(mol of C) for stage 2, in good agree-
ment with the theoretical value (5y„b)„,——4.8X10
einu/(mol of C) within experimental error. Note that the
magnitude of 5g„b is larger for higher stages in units of
emu/(g of sample), because of the larger concentration of
carbon in higher-stage GIC's. However, it should be
pointed out that the magnitude of the susceptibility of
GIC's should be compared in units of emu/(mol of C) be-
cause the orbital susceptibility of the Bloch electrons is
calculated for the ~ electrons of the graphite.

The temperature dependence of 5y,„b( T) for a constant
Fermi energy and at various constant magnetic fields is
shown in Fig. 7, and that for various Fermi energies at a
constant magnetic field is shown in Fig. 8. Note that
~5y„b~ is only significant in the low-temperature and
high-magnetic-field limit, and decreases rapidly with in-
creasing T for large values of E„.

As described previously, we may estimate the chemical
potential of the interior graphite layers from the increase
of the parainagnetism in the high-stage K-GIC's (n ~ 3)
in the low-temperature and low-magnetic-field limit. As-
suming that the enhancement of the paramagnetism in
the high-stage K-GIC's (see Fig. 6 for stage-3 and -4 K-
GIC's) is completely due to the interband transitions of
electrons in the interior graphite layers, the magnetic-
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E

A,cp (31)

GIC s, the effective chemical potentials ()tt;„) of the interi-
or graphite layers for the high-stage K-GIC's can be es-
timated using Eq. (30). We obtain p;„=0.14 eV for
stage-3 K-GIC's and 0.09 eV for stage-4 K-GIC's. The
screening length (A, ') can also be estimated from the
known bounding-layer Fermi energy (EF) according to
the following form:

-1.0
0

I I I I I

50 )00 150 200 250 500
Temperature ( K }

where c0 is the interlayer seperation. The reciprocal
screening length thus obtained is -7X 10 crn ' for both
C36K and C48K.

FIG. 7. The temperature variations in the magnetic suscepti-
bility [5y„b(T)/Cp] with a constant Fermi energy (EF=1.2 eV)
at magnetic fields H =0.5, 2.5, and 5.0 T. Here,
Cp = (e /Ae)'( 3N& Qypb'/16m). Note that the magnitude of
5y, „b( T) is greater for larger H.

X (@pa)
Ac

sech
PIn

8 0

(30)

where p is the density, T0 is an empirical characteristic
temperature defined in Eq. (8), and I, is the c-axis repeat
distance of a GIC. From the values of 5y;„obtained from
the experimental data in Fig. 6 for stage-3 and -4 K-

).0

0.5—
H=5T

O
C3

Al 0
X
60

2.5 eV
~0~ 0 ~ 0 ~ 00 ~ 0 ~ ~ 0 ~ ~ ~ 0 ~ 0 ~ 00 0 ~ 00 ~ 0 ~ 0~

~ ~ OO 000~ 0 ~ ~ 0 ~ 0
~ ~ 0 ~ ~ 0 ~ ~ ~ ~ ~ 0 00 ~ ~

~ 0000 ~ ~ ~ ~ 0 ~ 0 ~

"~00 1.2eV
~ ~ ~

~ ~

-0.5—

0.02eV
~ ~0 ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ 0 ~ 0 ~ ~ ~ 0 ~ 0 ~ 00 ~ '~ ~ ~ ~ ~

0 50 100 150 200 250
Temperature (K)

500

FIG. 8. The temperature variations in the magnetic suscepti-
bility [5y„b(T)ICo] at a constant magnetic field (H =5 T) and
with Fermi energies FF=2. 5, 1.2, and 0.02 eV. Here,
Cp: ( e /Ac ) ( 3N„Qypb /1 6m.). Note that the magnitude of
6g„„b(T) is greater for smaller E&-.

susceptibility contribution y;„ for interior layers is only
measurable at high temperatures according to Eq. (5).
Therefore the total difference in the magnetic susceptibil-
ity between that at low T and that at high T for the inte-
rior layers is approximately

y,„(T«Tp)lH p g;„(Tp}lH p

=—&x;.= 0 044 4
kg Tp wIc

2

VI. DISCUSSION

In the preceding section we presented a semiempirical
calculation to explain the temperature dependence of ply

in donor-GIC's. The basic concept of the calculation lies
in considering the discontinuous electron distributions in
a magnetic field. The discontinuous energy spectrum has
effects on the orbital magnetic susceptibility in the high-
magnetic-field and low-temperature limit. This con-
sideration was not previously discussed because various
experimental and theoretical studies on the magnetic sus-
ceptibility of K-GIC's (Refs. 5, 6, and 8) were performed
in the low-magnetic-field limit.

It is important to point out that our calculations for
(5yi)„b are valid only for the bounding graphite layers
and do not take account of the interlayer parameters. In
contrast, the calculation for 5y,„ is valid for the interior
graphite layers which are screened by the charge in the
bounding layers. Consequently, the 5y„b(T) calculations
are appropriate for stage-1 donor-GIC's, while that for
5y;„ is a fairly good approximation for higher-stage
donor-GIC's with stage index n ~ 3. For the intermedi-
ate condition, where n =2, there are two graphite bound-
ing layers between each two consecutive intercalate lay-
ers. In contrast to the case in stage-1 GIC's, there are
direct interactions between these two bounding layers in
stage-2 GIC's. Therefore the interlayer graphene tight-
binding parameters y3 and y4, which describe the cou-
pling between nearest interlayer carbon sites and are of
the order of 0.1 eV in graphite, should be important for
explaining the T and H dependence of the c-axis magnetic
susceptibility in stage-2 GIC s. The high-field data yi(T)
for stage-2 GIC's behave similarly to those of stage-1
GIC's (Figs. 1 —4), but show an enhanced paramagnetism
at low T and small H that cannot be explained directly by
either the calculation for 5y,„b(T) or that for 5y;„. Cal-
culations which include y3- and y4-type interactions may
provide a possible explanation for the anomalous temper-
ature dependence in stage-2 donor-GIC's. But the expli-
cit calculations are complicated, and were not carried out
in this work. Another possibility for explaining the tem-
perature dependence of the susceptibility for the stage-2
K-GIC and stage-2 KH„-GIC at low magnetic field may
be the inhornogeneity in the samples.

The above interpretation of the experimental data is
applicable to the bulk electronic properties. However, in
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the case of KH -GIC*s, there are other physical proper-
ties associated with the hydrogen ratio x that should be
considered. For large x (x ~0. 1} in the chemisorbed
KH„-GIC's, charge transfer from potassium to hydrogen
is nearly complete, and therefore hydrogen is expected to
be in the H form. ' In contrast, for a small hydrogen
concentration (x (0. 1), the hydrogen species in the
KH -GIC's are physisorbed and are mostly in the molec-
ular form H~ at low temperatures (e.g. , less than liquid-

N2 temperatures). Consequently, there is a free spin for
each H2 molecular unit, which should provide a Curie-

type paramagnetic contribution. Thus, the magnetic-
susceptibility data should exhibit a Curie-type tempera-
ture dependence for physisorbed KH -GIC's as well as

chemisorbed KH -GIC's with incomplete charge
transfer. This interpretation may explain the tempera-
ture dependence of the magnetic susceptibility obtained
from electron-spin-resonance (ESR} measurements,
which are sensitive to the presence of localized spins. Al-

though the ESR measurements provide useful informa-
tion on the charge surrounding the hydrogen species,
these measurements are not sensitive to the bulk suscepti-
bility of the system. Also note that the Curie-type
paramagnetism in the chemisorbed KH, -GIC's due to in-

complete charge transfer is much smaller than the bulk

susceptibility [typically of the order of 10 emu/(g of
sample)], and therefore can be neglected in the discussion
of bulk properties.

Finally, we comment on the magnetic field dependence
of the room-temperature susceptibility. According to
Ref. 5, the room-temperature susceptibility in K-GIC's
does not show a magnetic field dependence for
0.5&0 &1.3 T. Except for the measurement at 0.5 T,
where our results agree with those of Ref. 5, the measure-
ments reported in this work are taken in magnetic fields

well above 1.3 T, where there is a field dependence.

VII. SUMMARY

Static magnetic-susceptibility measurements on non-

magnetic donor-type KH -GIC"s and K-GIC's have been

carried out. The anomalous temperature dependence in

the limit hz-k~T, where h~ denotes the Landau-level

separation at the Fermi level, is shown to be the result of

the inter-Landau-level transitions in these quasi-two-
dirnensional metallic systems. By calculating an expres-
sion for the temperature dependence of the susceptibility,
we show that the low-temperature —high-field anomaly
provides a possibility for probing the Fermi energies of
these layered compounds.

The absolute values of the room-temperature magnetic
susceptibility in these donor-GIC s are also studied. The
enhanced Pauli spin susceptibility based on Fermi-liquid
theory is formulated using available experimental param-
eters, and the enhancement in shown to be important in
accounting for the discrepancy between the calculated or-
bital susceptibility and the experimental data. The mag-
netic susceptibility of KH„-GIC s exhibit interesting con-
trasts to that of K-GIC's, because the charge transfer to
hydrogen greatly reduces the carrier density in the graph-
ite m. conduction bands as well as the c-axis charge inho-
mogeneity in the case of the KH -GIC's.

The increase in the paramagnetism at low temperature
in higher-stage donor-GIC's (n ~ 3) is shown to be related
to the screened chemical potential of the interior graphite
layers. We therefore estimate the chemical potentials of
the interior graphite layers in the case of stage-3 and
stage-4 K-GIC's, as well as the screening lengths in these
compounds.

The above discussion can be generalized and applied to
other layered quasi-two-dimensional metallic systems,
provided that the band structures are known.
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