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Shubnikov —de Haas effect in KHg„-graphite intercalation compounds
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The electronic structure of the KHg -graphite intercalation compounds near the Fermi surface is

investigated by the Shubnikov —de Haas technique in magnetic fields up to 22 T and in the tempera-
ture range 1.5 & T &27 K. The experimental results for stages n =1, 2, and 3 are consistent with a
modification of the pristine graphite band structure which incorporates k, -axis zone folding. This
interpretation suggests that charge transfer to the graphite layers decreases in the potassium amal-

gam compounds as compared with the same stage potassium compounds. For selected cross-
sectional areas the angular dependence and cyclotron masses are also measured and compared to the
theoretical model. The qualitative agreement with the model suggests that in-plane zone folding
could be important and that an accurate band calculation including graphite-intercalate interactions

is necessary to fit the Shubnikov —de Haas periods.

INTRODUCTION

One of the most striking changes which occurs in inter-
calated graphite is the modification of the electrical prop-
erties from semimetallic to metallic behavior by intercala-
tion. ' These new electrical properties are associated with
significant changes in the electronic structure in a materi-
al in which the structure of the graphite layers is essen-
tially unchanged. The large electronic changes occur as a
result of charge transfer to the graphite layer and also as a
consequence of the more two-dimensional nature of the
intercalation compound.

The measurement of magneto-oscillatory phenomena
represents one of the most sensitive probes of the electron-
ic structure of a metal near the Fermi energy. Almost all
intercalation compounds thus far investigated show
magneto-oscillatory phenomena as a result of the extreme-

ly high mobility associated with graphitic electrons. The
lack of structural perfection in graphite-intercalation
compounds (GIC's), in general, and of detailed band
models for most compounds, makes the experimental data
somewhat difficult to interpret quantitatively. Neverthe-

less, information regarding the electronic structure of
GIC's has been gained from Fermi-surface measure-
ments. ' This paper reports measurements of
Shubnikov —de Haas (SdH) oscillations in a commensurate
intercalation compound (stage-1 KHg-GIC) which shows

good intercalate layer order, and which also shows in-

teresting superconducting properties. Results for stages 2
and 3, which exhibit somewhat less structural order, are
also presented.

The discovery of superconductivity in graphite inter-
calated with potassium-mercury alloys (KHg„-GIC's)
has raised fundamental questions regarding the nature of
superconductivity in these compounds, and the effect of
changes in the stage on the superconducting properties.

One fundamental question relates to whether the mecha-
nism for superconductivity involves a coupling between
graphite ~ electrons and intercalate s and p electrons, as
in the case of C8K. A second question relates to why T,
for the stage-2 compound CsKHg is larger than for the
stage-1 compound C4KHg. Stage-1, -2, and -3 KHg„-
GIC's have been prepared, and a superconducting transi-
tion has been observed in each stage compound. Iye and
Tanuma and Pendrys et al. have observed that the tran-
sition temperature of the parent KHg„material is
enhanced with intercalation, and that the high anisotropy
in the critical field, H, z, and the relatively high supercon-
ducting transition temperatures of these GIC's (T, -2 K)
both depend on the stage index. According to Iye and
Tanuma, the anisotropy ratio in H, z increases from —10
in the stage-1 KHg„-GIC to -2S in the stage-2 com-
pound, while T, increases from 0.92 K in the KHg alloy
to a value in the range 0.8 & T & 1.4 K in stage-1, 1.90 K
in stage-2, and a value in the range 1.8S& T&1.94 K
(Refs. S and 6) in the stage-3 intercalation compounds.
The enhancement of T, with intercalation and the in-
crease of T, with increasing stage index place constraints
on the mechanism for superconductivity.

The anisotropy and temperature dependence of the crit-
ical field, and the superconducting transition temperature,
are related to the Fermi surface because the anisotropy in
the critical field is directly dependent on the anisotropy of
the superconducting gap function, while the gap and the
transition temperature involve a convolution integral over
the Fermi surface.

The anisotropy in the superconducting critical field H, z
has been given in terms of an effective-mass model which
therefore relates to the Fermi-surface and effective-mass
measurements reported in this paper. Thus KHg~-GIC's
provide a unique opportunity to investigate the effect of
variations in the Fermi surface (concomitant with the

1984 The American Physical Society



SHUBNIKOV —dc HAAS EFFECT IN KHg„-GRAPHITE. . .

change in the crystal structure) on the superconducting
properties, because the crystal structure can be varied by
changing the stage. Since quantum oscillatory phenome-
na directly yield the Fermi-surface cross-sectional areas,
thc ShubIllkov —dc Haas tcchnlqUc 1s particularly ap-
propriate to an investigation of the carrier density, the
number of equivalent carrier pockets, and their location in
the 8rillouin zone. Quantum oscillatory phenomena
determine the extremal cross sections of orbits perpendic-
ular to the direction of the magnetic field. Because of the
c-axis anisotropy in GIC's, Fermi-surface topography
studies are carried out as a function of the angle between
the c axis and the magnetic field, and so, in principle, the
volume of each carrier pocket is determined, and the
charge transfer from the intercalate to the graphite layers
can be determined. The anisotropy of the Fermi surface
and the charge transfer have direct implications for the
development of models for superconductivity in GIC's.

Detailed calculations of the electronic structure in these
compounds have not yet been reported. In the absence of
such Inodcl calcu1at1011s %h1ch would allo%v onc to cst1-
mate the hybridization between the K and Hg s and p
bands and the graphite n bands, one generally represents
the electronic structure in terms of unhybridized bands
with electron transfer between the graphite bands and the
1ntclcalRtc bands. Th1s IDodcl leads to R somclvhat ovcf-
slIQpll flcd clcctI"OIllc balld structUrc» but lt serves as R
valuable guide for the interpretation of experimental data.

Here we report the first observations of the
Shubnikov —de Haas (SdH) effect in potassium-mercury
GIC's for stages n =1, 2, and 3. The focus of this inves-
tigation is the development of approximate Fermi-surface
models for these novel superconductors. The Fermi-
surface topography was investigated by varying the angle
between the magnetic field and the (001) crystallographic
axis (c axis). In the stage-3 compounds, the cyclotron ef-
fective masses were derived from the measured tempera-
ture dependence of the amplitudes of the oscillations. The
data are interpreted in terms of a phenomenological
Brillouin-zone-folding model developed by DI'esselhaus
and Leung (DL) for energy bands in GIC's. Their model
is based on a Hamiltonian for a three-dimensional Fourier
expansion of the graphite m bands which accommodates
the larger volume of the Brillouin zone assumed by the in-
tcI'calatlon compound.

EXPERIMENTAL DETAILS

The samples used f'or this investigation were prepared
from both highly oriented pyrolytic graphite (HOPG) and
"kish" graphite host materials after the method of Herold
et Q). Klsh graphite 1s a form of slnglc-cI'ystal glaphltc
prepared by crystallization of carbon impurities from
molten iron, and subsequently purified. The staging fidel-
ity and homogeneity were evaluated by (00l) x-ray dif-
fraction with the use of molybdenum Ka radiation
(A, =0.7107 A). Based on (001) scans, the samples were
determined to be stage 1, stage 2, or stage 3 with a staging

fidelity of better than 96%. The stage-1 and -2 com-
pounds exhibited similar basal-plane (2X2)RO' order as
evidenced by electron-diffraction measurements (in the
temperature range 20 ~ T ~ 300 K); that is, the basal-plane
order is predominately (2X2)RO', although (~3X2)R
(30',0') and (v 3 X v 3)R 30' superlattices were frequently
observed by electron diffraction. We recall that the com-
mensurate intercalate order in the stage-1 compound has
been shown to be extensive. Extensive basal-plane inter-
calate order will augment the amplitude of SdH oscilla-
tions associated with both the intercalate and the zone-
folded graphite in the stage-1 and -2 compounds. The
basal-plane structure of the intercalate in the stage-3 com-
pound is not vrell established, but prehminary work using
electron diffraction indicates that the intercalate is incorn-
mcnsurate at room temperature.

The stoichiometries of the intercalant used for the
preparation of compounds of different stages were KHg
for stage n =1, KHg2 for stage n =2, and KHgz 5 for
stage n =3. ' However, the stoichiometry in the inter-
calation compound is significantly different from that of
the intercalant, since it has been demonstrated that the po-
tassium essentially intercalates the graphite completely be-
fore intercalation of the mercury is irutiated. ' For this
reason an independent determination of the stoichiometry
in the intercalation compound is desirable for the inter-
pretation of Fermi-surface measurements.

A preliminary study of the stoichiometry of single-
stage compounds similar to those used in these experi-
ments was pursued by using Rutherford ion backscatter-
ing spectroscopy (RBS).' In the RBS measurement the
ratios of the concentrations are of the three constituents
derived from the relative height of the backscattered flux
plotted as a function of energy. The results obtained from
onc stRge- 1 compound» onc stage-2 compound» and onc
stage-3 compound show the following stoichiometries:
the stage-1 compound yielded a stoichiometry of
C3KHgo z7, for the stage-2 compound we found
C7KHgo 72, and for the stage-3 compound we found
Cj3KHgo 62. The error in the C:K ratio determination as-
sociated with the estimate of the relative height of the
peaks is 50% in the stage-1 compound, 20% in the stage-
2 compound, and 10% in the stage-3 compound, while the
error associated with the determination of the K:Hg ratio
in each case was less than 10%.

The typical dimensions of the intercalated HOPG-based
samples were 3&1.5)&0.1 mm after cleaving perpendicu-
lar to the c axis in the inert argon atmosphere of a glove
box. The kish-based specimens were irregularly shaped
with dimensions on the same scale. Because potassium-
amalgam GIC"s were found to be air sensitive, the crystals
to be tested were mounted onto the sample holder used for
thc SdH mcasureIIlcIlts 1ns1dc a glove bag pfcssurizcd with
argon gas. A conducting epoxy was used for electrical
contact to the samples. The crystals mere oriented vnth
the c axis perpendicular to the direction of the current.
After making electrical contact to the samples, the sample
holder was loaded immediately into a cryostat, without
exposing the samples to the ambient, and thc cryostat vvas
subscqUcntly cvacuatcd to —10 ToI'I'. Fo1 1QdcpcQdcnt
temperature control, the section of the cryostat containing
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the samples was vacuum isolated from the liquid- He
bath, but typically during the measurement, He gas was
condensed into the cryostat immersing the samples in
liquid He. The stage fidelity of the samples was evaluat-
ed through the use of (00l) x-ray diffraction following the
SdH measurement, and we found no evidence for sample
degradation as a result of the sample handling procedure.

The temperature was controlled by varying the vapor
pressure over liquid "He in the temperature range
1.5 & T &4.2 K, and by using a varitemp Dewar for the
range 2.0 & T ~ 26.0 K. For precise temperature measure-
ments in a magnetic field, a calibrated carbon glass resis-
tor was used.

The transverse magnetoresistance was measured as a
function of the angle 0 between the c axis of the KHg„-
GIC and the magnetic field vector, using the Montgomery
four-terminal method. ' Typically, the dc current, trans-
verse to the field direction, was —1 mA, and the voltage
was detected by a Keithley model 140 dc amplifier. The
measurements were performed at the Francis Bitter Na-
tional Magnet Laboratory using either a 22- or 15-T mag-
net capable of sweeping the field range from zero field to
the maximum field at variable rates. The design of the
sample holder was such that the angle 8 could be varied
from —90' to 90 while the samples remained essentially
centered in the magnet. Expected variations in the mag-
netic field arising from variations in the sample position
were less than +0.5% of the total field. The angular
dependence of the extremal cross sections observed in
these compounds was determined by fixing the angle and
sweeping the magnetic field. The angular dependence was
calibrated against the known dependence of the SdH fre-
quencies in a single-crystal graphite' specimen mounted
adjacent to the KHg -GIC samples on the same sample
holder. The error in the value of the absolute angle is es-
timated to be +2'.

Magnetoresistance data were acquired by computer and
the nonoscillatory component of the data was analyzed by
fitting the magnetoresistance versus magnetic field H to a
third-order polynomial in H. Because the data were fitted
as a function of H, periodic errors in 1/H associated with
the fit were minimized. The superconducting-to-normal
transition occurring below 0.5 T was clearly evident in the
resistance data, but was not studied in detail. The sub-
traction of the polynomial from a synchronized version of
the data yields the oscillatory component of the magne-
toresistance versus H, which is then arranged by using in-

terpolation to monotonically and uniformly cover the
same field range expressed as 1/H. Since the oscillations
in the resistance are periodic in 1/H, the data record was
analyzed using a standard discrete Fourier-transform al-
gorithm to obtain the frequency spectra. The frequency
plots given below for stages 2 and 3 show the variety of
harmonic, sum, and difference frequencies (observed in
more than one sample), and demonstrate the utility of the
Fourier analysis in resolving the details of the spectra.
The data record was digitally filtered to reduce side lobe
contributions in the transform arising from the rectangu-
lar window function of the 1/H record. The digital filter-
ing was accomplished by using either a Hamming or
cosine window for the 1/H record. '
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FIG. 1. Magnetoresistance plotted as a function of magnetic

field (H~~c axis) for (a) stage-1 KHg-kish GIC, (b) stage-2
KHg„-kish GIC, and (c) stage-3 KHg„-HOPG GIC. Charac-
teristic SdH oscillations dominate the high-field portions of each
trace.

EXPERIMENTAL RESULTS

We have experimentally determined that the Fermi sur-
face is stage dependent and the topography is, in general,
anisotropic. Our first series of results demonstrates the
dependence of the Fermi surface on the stage index.

Typical transverse magnetoresistance data taken as 1.5
K are shown in Fig. 1(a) for stage-1, Fig. 1(b) for stage-2,
and Fig. 1(c) for stage-3 compounds. The data in each
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TABLE I. Fermi-surface characteristics determined experi-
mentally, and the predictions based on the Dresselhaus and
Leung model (Ref. 8). The SdH fI'equencies are given in T and
the cyclotron effective masses are in terms of the free-electron
IIlaSS.

Stage Notation
Observed

0, (T) Mass
Calculated

Q (T) Mass

case show a quadratic dependence on H at low fields
(& 2.0 T) characteristic of closed orbits perpendicular to
the field direction in a metal, while the quantum oscilla-
tions characteristic of a particular stage doIDinate the
high-field region of every trace. It is noteworthy that the
superconducting-to-normal transition could be routinely
observed in the stage-2 and stage-3 samples as the mag-
netic field was swept through H, 2, the transition was ob-
served in each case below 0.5 T [see, for example, Fig.
1(c)]. In the case of stage 3, the critical field (H, 2-0.2 T)
was found to be consistent with other measurements. 's'

In order to explicitly show the periodicity in 1/H, we
plot the Fourier power spectrum of the data of Fig. 1.
The results are shown in Fig. 2(a) for stage-l, Fig. 2(b) for
stage-2, and Fig. 2(c) for the stage-3 compound. The
Fourier-intensity plot corresponds to an experimental
trace with H along the c axis. The frequencies observed
for the various stage compounds are tabulated in Table I.
The magnetoresistance traces, the frequencies from which
they are derived, and the angular dependence were repro-
ducible and observed in two samples of stage 1, three sam-
ples of stage 2, and three samples of stage 3. In the
stage-1 and stage-2 samples, frequencies larger than 1000I are observed, while in the stage-3 specimens the highest
frequency observed was 444 T. The spectra of Fig. 2
clearly show that several periodicities are present, and
since the frequency of oscillation is directly proportional
to an extremal cross section of the Fermi surface'
through the relation S~=0.9546X10' Q (cm ), ac-
cording to the tabulation in Table I, the corresponding ex-
tremal cross sections of the Fermi surface are stage depen-
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PIG. 2. Results for the Pourier transform of the oscillatory
magnetoresistance (Pig. l) for stages 1, 2, and 3 are shown in {a),
(b), Rnd (c), fcspcctlvcly. Thc doIIllnant SdH ffcqucnclcs Rfc ex-
plicitly identified on each trace. Typical Pourier intensity plots
corresponding to the condition where the magnetic field vector
ls aligned along thc (001) crystallographic direction. Fol each.
of the dominant frequencies, the measured angular dependence
(dots) is presented in the vicinity of the (001) direction. The
dashed lines indicate the angular dependence corresponding to
an idealized topography (see text).
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dent. In the equation above, S denotes the extremal
cross-sectional area, and the frequency f1~ is in units of
tesla.

In the stage-1 and stage-2 HOPG-based samples, high-
frequency (0 & 1000 T) oscillations were severely
damped' in contrast to corresponding kish-based speci-
mens. The allowed orbits associated with either the inter-
calate or the graphite may be different near grain boun-
daries in HOPG-based samples, since, particularly for
high-frequency oscillations, the cyclotron radius is ap-
proximately equal to the grain size (r, =3000 A). We at-
tribute the larger amplitude of the high-frequency oscilla-
tions observed in the kish-based compounds to the greater
coherence of the crystal structure of kish graphite com-
pounds relative to HOPG-based compounds.

We determined that the topography of the Fermi sur-
face in KHg„-GIC s is highly anisotropic (in direct
correspondence with the crystal structure) by measuring
angular dependence of the various frequencies observed in
each stage compound. The results are summarized in Fig.
2. Because the amplitude of each oscillation decreases as
a function of angle 8, the range of angle for which the
SdH effect is observed was ultimately limited in each in-
stance either by the signal-to-noise ratio or the topography
of the Fermi surface. For the stage-1 specimens we were
unable, with present methods, to observe the angular
dependence of the frequencies beyond 6; i.e., for 8& 6 we
found a quadratic field dependence in the stage-1 com-
pounds, but no resolvable SdH frequencies. For the
stage-2 samples, anisotropy data were observed over the
angular range 8&50' in the frequencies 230 and 210 T,
and the results are consistent with either a cylinder or a
truncated ellipsoid in which the ratio of the major to
minor axes, b/a, is greater than 3. The dashed lines

through the data in Fig. 2(b) are indicative of the 1/cos8
dependence, characteristic of a cylindrical open Fermi
surface. The higher frequencies observed in the stage-2
compound, 1490 and 1250 T, exhibited more isotropic
behavior, as is evident by a comparison to a spherical
model. However, over the limited range of angles for
which we have data, the angular dependence could not be
discriminated within experimental error from that of a
cylinder [dashed line in Fig. 2(b)). The stage-3 angular
dependence results for the frequencies 444, 154, 137, and
15 T shown in Fig. 2(c) can be accommodated by either a
cylinder [dashed line in Fig. 2(c)] or a highly anisotropic
ellipsoid, b/a & 3. Generally, these results on stages 1, 2,
and 3 are consistent with highly anisotropic Fermi-surface
topographies, although because of the limited angular
range for which we have data, we have not determined if
the orbits perpendicular to k, are open or closed orbits.
We observed no resolvable frequencies for 8=90, Hl c.

For stage-3 compounds, we determined the temperature
dependence of the amplitudes of oscillations observed in
the magnetoresistance by using a —15-T magnet. Be-
cause of the apparent number of harmonic, sum, and
difference frequencies that were observed, the cyclotron
effective mass was determined by the slope of the data
compiled in the form ln(A/T') vs T where r is the order
of the interaction' between frequencies identified as fun-
damental. The physical origin of the harmonic, sum, and

1
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6 9
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(2

FIG. 3. Magnetoresistance as a function of field for a stage-3
KHg„-HOPG sample at selected temperatures.

difference frequencies was not investigated in this work.
However, similar observations have been reported in other
GIC's and have been related to magnetic breakdown or
magnetic interaction effects. ' ' The order of the interac-
tion was assigned on the basis of measured values of the
frequency and the amplitude. In the case of stage 3, we
tentatively identified the 290-, 150-, and 15-T frequencies
as fundamentals, and we have noted that 137
T-(150—15) T= 135 T, that 308 T-(290+ 15) T=305
T, and that 444 T-(290+ 150) T=440 T. For the case
of both the harmonic and combination frequencies, the
cyclotron effective masses associated with the correspond-
ing frequencies will add. We found that it was possible to
clearly observe the temperature dependence of the ampli-
tudes for some frequencies over the temperature range
1.8 & T &26 K, as illustrated for selected temperatures in
Fig. 3. The amplitude A was taken from the intensity
found in the Fourier power spectrum where a filter was
used to select a narrow range of magnetic fields, 0.15 T
wide. The measured amplitude was then associated with
an average magnetic field value taken from the center fre-
quency of the passband of the filter. The cyclotron mass
is related to the slope s and value of magnetic field H
through the formula

m'/m, = —ln(A /T')/(vT)2~kiim, c =Hs/14. 59,
where H is given in T, kii is the Boltzmann constant, c is
the speed of light, and m, is the free-electron mass. The
amplitude data as a function of temperature are shown in
Fig. 4(a) for the fundamentals and in Fig. 4(b) for the sum
and difference frequencies that could be unambiguously
resolved. The results are also tabulated in Table I. The
effective masses associated with the sum and difference
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frequencies are found to be consistently higher than the
values observed in frequencies identified as fundamentals.
The cyclotron effective masses were obtained from two
specimens, and were found to be consistent from sample
to sample.

The cyclotron effective masses associated with the fun-
damental frequencies found in stage-3 compounds are

FIG. 4. Plot of ln(A /T') vs T, where 2 is the amplitude of
SdH osciBations taken at a field of 10-T. The abcissa is labeled

by the temperature T and r is the order of the oscillation. In (a)

the cyclotron effective 111asscs alc ldcntlf lcd with fundamental

frequencies (r =1), while in (1) the masses are identified with

sums of fundamentals (r =2}. The slope of the least-squares-
fitted line through the experimental points determines the mass,
which is indicated on the figure along with the corresponding
SdH frequency.

consistent with either the effective masses observed in
graphite-intercalation compounds, ' or with cyclotron
effective masses previously observed in crystalline mercu-
ry. The masses associated with the sum and difference
frequencies can be represented as a summation of the
masses identified with the fundamental frequencies. For
example, the effective masses corresponding to the fre-
quencies 444 and 308 T are shown to be approximately
equal to the sum of the cyclotron masses associated with
the relevant fundamentals, supporting our identification
of these frequencies as combination modes, i.e.,

m*(444 T)lm, =0.47-m ~/m, +mr /m,

=0.14+0.18=0.32,

m (308 T)jm, =0.40-m~ jm, +mr/m,

=0.20+0.18=0.38 .

The effective mass corresponding to the 15-T oscillation is
sensitive to the polynomial fit used to remove the back-
ground magnetoresistance, and consequently the error as-
sociated with the mass determination is comparable to the
magnitude of the mass.

Finally, in some cases, but not consistently, additional
SdH frequencies were observed in samples designated as
pure stage on the basis of an (00l) x-ray-diffraction char-
acterization of the stage, suggesting the coexistence of two
different stages. For example, in one stage-2 sample, in
addition to the frequencies listed in Table I under stage 2,
we found frequencies at 55, 1090, and 2500 T, characteris-
tic of the stage-1 Fermi surface, and at 150 T, characteris-
tic of the stage-3 Fermi surface. Similarly, in one stage-3
sample we observed frequencies at 230 and 1250 T,
characteristic of the stage-2 compound. In each case the

amplitudes corresponding to these oscillations were less
than 2% of the peak amplitudes observed in the Fourier
transform of the traces of the pure stage specimens, while
the additional frequencies did not deviate more than 2%
from the pure stage values. We conclude that the conven-
tional (001) x-ray-diffraction —characterization technique
is an inadequate measure of the homogeneity of the stag-
ing order for SdH measurements, because the magne-
toresistance measurement for homogeneous systems is
sensitive to the bulk properties of the compound while
molybdenum Ea x-ray radiation has an extinction depth
of only -35 pm (in stage-1 KHg-GIC's).

DISCUSSION

The basal-plane structure and basic symmetry of the
graphite layers in KHg„-GIC's are the same as in pristine
graphite with approximately the same lattice constant,
ao ——2.46 A, and the basal-plane ordering of the inter-
calate is also reminiscent of the parent material. ' The in-
tercalate in stage-1 and -2 KHg„-GIC's was first found by
Herold et al. ' to be positionally commensurate to the ad-
jacent graphite basal planes, and arranged in an hexagonal
network where the unit vectors are twice that of graphite,
a (2 &&2)RO' superlattice which corroborates our observa-
tions. Along the c axis, the thickness of the intercalate
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layer, d;, found in this work in the stage-1 compound
(d;=6.85 A) is identical to the value found in stage 2,
while the value for d; in the stage-3 compound is 5.7 A.
The ideal stoichiometry of the KHg„-GIC's according to
the structure proposed by Herold et al. ' is C4„KHg.
There are 8Xn carbon atoms corresponding to a stage-n
compound with a (2X2)RO' unit cell, but after Herold'
the multilayered structure of the intercalate has two po-
tassium and two mercury atoms per primitive cell. The
ideal stoichiometry for the stage-3 compound is not
known; in the analysis we assumed for simplicity that the
stoichiometry C4„KHg was also applicable to this stage.

In order to interpret the SdH data, we have applied the
DL (Ref. 8) model for the electronic dispersion in GIC's.
To accommodate the (2X2)RO' basal-plane superlattice,
and the staging order in the stage-1 and stage-2 com-
pounds, the Hamiltonian is zone-folded, and a unitary
transformation, which preserves the eigenvalues of the
Hamiltonian, maps the zone-folded Hamiltonian into a
"layer" representation. For a stage-n compound in this
model, n graphite layers are retained in the transformed
Hamiltonian while the ( n +1)st layer is transformed into
an intercalate layer. In the simplest approximation used
in this paper, the intercalate layer is then idealized as a
"vacuum" layer which decouples the nearest-layer interac-
tion between the bounding graphite layers and the "emp-
ty" intercalate layer.

To construct the Fermi surface from the dispersion re-
lations, we first determined the Fermi energy according to
the criterion that the largest experimentally observed ex-
tremal cross section identified with graphite be associated
with the largest cross section about the E point in the
model. According to the DL model, the number of cross
sections and the corresponding frequencies depend on the
Fermi level. To optimize the fit to the data in terms of
the number of cross sections and the corresponding fre-
quencies, a number of possible fits for the observed cross
sections were investigated. The choices given below are
not unique and do not reproduce all of the features of the
data, but the choices were found to be consistent with the
charge transfer estimate reported by Conard et al. For
economy in the analysis, the dispersion along the E-H
direction was ignored, which implies that the Fermi-
surface topography is cylindrical.

In the analysis of the data, we idealized the basal-plane
structure of the intercalate in KHg„-GIC's as being
(2 X2)R 0', independent of the stage, and assumed a
stoichiometry of C4„KHg, although deviations from this
"ideal" structure and stoichiometry were noted in the
characterization of the specimens used in his work. The
C:K ratio determined by RBS,' from one stage-1 sample,
one stage-2 sample, and one stage-3 sample, agrees within
experimental error with the stoichiometry proposed by
Herold et al. ,

' while the K:Hg stoichiometry does not
agree with the "ideal" stoichiometry within the error.
The differences observed in the stoichiometry may be at-
tributed to either the variety of basal-plane structures ob-
served in these compounds or desorption of mercury as a
result of improper handling. The difference in the struc-
ture and stoichiometry are particularly evident in the
stage-3 compound in which the basal-plane order was ob-

served to be incommensurate in one observation at room
temperature, and the intercalate layer thickness d; was
found to deviate from the value found in stages 1 and 2 by
1.1 A. In addition to the idealization of the structure of
these compounds, we assumed that the experimentally ob-
served extremal cross sections were located at the
Brillouin-zone edge. This assumption has implications
for the calculation of the charge density because of the
multiplicity (2X) of carrier pockets associated with the
zone edges. The multiplicity of carrier pockets arising
from the identification of the SdH orbits with carriers at
the zone edge augments the amplitude of the SdH oscilla-
tions. Since we were able to observe high-frequency oscil-
lations, the observation itself implies that the high-
frequency orbits are associated with the zone edges.

In Table I the values of the Fermi energy EF and the
extremal cross sections about the E point corresponding
to the DL model are listed for each compound according
to the stage index. The position in frequency of the ex-
tremal cross sections calculated on the basis of the DL
model reproduce approximately some of the cross sections
observed experimentally. It should be emphasized that
except for the parameters in the Fourier expansion for the
graphite m bands which have been justified by previous
experimental work, ' and our criterion for the identifica-
tion of the Fermi energy, there are no adjustable parame-
ters in the DL model.

In our analysis of the results obtained from the stage-1
compounds, we identified the largest cross section ob-
served at 2490 T with the only cross section predicted by
the DL model. Because of the limited available angular
range, the topography measured in stage-1 compounds did
not discriminate between the cylindrical Fermi surface
described in this model and, for example, a spherical to-
pography possibly more characteristic of the intercalate.
Two additional frequencies were identified at 1050 and 50
T, in the stage-1 compound, which are not accommodated
in the DL model. If dispersion along the E Haxis and-
the stacking symmetry are included, other extremal cross
sections at the E and H points can occur in the model,
but the dispersion in zone-folded graphite is negligible
with respect to the difference required to produce both the
2490- and the 1050-T orbits. Alternatively, if the 1050-T
orbit is associated with the graphite, it is necessary to
reexamine our initial hypothesis concerning the homo-
geneity of the (2X2)RO' phase (since for stage 1 there is
only one graphitic carrier pocket according to DL). The
interpretation of the 1050- and 50-T cross sections in
terms of multiple basal-plane structure is appealing since
multiphase coexistence has been observed in these com-
pounds. It is also possible that these SdH frequencies
correspond to orbits associated with intercalate bands.
The coherency of the structure of the intercalate layer
may be sufficient in the stage-1 compound to support
orbits with a cyclotron radius of uF/co, = —1000 A,
where uF is the Fermi velocity and co, is the cyclotron fre-
quency. It has been shown that the extent of the basal-
plane structure of the intercalate is at least comparable to
this value.

For the stage-2 compound, the number of orbits identi-
fied in the data is larger than that predicted by the DL
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model. For the assignment shown in Table I, the 1284-T
orbit was identified as the largest graphite extremal cross
section. Based on this choice the predictions of the model
yield orbits at 1254, 407, and 381 T, which are respective-
ly identified with the 1250-, 221-, and 190-T frequencies
observed experimentally. The angular dependence of the
1250-, 221-, and 190-T orbits are consistent with this in-
terpretation within the experimental error. By noting that
1490 T-(1284+221) T and 28 T-(221 —190) T, it is
also possible to identify the 1490- and 28-T orbits as sum
and difference frequencies in this interpretation corre-
sponding to the fundamental frequencies identified in the
DL model: 1284, 1250, 221, and 190 T. The discrepancy
between the magnitude of the frequencies predicted by the
model (407 and 381 T) and the frequencies observed ex-
perimentally in the stage-2 compounds (221 and 190 T)
may be indicative of a strong hybridization of the gra-
phitic and intercalate orbitals. The orbits observed at
1119 and 50 T are not identified with the chosen assign-
ment and may be associated with either intercalate orbits
or graphitic orbits arising from inhomogeneities in the su-
perlattice order.

In the case of stage 3, the frequencies predicted from
the DL model agree qualitatively with the identification
of fundamental orbits made on the basis of the cyclotron-
mass data. Using the 290-T orbit to fix the Fermi level,
we subsequently identified the 108-T prediction with the
155-T frequency observed experimentally. However, the
cyclotron effective masses obtained from the model ac-
cording to the formula

m' =(i' /2n )(BS/BE)E

do not agree within the error of the measurement, suggest-
ing that the graphitic and intercalate energy levels are hy-
bridized.

The charge transfer per carbon atom fc was estimated
for each stage compound from the DL model by an in-
tegration over the volume of the Brillouin zone defined by
the Fermi surface. Since the Fermi surface was defined to
be cylindrical, the volume is determined by multiplying
the extremal cross sections at the X point by the
reciprocal-lattice vector 2~/I, . To obtain a value for fo
the result of the integration was divided by the product of
the volume of the Brillouin zone corresponding to the su-
perlattice and the number of carbon atoms per primitive
unit cell. The results of the calculation are summarized in
Table I.

Conard et al. " determined the charge transfer to the
carbon layer for the ternary compounds C4KHg and
C&KHg from the Knight shifts of the ' C line. The
values reported by Conard for the stage-1 and stage-2
compounds are fc(n =1)= —0.072 and fc(n =2)
= —0.040, respectively, which are consistent with the pre-
dictions of the DL model of fc(n =1)=—0.063 and
fc(n =2)= —0.049, respectively, based on the SdH data.
The values for fo listed in Table I indicate an abrupt
change in the ionization of the intercalate in the stage-3
compound which may be due to the change in the struc-
ture and stoichiometry of the intercalate layer noted
above.

TABLE II. Comparison between the density of states derived
from the low-temperature heat-capacity data (Ref. 4), and the
results of the Dresselhaus and Leung model (Ref. 8) for GIC's.
By subtracting the graphitic density of states from the value
measured in Ref. 4, an estimate for the intercalate density of
states is obtained. Values for the charge transfer per carbon
atom fc and the Fermi level EF, calculated on the basis of the
model, are included.

Stage fc EF
X(E,)y10"

Expt' DL Model

—0.063
—0.049
—0.034

'Reference 4.
Reference 8.

1.53
1.0
0.32

226
63

16.0
21.0
7.6

The estimate given for the charge transfer and the cal-
culation of the dispersion according to the simplest ver-
sion of the DL model both assume no shift in the bound-
ing layer potential. The approximation of a shifted
bounding layer potential for the stage-3 compounds would
allow the charge to be more localized on the bounding
graphite planes. However, in the limit that the charge
transfer to the interior graphite layers is zero so that the
number of carbon atoms in the calculation of the charge
transfer is reduced, the charge transfer per carbon atom is
only fc(n =3)=—0.0047, which still implies an abrupt
change in the ionization of the intercalate as the stage is
increased from n =2 to n =3.

We found further support for the identification of the
orbits made here on the basis of the DL model in the
low-temperature specific-heat data reported by Alexander
et al. According to Alexander, if a GIC molar weight
(G ~) is defined by the relation

G =(Aa+Aa+xAc)/(2+x)

corresponding to the chemical formula C„AB, where A&
denotes the atomic weight corresponding to element Q,
then the electronic components of the specific heat y in
stages 1 and 2 are 0.95 and 0.42, respectively, in units of
(mJ/molK ). If we ignore the electron-phonon enhance-
ment factor, the density of states at the Fermi surface per
atom per electron volt is given by

N (Ep) =0.424y(2+4n),

where (2+4n) is the number of atoms per formula unit.
This expression for the density of states per atom consists
of contributions from both the intercalate density of states
(assuming that the intercalate is not completely ionized)
and the graphitic density of states. On the basis of the
DL model proposed for the Fermi surface in KHg„-
GIC's, we have estimated the density of states attributed
to graphitic carriers at the Fermi level. A comparison
with the results reported in Ref. 4 is given in Table II.
The results can be interpreted to show that the ionized in-
tercalate layer does contribute significantly to the elec-
tronic specific heat at least for the n (3 compounds.
This result is consistent with observations in stage-1
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CsK, another superconducting GIC, for which the oc-
currence of superconductivity requires occupation of both
graphite and intercalate bands.

It should be pointed out that the DL model in its sim-
plest form deals only with graphite sr-electron states. It
does not consider any in-plane zone-folding effects. A
simple geometrical argument indicates that any orbit with
a period &1200 T should be affected by in-plane zone
folding. Furthermore, the model also does not consider
any extremal cross sections of Fermi surface associated
with intercalate states (i.e., s, p, or d states associated with
K or Hg). Since some intercalate states in these com-
pounds are almost certainly occupied, there should be
Fermi-surface cross sections associated with these elec-
tronic states. The effective-mass determination also yields
information on the identification of the electronic state,
since intercalate states would have very different effective
masses than those which can be calculated for m. bands.

on the basis of the phenomenological model due to
Dresselhaus and Leung. In this application of the model,
we have deduced from the SdH data that the intercalate is
not completely ionized with charge transfer values con-
sistent with the results of Conard et al. , although the
number and position of the frequencies predicted by the
model are not in quantitative agreement with experiment.
It is also evident by comparing the density of states ob-
tained from the DL model with low-temperature heat-
capacity measurements performed by Alexander et al.
that the intercalate contributes significantly to the density
of states at the Fermi level for stages 1 and 2. The simple
DL model gives only qualitative information on the elec-
tronic structure. A more exact calculation of the electron-
ic band structure in these compounds would greatly assist
the interpretation of the experimental results on the
Shubnikov —de Haas effect.
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