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Anisotropic superconductivity in C4KHg
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Superconducting transition temperatures between 0.7 and 1.5 K are reported for the stage-1
potassium-mercury graphite intercalation compound (GIC) C41(Hg. A number of experiments
have been performed to investigate the diR'erences between the C4KHg samples at eit,her ext. reme
in T,. The only structural difference appears to be that the P phase (characterized by a c-axis
lattice constant I,=10.83 A) is consistently found in the lower-T, samples, while the higher-T,
samples always contain only the a phase (I,=10.24 A). Adding a, minute amount of hydrogen to
the T,=0.8 K samples raises their transition temperature to l.5 K. Measurements of the angular
dependence of the critical field suggest that the higher-T, samples have type-I character for a
range of applied field orientations near H [[ c. The temperature dependence of the upper critical
field of C& KHg shows extended linearity of II,z zc(T) for both types of samples. The critical-field
data of CqKHg and other GIC s are discussed in light of multiband and anisotropic Fermi-surface
models of superconductivity. The thermodynamic parameters obtained from the critical-field
experiments are compared. to the specific-heat data of Alexander et al. A charge-density-wave
hypothesis first proposed by DeLong and Eklund is suggested to explain the hydrogen-induced
enhancement of T,.

I. INTRODUCTION

The superconducting graphite intercalation com-
pounds (GIC's) are among the most intensively studied
layered superconductors. i z Initially most research efforts
centered on the first-stage compounds CsM, where M
is a heavy alkali metal. These compounds consist of
alternate graphene (hexagonal carbon network) planes
and layers of alkali-metal atoms. The occurrence of su-

perconductivity in these GIC s is surprising, since nei-
ther of the starting constituents (graphite or the alkali

metal) is superconducting. In recent years the focus of
GIC superconductivity research has shifted to the ternary
compounds5 in which the intercalant unit is made up of
an alkali metal and a heavy metal in a trilayer sandwich.

An extensive study of superconductivity in the MHg
GIC's and MT1 GIC's was performed by Iye and
Tanuma sSupercon. ductivity of the second-stage com-
pound CsKHg was also studied by Pendrys et al.7 Sev-

eral unusual features were found:s s an unusual temper-
ature dependence of the upper critical-field H, (Tz), and
critical-field anisotropy (H,z ~c/H, z ~~c ) ratios as large
as 47. The unusual temperature dependence consisted
of either extended linearity of H,q(T) [i.e., H,2(T)
oc (I —T/T, ), to unusually low temperatures] or pos-
itive curvature (d H, z/dT ) 0) of H, (Tz). Positive
curvature of H, (Tz) is contrary to the usual low-

temperature saturation of H,q(T) seen in most type-II
superconductors. 9 Yet positive curvature or extended
linearity of H, (Tz) appears to be a common feature of
nearly all layered superconductors. ii An understanding
of this anomalous critical-field behavior is particularly of
interest because the high-T, oxide superconductors are
also anisotropic layered materials.

The superconducting transition temperature of C4KHg
has been reported to be anywhere in the range from 0.7 to
1.5 K. ' ' Understanding this T~ variation may well be
an important erst step in determining the stage depen-
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dence of T, in the KHg GIC's. Raman scattering and
transmission electron microscopyi4 (TEN) have been
employed by Timp ef al. to examine the differences be-
tween C4KHg samples at the two extremes of T„but
no full comparison of the superconducting properties has
been made. In this work a detailed study of the super-
conductivity of C4KHg is reported, including neutron-
diffraction, critical-field, and hydrogenation experiments.
Preliminary results have been reported previously.

II. SAMPLE PREPARATION
AND CHARACTERIZATION

The C4KHg specimens used in these studies were syn-
thesized using the two-zone vapor-phase intercalation
technique pioneered for these materials by El Makrini
et al. i7 The starting amalgams ranged in composi-
tion from KzHgs to KsHg4. No systematic effects were
seen as a function of the starting alloy composition. The
amalgam temperature during intercalation was varied be-
tween 200 and 260 'C. In addition, the graphite tempera-
ture was independently varied from 0 to 10 'C above the
amalgam temperature. The intercalation reaction was
always allowed to proceed for at least two weeks. The
intercalation ampoules were withdrawn from the furnace
after they had cooled nearly to room temperature.

Timp found that the application of a 10 'C temper-
ature difi'erence between the graphite and the amalgam
during intercalation increased the disorder in the inter-
calant layers and lowered T, .iz He reported a gold color
for lower-T, disordered specimens and a pink color for or-
dered T, = 1.5 K ones. iz Timp also reported that a tem-
perature difference between the graphite and the amal-
gam increases the amount of the (~3x 2)R(30', 0') phase
as compared with the majority (2 x 2)RO' phase. The
(2 x 2)RO' in-plane ordering is associated with a 10.24-A
c-axis lattice constant and has been called the n phase. is

The (~3x 2)R(30', 0') ordering has been positively iden-
tified with the c-axis lattice constant I, = 10.83 A by
Kamitakahara et al. is The I, = 10.83 A. phase is called
the P phase. za Kim et al.zi report that application of a
temperature difFerence during intercalation increases the
amount of the P phase, in agreement with the finding of
Tlmp.

In this study, x-ray and neutron diffraction were used
to characterize the C4KHg specimens for staging fidelity
and phase purity. The x-ray characterization was per-
formed at MIT using Mo I&a radiation in a 8-28 ge-
ometry. Neutron-diffraction (00l) spectra were taken
at the National Institute of Science and Technology re-
search reactor using the BT-4 triple-axis neutron difFrac-
tometer with thermal neutrons of wavelength 1.528 A. .
Neutron-diffraction spectra, of pink (single-phase) and
gold (mixed-phase) C4KHg specimens are shown in
Fig. 1. Interestingly, neutron diffraction revealed the
presence of about 10' P phase in a sample which showed
only n-phase peaks in x-ray difFraction spectra. This in-
consistency is undoubtedly due to the limited penetration
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FIG. 1. Neutron diff'raction (008) spectra of pink and gold
C4KHg specimens. (a) Only the peaks of the I,=10.24 A e
phase are visible in the pink specimen. (b) Both the I,=10.24
A n phase and the I,=10.83 A P phase show peaks in the gold
specimen. The P-phase peaks are marked with arrows.

depth of x rays in C4KHg (about 35 pm). Obviously
caution is advisable when using x-ray diffraction to in-

terpret the results of experiments that measure the bulk
properties of C4KHg.

In all, over 20 batches of C41&Hg were prepared and
characterized. The assertion that a 5—10 'C tempera-
ture difference increases the amount of the P phase was

strongly confirmed. However, the P phase can also be
formed under nominally isothermal intercalation condi-
tions, sometimes even in the same ampoule with pure
n-phase specimens. It, seems likely that variables that
are difficult to control precisely (such as the condition of
the edges of the graphite flake) may affect the speed of
the intercalation reaction and determine the final ratio of
the two phases iu a sample. Pure P-phase specimens have
never been produced, as previously noted by Lagrange.
Pure a—phase specimens were routinely produced and
found to be pink in color, while mixed (n + P)-phase
specimens were variously gold or copper in color.

Ir order to derive quantitative structural information
from the neutron diffraction data shown in Fig. 1, the
integrated intensities of the difFraction patterns were fit
to a five-layer modelz4 of the unit cell. A gradient-least-
squares optimization algorithm was employed to obtain
the residual-minimizing parameters. The Lorentz fac-
tor was corrected fcr the specimen's mosaic spread using
a standard procedure. Further details of the analysis
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TABLE I. Parameters obtained from fits to CqKHg neu-
tron and x-ray diKraction data. I, is the c-axis lattice con-
stant, NHz is the number of Hg atoms per four carbon atoms,
zK is the distance between the potassium layers and the cen-
ter of the intercalant sandwich, and Qz is the separation of
the Hg layers. The majority and minority phases have also
been called the n and P phases, respectively.

Spectrum type

Gold, majority (a)
pink, majority (a)
Majority (n)"
Minority (P)"
Majority (a)'

I. (A)

10.24
10.24
10.24
10.83
10.16

Niis zK (A)

1.1
1.0
1.0
1.3
1.0

2.0
2.3
2.1
2.8

2.34

~. (A)

0.18
0.0
0.0
0.0
0.25

'Reference 29.

Reference 30.
'Reference 18.

are given in Ref. 28. Only the majority o.-phase inten-
sities were fit because the number of observed P-phase
peaks was too small. The results of the analysis are com-

pared to the parameters obtained by previous investiga-
tors in Table I.

Careful examination of Table I shows that the struc-
tural and stoichiometric differences between the major-
ity (o;) phases of the gold and pink specimens are small.
The parameters in Table I obtained from the structure-
factor fits are in good agreement with those of Ref. 29.
In conjunction with the results of wet chemical analysis
on samples whose T, was known, M the results in Table I
contradict the assertionis s' that the gold mixed-phase
C4KHg samples are mercury deficient The ge. neral con-
clusion from the neutron diffraction experiments is that
the majority-phase material in the gold and pink samples
appears to be the same. The only reproducibly observed
difFerence in the normal-state properties of the gold and
pink C4KHg samples is that tlie gold (T, = 0.8 K) sam-
ples are mixed phase, while the pink (T, = 1.5 K) samples
are pure n phase. The superconducting properties of the
single-phase and mixed-phase samples are compared in
detail below.
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ments. The sample holders were fixed inside Pyrex tubes,
which were then filled with purified helium gas to ensure
good thermal contact with the bath at cryogenic temper-
atures. After mounting, the (00!) x-ray spectrum of the
sample was taken again to ensure that no sample deteri-
oration had occurred.

The superconducting transitions were measured by
monitoring the ac susceptibility of the sample as the tem-
perature or magnetic field was swept. A standard ac in-
ductance bridges with excitation field 0.2 Oe at 490 Hz
was used to monitor the magnetic susceptibility. Tem-
perature readings were obtained from a calibrated ger-
manium resistor (Lake Shore GR-200A-100), and from a
capacitive pressure sensor (MKS Instruments, Inc. , Bara-
tron) that monitored the sHe vapor pressure. Given the
accuracy with which the induced signal and dimensions
of the intercalated specimen are known, it can be stated
that the superconducting areal fraction of the GIC's used
in this experiment was typically (80+ 20)%. The zero-
field transition temperature, T„was defined to be the
intersection of a line drawn tangent to the most linear
part of the inductance versus temperature points with
the temperature-independent upper part, of the transi-
tion at a point where the sample was 90% normal (see
inset of Fig. 2). The transition width, b.T„was defined
as the interval between the 10% and 90% completion
temperatures of the transition. The dimensionless (T;
independent) figure of merit used here to characterize
sample quality is b,T,/T, . Values of bT, /T, ranged from

III. EXPERIMENTAL DETAILS

The angular and temperature dependence of the upper
critical field H, 2 of C4KHg were previously measured by
Iye and Tanuma for samples with a zero-field transition
temperature of about 0.8 K. The new study reported here
has two goals. One goal is to determine if the supercon-
ducting properties of the gold mixed-phase C4KHg sam-
ples are similar to those previously reported. The other
aim is to measure the critical fields of the pink single-
phase C4KHg specimens to see what can be learned about
their diR'erences relative to the gold mixed-phase samples.

After characterization for staging and phase purity,
the GIC samples were affixed to copper mounts using
Apiezon N grease. These mounts were designed so that
the samples could not move during the H, ~ measure-
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FIG. 2. Critical field H,2 as a function of the angle 8
for lower-T, CqKHg samples. Fits (solid lines) were calcu-
lated using Eq. (1). Data are for a gold C4KHg specimen
with T,=0.95 K (o) and also for a T,=O 73 K sample (~ ).

from Ref. 34. For the T,=0.95 K sample, 1/e = 10.0 and
II~(0')=24 Oe with a residual R=0.29. For data of Ref. 34,
1/a=11.3, II,2(0')=26 Oe, and R=0.090. The inset shows
hoer T, eras determined from the zero-field superconducting
transition of one of the samples.
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about 0.2 for poorly ordered samples to about 0.01 for
well-ordered specimens. H, 2 is determined graphically
from plots of inductance versus field and is defined as the
field where a line drawn tangent to the most linear part
of the normal-superconducting transition intersects the
H-independent upper portion of the field sweep. (This
is the same definition as was used in Ref. 6.) The an-

gle 8 that was varied in the angular dependence of the
H, g measurements is defined as the angle between the
applied field and the crystallographic c axis. (Note that
this angle is the complement of that usually called 8 in
the thin-film superconductivity literature. s

) The possi-
ble influence of flux-trapping and flux creep effects on the
H, 2 measurements was experimentally investigated and
found to be unimportant for the samples used in this
study.
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IV. EXPERIMENTAL RESULTS

A. H„(8) in C4KHg

In Fig. 2, H c(s8) data are shown for two lower-T,
C4KHg samples, one a gold T, = 0.95 K specimen pre-
pared at MIT, and the other a T, = 0.73 K sample whose
critical fields were reported by Iye and Tanuma. s4 The
solid curves are fits to the formula

FIG. 3. Critical field H, q as a function of the angle 8 for
a pink T,=l 54 K C. 4KHg sample at t =— T/T, =O 57 Fi.ts.
(solid line and o) were both calculated using Eq. (1). The
curve marked with 0 is the residual-minimizing fit, which was
produced with parameters K,q(0')=33 Oe and 1/ e5.5. For
this fit, R=1.25. The solid curve is the result of forcing the
fit through the data points at 8 = 0' and 90'. The resulting
parameters are K, (02')=38.5 Oe, 1/a=7. 7, and R = 4.49.

H (8)
(cos2 8 + g2 sin 8)i/2

where e is the critical-field anisotropy parameter of Mor-
ris, Coleman, and Bhandari, s defined by

~ = Hc2, [[c/Hc2, J.c & (2)

and H (c0z') is H, 2 ~~c. The fits were chosen to minimize

the residual para, meter g.:

) (Hexpt Htheor)2/( z

where the errors 0; are estimated as

o';(8) = 0.1 H,'"P'(1.0+ sin 8),

and v is the number of free parameters. This form for
0;(8) accounts for the fact that a small error in read-
ing 8 produces a much larger error in H,~ when 8 is
near 90e than when 8 is near O'. Equation (1) describes
the angular dependence of the critical field of anisotropic
three-dimensional-coupled superconductors with uniax-
ial symmetry.

s ss As Fig. 2 shows, this formula gives a
good description of the H, ~(8) data for the lower T, gold-
C4KHg samples.

The angular dependence of the upper critical-field
H, 2(8) data for two T, = 1.5 K samples is shown in Fig. 3
along with two curves produced by Eq. (1). The curve
marked by open circles (o) is the residual-minimizing
curve according to the definition in Eq. (3). Using other
reasonable functional forms for 0;(8) in Eq. (3) [such as
assuming an angle-independent error o;(8)=crj did not

produce a fit that goes through the peak of the data. If
t,he fit is forced through the data at 8=90', the solid curve
in Fig. 3 is the result. Extensive experience in trying to
fit the H (c8z) data of T,=1.5 K C4KHg samples shows
that Eq. (1) is inadequate as a detailed description of the
experimental results. The role of sample quality on the
functional form of Hcz(8) was investigated in detaiPs and
cannot explain the experimental deviations from Eq. (1).
Possible causes for the poor fit quality, such as sample
polycrystallinity and improper alignment, were studied
in detail and found to be unimportant. 2s

The specific-heat data of Alexander et al. suggest an
alternative explanation for the deviations in Fig. 3. Us-

ing the linear specific-heat coeflicient 7=0.95 mJ/mol K2

measured by Alexander et Ol. , the zero-temperature ther-
modynamic critical field H, can be estimated using the
standard formula~ H, (T = 0) = (2x7Tc ) / . No suPer-
conducting transition was measured down to 0.8 K dur-
ing the specific-heat measurements, so it is not clear
that this linear specific-heat coefBcient is appropriate for
a T,=1.5 K sample. Nonetheless, an estimate of 0, can
be made if one further assumes a (2 x 2)RO' structure
in order to calculate the molar volume. This procedure
gives 112 Oe for H, at T =0 K for the T,=1.5 K pink
samples, and 53 Oe for the T,=0.8 K gold samples. Using
the usual quadratic form for the temperature dependence
of H, results in an estimate of 75 Oe for the thermody-
namic critical field for the pink samples at the reduced
temperature f = T/T, = 0.57. Since, as Fig. 3 shows,
75 Oe is larger than the measured H, 2(8) for 8 less than
about 70', this value of H, suggests that superconduc-
tivity in T,=1.5 K C4KHg samples is type I in character
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H, 2, H, 2(8) & H, (type-II region)
H„H,z(8) ( H, (type-I region) . (5)

for most applied field orientations.
When H, is greater than H, z, H, will be measured

as the upper critical field. Since H, is a thermodynamic
quantity, it is expected to be angle independent. If type-I
superconductivity is present for some range of angles, one
expects a modified angular dependence H, z(8) defined by &u 60~

~ ~ «~W

cU 40

Hll"

This piecewise continuous type of angular dependence
has previously been observed4 ss in CsK and in TaN.
Using Eq. (1) for H, s(8), the H, z(8) dependence defined

by Eq. (5) has been fit to the angular-dependence data
for the T,=1.5 K C4KHg samples. In the fits to Eq. (5),
H, was taken as a free parameter in addition to H, (z0')
and e. The resulting fit is shown in Fig. 4. Consultation
of standard statistical tablesss shows that the addition
of the third free parameter H, is justified by the factor
of 1.5 reduction in the residual index. The hypothesis
of type-I superconductivity in the higher-T, pink C4KHg
specimens therefore appears to be justified not only by
the specific-heat measurements of Alexander et al. , but
also by the improvement in the H, (z8) fits provided by
the use of Eq. (5).

B. 1X„(T)in C4KHg

H, (zT) data for a T,=1.5 K C4KHg sample are shown

in Figs. 5 and 6. The data were taken with the applied
field both parallel (Fig. 5) and perpendicular (Fig. 6) to

300

20—

0 I I i I i I

0.4 0.8 1.2
Temperature (K)

1.6

the c axis of the graphene planes. In Fig. 5, the H, z IIc
data are shown along with the best fit to the quadratic
orm

H, 2 IIc
——H, z IIc (0)(1 —t )

This quadratic temperature dependence is expected for
a type-I superconductor.

For the H,2 ~c data in Fig. 6, one of the fits is a sim-
ple straight line, while the other is calculated from the
Werthamer-Helfand-Hohenberg (WHH) equation, which
describes the temperature dependence of the upper crit-
ical field of a typical type-II superconductor. s ss For the

FIG. 5. Critical fields vs reduced temperature with H ll c
for a T, 1.5 K pink C4KHg sample. Solid circles (~) denote
data points; the open circles (o) denote a quadratic fit to the
data with H, (z0) = 64.0 Oe, T,=1.55 K and R=1.2x10
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FIG. 4. H,z(8) data for a T,=1.54 K C4KHg sample at
t =0.57. Same data (o) as in Fig. 3, only now fit to the mod-
ified angular dependence of Eq. (5), which allows for type-I
superconductivity near 8 = O'. Parameters for the fit are
H,2(0')=19 Oe, 1/&=15.5, and H, =43 Oe, while R=0.84.
The remaining deviations in the wings of the peak may be at-
tributable to angle-dependent demagnetization effects. The
arrow on the left axis marks the estimated magnitude of
H, =142 Oe after correction for demagnetization (see text).
This value of H, would imply type-I behavior for 8 ( 80',
and type-II behavior for 8 & 80'.

I

0.2
I i I

0.4 0.6
t = T/Tc

0.8 1.0

FIG. 6. Comparison of the WHH model and linear fits
to the H, z zc(T) data taken on a pink T,=l 54 K sample. .
(s) denote data points, the solid line denotes a linear fit with
H,q(0)= 48 7Oe, T,=1.52 K, and R=0.69. (o) denote WHH
model fits with H, (0)=z518 Oe, T,=1.53 K, and R=1.6.
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T,=1.5 I& samples, the residuals for the linear fit are con-
sistently at least a factor of 2 lower than those for the
WHH fit. Thus we conclude that H,2(T) for the T,=l.5
K pink C4KHg samples exhibits extended linearity. The
question of extended linearity cannot be decided for the
lower T,-mixed —phase samples because their data (not
shown) extend over a smaller reduced temperature range
due their lower T, values.

The most convincing demonstration of the deviation of
the H, z zc(T) data above the typical type-II supercon-
ductor curve is displayed in Fig. 7. By plotting the re-
duced field, h'—:H, 2/(T, dH, 2/dT) versus reduced tem-
perature (t = T/T, ), all the H,z(T) data for five different
C4KHg samples can be displayed together. dH, z zc/dT
values obtained from linear fits range from about 500
Oe/K for the pink samples to about 800 Oe/K for the
gold specimens of Iye and Tanuma. s From the best linear
fits to the H, z IIc(T) data, the dH, & IIc/dT values ranged
from 60 Oe/K for the pink T,=1.5 K samples to 75 Oe/K
for the gold T, = 0.8 K samples. The residual index for
the linear fit to all the data in Fig. 7 is 4 that of the
WHH fit, indicative of about a 90Fo probability that the
linear fit describes the data better. zs Figure 7 also shows
that at t 0.3 (the lowest accessible reduced temper-
ature) the data have already reached h' 0.7, which
is the zero-temperature value of h' calculated using the
WHH formalism. s Therefore, while it would be interest-
ing to measure H, z ~c(t) to lower reduced temperatures
and see larger deviations from the WHH theory, the avail-

able data convincingly demonstrate a deviation from the
WHH functional form.

If the critical field were linear for both field orienta-
tions, then the anisotropy parameter e would be a con-
stant, independent of temperature

(6)

Equations (I) and (2) together define e. Within the con-
text of the anisotropic Ginzburg —Landau model, Eq. (6)
should be equivalent to the definition for c. The val-
ues of e obtained from the H, z(8) fits using the defini-
tion [Eq. (2)] will agree with those obtained from H,z(T)
fits using Eq. (6) only if type-I superconductivity is not
present. The equivalence of the two definitions of e is
therefore a test of the quantitative applicability of the
anisotropic Ginzburg-Landau model. Clearly Eqs. (2)
and (6) cannot be consistent if e as obtained from the
H, z(8) fits is even slightly temperature dependent.

A graphical test of the constancy of e is as follows.
If c is temperature independent, the only temperature-
dependent quantity in Eq. (1) should be H, z(0'). There-
fore plots of H, z(8)/H, z(0o) versus 8 should lie directly
on top of one another, since all the temperature de-
pendence has presumably been removed. A plot of
H, z(8)/H, z(0') is shown in Fig. 8 for a T,=1.5 K C4I&Hg
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FIG. 7. Summary of H,2(t) experiments for five speci-
mens with T, between 1.5 and 0.7 K, including both H, 2 ~Ic(&)
and H - (0)(b) data. The dimensionless quantities that are
plotted are the reduced upper critical field (Ii') vs reduced
temperature (t). The 143 data points were taken on five dif-
ferent GIC's. The solid curve is the best two-parameter WHH
model fit to the data with %=1.7. The dashed line is the best
linear fit to the data with R=1.3. Both fits have dh'/dt = —1
att=1.

FIG. 8. Demonstration of temperature-dependent anisot-
ropy parameter e in C4KHg. 1/e is H,a(90')/H, a(0'). Data
are for a T,=1.54 K pink CqKHg sample, at the follow-
ing reduced temperatures. (o), t=0.29; (~), t =0.55; (x),
t = 0.76. All H~a(0') values were determined from the ex-
perimental data, not the fits, so that this plot is model inde-
pendent. The inset shows the temperature dependence of 1/c
as determined from the peaks of the H~a(8)/H, a(0') curves.
The solid line in the inset is a fit to the functional form
1/.(t) = [1/~(0)](1+ t)-'.
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sample at three different reduced temperatures. As the
figure shows, the curves for t =0.?6 and 0.55 do indeed
lie on top of one another, implying a nearly temperature-
independent anisotropy in this temperature range. How-
ever, the curve for t =0.29 clearly lies above the other two
curves near 8=90', which suggests a small increase in I/e
at low temperatures. A similar plot of the H, 2(8) data of
Iye and Tanuma on CSKHg shows that c is also temper-
ature dependent in the stage-2 KHg GIC. i 2s The tem-
perature dependence of 1/c (as determined by the peaks
of the curves in Fig. 8) is plotted in the inset to the figure.
The solid line in the inset is a fit to the equation

I/~(t)— l+t (7)

Several objections may be raised to the type-I super-
conductivity hypothesis. Firstly, the value of H, ob-
tained from the H, z(8) fit at t =0.57 in Fig. 4 (43 Oe)
is considerably lower than the H, =75 Oe that was pre-
dicted from specific-heat measurements at this reduced
temperature. The ratio between the value of H, calcu-
lated from the specific-heat measurements and the H,
obtained from the H, (8z) fits is about 1.8 for two T,=1.5
K specimens at all three temperatures where H, (8)zmea-
surements were performed. A second unexplained fea-
ture of the experimental data is that the H, (8z) curves
are not perfectly Bat near 8 = 0', although H, should
be absolutely constant as a function of angle. Both of
these discrepancies may be caused by angle-dependent
demagnetization eH'ects, which are hard to account for
quantitatively. Demagnetization eKects can be large for
platelike samples such as those used in these experiments.

In order to extract quantitative values for H, from the
H, (8)zfits, demagnetization corrections need to be ap-
plied. The angular dependence of the demagnetization
factor of an oblate spheroidal superconductor has been
worked out by Denhoff and Gygax. ~ However, the ap-
plication of this formula to talc C4KHg data is not justi-
fied since it involves too many parameters that are either
poorly known (e.g. , the dimensions of the intercalated

This functional form for I/e(t) is implied by Eq. (2)
if one assumes that H, 2 «(T) depends linearly on T
and H, 2 ~~c(T) is quadratic in T. The reasonable agree-
ment between the fit and the data in the inset to Fig. 8
demonstrates consistency between the H, 2(T) fits and
the H, z(8) data. Extension of the H,z(8) measurements
to lower temperatures would provide a more rigorous test
of this consistency.

The small low-temperature increase of e is at least par-
tially due to the quadratic temperature dependence of
H, 2 ~~c. A slight upturn in H, 2 &c at low temperatures
could also cause an upturn in c. Strong positive curvature
of H, & ~~ has also been observed by Iye and Tanuma in
second-stage CsRbHg. However, there is no evidence for
positive curvature of H,2(T) in KHg GIC's.

V. DISCUSSION

sample) or not independently known (e.g. , e and the
Ginzburg-Landau parameter rc). Therefore the demag-
netization for the C4KHg specimens has been estimated
only for the high-syrriinetry directions by approximating
the sample shape as ellipsoidal.

The samples used in the H, 2(8) measurements were fiat
plates with typical dimensions on the order of (2x2x0.5
mms). Consultation of standard tables~i shows that a
demagnetization correction of about 3 is anticipated for
an ellipsoid with radii in the ratios 1:1:0.25 when the field
is applied parallel to the shortest axis. If this correction
is applied to the H, values determined from the H,2(8)
fits, one obtains H, (T = 0) - 203 Oe. This corrected
H, is now a factor of 1.8 higher than the H, (T = 0) of
112 Oe calculated from the specific-heat data s7 which
were taken on low T, sam-ples. Since H, oc ~7 and

7 oc N(0), a higher H, for the pink T,=1.5 K speci-
mens implies that they have a higher density of states
N(0) than the lower-T, specimens used for the specific-
heat studies. The higher N(0) for the pink specimens is
thus consistent with their higher value of T, .

It is interesting to reexamine the fit to the data in

Fig. 4, in which the arrow marks the corrected value of
the thermodynamic critical field at t=0.57. The implica-
tion of this H, estimate is that C4KHg is type I in the
approximate range 8 ( 80' and type II for 0 & 80'. In-
clusion of demagnetization corrections therefore increases
the angular range in which type-I behavior is expected
for pink T, = 1.5 K C4KHg specimens. In the type-I
angular range, the form of H, z(8) is completely deter-
mined by the angular-dependent demagnetization factor
calculated by Denhoff and Gygax. o Magnetization mea-
surements on C4KHg are desirable to positively identify
type-I superconductivity. Specific-heat measurements on
T,=1.5 K pink C~KHg specimens would also be useful.

The extended linearity of H,z(T) reported here for
T,=1.5 K pink C4KHg specimens is not surprising in
light of previous studies of layered superconductors. Pos-
itive curvature or extended linearity of H,2(T) are phe-
nomena common to almost all anisotropic supercon-
ducting compounds. ii Depending on the specific type
of the superconductor in question, many diferent ex-
planations might be considered for the anomalous tem-
perature dependence of H, z. For example, mecha-
nisms ranging from coupling-dimensionality crossover
to proximity-eR'ect-induced curvature to magnetoresis-
tive anomalies4 have been cited as the cause of positive
curvature in various superconductors. However, each of
these explanations for its own reasons seems to be inap-
propriate for GIC's. In order to choose an appropriate
model from the many that are available, the best proce-
dure is to consider what is already known about GIC's.

There are two types of models of anisotropic supercon-
ductivity that seem to contain the right features for the
GIC superconductors: these are the anisotropic Fermi
surface models ~ and the multiband superconductivity
models. 8 Anisotropic Fermi-surface models are an ob-
vious possibility because the quasi-two-dimensional band
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structure of graphite is responsible for many of the char-
acteristic properties of GIC's. The simplest anisotropy-
based model available is that developed by Butler to
fit H, q(T) in Nb. This model was adapted by Dalrym-
ple and Prober to fit their H,z(T) data for NbSe2, which
show extended linearity and positive curvature4s simi-
lar to that seen in GIC's. The NbSe2 Fermi surface has
cylindrical pieces at the hexagonal Brillouin-zone bound-

ary, and bears a great deal of resemblance to the proposed
Fermi surface of many of the GIC's. M si The band struc-
ture of C4KHg has been calculated, sz but unfortunately
not enough quantitative information about the Fermi sur-
face has been reported to allow a detailed comparison be-
tween the Butler model and the H,z(T) data for C4KHg.

Another well-established feature of the GIC's Fermi
surface is the presence of multiple bands. Some of the
bands at the Fermi surface of graphitic origin are nearly
two dimensional in character. Other bands, which may
be either of intercalant or graphitic origin, are more three
dimensional (3D) in character. In C4KHg these 3D bands
are derived from hybridized I& and Hg levels. sz Models
for H,z(T) that incorporate the participation of two types
of bands in the superconductivity therefore appear to be
a logical choice for GIC's. Entel and Peter4 have fit

Hez(T) data for Csp, iWOz sFp i, a tungsten ffuoroxide
bronze, using a two-band Fermi-surface model. Al-Jishi
has proposed a similar model specifically tailored to fit
critical-field data on CsK, although calculations using
this model are still preliminary.

The idea that both graphitic and intercalant bands
participate in GIC superconductivity is sensible for two
reasons. One reason is that there are superconducting
GIC's [specifically the binary compounds CsK (Ref. 4)
and usrlb (Ref. 54)] that are synthesized from nonsuper-
conducting starting materials. Since the KHg GIC's are
synthesized from KHg amalgams, which are themselves
superconducting, it might be thought that this argument
for multiband superconductivity does not apply to them.
However, the increase of T, with stage index in the KHg
GIC's is contrary to expectations of the superconduct-
ing proximity effectss ss if the carbon layers are not also
participating in the superconductivity. The large critical-
field anisotropy seen in GIC's is also difficult to explain
if graphitic electrons are not involved.

It is reasonable to expect a common origin for the ex-
tended linearity of H, z(T) and the deviations of the ex-
perimental points from Eq. (1) in the H,q(8) fits. How-

ever, the deviations of the H,2(T) data from the WHH
theory occur at the lowest obtainable reduced temper-
atures. The H, 2(0) fits to Eq. (1), on the other hand,
worsen as the temperature is increased toward T, .
Poorer agreement between Eq. (1) and the data as tem-
perature is increased is expected if type-I superconduc-
tivity is the origin of the discrepancy. This trend has
already been observed for TaN. 8 All the available evi-
dence therefore points to type-I superconductivity as the
explanation of the poor quality of the fits shown in Fig. 3.

It was not necessary to make allowance for type-I char-

aeter to fit the H,z(0) curves of the gold, mixed-phase
samples, a finding that is consistent with the observations
of Iye and Tanuma. 6 Type-II character for all orientations
of lower-T, C4KHg is due to the fact that the T,=0.8 K
samples have critical fields almost as high as the T,=1.5
K samples. To be more specific, the typical extrapolated
value of H, 2 ~c(T = 0) for a T,=1.5 K CqKHg specimen
is only about 750 Oe, while that for the T,=0.8 K spec-
imens is about 650 Oe. The critical-field slope at T, in

the WHH model is dH, 2/dT = 4k'/neD, 'where k~ and
e are the usual fundamental constants and D = uF//3
is the diffusivity. iP ss Therefore the higher dH, 2/dT in
the mixed-phase samples suggests that they have either
a lower mean-free path l or a smaller Fermi velocity vF.
The greater in-plane disorder of the mixed-phase samples
would appear to favor the lower mean-free-path explana-
tion.

VI. HYDROGENATION AND
PRESSURE EXPERIMENTS

The remaining unsettled issue for C4KHg is the ques-
tion of the diR'erence between the pink and gold types
of C4KHg. The experimentally verified differences be-
tween the two types of specimens are summarized in
Table II. As mentioned previously, extensive character-
ization of the specimens used for the low-temperature
measurements28 suggests that the only normal-state dif-

ference between the gold, lower T, samples -and the pink,
T,=l.5 K samples is that the gold specimens contain both
the a and P phases, while the pink specimens contain
only the a phase. While this finding is of great interest,
it is far from an explanation of the T, difference between
the pink and gold samples. The suppression of the bulk
T, of a superconductor by the presence of a small amount
of a second phase is unusual if the second phase is not
ferromagnetic. Certainly no magnetic ordering is antici-
pated in the P phase of C4KHg.

Previously reported experiments on the hydrogena-
tion s and application of pressure to C4KHg may help
to clarify the question of the two types of C4KHg.
The hydrogenation experiments showed that a minute
amount of hydrogen gas can increase the T, of the gold
mixed-phase specimens to 1.5 K, and dramatically nar-
row the superconducting transition. The results of the
applied pressure experiments were strikingly similar: a
small hydrostatic pressure of Q.8 kbar narrows an initially
very broad superconducting transition and increases T, .
The most obvious explanation for the hydrogenation and
pressure results would seem to be that application of
pressure or exposure to hydrogen converts the minority

P phase to the majority n phase, raising T, However, .
this hypothesis is not supported by neutron diH'raction
experiments performed by Kim et al. , which show that
the fraction of o, and P phases in a mixed-phase sample
is not changed by pressures up to 13.8 kbar.

DeLong and Eklund proposed two ideas to explain the
T,(P) data. ss One proposal is that the pressure induces
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a disorder-order structural phase transformation that in-
creases T, and narrows the superconducting transition.
A problem with this hypothesis has been pointed out by
Clarke and Vher, ~ who note that the reversibility of the
pressure-induced transformation at T 1 K is inconsis-
tent with a disorder-order transformation.

The second mechanism proposed by DeLong and Ek-
lund to explain the effect of applied pressure on T,
involves suppression of a charge-density-wave (CDW)
state. ss A small amount of applied pressure has been
observed to sharply increase T, in many transition-
metal dichalcogenide (TMDC) superconductors. Those
TMDC's have a coexisting CDW state and superconduct-
ing order at low temperature. The application of pres-
sure increases T, by suppressing the CDW state. ~ In
some TMDC superconductors, T, can also be increased
by low-level hydrogenation.

An explanation of the effect of applied pressure and hy-
drogenation on the two phases of C4KHg can be worked
out by analogy to the TMDC CDW-suppression model.
In this picture, only the higher I, P phase of C4KHg un-

dergoes a CDW distortion at some T & T, . This CDW
transition removes a portion of the C4KHg Fermi sur-
face, which reduces the density of states at the Fermi
level, N(0). The reduced N(0) in the P phase at low

temperature decreases the T, of mixed (e+ P) samples
to about 0.8 K. Hydrogenation or application of pres-

sure can then suppress the CDW and restore N(0) to
its high-temperature value, thereby increasing T, of the
(n+ P) phase samples to the 1.5 K seen in pure a-phase
specimens.

Iye has studied the effect of high pressure on the tran-
sition temperature of the pure a-phase (T, = 1.5 K at
atmospheric pressure) C4KHg samples and found that
hydrostatic pressure lowers T, in these samples. This re-
sult is completely consistent with the existence of a CDW
state in the lower-T, (a+P) phase samples. In the case of
the TMDC superconductors, the application of pressure
beyond that necessary to suppress the CDW may either
decrease or further increase T, .so

Though none of these similarities between the TMDC's
and C4KHg is direct evidence for the presence of a
CDW, the possibility of a CDW instability has previ-
ously been mentioned in connection with band-structure
calculations for CsK.so The periodic lattice distortion
that is associated with CDW formation has never been
observed in x-rays or neutron-diffraction~ experi-
ments on C4KHg. This is not proof of the nonexis-
tence of a CDW, since usually the periodic lattice dis-

tortion is easily observed only in electron diffraction '
or scanning tunneling microscopy experiments. In light
of the evidence that suggests the presence of a CDW
in C4KHg, temperature-dependent microscopy studies of
C4KHg would be highly desirable. A search for resis-

TABLE II. A summary of the known differences between the pink and gold C4I&Hg samples.
The numbers here are for a typical sample of a given type, although some varia. tion is observed

from sample to sample. The reasons for the discrepancy between the values of 1/c determined from

dH, q/dT and H,q(8) are discussed in the text. ( is the superconducting coherence length (Ref. 33).

Property

Primary I,
Secondary I,
Primary structure
Secondary structure
Stoichiometry
+C

T, (hydrogenated)

&))c(T = o)
-(T = 0)

Types I and II [[ c
Types I and II J c
Types I and II ([ c
Types I and II J c
dH g ~c/dT[&&
dH, ~ Ilc/dT[~,
1/c
1/e

Expt.

diffraction '

diffraction '

neutrons', TEN
neutrons', TEM
chemical analysis

inductive
inductive

H,2(T = 0)
H„(T = o)

H,s(T), Cy s

H,2(T), Cgs
H,2(T), H~(8)
H.2(T), H~(8)

H g(T)
H,2(T)

dH, s/dT
H,2 (8)

10.24 A
NA'

(2 x 2)RO'
NA'

Cg.3 KHgg. g

1.5 K
1.5 K'
225 A
2000 A

NA'
NA'

Type I
Type II

500 Oe/K
60 Oe/K

8
7—10

Gold

10.24 A

10.83 A

(2 x 2)RO'

(v 3 x 2)R(30',0')
Cg.7 I& Hg g.g

O.s I&

1.5 I4'
200 A
24oo A

Type II
Type II

NA'
NA'

800 Oe/&&

75 Oe/I&
11
11

'Reference 19.
Reference 23.

'NA means not applicable.
Reference 58.

'Reference 13.
Piecewise continuous function given by Eq. (5).
Reference 37.
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tivity and susceptibility anomalies associated with CDW
formation in T,=0.8 K samples would also be of interest.

VII. CONCLUSIONS

The GIC superconductors display a number of anoma-
lous superconducting properties, many of which can be
understood in terms of the participation of graphitic elec-
trons in superconductivity. Among the unusual proper-
ties that the class of GIC superconductors exhibits are
large critical-field anisotropy I/e, extended linearity or
positive curvature of the critical fields H, 2(T), and both
type-I and type-II superconductivity in the same speci-
men for different applied field orientations.

These features have been studied in C4KHg, the first
stage KHg GIC, with a particular emphasis on under-

standing the reason for the two different superconduct-
ing transition temperatures reported in this compound.
The lower T, of 0.8 K found in gold-colored specimens
is associated with the presence of the I,=10.83 ji. P
phase. Superconducting properties are reported for the
pink single-phase specimens, which have only a single re-
peat distance, I,=10.24 A. The T,=1.5 K single-phase
samples are similar to the mixed-phase specimens except
that the pink samples have slightly lower critical-field
slopes dH, z/dT, resulting in type-I behavior for applied
field orientations near H (~

c. H,z(t) has been measured
for a large reduced temperature range for the T,=1.5 K

C4KHg samples, and an approximately linear tempera-
ture dependence has been found for H J c. This ex-
tended linearity is reminiscent of that seen in NbSez and
other TMDC's. 49 Competition between superconductiv-
ity and a charge-density wave is another common feature
of the TMDC's. su The presence of a CDW instability in
the P phase of C4KHg may help to explain the effect
of hydrogen and applied pressuress on the T, for this
compound. The proposed CDW has yet to be directly
observed experimentally.
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