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Pressure dependence of the superconducting transition temperature in CcYb and C¢Ca
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We have studied the evolution, with hydrostatic pressure, of the recently-discovered superconductivity in the

graphite intercalation compounds C¢Yb and C¢Ca. We present pressure-temperature phase diagrams, for both
superconductors, established by electrical transport and magnetization measurements. In the range 0—1.2 GPa
the superconducting transition temperature increases linearly with pressure in both materials with d7,./dP
=+0.37+0.01 and +0.50+0.05 K/GPa for C4Yb and C¢Ca, respectively. The transition temperature in CqYb,
which has been measured up to 2.3 GPa, reaches a peak at around 1.8 GPa and then starts to drop. We also
discuss how this pressure dependence may be explained within a plasmon pairing mechanism.
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I. INTRODUCTION

Our recent discovery of superconductivity in C4Yb and
CgCa at temperatures of 6.5 and 11.5 K, respectively,! has
generated renewed interest in the study of superconductivity
in graphite intercalation compounds. Pure graphite is not su-
perconducting down to the lowest temperatures measured,
but it has long been known that the introduction of metal
atoms in-between the graphite sheets, in a process known as
intercalation, can produce superconductivity. The first of
these graphite intercalate materials to be reported as super-
conducting was CgK which has a transition temperature (7
of 0.15 K.23 Subsequently, several more examples of super-
conducting graphite intercalation compounds were found,*
but their transition temperatures are generally low. The su-
perconductivity in these compounds was generally accepted
to be due to a conventional phonon mechanism. However,
the elevated transition temperatures discovered in C¢gYb and
C4Ca has caused this question to be reexamined.’8 Studying
how the superconductivity evolves with pressure will con-
tribute to a fuller understanding of the superconductivity in
graphite intercalate compounds (GICs), and help shed light
on the question of the pairing mechanism.

The pressure dependence of 7, in GICs was first studied
in the potassium-mercury systems CgKHg and C,KHg, with
two and one carbon layers between intercalant layers,
respectively.”!? The superconducting transitions of these ma-
terials were found to decrease linearly with pressure as
dT,/dP=-0.65 and -0.5 K/GPa, respectively. These
dT,./dP gradients are similar to typical values for three-
dimensional elemental superconductors such as tin. This sug-
gested that the observed pressure dependence in these com-
pounds is due to known mechanisms such as the pressure
dependence of the density of states at the Fermi level and the
stiffening of the phonon frequencies under pressure.'” The
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pressure dependence of T, in CgK has also been measured;’
in this case there is a nonmonotonic, nonreversible increase
in 7, which is probably due to structural transitions.

In this paper, we present studies of magnetization and
resistivity measurements showing how the superconducting
transition temperature of CqYb and C¢Ca evolves at pres-
sures up to 2.3 GPa. This extends some previous work car-
ried out under pressure on C¢Yb by some of the authors.!!

II. METHODS

Magnetization measurements were made using a minia-
ture CuBe piston clamp cell in a Quantum Design supercon-
ducting quantum interference device magnetometer
(MPMS?7); the superconducting transition of tin served as a
pressure gauge. Resistivity measurements were carried out
with silver paint contacts on samples of typical dimensions
3X1X0.1 mm? from two different batches in two different
laboratories. Measurements in Cambridge used samples with
residual resistivity ratios (RRRs) of around 10 in a piston
cylinder clamp cell and a low-frequency ac four-probe tech-
nique with an adiabatic demagnetization refrigerator, an
n-pentane—isopentane pressure medium, and a tin pressure
gauge. Measurements in Lausanne used better-quality
samples with RRRs of 25 mounted into a Cu-Be clamped
pressure cell. The pressure medium was kerosene and a cali-
brated InSb pressure gauge was used.

III. RESULTS
A. CsYb

The data used to deduce the pressure dependence of 7. in
C¢Yb were obtained by magnetization and resistivity mea-
surements. The values of 7. from all these measurements
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FIG. 1. The superconducting transition temperature 7,. of C4Yb
as a function of pressure inferred from magnetization data (M) and
resistivity data from Cambridge (®) and Lausanne (O); see Sec. II.
T, is determined by the maximum of the temperature derivative of
the data. The dotted line has a gradient of 0.37+0.01 K/GPa. The
magnetization data were taken during the application, removal, and
reapplication of pressure.

show reasonable agreement and are shown in Fig. 1.

Examples of the data used to determine 7. are shown in
Fig. 2. In each case the transition temperature is determined
by the maximum in the temperature derivative of the data.
The two sample orientations appropriate to GICs (measuring
p and M parallel and perpendicular to the ¢ axis) were mea-
sured. There is no significant difference in 7. between the
two orientations. There is no evident broadening of the tran-
sition with pressure. These results were found to be repro-
ducible after the removal and reapplication of pressure, and
demonstrate that the shift in 7. is reversible.

We can see from Fig. 1 that the superconducting transition
temperature of C¢YD initially increases linearly with pressure
with a gradient of d7./dP=+0.37+0.01 K/GPa over the
range 0—1.2 GPa. There is then a peak in the transition tem-
perature of just under 7.1 K at around 1.8 GPa before the
transition temperature drops at higher pressures. This drop
needs to be studied further with higher-pressure measure-
ments.

An interesting feature of the resistivity data is that the
normal-state resistivity increases with increasing pressure.
This is unusual as the application of pressure would normally
be expected to make the material more metallic. In addition,
limited measurements of the c-axis resistivity [Fig. 2(b) in-
set] seem to show a reduction of the normal-state c-axis re-
sistivity with increasing pressure.

We were also able to estimate the pressure dependence of
the upper and lower critical fields using magnetization mea-
surements. However, due to the field dependence of the sus-
ceptibility of the pressure cell we can only state that the
superconducting critical fields also appear to increase with
pressure up to 1.1 GPa.

B. C4Ca

Plots of magnetization versus temperature, at several pres-
sures, for C¢Ca are shown in Fig. 3. The transition tempera-
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FIG. 2. (Color online) Sample plots of the data used to deter-
mine the phase diagram in Fig. 1. (a) Magnetization as a function of
temperature at pressures of 0 and 0.73 GPa in the Hll¢ axis field
orientation; the background due to the pressure cell has been sub-
tracted. (b) Resistivity as a function of temperature (Cambridge) at
pressures of 0.4 and 0.9 GPa in the pllab plane and pllc axis orien-
tations (inset). (c) Resistivity as a function of pressure (Lausanne)
at pressures of 0.25, 1.1, 1.85, and 2.28 GPa in the pllab plane
orientation.
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FIG. 3. (Color online) Plots of magnetization versus temperature
for C4Ca at several pressures. The data were taken in a field of
50 Oe and a temperature-independent background of the pressure
cell has been subtracted. Inset shows how T, (as defined by the
maximum of dM/dT) varies with pressure; the dotted line is a guide
to the eye and has a gradient of 0.5 K/GPa.

tures can be obtained from these using the maximum of
dM/dT. The variation of T, with pressure is shown in the
inset of Fig. 3. We see that in the range O to 1.2 GPa the
transition temperature varies linearly with pressure with a
gradient of 0.5 K/GPa.

IV. DISCUSSION

The transition temperature of a superconductor would
generally be expected to depend on a number of factors. If
we consider the case of superconductivity being mediated by
some bosonic mode then in the weak coupling limit we may
expect

T, =~ fpe”"™, (1)
where 6 is the typical energy of the bosonic modes and A is
given by

w2
a"F(Q)
A=2 dQ. 2
fo Q 2)

For modes that have typical energies much smaller than the
Fermi energy, a’F(Q)~N(Ex)M*F(Q)), where N(Ej) is the
electron density of states, M is the electron-boson matrix
element, and F({)) is the boson density of states.

In simple elemental superconductors the effect of pressure
is generally to reduce T, due to two main factors: (i) the
stiffening of the phonon modes, which decreases the phonon
density of states at low energies, and (ii) the reduction of
N(Er) due to band broadening. In more complicated systems
the effect of pressure on the phonon spectrum and the density
of states is more complex and harder to predict. In addition
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there may be some pressure dependence of the matrix ele-
ment M.

In the cases of C4Yb and C¢Ca the initial positive pres-
sure dependence of 7. is opposite to the simple expectation
but may still be explained within a phonon pairing model by
an increase of N(Ey) or a softening of the phonon modes,
particularly if pressure induces charge transfer between the
intercalant and the graphite electron states. Two very recent
studies'>!3 have reported the pressure dependence of T, in
Cg¢Ca and confirm an initial linear increase of 7,.. Some the-
oretical analysis in one of these papers'> suggests that the
increasing T, in C¢Ca is due to the softening of the relevant
phonon mode. A similar mechanism may explain the increas-
ing T, in CYDb, but this needs to be checked theoretically. In
C¢Ca the transition temperature is reported'? to increase lin-
early up to 8 GPa before dropping at higher pressures, prob-
ably due to a structural phase transition. It could be that we
are seeing a similar effect in CqYb although our results
above 1.5 GPa are tentative and require confirmation. Com-
paring how the predicted'* [using the density functional
theory within the local density approximation (LDA)] cell
volumes for CqYb and C4Ca vary with pressure shows that
the cell volume of C¢Ca is reduced from 69.5 A3 at ambient
pressure to 66 A® at 8 GPa whereas the cell volume of CsYb
is reduced from 68.9 A3 at ambient pressure to 67.5 A3 at
2.3 GPa. This suggests that 2.3 GPa may not be a high
enough pressure to induce a phase transition in C4Yb similar
to that seen in C¢Ca. Thus the drop in 7. we observe at
2.3 GPa is probably not related to a structural phase transi-
tion. There are many similarities between C¢Ca and C4Yb;
one significant difference is the Yb f-orbitals which at ambi-
ent pressure are predicted® to be well below the Fermi sur-
face. At high pressures, in analogy with many Yb compounds
which become more magnetic under pressure,'> we may ex-
pect the Yb f-orbitals to move close to the Fermi surface,
leading to the possibility of magnetism in CgYb, which
would be expected to have a significant effect on the super-
conductivity.

We should also point out that the above results do not rule
out the suggested acoustic plasmon mechanism® as it would
be possible for the relevant bosonic acoustic plasmon mode
also to be softening with pressure. With reference to Csanyi
et al.,’ the part of the interlayer (Ca-derived) band hybridiz-
ing with the graphite 7" band is quasi-two-dimensional in
nature (Fig. 2 of Ref. 5 for C4Ca). It is this hybridized band
that would supply the plasmons necessary for plasmon-
mediated superconductivity.

With increasing pressure, LDA work shows charge trans-
fer from this interlayer band to the 7" bands of graphite.
While Kim et al.'3 argue that this decrease in the filling of
the interlayer band is evidence against plasmon-mediated su-
perconductivity, we argue that this is not necessarily true.

To show this we idealize the actual band structure, replac-
ing the Ca interlayer band by a narrower two-dimensional
(2D) band and the graphite 7" bands by a wider band. In this
idealized picture we can follow the argument of, for ex-
ample, Refs. 16 and 17. In the interlayer band the plasmon
spectrum is computed in the random-phase approximation
(RPA) from the poles of the denominator of
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V. V
L=y =% (3)
1=V I, €
where €, is the dynamical dielectric function, II, is the

RPA polarizability of the 2D layer, and v, is the electron-
electron interaction function. Using the RPA polarizability
for a two-dimensional electron layer, given by

Rell,,=- 2N(EF)<1 - L—) ; (4)

Vo - (qUF)2

results in a plasmon spectrum of the form

wq=qu\/1+

For weakly-coupled 2D layers this leads to a spectrum that
has an acoustic branch. Reducing the number of electrons in
a 2D layer reduces v, making the plasmons slower, thus
enhancing the plasmon density of states ailF pi(®) and there-
fore T..

We now consider how the real systems may compare to
this model. In C4Ca the interlayer band that is hybridized
with the 77 bands has 2D character. In the case of Ce YD, the
interlayer band of hybridized Yb-graphite character has a
finite dispersion along c; this leads to the formation of a
small gap and hence an optical plasmon. Again, this is not
necessarily an argument against the plasmon-mediated super-
conductivity, as coupling to optical phonons is required

(N(Ep)V,)* )

1/4+N(Ep)V,’
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within the phonon-mediated picture.'’ In summary, the re-
duction of the number of electrons in the interlayer band
with increasing pressure reduces vy for the interlayer band,
making the plasmons slower and enhancing the plasmon
density of states and hence T,. This qualitative conclusion
would hold until the interlayer band becomes empty, at
higher pressure, when the plasmon mechanism would switch
off.

V. CONCLUSIONS

In conclusion, we have shown that the pressure depen-
dence of the superconducting transition temperature in both
CeYb and C¢Ca is initially positive, up to 1.2 GPa, with
dT,/dP=+0.37+0.01 and 0.50+0.05 K/GPa, respectively.
This initial increase is followed by a maximum and subse-
quent decrease in C4Yb. This behavior is claimed to provide
evidence for a phonon-mediation mechanism but we show
that it may also be consistent with a plasmon-mediated su-
perconductivity.
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