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Experimental evidence for bulk superconductive behavior of EuMo6ss under pressure
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The pressure dependences of the structural and superconducting transition temperatures (T, and
T„respectively) of a melted high-quality sample of EuMo6S8 have been measured under nearly hy-
drostatic pressure up to —15 kbar. Applied pressure (P) depresses T, rapidly from T, 109 K at
zero pressure to T, =0 just below 13 kbar where the slope dT, /dP is nearly vertical. A very sharp
superconducting transition is observed above 13 kbar; at 13.2 kbar, T, =12.2 K and has a width
AT, =0.03K. Above 13 kbar, T, decreases nearly linearly with pressure at a rate dT, /dP = —0. 18
K/kbar, which is comparable to that observed for other superconducting Chevrel-phase compounds.
The upper critical magnetic field H, 2 as a function of temperature was measured up to 8 T and
displays features that are indicative of the exchange-field compensation effect.

INTRODUCTION

At ambient pressure, the series of rare-earth (R)
molybdenum sulfide compounds RMo6S& are all supercon-
ducting with the exception of those formed with R =Ce
and Eu. ' It has been suggested that the absence of su-
perconductivity in the Ce and Eu compounds may be due
to anomalously strong exchange scattering associated with
the Kondo effect and/or valence fluctuations since the
temperature dependences of the electrical resistivity of
both compounds display features that are reminiscent of
Kondo lattice or valence Auctuation phenomena. ' While
this explanation is probably appropriate for CeMo6S8, its
applicability to EuMo6Sg seems questionable in view of
certain experimental results that were reported after this
initial suggestion was advanced. Baillif et al.
discovered a structural phase transition in EuMo6S8 at 109
K from the room-temperature rhombohedral structure to
a low-temperature triclinic structure in which the com-
pound exhibits nonmetallic behavior. Such an insulating
ground state in EuMo6S8 would be incompatible with su-
perconductivity. At about the same time, two groups in-
dependently reported the appearance of superconductivity
in EuMo6S8 with an onset near 11 K at pressures higher
than -7 kbar. '

Whereas the discovery of superconductivity under pres-
sure in EuMo6S8 stimulated a great deal of interest in this
compound, the bulk character of the superconductivity of
EuMo6S8 has been seriously questioned " due to the ab-
sence of a Meissner effect, failure of some samples to ex-
hibit superconductivity under pressure, and incomplete
resistive transition curves with a finite resistance below T,
that is pressure dependent. In order to account for these
observations, it has been proposed that the superconduc-
tivity that appears above -7 kbar is associated with im-
purities that are located at grain boundaries, rather than

being an intrinsic property of EuMo6S8. '" On the other
hand, it has been argued that the systematic evolution of
the pressure dependence of T, as x is varied from 0 to 1.2
in pseudoternary systems Ml 2 Eu„Mo6S8 where
M=Sn, ' La, ' and Yb (Ref. 14) is evidence for bulk su-
perconductivity of Eu~ qMo6S& (and EuMo6S&) under pres-
sure.

The absence of superconductivity in EuMo6S8 at zero
pressure has also been attributed to the competing effect
of a charge-density-wave transition that opens up a gap
over part of the Fermi surface. ' Suppression of the
charge-density-wave transition with pressure could ac-
count for the appearance of superconductivity above -7
kbar.

Only two studies have addressed the question of the re-
lationship between the structural transition and supercon-
ductivity. ' ' Both studies were carried out on the
Sny z Eu„Mo6S8 system with y = 1.0 or 1 .2, on sintered
samples under pressures up to —14 kbar' and on high-
quality dense samples at ambient pressure. ' The mea-
surements on the sintered Sn~ Eu Mo6S8 samples under
pressure' revealed that the structural transition tempera-
ture T, is depressed with pressure, while the measure-
ments on the series Sn& „Eu Mo6S8 at ambient pressure'
indicated that there is a competition between the structur-
al and superconducting transitions. Although these exper-
iments suggest that the disappearance of T, is correlated
with the appearance of T„a quantitative relationship
could not be established because of sample inhomo-
geneities.

Recently, a technique was developed in which very
high-quality dense samples of EuMo6S8 can be produced
by melting under a high pressure of argon gas. ' The high
quality of these melted samples is reflected in (1) a large
electrical resistance ratio, R(2 K)/R(300 K) &24, (2) a
sharp jump in the electrical resistivity at T„and (3) a pro-
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. nounced peak in the specific heat at T, . The absence of
any saturation in the electrical resistivity down to 70
mK' indicates that the concentration of impurities in
these samples that contribute to the conductivity is negli-
gible. Finally, the large peak in the specific heat at T, re-
veals the improved homogeneity of the melted samples
compared to the sintered samples. In order to investigate
the relationship between T, and T, quantitatively, we have
measured the temperature dependence of the electrical
resistivity under nearly hydrostatic pressure up to —15
kbar and in magnetic fields up to 8 T on a EuMo6S8 speci-
men taken from the melted ingot that was originally used
by Baillif et al. in their study of the structural transi-
tion. '

EXPERIMENTAL PROCEDURE

Beryllium-copper piston-cylinder clamps, pressurized at
room temperature, were employed to attain pressures up
to 18 kbar. The EuMo6S8 sample and a superconducting
Pb manometer were contained within a Teflon capsule
filled with a 50:50 mixture of isoamyl alcohol and n

pentane which served as the nearly hydrostatic pressure
transmitting medium. At low temperatures the pressure
was inferred from the superconducting transition tempera-
ture of the Pb manometer which was measured by an ac
inductive technique at a frequency of 16 Hz. The resis-
tance of the EuMo6Ss sample was measured by means of a
dc or 16-Hz ac four-probe technique. Owing to the very
low resistance of the sample at high pressure, a relatively
high dc current (20—40 mA) was required to obtain a
reasonable signal-to-noise ratio. However, such high dc
current values were found to heat the sample somewhat
with the result that the values of T, determined from dc
measurements were always a few tenths of a degree Kelvin
lower than the values obtained from ac measurements.
The heating occurred at the junction between the sample
and the current leads which were made with a conducting
silver epoxy. The values of T, and the upper critical field
H, 2 were defined from the midpoint of the resistive transi-
tion curve (R vs T). Since the resistive transitions in the
high-quality EuMo6S8 sample were very sharp, this defini-
tion of T, and H, 2 had no influence on the analysis of the
experimental results. A carbon-glass thermometer was
used to measure the temperature.

RESULTS AND DISCUSSION

The temperature dependences of the electrical resistivity
at several pressures between 4.2 and 10 kbar are displayed
in Fig. 1. Increasing pressure has the effect of shifting the
jump in resistivity associated with the structural transition
to lower temperatures. At 7.7 kbar, there is no sign of su-
perconductivity down to 1.2 K. It is also noteworthy that
the semiconductinglike temperature dependence of the
resistivity does not appear just below the structural transi-
tion, but instead occurs at lower temperatures after the
resistivity passes through a minimum. At ambient pres-
sure this minimum occurs at -50 K and coincides with
an anomaly in the thermoelectric power. ' The tempera-
ture of the resistivity minimum decreases rapidly with in-
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creasing pressure and disappears at -9 kbar. Above 8.8
kbar, the large increase in the resistivity at low tempera-
tures is almost completely suppressed, and the behavior of
the resistivity below the structural transition has a rnetal-
liclike character. These new data indicate that the
behavior of the resistivity at low temperatures cannot be a
direct consequence of the structural transition; therefore, a
previous and plausible suggestion that the structural tran-
sition opens a gap at the Fermi level and leads to a semi-
conductorlike behavior of the resistivity is not consistent
with the experimentally determined temperature depen-
dence of the resistivity above 8.8 kbar.

The first feature in the resistivity that can be attributed
to superconductivity appears above 10.5 kbar, but a pres-
sure of at least 11.3 kbar is necessary to obtain a complete
resistive transition. This result confirms the detailed stud-
ies in the pseudoternary system La~ 2 „Eu„Mo6S8 where
the first diamagnetic change in the magnetic susceptibility
of EuMo6Ss was observed at 11.7 kbar. ' The temperature
dependences of the electrical resistivity for pressures
higher than 11.5 kbar are shown in Fig. 2. The anomaly
in the resistivity at the structural transition is easily
detectable up to 12.3 kbar, but as the pressure increases,
the jump in the resistivity at T, becomes gradually less
sharp. We believe that this broadening of the resistivity
anomaly is a consequence of a pressure gradient at the in-
terfaces between crystallites. This conjecture is supported
by the results of resistivity measurements on a part of the
original sample after it had broken under pressure and ter-
minated the series of measurements shown in Figs. 1 and
2. This smaller sample consists of fewer crystallites and
the temperature dependences of the resistivity displayed in
Fig. 3 show that the resistivity jumps at T, at higher pres-

TEMPERATURE (K)

FICz. 1. Electrical resistivity vs temperature of EuMo6S8
(sample 1) at several pressures between 4.2 and 10 kbar.
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FICx. 2. Electrical resistivity vs temperature of EuMo6S8 (sample 1) at several pressures between 11.5 and 15.2 kbar. Dashed lines
represent the resistive superconducting transition.
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FIG. 3. Electrical resistivity vs temperature of EuMo6SII
(sample 2) in the vicinity of T, at 12.0, 12.7, and 13.2 kbar.

sures are much sharper than in Fig. 2. Most of the
remaining results presented in this paper have been ob-
tained on this smaller part (sample 2) of the original sam-
ple (sample 1).

Referring now to Fig. 3, the resistive superconducting

transitions are very broad, as long as the structural transi-
tion is present. At 12.7 kbar the first significant diamag-
netic change in the ac susceptibility can be detected in ac-
cordance with the resistive transition. Above 13 kbar the
structural transition completely disappears and the super-
conducting transition becomes very sharp (b.T, =0.03 K
for the resistive transition) with T, reaching 12.2 K at
13.2 kbar. This new result clearly demonstrates that su-
perconductivity does not appear by accident, but instead is
associated with the disappearance of the structural transi-
tion. Typical resistive and inductive transitions are shown
in Fig. 4 where both of the transitions were recorded at
the same time. The inductive transition is completed
within less than 0.6 K, and in contrast to previously re-
ported results on sintered EuMo6S8 samples it has a mag-
nitude that remains constant for pressures above 13.2
kbar. The values of T, given in Fig. 4 are lower than the
actual values by 0.2—0.3 K since a dc current was used for
this experiment.

A summary of the experimental results for the influ-
ence of pressure on the structural and superconducting
transitions is presented in Fig. 5. The temperature depen-
dence of the structural transition versus pressure is strong-
ly nonlinear and there is a critical pressure just below 13
kbar where the structural transition is completely
suppressed by pressure. Above 12.7 kbar the jump at the
structural transition is masked by the superconductivity,
but it appears from the behavior of T, close to 13 kbar
that T, goes to zero with an infinite slope. Since the
structural transition is of first order, the slope dT, /dP,
the latent heat I, and the volume change hV at the
structural transition must be related through the
Clausius-Clapeyron equation d T, /dP =L /( T b. V). In
Fig. 5 we estimate that (dT, /dP)p p=4. 5 K/kbar, while
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FIG. 7. Resistive superconducting transitions of EuMo6Sg
{sample 2) in various applied magnetic fields at 13.2 kbar.

FIG. 8. Upper critical field vs temperature for EuMo6S8
(sample 2) at 13.2 kbar. Line through the data is a guide for the
eye.

num atoms leaving the volume of the unit cell almost un-
changed. The superconducting critical temperatures T,
displayed in Fig. 5 were obtained from resistive transi-
tions, and we have selected only those above —13 kbar
where they were very sharp. As expected for a Chevrel-
phase compound, T, is very sensitive to pressure and de-
creases at a rate of dT, /dI' = —0. 18 K/kbar. This value
for dT, /dI' agrees with other results obtained for both the
isoelectronic compounds SnMo6S8 and PbMo6S8. ' An ex-
trapolation of T, to zero pressure gives T, =14.6 K. This
value coincides precisely with the best T, data obtained
for SnMo6S& and PbMo6S8, confirming the supposition
that EuMo6S8 in the rhombohedral phase certainly has a
high density of states at the Fermi level.

Figure 6 displays four typical temperature dependences
of the resistivity at constant pressure. At room tempera-
ture the resistivity decreases almost linearly with pressure
from 1 mQ, cm at ambient pressure to 0.75 mQ cm at 15
kbar. But at low temperatures, the influence of pressure
on the resistivity is enormous. At 1.2 K pressure de-
creases the resistivity from 24 mQ cm at ambient pressure
to 28 pQ cm at 15 kbar, where the latter value is the upper
limit of the residual resistivity (see discussion below).
This amounts to 3 orders of magnitude change in resistivi-
ty at 1.2 K and a change in the behavior of the resistivity
versus temperature from semiconductorlike to metallic
character. At 15 kbar the resistivity ratio p(300 K)/p(12
K) is about 27, but the resistivity below 12 K continues to
decrease linearly with temperature as seen in Fig. 7 where
the resistive transition with magnetic field is shown. This
implies that the residual resistivity is smaller than 28
pQcm and thus the actual value for the resistivity ratio
for this sample must be larger than 27.

Finally, we made resistive measurements of the upper

critical field H, 2(T) of EuMo6S8 at 13.2 kbar. To avoid
complications from surface superconductivity the mea-
surements were made with the current perpendicular to
the magnetic field. Typical resistive superconducting
transitions at constant magnetic field up to 3.5 T are
displayed in Fig. 7. All of the transitions are extremely
sharp, and the definition of H, 2 has no influence on the
temperature dependence of H, 2 which is shown in Fig. 8.
Only a small portion of the H, 2-vs-T curve was experi-
mentally accessible due to the very high value of H, 2.
This makes a detailed analysis difficult, but some impor-
tant qualitative features can be obtained from these
H, 2(T) data. First of all, the initial slope of the critical
field dH, 2/dT cannot be accurately determined, since
H, q(T) is nonlinear close to T, . Nevertheless, 2.5 T/K
seems to be the lower limit for dH, 2/dT and, as a conse-
quence, the orbital critical field is certainly higher than 21
T. The negative curvature of H, 2 close to T, is most like-
ly due to large paramagnetic limiting produced by the
mean exchange interaction between the conduction-
electron spins and the localized magnetic moments of the
Eu ions. At lower temperature, the curvature of H, q(T)
becomes positive indicating that the exchange interaction
is negative. Such behavior of H, 2 is expected for
EuMo6S8, since the compensation effect proposed by Jac-
carino and Peter ' has been observed in the isoelectronic
series Pb& „Eu~Mo6S8, ' SnI „Eu~Mo6S8, ' and
Yb~ „Eu~Mo6S8. ' Nevertheless, taking into account the
exchange interaction obtained in these series, the expected
behavior of H, 2(T) for EuMo6Ss should have a pseu-
doreentrant curve. For example, below a certain tempera-
ture the critical field should decrease with decreasing tem-
perature as a result of the large increase of the paramag-
netic limitation when the temperature is lowered. Since
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this kind of temperature dependence for H, 2 was not ob-
served, we conclude that pressure also changes the mag-
netic interaction either by decreasing the absolute value of
the exchange interaction or by increasing the positive
component of the exchange interaction. This mechanism
has already been proposed as an explanation for the pres-
sure dependence of H, z(T) in EuMo6Ss. New experi-
ments are presently in progress to establish the role of
pressure on the exchange interaction in this compound.

CONCLUSIONS

The high metallurgical quality of the sample that was
investigated in this work made it possible to accurately as-
sess several aspects of the behavior of EuMo6Ss under
pressure. Specifically, the shape of the T, -vs-I' curve, the
correlation between the disappearance of T, and the ap-
pearance of T, near 13 kbar, and the variations of T, with
I' above —13 kbar and 0,2 with T at 13.2 kbar could all
be established quantitatively.

The extreme change in the resistivity under pressure
from semiconducting to very metallic character definitive-
ly excludes impurities as the source of pressure-induced
superconductivity in EuMo6S8. Further support for this
assertion is provided by the apparent competition between
the low-temperature triclinic structure and superconduc-
tivity, as evidenced by the correlation between the disap-
pearance of T, and the appearance of T, near —13 kbar.
Moreover, the high value T, =12.2 K at 13.2 kbar is the
highest pressure-induced superconducting transition ever
observed up to now, and therefore cannot reasonably be
attributed to any known elements or alloys. In addition,
superconducting properties such as the extrapolated value
of T, =14.6 K at ambient pressure, the rate of depression
of T, with pressure, dT, /dP = —0. 18 K/kbar, and the
extremely high value of H, z are all reminiscent of
Chevrel-phase compounds, rather than any conceivable
impurity phases. As a final point, perhaps the most strik-
ing evidence for bulk superconductivity of EuMo6S8 is the

anomalous temperature dependence of H, 2. Here, the
characteristic positive curvature of H, 2 vs T is a result of
the microscopic interaction between the spins of the con-
duction electrons and the Eu magnetic moments which
has been well documented in the pseudoternary Chevrel-
phase systems M) 2 „Eu„Mo6S8 where M=Sn,
Pb, ' La, ' and Yb (Ref. 14) where bulk superconduc-
tivity is incontrovertible. From these results we conclude
that pressure-induced superconductivity is an intrinsic
property of EuMo6SS, rather than an impurity phase. Ex-
periments are presently in progress to demonstrate directly
the bulk nature of superconductivity in EuMo6S8 under
pressure.

All of the results presented in this paper are in qualita-
tive agreement with previous experiments on sintered
EuMo6SS samples. In the investigations on sintered sam-
ples, sample inhomogeneities spread the structural transi-
tion over a range of temperatures which explains why
superconductivity is observed at lower pressure -7 kbar
in the sintered samples and why the magnitude of the ac
superconducting transition signal varies with pressure
below —13 kbar. The reason for the large disparity in the
values of T, at ambient pressure reported previously, is
most certainly a consequence of deviations in
stoichiometry with respect to either the Eu or S concen-
tration. These deviations provide a reasonable explanation
of the anomalous transport phenomena obtained in several
samples of EuMo6S8 that had been prepared by different
methods.
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