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Abstract. We present transport measurements under hydrostatic pressure, low temperature
and magnetic field on a single crystal of the heavy fermion superconductor,SeCurhe
presumably magnetic A-phase is shown to collapse rapidly with pressure, and to almost disappear
at 3.2 kbar. We also present measurements of the upper critical Hgldl'). We find
evidence for a relation between the A-phase and the presence of a maximum on the temperature
dependence of thé&l.,. The magnetic susceptibility deduced from the analysis of the variation

of H.»(T), taking into account the exchange interaction, shows a sharp variation at the A-phase
boundary obtained from resistivity measurements in the normal state. Our analysis shows that
the sign of the exchange integral should be negative, thus superconductivity is enhanced by the
paramagnetic susceptibility as in the Jaccarino—Peter effect.

The interplay of magnetism and superconductivity is at present one of the fascinating
topics in the physics of heavy fermion systems. In addition to several uranium-based
superconductors (URtURWSi;, UPAAI3) which exhibit well defined antiferromagnetic
order, CeCpSi,, which lies close to a magnetic instability, is another good candidate
for the investigation of this phenomenon. Since the discovery of heavy fermion
superconductivity in CeG&iy [1], this compound has been the object of many experimental
and theoretical studies. It is now known that in the low-temperaBE phase diagram, the
superconducting (SC) phase is embedded in another phase (labelled A-phase) as shown in
figure 1. In zero magnetic field, the transition into the A-phase occurs below the temperature
T4 ~ 0.7 K, which is only slightly higher than the superconducting critical temperafure

When a magnetic field is applied, the behaviours of the two phases are quite different: the
upper critical field,H,.,, of the superconducting phase is about 2 T, whereas the A-phase
exists up to much higher fields, exceeglii T when the temperature approaches zero for

H || a [2]. However, the low-temperature phase diagram of G8&Ls extremely sensitive

to small differences in stoichiometry [3]. Samples can be of the S-type (SC with no signature
of the A-phase), A/S-type (coexistence of superconducting and A-phases) or A-type (only
A-phase). The A-phase was first detected as an anomaly in magnetoresistance measurements
[4] and was shown to be of magnetic origin by NMR [5] and muon spin relaxafi@R)

[6] measurements. However, the type of magnetic state remains a mystery, all attempts at
direct observation of the magnetic structure by neutron diffraction having failed so far. For
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Figure 1. Generic diagram of the superconducting and A-phases in £igwith the field
applied in the ¢, b) plane.

example, a recent neutron elastic scattering experiment on a single crystal failed to detect
any long-range order in the:( 0, [) plane [7]. RecenuSR results [8, 9] suggest that

spin density wave or spin glass type ordering are most likely. But even the microscopic
signatures of the appearance of the A-phase are obscure: new NQR experiments on cerium-
depleted samples show that the A-phase may exist above the temperature where a clear
broadening occurs in the Cu NQR or NMR signal [10]. Several high-pressure studies have
been performed on CeG8iy, revealing that the pressure dependencg.aéxhibits a sharp
increase from about 0.7 K to ov@ K above 16 kbar [11, 12], but remains almost constant

up to this pressure. Hence relatively little attention was paid to the low-pressure range and
in particular no observations of the A-phase under pressure were reported until a recent
study showed that it is completely suppressed at 7 kbar [13]. This study still provided little
information about the evolution of thB—T phase diagram of the A-phase under pressure.

It is also known that pressure can induce superconductivity in A-type samples which are
non-superconducting at ambient pressure [14]. In the present study, transport measurements
have been performed in magnetic field, in order to determine precisely how the A-phase
is suppressed with hydrostatic pressure. We have also measured the upper critical field to
look for evidence of interplay between the magnetic and SC phases. We will not solve
the problem of whether the A-phase is a real magnetic phase transition here, but we will
stress that it has a clear magnetic origin with feedback effects on the temperature variation
of the upper critical field. By the application of pressurg, decreases and collapses near

4 kbar. As for antiferromagnetic superconductors, the interplay between superconductivity
and magnetism appears clearly when the magnetic ordering temperature is lower than the
superconducting critical temperature.

We have carried out transport measurements on a single crystal obSig@ua piston—
cylinder type pressure cell with a liquid pressure transmitting medium [15]. The sample
was a single crystal of the A/S-type which was found to display a strong anomaly in the
resistivity corresponding to the A-phase boundary at ambient pressure. The cell was placed
in a dilution cryostat with a superconducting magnet to apply fieldsoup T parallel to
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Figure 2. Examples of field sweeps (right) where the A-phase boundary appears as a sharp drop
in resistance at low pressure or as a minimum in resistance at higher pressure, and temperature
sweeps (left) where the A-phase boundary is determined by the point of deviation fidm a

law. In both plots curves correspond to 0, 0.8, 1.8 and 3.2 kbar and are successively shifted
downwards.

the cell axis, which corresponds to theaxis of the sample. The sample resistance was
measured by a standard AC technique with lock-in detection. The measuring current of
30 1A at a frequency of 17 Hz was applied along thexis of the sample. The pressure

was calibrated at low temperature by measuring the superconducting critical temperature
of tin. At ambient pressure the sample showed a superconducting transitioryvih

0.68 K and transition width of 25 mK (10-90%), the residual resistivity wasyg®m.

These results are among the best reported in the literature and confirm the high quality of
the sample. To determine the upper critical field and the A-phase diagram, we performed
temperature and field sweeps as shown in figure 2. In the field sweeps at low pressure, the
A-phase boundary appears as a sharp drop of about 15% of the magnetoresistance [4]. At
higher pressures the feature becomes broader, changing finally to a rather smooth minimum,
and transition points were determined by the minimum of the magnetoresistance. On the
temperature sweeps the A-phase boundary is marked by a change of regime:Thelw
deviation from theT? law occurs [16]. At intermediate temperatures and fields both types

of measurement were performed and the criteria used produced consistent régults.

was determined by the superconducting transition midpoint. Figure 3 shows the evolution
of the A-phase under pressure. We have found that the A-phase disappears very rapidly
with pressure. It appears that the initial effect is mainly to depress the temperature of the
A-phase boundary at low fields, while the critical field of the A-phase at low temperature
is hardly affected up to 1.7 kbar. At a pressure of 3.2 kbar we observed only tiny signs
of the A-phase. Contrary to the lower pressure results, the A-phase boundary obtained at
3.2 kbar lies at a low field even at low temperature. This suggests that the A-phase should
completely disappear at a pressure only slightly higher than 3.2 kbar. The high-field part of
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Figure 3. Evolution of the A-phase diagram under pressure shown with the superconducting
phase at zero pressure. Dashed lines show the extrapolation of a fit of thélferiy/ 7,)*, in

order to estimate the temperature of the intersection between the superconducting and A-phase
boundariesT 4 (H.2), indicated by arrows.

the temperature dependence of the upper critical figldrenormalized byr, for different
pressures is shown in figure 4. The low field points, i.e., clos€.tgnot shown) are
identical for all pressures up to 3.2 kbar within the experimental resolution. However, the
low-temperature parts of thH.,(T) curves are found to vary significantly with pressure.

The most striking result is the appearance of a rather broad maximum on the temperature
dependences off., when the A-phase boundary is shifted to a lower temperature. This
maximum becomes more pronounced at higher pressure, but, like the A-phase, disappears
at pressures above 3.2 kbar. This anomaly can be also seen in the temperature sweeps
at a magnetic field slightly lower than the maximum valueH$ (figure 4 inset) where
re-entrant behaviour is found. Such a maximum @g in this compound has already

been observed in some samples at ambient pressure [17], although less pronounced than
here. Several possible explanations were proposed, but without a final conclusion. At that
time the existence of the A-phase was unknown, however, our new results suggest that
the origin of this maximum off., is due to the interplay between the magnetic A-phase
and superconductivity. Several points support this idea: we have not found this behaviour
either at higher pressure, when the A-phase does not exist, or at zero pressure, when the
temperature of the transition to A-phase at zero field is slightly higher ThaiMoreover,

when the anomaly occurs, it is in the temperature regiofi,@H,,), the temperature where

the A-phase boundary crosses the upper critical field (see the arrows in figure 3). The
influence of the appearance of a magnetic phaséignshould come from a change in

the (paramagnetic) Pauli limitation. For a quantitative estimate of this change through a
realistic model ofH.,, a proper account of the mean free path [18] and strong coupling
parameters [19, 20] would be necessary. Because the microscopic nature of the A-phase is
still unknown, this is, at least at present, out of reach. However, in order to test qualitatively
how the anomalous behaviour &f., can arise from a modification of the Pauli limitation
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Figure 4. Temperature dependence of the upper critical fiélgrenormalized byr,. for different
pressures. The low field points, i.e. closefto(not shown) are identical for all pressures within

the experimental resolution. The inset shows a temperature sweep at a field slightly below the
maximum value ofH., exhibiting re-entrant behaviour.

by the A-phase, a simple model &, should be sufficient. To this end we have analysed
the temperature dependencestyp assuming weak coupling and clean limit. In this case,
the Pauli limitation is entirely controlled by the value of the gyromagnetic rgtimf the
conduction electronsg(= 2 for free electrons). With the same hypothesis, the orbital
limitation is determined by a mean Fermi velocity which can be deduced from the value of
the slope ofH,, at T., (dH.»/dT.)r—7.. We mentioned above that, within the experimental
error bars, this slope is constant at about 25 T/K in the pressure range considered here. So
g is the only parameter which can change with pressure, and inside the A-phase. Let us
note that, in the clean limit scenario, the calculation of the paramagnetic efféét,anust
include the appearance of the Fulde—Ferrel-Larkin—Ovchinnikov state [21], which gives
realistic though slightly overestimated valuesHf, at low temperature, owing to the fact

that CeCySi, is probably in an intermediate regime between the clean and dirty limits
[18]. In a simple description of the magnetism of CgSh arising from (paramagnetic)
conduction electrons and magnetic ions, the Pauli limitatioH gfis controlled by the pair-
breaking effect of the external fielgu g B, and by an additional term due to the internal
exchange fieldy (T)J B, whereJ is the exchange integral between the conduction electrons
and the magnetic moments, agd7) is the uniform susceptibility of the magnetic ions.

We can therefore write the effect of an external field as an effective temperature dependent
gyromagnetic factog.,(T)upB where

8erf(T) =g+ x(T)J/pp. (1)

We then fit theH.o(T) curve allowingg.;s to vary with temperature. As neithet
nor g should vary with temperatureg.(T) reflects the temperature dependence of the
susceptibility. This variation of.(T) is shown in figure 5g.ss is practically constant at
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Figure 5. Temperature dependence of the effectjviactor obtained from the fit of thél »(T)
curves. Note that for each pressure the upturry@) occurs at a temperature close to the
intersection of the A-phase and superconducting phase boundaries indicated by the arrows.

ambient pressure, but at higher pressures shows a clear upturn. The most significant result
is that the temperature where this upturn occurs coincides very well with the temperature of
the intersection of the A-phase boundary whly, (indicated by arrows). A second, weaker
upturn can be seen at lower temperatures on the ambient pressure curve, but this probably
arises from the shape of the theoretical curveHpf which tends to overestimatHd,, at

low temperatures. In a more realistic mogg}, is expected to remain constant at ambient
pressure and the increase would probably saturate Whelecreases towards zero at the
higher pressures.

The fact that this upturn of.s, found from the shape aff.,, occurs at almost exactly
the same temperature as the transition to the A-phase deduced from magnetoresistance in
the normal phase, is in itself strong evidence towards our suggestion that the maximum of
H_, is due to the interaction with magnetism. However, if, as is most likely, the A-phase
corresponds to the onset of an order with antiferromagnetic correlations, one would expect
the susceptibility to decrease, or at least remain constant below the ordering temperature,
whereasg, s, is found to increase on cooling. This is not necessarily contradictory as the
relation betweery andg.rs depends on the sign of. If J is negative, the two terms in
equation (1) compensate each other, and the paramagnetic susceptibility enHgnoes
the presence of an external field, according to the Jaccarino—Peter effect [22]. @D if
has a maximum beloW,, H.(T) will also exhibit a maximum as found here.

Several studies have shown that the superconducting and A-phases tend to repel each
other [2, 8, 9]. Here we have assumed their coexistence at least in a region closéitg the
boundary. We stress that this is not contradictory with an expulsion of the A-phase when
moving deeper into the superconducting phase. However, our results support the idea that
at the onset of superconductivity the two phases coexist homogeneously on a microscopic
level, and not, as sometimes suggested, in separate macroscopic regions. The critical field
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of the A-phase,H,, increases on cooling and decreases with pressure. This supports the
idea of a real magnetic long-range ordered state for the A-phase.

This kind of measurement may provide a unique way of obtaining information on very
weak variations of the magnetic susceptibility, as its effect on the conduction electrons can
be greatly amplified by the exchange integral. Our results show that interplay of magnetism
and superconductivity must probably be taken into account to understand the upper critical
field of CuCuySi, at low temperature and ambient pressure.

We thank J Flouquet for his constant encouragement and helpful discussions. One of us
(IS) is grateful to Centre International des Etudiants et Stagiaires for financial support.
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