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We report the pressure-induced superconductivity in the noncentrosymmetric heavy-fermion CeRhSis.
The superconductivity emerges above about 12 kbar even though the antiferromagnetic ordering persists.
Furthermore, another anomaly is observed in the superconducting phase. The anomalous magnetic field-
temperature phase diagram with a high upper critical field suggests that an unconventional super-

conductivity is realized in CeRhSi;.
DOI: 10.1103/PhysRevLett.95.247004

Several Ce-based heavy-fermion materials have been
found to exhibit superconductivity (SC) near the quantum
critical point where magnetic ordering is suppressed [1-5].
Magnetic fluctuation is the most presumable candidate for
the attractive interaction of the Cooper pair in this SC. A
consensus has been established that non-s-wave pairing is
favorable for such a magnetically mediated superconduc-
tor (MMSC). In centrosymmetric materials, to which most
superconductors belong, spin and orbital parts of the pair
function can be treated individually since conduction bands
are degenerate even if the spin-orbit coupling (SOC) is
strong. Therefore, we can express the Cooper pair as, for
example, a spin-singlet s wave or a spin-triplet p wave.

The newly discovered SC in heavy-fermion CePt;Si [6]
and itinerant ferromagnet Ulr [7] requires a modification of
the established description of the pair function since these
materials do not possess an inversion center. In a non-
centrosymmetric material, the spin-orbit interaction lifts
the degeneracy of the conduction bands; therefore, we can
no longer treat the spin and orbital parts of pair function
independently [8,9]. In this situation, the SOC is expected
to play an important role for formation of a new class of the
pair function, especially in the MMSC. A search for other
noncentrosymmetric superconductors is thus important for
understanding the mechanism of the MMSC as well as for
verification of new theoretical works motivated by the
discovery of CePt;Si [10-12]. In this Letter, a new ex-
ample of a pressure-induced SC in noncentrosymmetric
heavy-fermion CeRhSi; is presented. Furthermore, the
resistivity and ac-susceptibility measurements demonstrate
an anomalous superconducting phase diagram, indicating
that an unconventional SC is realized in this material.

The crystal structure of CeRhSi; is BaNiSn;-type be-
longing to space group I4mm (No. 107) without an inver-
sion center [13] as shown in the inset in Fig. 1(b). CeRhSi;
exhibits the antiferromagnetic (AFM) ordering below
Ty = 1.6 K. The antiferromagnetism is robust against
the magnetic field probably due to a strong Kondo screen-
ing effect on the 4f electron. The electronic specific heat
coefficient vy is about 120 mJ/mol K? [13]. The de Haas—
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van Alphen (dHvA) experiment reveals heavy quasipar-
ticles and that their bands finely split due to the spin-orbit
interaction, which is characteristic of the noncentrosym-
metric material [14].
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FIG. 1 (color online). (a) Electrical resistivity as a function of
temperature for several pressures from ambient pressure (0 kbar)
to 23.1 kbar. 7% dependences are plotted for the corresponding
pressures except for the traces at 3.1 and 7.5 kbar in the inset. For
the 23.1 kbar data, the broken lines show 7-linear (main panel)
and T2 (inset) dependence. (b) Illustration of the crystal structure
and temperature-pressure phase diagram of CeRhSi; based on
resistivity measurements.
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Single crystals of CeRhSi; were grown by the
Czochralski pulling method in a tetra-arc furnace under
Ar gas atmosphere. Starting materials were 4N (99.99%
pure)-Ce, 3N-Rh, and 5N-Si. The resultant ingots of the
single crystals were annealed at 900 °C under a vacuum of
2 X 107 torr for a week. Two samples were cut from
different ingots; one was used for resistivity measurements
and the other mostly for ac-susceptibility measurements.
The residual resistivity p,y and its ratio (RRR) for the
resistivity sample with a current along the [100] direction
were 0.42 uQcm and 180, respectively. The ac-
susceptibility sample also has a RRR larger than 100.
The qualities of these samples are better than that of the
previous sample for the dHvVA experiment [14], which has
a RRR of 64 and a mean free path of /=~ 2000 A.
Hydrostatic pressures up to 23.1 kbar were produced by
clamped piston cylinder cells. The same setup was success-
fully used for the dHVA experiments under pressure, in-
dicating that hydrostatic pressures of high quality can be
applied [15]. The pressures at low temperatures were de-
termined by the resistivity of manganin wire which was
calibrated against the ac-susceptibility drop of the super-
conducting transition of Sn. The resistivity was measured
by a low-frequency ac four-terminal method with current
j=0.136 A/cm®>. The pick-up coil for the ac-sus-
ceptibility measurement was calibrated by the supercon-
ductive shielding of Sn whose dimension is the same as the
present sample. The frequency and the amplitude of exci-
tation field were 138 Hz and 0.01-0.1 Oe, respectively.

Figure 1(a) shows the pressure dependence of the resis-
tivity as a function of temperature. The Ty (=1.6 K at
0 kbar) initially increases with increasing pressure, and
then it turns to decrease above 7.5 kbar and the resistivity
drop at Ty becomes less obvious. Above about 20 kbar, Ty
becomes difficult to determine.

For p = 12.4 kbar, another rapid decrease of resistivity
appears at a lower temperature. The resistivity decrease
becomes sharper at higher pressures. Since the resistivity
decreases to zero, it is very likely that the SC emerges at
high pressures. We denote the onset temperature of the
resistivity decrease as 7. At some pressures like 14.6 kbar,
an additional rapid decrease of resistivity is noted below
T.. The temperature is denoted by 7™ and plotted in
Fig. 1(b) together with Ty and T, as a function of pres-
sure. It is interesting to note that 7, and 7™ exhibit similar
p dependence. T* becomes difficult to identify at high
pressures because the resistivity drops sharply at T,. The
anomaly at 7™ will be further described later. Figures 1(a)
and 1(b) clearly indicate that the superconductivity
emerges in the AFM phase.

The inset in Fig. 1(a) shows the resistivity plotted
against 72. The temperature dependence of the resistivity
at 0 kbar demonstrates the Fermi liquid behavior, namely,
p = po + AT?, below 0.6 K with the coefficient A =
0.2 uQ cm/K?. The resistivities at pressures from 12.4

to 17.6 kbar are well fitted by T? power law below Ty.
The coefficient A is enhanced to be 0.32-0.35 w{ cm/K?
at these pressures, indicating that the value of vy is en-
hanced under pressure. The temperature dependence
changes from 19.4 kbar where the antiferromagnetism
appears to vanish. Comparing the data for 23.1 kbar with
the broken straight lines in the main and inset panels, we
see that the T-linear dependence at 23.1 kbar is better
described by 7T linear (main panel) than T2 (inset). This
reminds us of the fact that the 72 behavior of the resistivity
in CePt;Si changes to T' at about 6 kbar, where Ty
vanishes [16].

To verify whether the bulk SC is realized in CeRhSi;, we
have carried out the ac-susceptibility measurements at
16.2 kbar. Figure 2(a) shows the real and imaginary parts
of the susceptibility x’ and x” as a function of temperature.
Since the excitation field was much reduced to see the SC
transition, the AFM transition is not obviously detected in
the present measurement and is not shown in the figure.
With decreasing temperature, )’ starts to decrease from
about 0.87 K, then decreases rapidly from about 0.4 K, and

finally reaches the value of 477y’ = —1 at lowest tempera-
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FIG. 2. (a) Zero-field ac susceptibility as a function of tem-

perature at 16.2 kbar. An enlarged view of y' above 0.5 K is
shown in the inset. The excitation field amplitude is 0.01 Oe.
(b) Base-temperature susceptibility as a function of field for field
along the [100] direction. An enlarged view of y' above 4 T is
shown in the inset. The excitation field amplitude is 0.1 Oe. The
normal state contribution is subtracted.
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tures. The onset temperature of the shielding approxi-
mately corresponds to 7, defined by the resistivity mea-
surement. Since zero resistivity is attained at a much lower
temperature, the 7. determined by the ac susceptibility can
be assumed to be the onset temperature of bulk SC. On the
other hand, y” has a peak around the temperatures where
x' decreases rapidly as is usually observed in a
superconductor.

As shown in the inset in Fig. 2(a), y’ shows a minimum
at about 0.72 K. Accordingly, a sizable amplitude of "
extends to higher temperatures, making a shoulderlike
structure around the same temperature. The origin of these
anomalies is unclear, but it might be associated with the
anomaly at 7" in the resistivity.

Figure 2(b) shows the susceptibility as a function of
magnetic field at 18 mK. y’ increases rapidly with appli-
cation of small magnetic fields but then continues to in-
crease gradually with field. We denote the field where the
paramagnetic value is recovered as the upper critical field
H_,, which is as high as 7 T. As shown in the inset, in
addition to the change at H,, there seems to be another
small change in ' around 6 T. A minimum of the y/,
similar to that in the inset in Fig. 2(a), is also observed in
the temperature sweep at 6 T.

To elucidate the nature of the anomalies observed in the
resistivity and susceptibility measurements, we have in-
vestigated the resistivity under magnetic fields at several
pressures. We show the temperature dependence of the
resistivity at 14.6 kbar for various fields in Fig. 3. Two
resistivity drops can be clearly observed at zero magnetic
field. The resistivity below T, diminishes considerably
with decreasing current, while the anomaly at T* takes
place at nearly the same temperature for the two current
densities. With application of magnetic field, the resistivity
drop at T, becomes less obvious, while the one at T*

1.0 T T T T T

CeRhSijs H //'j1/1100]
14.6kbar Te

05 . -

p (uQcm)

0T(0.136A/cm?2) |
0T(0.034A/cm?) ]

0.0 C 04 0.8 12
T (K)

FIG. 3 (color online). Electrical resistivity as a function of
temperature for several fields at 14.6 kbar. Magnetic fields are
applied along the [100] direction. T2 fitting curves are also
plotted by dotted lines. T, and T* are indicated by arrows. All
the data were measured for a current j = 0.136 A/cm?, except
for the second trace at 0 T, which is for j = 0.034 A/cm?.

broadens under low fields, and then it becomes sharper
again at higher fields above 1 T. Similar behavior is ob-
served at 19.4 kbar. Although T* is absent at 0 T, T*
appears in fields and the associated resistivity drop
sharpens at high fields. At 23.1 kbar, no obvious anomaly
appears in the resistivity curve below 7.

In Fig. 4, we plot the temperatures Ty, T, and T* and
fields H_, determined from the resistivity measurements at
14.6 kbar and the ac-susceptibility measurements at
16.2 kbar as the H-T phase diagram. Ty is still robust
against the magnetic field even at 14.6 kbar. The boundary
between normal and superconducting states, namely, the
H_, curve, has an unusual shape. It seems to follow initially
a normal BCS-like curve but subsequently increases
steeply below 0.3 K.

At 16.2 kbar, the upper critical field H.,(0) for T — 0
reaches 7 T, largely exceeding the Pauli-Clogston limit-
ing field given by Hp =~ 1.86 [T/K] X T.[K] [17]. From
the well-known formula woH,(0) = ®y/(27£3), the co-
herence length & is estimated to be 70 A, which indicates
that the present sample, where [ is expected to exceed
2000 A, is in the clean limit. The initial slope of H,,(T)
is given by the broken line in Fig. 4 and has the value
(dH.,/dT,)|;. = —12 T/K. Considering the enhanced
value of y under pressure, these values can be compared
toH, =5T,dH./dT. = —8 T/K of CePt;Si with y of
390 mJ/mol K? [6]. The phase diagram of CeRhSij is
entirely different from that of the reference material of
LaRhSi; with 7. = 1.9 K and H, = 0.03 T. The high
upper critical field also indicates that the SC of CeRhSij
is unconventional.

Moreover, it appears from the plot of T* that there is
another boundary inside the H,, curve. Two superconduct-
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FIG. 4 (color online). Magnetic field-temperature phase dia-
gram of CeRhSi; constructed from resistivity at 14.6 kbar and
ac-susceptibility measurements at 16.2 kbar. Solid circles and
triangles denote the transition temperatures and fields deter-
mined by x/(T) and x'(H), respectively. Hollow circles and
triangles denote those determined by p(T) and p(H), respec-
tively. The initial slope (dH,/dT,)|y, is indicated by a broken
line.
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ing phases which are spatially separated and have different
superconducting properties could give rise to such a phase
diagram in Fig. 4. However, if the second SC emerges in
other places than those of the first SC, the susceptibility is
expected to decrease further upon the occurrence of the
second SC with lower T, and H,,. The observations of the
susceptibilities at 0.72 K in Fig. 2(a) is inconsistent with
this prediction. Furthermore, an intergrain or percolated-
impurity effect is not expected for the present high quality
single crystals and for experiments under hydrostatic pres-
sures of high homogeneity. The existence of the anomaly
below T, and broadened transition in the resistivity have
been reported also in high quality CePt;Si under pressure
[16]. In these respects, the superconducting properties of
CeRhSi; are similar to those of CePt;Si.

Among the superconductors so far investigated, heavy-
fermion superconductor UPt; and the rare-earth (RE) mag-
netic superconductors of the (RE)MogXg type (X = S, Se)
and (RE)RhyB, type appear to have similar features. In the
former compound, the multiple superconducting phases
and a double structure in ac susceptibility are observed
[18]. However, the superconducting drop of the resistivity
is sharp and takes place only at the higher 7. The behavior
of CeRhSi; below 20 kbar is different from these behav-
iors. On the other hand, in the latter compounds, the shape
of the phase boundary is similar to the characteristic shape
of the boundaries in CeRhSi;, which is concave around
0.3 K, and similar features of susceptibility to those in
Fig. 2(a) are also observed [19]. The resemblances might
suggest that the anomaly at 7* in CeRhSij; is related to a
change of magnetism. This scenario is consistent with the
vanishing of 7™ at the pressure where the AFM transition
disappears. However, it is not clear why T* can be observed
in y despite the fact that Ty itself cannot be detected and
why T, and T* exhibit similar p dependence. Microscopic
measurements would be necessary to reveal the origin of
the anomalous phase diagram of CeRhSijs.

In summary, CeRhSi; is found to be a new member of
the pressure-induced noncentrosymmetric heavy-fermion

superconductor. The SC exists even in the AFM state.
Another anomaly emerges in the superconducting phase.
The high upper critical field and the anomalous phase
diagram indicate that the SC is unconventional.
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