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Extremely High Upper Critical Magnetic Field of the Noncentrosymmetric Heavy Fermion
Superconductor CeRhSi;
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We report an extremely high upper critical field B, in the noncentrosymmetric heavy fermion
superconductor CeRhSi; for a magnetic field B along the tetragonal ¢ axis. B, (T = 0) possibly reaching
30 T is much higher than B,,(0) = 7 T for B L ¢ and greatly exceeds the paramagnetic limiting field. The
strong anisotropy of B, (0) with extremely high B (0) for B || ¢ is qualitatively explained by the
paramagnetic pair-breaking mechanism specific to the noncentrosymmetric superconductor. However,
an unusual B.,(T) curve with a positive curvature for B || ¢ cannot be explained satisfactorily by

conventional orbital pair-breaking models.
DOI: 10.1103/PhysRevLett.98.197001

A superconducting state will be destroyed by the appli-
cation of a sufficiently strong magnetic field to the super-
conductor (SC). The magnetic field gives rise to spin
polarization due to the Zeeman effect and to cyclotron
motion due to the Lorentz force, and then they break apart
the Cooper pairs. These depairing mechanisms are called
the paramagnetic and orbital pair-breaking effects, respec-
tively. The influence of the former effect depends on the
symmetry of the Cooper pairs. It breaks apart the singlet
(antiparallel spin) pair but not the triplet (parallel spin)
pair. On the other hand, the influence of the latter effect is
thought to be independent of the pairing symmetry.

In noncentrosymmetric (NCS) SCs, the spin-orbit inter-
action with broken inversion symmetry forbids the usual
classification of Cooper pairs. Instead, a new pairing sym-
metry, i.e., a mixed parity state, is expected to be realized
[1]. Some theoretical considerations predict modification
of the paramagnetic pair-breaking effect [1-4] and a
helical-vortex state which reduces the pair-breaking effect
[5]. The first NCS heavy fermion (HF) SC CePt;Si is
reported to have an upper critical field B,(T = 0) of 5 T,
which exceeds the paramagnetic limiting field of 1 T [6].
The observation of high B,(0) is explained in terms of
these characteristic effects of NCS SCs.

We have discovered a second Ce-based NCS HF SC
CeRhSij; and have observed a relatively high B.,(0) of 7 T
for fields along the tetragonal basal plane (B || a) [7]. In
this Letter, we report a much higher B,,(0), possibly reach-
ing 30 T, for a field along the ¢ axis in CeRhSi;. The
extremely high B, (0) exceeds not only the paramagnetic
limiting field but also the orbital limiting one estimated on
the basis of the BCS model.

Single crystals of CeRhSi; were obtained by the same
method as in the previous Letter [7]. The residual resistiv-
ity and its ratio with current j along the ¢ axis were
0.41 w€) cm and 240, respectively. These values are com-
parable to those previously used [7], guaranteeing a clean-
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limit SC. The setup of the pressure cell and the methods of
the resistivity and susceptibility measurements were also
the same as those in the previous Letter [7].

The resistivity p as a function of T for j || ¢ under
several pressures (P) is shown in Fig. 1(a). The resistive
drop due to the superconductivity emerges at ambient P,
but it is not completed at the lowest 7" of 20 mK. In the ac-
susceptibility measurements, the magnetic shielding starts
approximately at the midpoint temperature of the resistive
drop. Therefore, we define the temperature at the mid-
point as the superconducting transition temperature 7.
With increasing P, T, increases, and the resistive drop
becomes sharper. Perfect shielding is observed in the ac-
susceptibility measurements above 15 kbar. T, reaches a
maximum of about 1.1 K at 26 kbar. With further applica-
tion of P, T. decreases slightly, and the resistive drop
broadens again. The antiferromagnetic ordering tempera-
ture Ty [8] increases with increasing pressure, then turns to
decrease at 8 kbar, and disappears above 24 kbar. The P
dependences of Ty and T, are shown in Fig. 1(b). Since the
superconductivity masks the resistivity anomalies ob-
served at Ty, the critical pressure where the antiferromag-
netism vanishes at 0 K is not clear; however, we suppose
that it is about 26 kbar.

The resistivity has T2 dependence below Ty for P <
24 kbar. The coefficient A of the T term is almost constant
or increases slightly as shown in Fig. 1(c). According to the
Kadowaki-Woods relation [9], this suggests that the spe-
cific heat coefficient ¥ = 120 mJ/mol K? at ambient P [8]
should be unchanged or should increase slightly up to
24 kbar. For P > 24 kbar, the resistivity has T-linear de-
pendence. For j || a, the T? dependence also changes to the
T-linear one and the A of the 72 term does not have strong
P dependence [7].

The resistivity as a function of 7 for several magnetic
fields at 29 kbar is shown in Fig. 2(a). Figure 2(b) shows
the resultant field dependence of T, namely, the B,-T
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FIG. 1 (color online). (a) Electrical resistivity p of CeRhSi; as
a function of T for 0 < P =< 29 kbar with j || c. (b) T-P phase
diagram of CeRhSi;. Ty is taken as the temperature where the
resistivity rapidly changes in slope, namely, the inflection point,
while the superconducting transition temperature 7, is taken as
the midpoint of the resistive drop. (c) Coefficient A of the 77
term in p and the initial slope of the superconducting B.,-T
phase diagram as a function of P.

phase diagram, compiled from Fig. 2(a). We obtain ap-
proximately the same phase diagram constructed from the
onset of the magnetic shielding in the ac susceptibility.
B.,(T) at 29 kbar reaches 16 T at the temperature T =
0.5T. and at the lower temperatures exceeds the highest
field of 16 T available in our laboratory [10]. The B.,(T)
curves at 15, 24, and 29 kbar keep positive curvatures
(d’B,,/dT? > 0) down to at least 0.1, 0.3, and 0.57.,
respectively. The B, (T) curve at 26 kbar is approximately
linear. Although T, for zero field at 29 kbar is slightly
smaller than that at 26 kbar, B, becomes larger than that at
26 kbar at low temperatures.

The initial slope of the upper critical field B/, =
—(dB,/dT)|r—7, strongly depends on the applied pres-
sure and seems to have a maximum of 23 T/K at 26 kbar as
seen in Fig. 1(c). The maximum value is comparable to that
of the other HF SC CeCu,Si, (B., = 23 T/K) with a large
y of 1J/molK? [11]. The P dependence of A and B’,
suggests a large mass enhancement, probably due to the
magnetic fluctuation arising only in the vicinity of the

FIG. 2 (color online). (a) Resistivity curves for B || ¢ from 0 to
16 T at 29 kbar. (b) B.,-T phase diagrams for B || ¢ at P = 15,
24, 26, and 29 kbar. Inset: B.,(T) curves for the B || ¢ normal-
ized by the initial slope. The arrow indicates the orbital limit
Bfrgs = 0.73B/,T, (see text). The dashed curves are theoretical
predictions based on the strong-coupling model using the cou-

pling strength parameter A = 10 and 30 [20].

critical pressure, whereas the superconductivity appears
in a much wider pressure region: We note that supercon-
ductivity is achieved in the pressure region where
dTy/dP > 0. These properties are in contrast to those of
other pressure-induced HF SCs, in which the appearance of
superconductivity is accompanied by strong mass enhance-
ment [12].

One may conjecture that the value of B,,(0) at high
pressures exceeds at least 20 T. However, it seems difficult
to determine without ambiguity because the B, (T) curve
is significantly different from that predicted by the well-
known model [13]. To estimate B.,(0) experimentally
without using any theoretical model, we plot B.,(T) nor-
malized by the initial slope, as seen in the inset in Fig. 2(b).
Since the form of the curve for 15 kbar has been deter-
mined in a wider temperature range, we compare the other
curves with that for 15 kbar. The normalized curves for 24
and 29 kbar are similar in nature, although they deviate
upward from that for 15 kbar with decreasing T/T..
Assuming that those curves approximately correspond to
that for 15 kbar at low temperatures, we would expect
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B.,/(B.,T,.) to reach at least 1.5 for T — 0, which corre-
sponds to B.,(0) = 22 and 30 T for 24 and 29 kbar, re-
spectively. The curve for 26 kbar seems to differ in shape
from the others. Therefore, we cannot estimate B, (0) from
a comparison with the curve for 15 kbar. Instead, we
extrapolate B,,(0) from a linear extension of the data to
T = 0. We obtain B.,(0) = 26 T for 26 kbar.

The magnetic phase diagram of the superconductivity in
CeRhSi; is strongly anisotropic, unlike the almost iso-
tropic phase diagram for that in CePt;Si [14]. B.,(0) and
its P dependence for B || a are quite different from those
for B || c, as seen in Fig. 2(b). B, (T) for B || a at 26 kbar
has a steep initial slope of B/, = 27 T/K as large as that
for B || ¢, although B,,(0) of 7 T is quite different from that
for B || c¢. The concave structure of the B, (T) curve ob-
served at 16 kbar [7] becomes less obvious at 26 kbar.
B.,(0) is almost independent of P from 16 to 29 kbar,
whereas B!, has a similar P dependence to that for B ||
c. The fact that B.,(0) is independent of B!, suggests the
existence of the paramagnetic pair-breaking effect which is
predominant over the orbital one.

The B,,(0)-T, plots for CeRhSi; and known HF SCs are
shown in Fig. 3 [6,11,14-17]. For CeRhSi;, we plot the
estimated value of B,(0) = 30 T at 29 kbar. B, (0) should
be larger than 17.5 T [10]. In general, the magnitude of
B.,(0) is restricted by both the paramagnetic limiting
field Bp and the orbital limiting field Bgy. In the BCS
model (for a singlet-pairing SC), Bp is given by BECS =
\/EA/(g,uB) = 1.86T,, where A, g, and up are the super-
conducting gap, gyromagnetic ratio, and Bohr magneton,
respectively [18]. The BE®S relation is given by the dashed
line in Fig. 3. On the other hand, B,y is expressed by
Bow, = Do/ (2mE2), where @) is the quantum fluxoid and
&o is the superconducting coherence length. If we assume
the BCS model (weak-coupling limit), it can be expressed
using the initial slope, namely, B2C5(0) = 0.73B/,T, for
the clean limit [13].

One can see that some singlet-pairing SCs are situated
above the B3S line, although their B,,(0) must not exceed
BBCS, in general. Two causes have been proposed so far.
One is a reduction of the g factor found in CeColns (g =
0.63 for B || @) [19] and URu,Si, (g = 0.23 for B || a)
[16]. The other is the strong-coupling effect, which could
enhance Bp and successfully explain the large B,(0) of
UBe;; [20]. For a NCS SC, two additional mechanisms,
i.e., reduced paramagnetic pair breaking [1-4] and the
helical-vortex state [5], are predicted. These four mecha-
nisms can explain the paramagnetic limiting field being
much higher than B3®S. The helical-vortex-state mecha-
nism cannot be applied to the present case because it is
expected to work for B L ¢ [5].

Unlike the B,,(0) of CeRhSi; for B || @ and other HF
SCs, that for B || ¢ is outstandingly high. Such a high
B.,(0) and anisotropy are unlikely to be explained by a
small and anisotropic g factor. The Wilson ratio Ry =
(kg x) /(& upJ(J + 1)y] = 2 gives g, = 3.2 and g, =
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FIG. 3 (color online). Comparison of B,(0) with BECS for HF
(and related) SCs. The dotted line represents B%CS = 1.86T.,.
The circles, squares, and triangle indicate cerium, uranium, and
praseodymium compounds, respectively. The solid and hollow
symbols mean (possibly) a triplet and singlet (or unclear) SCs,
respectively. The gray (red online) marks denote a NCS SC. An
a or ¢ in parentheses denotes the applied field direction. The
legends without parentheses indicate the results for single crys-
tals for a cubic structure or for polycrystals. The plot of CeRhSi;
for B || ¢ indicates the estimated value. The up arrow indicates
that B.,(0) of CeRhSi; for B || ¢ should be larger than 17.5 T
(see text).

2.1 for the B || @ and ¢ axes, respectively [21], where we
use J = 1/2, y = 120 mJ/mol K2, and the magnetic sus-
ceptibility y, = 8.3 X 107% emu/mol and y, = 3.8 X
1073 emu/mol [22]. These values are close to the value
for free electrons and are not highly anisotropic. Explain-
ing the high B_,(0) by the strong-coupling model would
require that a huge A, more than 10 times as large as A in
BCS, should be realized. Neither of these mechanisms is
likely to be a major cause of our results.

According to the theory of the modified paramagnetic
pair-breaking effect by Frigeri et al. [2,3], when the triplet
component is predominant rather than the singlet one or
when spin-orbit coupling is much larger than kT, even in
the singlet component, spin susceptibility does not change
even in the superconducting state, so the paramagnetic
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pair-breaking effect is absent (or strongly reduced) for B ||
¢, while the paramagnetic effect is finite but greatly re-
duced for B || a, as mentioned above. Our results of high
B,,(0) (for B || ¢) and its anisotropy evidently support this
theory.

Even if the paramagnetic pair-breaking effect is absent,
B_,»(0) must be restricted by the orbital limiting field B,,.
The B,,(0) of CeRhSis3, however, obviously exceeds B3CS,
as seen in the inset in Fig. 2(b). Moreover, the B,(T) curve
with positive curvature is quite different from the conven-
tional BCS model [13]. Such phenomena are usually ex-
plained by the strong-coupling model [23].

We attempt to apply the strong-coupling model to
CeRhSi;. Note that the coupling is thought to be not the
conventional electron-phonon type but the -electron-
magnon one. The dashed curves shown in the inset in
Fig. 2(b) are reproduced from the prediction of the
strong-coupling theory without the paramagnetic pair-
breaking effect for a clean-limit SC [20]. The data at 15
(T > 0.2T.) and 26 kbar (T > 0.4T,) seem to correspond
approximately to the curves for A = 10 and 30, respec-
tively. However, they deviate from the theoretical curves at
low temperatures, and the data at 24 and 29 kbar do not
trace the curve of any A even near 7.

The above consideration is based on the assumption of a
spherical Fermi surface (FS). When the FS is distorted
from a spherical one and approaches the Brillouin zone,
the B, (T) curve is modified, especially at low temperature
[24]. Considering the complicated shapes of the FS in
CeRhSij [22], the FS may indeed approach the Brillouin
zone. To reproduce the data more precisely, we must take
into account a more realistic FS model in addition to the
simple strong-coupling model. However, the effect of the
modifications due to an anisotropic FS is unlikely to ex-
plain the P dependence of the B.,(T) curve. The disagree-
ment between the simple strong-coupling model and the
actual data differs for different pressures. The data for
15 kbar are above the curve of the strong-coupling model,
while those for 26 kbar are below it. The temperature
ranges of the deviations for different pressures are differ-
ent. On the other hand, the FS changes continuously from 0
to 29.5 kbar [25]. We would expect the modifications by
the anisotropic FS to change continuously with P. In
addition, the extremely high value of A = 30 is unlikely
to be realistic in comparison with values for UGe, (A =
14) [17] and UBe3 (A = 14.5) [20]. We may have to take
into account another effect, e.g., the broken inversion
symmetry or a more complicated magnetic fluctuation, in
addition to the present model.

In summary, we have observed an extremely high B,,(0)
for B || ¢ near the pressure that gives maximum 7. B,,(0)
exceeds both BE®S and BBSS. The much higher B,,(0) than
BBCS for B || ¢ and strong anisotropy of B, (0) are consis-
tent with the theory for NCS SCs, which predicts a reduced
and anisotropic paramagnetic pair-breaking effect. On the

other hand, the exceeding of B2CS and the unusual shape of

the B, (T) curve cannot be explained satisfactorily by the
strong-coupling model including modifications due to an
anisotropic FS.
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