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p-Wave Superconductivity in the Ferromagnetic Superconductor URhGe
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We report that the upper critical field of single crystals of URhGe exceeds the usual paramagnetic
limitation for fields applied along all three crystal axes. In detail the temperature dependence of the critical
field cannot be reconciled with opposite-spin pairing but is well described by a single component odd-
parity polar order parameter with a maximum gap parallel to the a axis.
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Superconductivity has recently been observed in URhGe
and several other ferromagnetic metals [1-3]. Although
ferromagnetism and superconductivity are usually consid-
ered to be antagonists, the ferromagnetic order in these
metals persists in the superconducting state. Moreover, in
both URhGe [4] and the high pressure ferromagnetic phase
of UGe, [5] studies as a function of pressure show that the
critical temperature below which superconductivity occurs
is higher for larger values of the ordered ferromagnetic
moment. These results suggest that, surprisingly, ferro-
magnetism may actually enhance superconductivity in
these compounds. However, the way the electrons are
paired to give superconductivity remains controversial.
Here we report measurements of the critical field necessary
to destroy superconductivity in single crystals of URhGe.
The large values of the critical field we find along all three
crystal axes establish that equal spins are paired.

It is known from neutron scattering [2,6] that the mag-
netism in URhGe and UGe, is carried by uranium f
electrons. However, it is less clear how the different spin-
polarized Fermi surfaces are split, and it cannot be ex-
cluded that the Fermi-surface sheets for opposite spin al-
most coincide in some regions. This might occur if the
Fermi surface lies in electronic bands formed from orbitals
that have little overlap with the magnetically active f
orbitals. Alternatively, opposite-spin Fermi surfaces com-
ing from different bands might almost touch along some
directions. The pairing of opposite spins therefore cannot
be ruled out a priori. Indeed, a mechanism in which local
moment ferromagnetism stimulates opposite-spin paired
(spin-singlet) superconductivity has been suggested by
Abrikosov and Suhl [7,8].

In contrast, if the band polarization is everywhere large,
opposite-spin pairing cannot occur; a modulated Larkin-
Ovchinnikov-Fulde-Ferrel (LOFF) superconducting state
[9,10] extends only slightly the maximum polarization that
can be accommodated. Equal-spin pairing is then the only
possibility, which requires the order parameter to have an
odd parity. Although a general odd-parity order parameter
has three components, one component measures the pair-
ing of electrons with opposite spins and is expected to be
suppressed. The two remaining components correspond to
pairing equal spins on the spin-majority and spin-minority
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Fermi surfaces, respectively. Two possible types of odd-
parity superconducting states are compatible with the crys-
tal structure of URhGe (crystal point group mmm with
ordered moments parallel to the ¢ axis) and strong spin-
orbit coupling [11]. They are distinguished by the direc-
tions along which the superconducting energy gap is zero.
Symmetry imposes that the gap must either be zero in the
plane perpendicular to the ordered moments or be zero in
the direction parallel to the ordered moments.

We report here the first measurements on a supercon-
ducting single crystal of URhGe. The sample was spark cut
from a large Czochralski-grown crystal annealed at high
temperature (24 h at 1300 °C). It was then etched and
annealed at lower temperature (18 d at 880 °C). The nor-
malized resistivity as a function of temperature of a crystal
grown by the Czochralski technique and annealed only at
low temperature (7 = 900 °C) is shown in Fig. 1. The ratio
of the room temperature resistance to that at low tempera-
ture in the normal state (RRR) is proportional to the defect
limited electronic mean-free path, € (if the sample quality
varies over its volume, then the RRR value gives a lower
bound for € in the highest quality part of the sample). For
this sample, RRR = 5.5, which is much less than the
values (RRR = 100) found in samples cut from annealed
quenched polycrystalline ingots. In the former supercon-
ductivity is not observed down to 30 mK, while the latter
are superconducting below approximately 270 mK. The
single crystal annealed additionally at high temperature
has an intermediate RRR of 21 and an intermediate 7, of
220 mK (Fig. 1). For a conventional superconductor, 7 is
independent of the electronic mean-free path [12].
However, for an unconventional superconductor, 7, is sup-
pressed and vanishes when € is reduced to a dimension
comparable to the superconductor’s coherence length
[13,14]. The total suppression of superconductivity in
lower quality samples provides strong evidence that the
superconductivity is unconventional.

In an applied field the resistive transitions remain sharp
and show no hysteresis. The applied field at which super-
conductivity is destroyed (taken to be the midpoint of the
transition) in the superconducting single crystal with
RRR = 21 is shown as a function of temperature in
Fig. 2. The temperature dependence of the resistance close
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FIG. 1. The solid curves show the resistivity normalized to its

value at 300 K in zero field for the single crystal with RRR = 21,
another crystal with RRR = 34, a crystal annealed only at low
temperature (RRR = 5.5), and a small piece from an annealed
quenched melt (RRR = 152). The dashed lines show the resis-
tive transitions of the RRR = 21 sample in applied fields of 0.11,
0.32, 0.53, 0.74, 0.95, 1.27, and 1.59 T applied parallel to the
crystal’s a axis.

to T is found to be independent of the applied field parallel
to the ¢ axis, H¢™, for uoH:* < 50 mT (the subscript ¢
refers to the crystal axis). This is more clearly seen in
Fig. 3, where the data for the ¢ axis are shown on an
expanded scale, and compared with measurements made
on a second single crystal (prepared similarly to the first)
that has a higher RRR of 34. To understand the origin of the
vertical slope of the critical field at T, it is necessary to
consider the sample geometry: both crystals were rectan-
gular bars with the magnetic ¢ axis perpendicular to their
length. A demagnetizing field therefore has to be included
in addition to the field due to ferromagnetism in the analy-
sis. For the long time scales of the present measurements, it
is reasonable to assume that the magnetic domain structure
relaxes almost to equilibrium. The magnetic domain walls
then move in response to a small applied field so that the
total field inside the sample is zero. The magnetic induc-
tion acting on the conduction electrons is then B,./ug =
+aM,, independent of H*" (M, is the magnetization in a
single domain and « is a constant in the spirit of the
Clausius-Mossotti equation). This is true as long as He*® <
NM,, where the demagnetization factor N = 0.55 is de-
termined from the sample geometry. For H:"* > NM, the
sample is monodomain and any further increase in the ap-
plied field cannot be compensated by changes in the do-
main structure; the magnetic induction acting on the con-
duction electrons is then B./ug = aM, — NM + H:*".
For a superconductor sufficiently close to T, the critical
magnetic induction at which superconductivity is sup-
pressed, B,,, is expected to vary linearly with temperature.
Including the intrinsic induction due to ferromagnetism
and the demagnetizing field as described above, it is
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FIG. 2. The temperature dependence of the applied field at
which superconductivity is destroyed is shown for fields applied
along the three different crystal axes of the single crystal with
RRR = 21. The solid lines show the calculated dependence for a
completely broken symmetry polar state considered in the text.
The dashed lines show the calculated BCS dependence without
paramagnetic limitation. The dotted line is the BCS dependence
for the ¢ axis including paramagnetic limitation. The data for the
¢ axis is shown in more detail in Fig. 3.

then possible to define T the critical temperature for the
hypothetical state with B = 0 and the slopes (dB.,/dT)r.,
along all the axes. We find that such a description is valid
near T, simultaneously for all three axes, if @ = 2/3.

The theoretical temperature dependence of B, as the
temperature is lowered further depends on many factors,
including (i) Pauli paramagnetic limitation, (ii) the cou-
pling strength of the pairing interaction, (iii) impurity scat-
tering, and (iv) any anisotropy of the gap and Fermi surface
beyond that described by an anisotropic effective mass
tensor. When paramagnetic limitation is ignored, the theo-
retical critical field is referred to as the orbital limit. This
has a universal temperature dependence in the BCS theory
when (ii)—(iv) are weak [15]. Remarkably, the data for the
b and c¢ axes approximately follow this dependence
(dashed lines in Fig. 2) down to the lowest temperature
measured.

We now examine whether the upper critical field can be
reconciled with theoretical models that predict opposite-
spin pairing. Theoretically, Pauli paramagnetic limitation
must then be included in the analysis. For a spin-singlet
superconductor in the absence of spin-orbit scattering and
ignoring the orbital limit, the zero temperature critical field
is given by the Pauli limit BP3"li = 1.84T, (T/K) [16]. For
the case when both orbital and Pauli limits are comparable
the actual critical field is considerably lower. For the value
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FIG. 3. The temperature dependence of the applied field at
which superconductivity is destroyed for two crystals with
RRR = 34 and RRR = 21 for fields applied parallel to the ¢
axis. The solid lines show the theoretical dependences for a
completely broken symmetry polar state described in the text.
The inset shows in detail the resistive transition of the sample
with RRR = 21 in fields of 0, 0.021, 0.042, 0.063, 0.085, and
0.11 T (the data for the lowest fields superimpose).

of (dB.,/dT)y_ found for the ¢ axis of the RRR = 21
crystal the theoretical applied field necessary to suppress
superconductivity at low temperature is calculated to be
0.30 T (almost unchanged if an eventual LOFF spatial
modulation of the superconductivity is considered). This
is much less than the measured value which exceeds 0.5 T.
Strong coupling can, however, lead to an increase of the
paramagnetic limit for a conventional superconductor [17].
A large value of the coupling constant, A, = 2, would be
necessary to sufficiently increase the paramagnetic limit to
be compatible with singlet pairing (even larger values are
required for the other axes). Increasing A., however, also
leads to a decrease of the normal state quasiparticle life-
time, 7, at finite temperature that should be reflected in a
reduction of the electron mean-free path, ¢, at T, [18,19].
The strong dependence of T, on the sample quality found
for URhGe establishes that the superconductivity is uncon-
ventional, and that €(T = 0) > £. Above T, the resistance
has a quadratic temperature dependence characteristic of a
well behaved Fermi liquid. The magnitude of this depen-
dence relative to the residual resistance establishes that any
contribution to 1/7 at T, from the pairing interaction is
several orders of magnitude less than kzT,/A. Thus the
coupling strength does not appear to be sufficiently strong
to reconcile the high critical field with singlet pairing. The
normal state properties of URhGe do not appear to be
strongly modified over the field range spanned by B,,;

thus there is additionally no evidence that the pairing
interaction changes with the applied field in this range.
These observations are in contrast to those for UBe ;5 [20],
a material with a critical field that also exceeds the usual
paramagnetic limit. For UBe,3, strong-coupling effects are
important and the normal state properties depend strongly
on field. For UBe;3, unlike for URhGe, both of these
effects afford an explanation of its unusually high critical
field.

In Fig. 3 the critical field parallel to the ¢ axis of two
different quality single crystals is shown. It is known that
spin-orbit scattering from defects can give rise to critical
fields in excess of the paramagnetic limit in conventional
superconductors [21]. Paramagnetic limitation is then re-
established in better quality samples, resulting in a lower
critical field. Even if we overlook the fact that supercon-
ductivity occurs only in clean samples of URhGe, the
observation that the upper critical field increases with the
sample quality, with B.,(T = 0) = T2, shows that the ab-
sence of paramagnetic limitation in URhGe cannot be due
to this mechanism. The observed relationship between
B, (T = 0) and T, is instead that expected for unconven-
tional superconductivity in the clean limit without para-
magnetic limitation.

So far we have considered the gyromagnetic ratio of the
electrons to have the standard value, g = 2. A different
smaller value might, however, be relevant. For our data to
be consistent with paramagnetic limitation, we require that
g < 0.2 along all three crystal axes. Although it is possible
by judicial choice of crystal field levels to have a g factor
that is small along certain crystal directions, it cannot have
such a small value simultaneously along all three principal
axes. We therefore conclude that the paramagnetic limit
must be exceeded along at least one crystal direction.
Singlet pairing is thereby excluded.

We now examine whether the upper critical field can be
explained by equal-spin pairing. For a triplet superconduc-
tor, Pauli limitation suppresses only the component of the
order parameter corresponding to Cooper pairs composed
of opposite spins projected along the field direction [22]. It
has no effect on states with equal-spin pairing, and the
absence of Pauli limitation is therefore easily reconciled
with such states.

Odd-parity nonconventional states have been put for-
ward to account for superconductivity in other nonferro-
magnetic metals, such as UPt;. For UPt; there is no
paramagnetic limitation for fields in the basal plane, but
there is for fields applied along the c¢ axis [23]. This is
consistent with spin-triplet Cooper pairs with opposite
spins paired along the ¢ axis. Large critical fields exceed-
ing the BCS Pauli limit have also been observed in organic
superconductors, although the resistive transitions are
often rather wide and the critical fields very anisotropic.
For example, the large upper critical field in the plane of
(TMTSF),ClO, has been interpreted as evidence in favor
of a triplet state [24]. However, the low dimensional char-
acter of these materials requires special consideration since
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FIG. 4. The temperature dependence of the ratio of B, parallel
to different axes. The straight lines are a guide to the eye.

it is so extreme that structural layers might decouple; much
larger critical fields than the Pauli limit (even for opposite-
spin pairing) are possible under these special conditions
[25,26]. For URhGe the normal state anisotropy of, for
example, the resistivity is only of the order of 3, similar to
that of the upper critical field, and the consideration of
such two-dimensional physics appears unlikely to be
appropriate.

For our data, further progress can be made by examining
the temperature dependence of the anisotropy of the criti-
cal field. The ratio of B, along the c axis to that along the b
axis is independent of temperature. However, the ratio of
B, parallel to the a axis divided by the value along the b
axis (or ¢ axis) increases linearly by approximately 20% as
the temperature is decreased from T, to zero (Fig. 4). This
temperature dependence is much stronger than can be
explained by Fermi-surface anisotropy. It is, however,
consistent with a choice of an equal-spin-paired gap having
a line node in the bc plane. To test further whether such a
gap could explain our results, we considered the particular
choice of pairing potential V. (k, k') = 8;,61,/k,k, that
gives rise to the paired state k,| 11). This state obeys the
symmetry requirements for states with a gap node paral-
lel to the magnetic moments. The temperature dependence
of B, for such an order parameter has been previously
analyzed theoretically [27]. The calculated temperature
dependence of the critical field over the complete tempera-
ture range (the solid lines in Fig. 2) is determined entirely
from the linear temperature dependence of the critical field

close to T... The agreement of the calculated form with the
experimental data at low temperature is surprisingly good,
including the apparent weakness of the low temperature
saturation of B, parallel to the a axis. Equal-spin pairing
can therefore de facto describe the observed critical field.
Future work is required to determine why the pairing
interaction might have this particular form, with pairing
effectively confined to the a-axis direction.

We acknowledge useful discussions with J.-P. Brison,
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