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We report a high-magnetic-field study of the itinerant ferromagnet URhSi. Magnetization and
electrical resistivity were measured under magnetic fields µ0H up to 58 T applied along the directions
a, b, and c of the orthorhombic structure and temperatures T ranging from 1.5 to 50 K. For H ‖ b,
pseudo-metamagnetism at µ0Hm ' 30− 40 T is associated with a broad step in the magnetization
and a maximum in the resistivity. The properties of URhSi are discussed and compared with those
of the isostructural superconducting ferromagnets URhGe and UCoGe and of the superconducting
paramagnet UTe2.

PACS numbers: 71.27.+a,74.70.Tx,75.30.Kz,75.30.Mb

I. INTRODUCTION

While superconductivity sets in at the antiferromag-
netic instability of a large number of materials including
heavy-f -electron,1 Fe-based,2 and organic3 systems, its
occurrence close to a ferromagnetic instability was re-
ported only in a few U-based heavy-electron systems.4

Superconductivity develops in the ferromagnets URhGe
[5] and UCoGe [6] at ambient pressure and UGe2 [7] and
UIr [8] under pressure. Recently, the paramagnet UTe2,
which is suspected to lie in the vicinity of a ferromag-
netic instability, was found to become superconducting
at ambient pressure too.9,10 Under a magnetic field ap-
plied along a hard magnetic axis (H ‖ b), a reentrance
of superconductivity or an anomalous S-shape of the su-
perconducting field have been reported in URhGe [11],
UCoGe (H ‖ b) [12], and UTe2 [9,13,14] at ambient pres-
sure. In UGe2 under pressure, a S-shape of the supercon-
ducting field was also reported in a field applied along the
easy magnetic axis (H ‖ a) [15].

A challenge in these U-based magnets is to under-
stand the relationship between field-induced supercon-
ductivity and metamagnetism, in which changes of the
magnetic fluctuations possibly couple to a Fermi sur-
face reconstruction. In URhGe, a metamagnetic tran-
sition, evidenced as a field-induced first-order step in
the magnetization at µ0Hm = 12 T, and associated
with a reorientation of the moments (rotating from the
c to the b axes), coincides with the field-reentrance of
superconductivity.11 In this material, hydrostatic pres-
sure leads to the increase of Hm and the disappearance
of reentrant superconductivity,16 while uniaxial pressure
applied along b reduces Hm and boosts the supercon-
ducting temperature.17 In UTe2, field-induced supercon-
ductivity also develops in the vicinity of a metamagnetic
transition at µ0Hm ' 35 T [13,18,19,14]. The situation
in UCoGe is more subtle, since a fall of TC observed
by magneto-transport at µ0H

∗ = 15 T coincides with

a S-shape of the superconducting borderline Hsc [12],
while a pseudo-metamagnetic crossover is observed at a
much higher field µ0Hm ' 50 T [20]. To understand the
interplay between magnetism and superconductivity in
U-based ferromagnets and nearly-ferromagnets, a target
is, thus, to characterize their high-field properties, and
in particular, their high-field moment polarization pro-
cesses.

We present here a high-magnetic field study of the
itinerant ferromagnet URhSi, which is isostructural to
the ferromagnetic superconductors URhGe and UCoGe
(Pnma orthorhombic structure), but where superconduc-
tivity has not been observed yet21–23 (see Table I). The
Curie temperature TC = 10.5 K of URhSi is quite com-
parable to that (TC = 9.5 K) of URhGe. For the three
materials, magnetic susceptibility measurements indicate
similar Ising anisotropies, where c is the easy magnetic
axis, a is the hardest magnetic axis, and b is an interme-
diate hard magnetic axis.20,24,25 In this study, we have
studied the field-induced properties of URhSi in fields ap-
plied along the three crystallographic directions a, b, and
c. In a magnetic field applied along b, we observe and
characterize a broad pseudo-metamagnetic crossover in
URhSi. In the discussion, comparison is made with sim-
ilar metamagnetic phenomena observed in the supercon-
ducting ferromagnets URhGe, UCoGe and paramagnet
UTe2.

II. EXPERIMENTAL TECHNIQUES

Single crystals were grown by the Czochralski-pulling
method in a tetra-arc furnace with a stoichiometry com-
position under argon-gas atmosphere (see Ref. [25] for
more details). Crystal orientation was checked by x-ray
diffraction. Pulsed magnetic fields were generated using
standard 60-T magnets at the LNCMI-Toulouse pulsed
field facility (France). Magnetization was measured us-
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TABLE I. Curie temperature TC , spontaneous moment Ms,
superconductive temperature TSC at H = 0 and, for H ‖ b,
temperature Tmaxχ at the maximum of the magnetic suscep-
tibility, metamagnetic field Hm, and maximum TmaxRSC of the
reentrant superconductive temperature, in URhGe, UCoGe,
URhSi, and UTe2.

(p = 1 bar) URhGe UCoGe URhSi UTe2
TC (K) 9.5 3 10.5 -
Ms (µB) 0.4 0.05 0.5 -
TSC (H = 0) (K) 0.25 0.6 - 1.6
Tmaxχ [H ‖ b] (K) 9.5 37.5 - 35
µ0Hm [H ‖ b] (T) 12 50 30-40 35
TmaxRSC [H ‖ b] (K) 0.6 - † - 1
Refs. [5,20] [6,12,20] [21,22] [9,13,18,19]

† In UCoGe, a S-shape of Hc,2 is observed at 10-15 T [12].

ing compensated coils on a 1.3 × 1 × 0.9 mm3 sample
under pulsed magnetic fields up to 53 T. Pulsed-field
magnetization data were adjusted (to eliminate an off-
set) to low-field magnetization data measured up to 5 T
using a commercial ’MPMS’ magnetometer from Quan-
tum Design. Electrical resistivity under pulsed magnetic
fields up to 58 T was measured by the four-contacts
technique, and extracted using a numerical lock-in, on
a 1 × 0.3 × 0.1 mm3 sample with a current of 10 mA,
with a frequency ' 40 − 70 kHz, applied along the a
direction.

III. HIGH MAGNETIC-FIELD PROPERTIES

Figure 1 presents the low-temperature (T = 1.5 K)
magnetization of URhSi in a magnetic field applied along
its three main crystallographic directions a, b, and c.
Similarly to the recent report on URhSi in Ref. [23],
and to the cases of URhGe [24] and UCoGe [20], a is
found to be the hardest magnetic axis, while c is the easy
magnetic axis. However, a different magnetic anisotropy,
with b being the hardest magnetic axis instead of a,
was reported from magnetization data on URhSi in Refs.
[22,26]. A sensibility of the physical properties to sam-
ple mis-orientation combined with crystal mosaicity may
explain the differences between the different sets of data.
In a field H applied along c, the spontaneous magneti-
zation Ms = 0.5 µB/U is reached at very low fields, in-
dicating the alignment of the magnetic domains; beyond
the domains alignment, the magnetization M continues
to increase with H, reaching 1.1 µB/U at µ0H = 53 T,
and is probably associated with a field-induced quench-
ing of magnetic fluctuations. In a magnetic field applied
along a, an almost linear magnetization is observed in the
whole field range, with a slope similar to that of M(H) in
high fields along c. In a field applied along the intermedi-
ate magnetic axis b, a broad crossover can be seen in the
M(H) data, leading to a kink of M/H at µ0H

kink
M = 24 T

and to a maximum of slope at µ0H
max
∂M/∂H = 32 T (at

FIG. 1. Magnetization M versus magnetic field H of URhSi
at the temperature T = 1.5 K, for H ‖ a,b, c. Open-symbol
data were measured under steady fields, full-line data were
measured under pulsed fields. Some oscillations in the data
correspond to non-physical noise. The inset shows a zoom on
M/H versus H data for H ‖ b.

T = 1.5 K). This anomaly is identified as the signa-
ture of a pseudo-metamagnetic crossover, i.e., a similar
but broader phenomenon than a first-order metamag-
netic transition.

Figure 2 shows the resistivity ρ versus magnetic field
data measured for H ‖ b, where a broad maximum is
observed at µ0H

max
ρ , which equals 42 T at T = 1.5 K.

A maximum of the slope of ρ(H) at Hmax
∂ρ/∂H precedes

the maximum of ρ(H). The fields Hmax
ρ and Hmax

∂ρ/∂H

both decrease when the temperature is raised, before dis-
appearing at temperatures T > TC = 10.5 K. Hmax

ρ

and Hmax
∂ρ/∂H , as well as Hkink

M and Hmax
∂M/∂H , were de-

fined using different criteria, but they all characterize
the same broad moment polarization process. These dif-
ferent field and temperature scales are summarized in
the magnetic phase diagram plotted in Figure 3. In the
following, we will associate the ’mean’ characteristic field
µ0Hm = 30−40 T to the pseudo-metamagnetic crossover
occurring in URhSi for H ‖ b.

From ρ versus T 2 plots extracted at different mag-
netic fields and shown in Figure 4(a), a Fermi-liquid-
like fit ρ = ρ0 + AT 2 to the data under temperatures
T ≤ 4 K permits to extract the quadratic coefficient
A. Its magnetic-field-variation is shown in Figure 4(b).
After a small decrease in fields up to 5 T, the coef-
ficient A increases and passes through a maximum at
' 38 T, before decreasing in higher fields. Within a crude
Fermi-liquid picture assuming a Kadowaki-Woods behav-
ior, which is often followed in heavy-fermion compounds,
A is proportional to the squarem∗2 of the effective mass27

and is driven by electronic correlations associated with
quantum magnetic fluctuations (see the Ce1−xLaxRu2Si2
and URhGe cases [28,29,30,24]). In URhSi, the broad
step in M(H) and maximum in ρ(H) coincide with the
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FIG. 2. Electrical resistivity ρ versus magnetic field H, at
different temperatures T from 1.5 to 50 K, for H ‖ b.

FIG. 3. Magnetic-field-temperature phase diagram of URhSi
for H ‖ b.

maximum in A(H) at Hm.

IV. DISCUSSION

We compare here the high-magnetic-field properties of
URhSi with those of the isostructural itinerant ferromag-
nets URhGe and UCoGe, and of the paramagnet UTe2.

Although they all have the same Ising-type anisotropy
characterized by Mc > Mb > Ma, the three materi-
als URhSi, URhGe, and UCoGe present different initial
slopes (∂M/∂H)i hierarchies in their low-temperature
magnetization. While (∂M/∂H)b > (∂M/∂H)c >
(∂M/∂H)a is found in URhGe [24], we observe here
the hierarchy (∂M/∂H)c > (∂M/∂H)b > (∂M/∂H)a in
URhSi, which is similar to that observed in UCoGe.20

These slopes are related to the field-quenching of the

FIG. 4. (a) Electrical resistivity ρ versus the square of tem-
perature T 2, at different magnetic field µ0H from 1 to 50 T,
for H ‖ b. (b) Magnetic field variation of the quadratic coef-
ficient A of the resistivity.

magnetic fluctuations and indicate that the magnetic
fluctuations continue to subsist in high magnetic field,
where a large polarization is achieved. However, lit-
tle is known about the magnetic fluctuations of these
systems in high magnetic field. At zero field, ferro-
magnetic fluctuations were observed in the ferromagnets
UGe2 and UCoGe and their magnetic anisotropy was sug-
gested to be an important parameter for the appearance
of superconductivity31–33.

A key action of a magnetic field applied along the hard
magnetic axis b is, by reducing the Curie temperature
TC , to drive to a ferromagnetic quantum instability. Re-
markably, metamagnetism or pseudo-metamagnetism oc-
curs in the four compounds URhSi, URhGe, UCoGe, and
UTe2 in a magnetic field applied along their hard mag-
netic axis (H ‖ b) and its onset coincides with a low-
temperature magnetization reaching M ' 0.3−0.4 µB/U
[see Figure 5(a)]. While a sharp step-like anomaly is ob-
served at µ0Hm ' 35 T in UTe2 and at µ0Hm ' 12 T
in URhGe, a broad anomaly is reported at µ0Hm '
30 − 40 T in URhSi. In UCoGe, due to higher field
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FIG. 5. (a) Magnetization M versus magnetic field H of
URhSi and UCoGe at T = 1.5 K, of URhGe at T = 1.8 K,
and of UTe2 at T = 1.4 K. (b) Electrical resistivity ρ versus
magnetic field H of URhSi, URhGe at T = 1.5 K, of UTe2
at T = 1.4 K and of UCoGe at T = 3 K. (data on UCoGe,
URhGe, and UTe2 were taken from Refs. [20,30])

scales, only the kink at the onset of the step is ob-
served, and the transition to the high-field regime is
not completed at 53 T. Figure 5(b) shows the resistiv-
ity versus field of the four materials in a magnetic field
H ‖ b, at the temperatures T = 1.5 K for URhGe
and URhSi, T = 1.4 K for UTe2, and T = 3 K for
UCoGe. Here also, the maximum in ρ(H) delimiting
the high-field regime is much less marked in URhSi than
in UTe2 and URhGe, UCoGe being in an intermediate
situation. The large low-temperature and zero-field re-
sistivity [in relation with the small residual resistivity
ratio ρ(300K)/ρ(T → 0) ' 2.5] indicates the low qual-
ity of our URhSi single crystals, in comparison with the
URhGe, UTe2, and UCoGe crystals whose resistivity is
presented (residual resistivity ratios of 11, 25, and 45,
respectively; see also Refs. [18,20]). In these systems,
due to a sensibility of the physical properties to the field
direction, a strong crystal mosaicity can lead to broader
anomalies in the field variations of A and M . However,

FIG. 6. (a) Magnetic-field-temperature phase diagram of
URhSi, URhGe, UCoGe, and UTe2 for H ‖ b, (b) Quadratic
coefficient A of the electrical resistivity versus magnetic field
of URhSi, URhGe, and UTe2 for H ‖ b. (data on UCoGe,
URhGe, and UTe2 were taken from Refs. [19,20])

it is difficult to infer whether the quality of the URhSi
crystals is related - or not - with the broad nature of the
pseudo-metamagnetic crossover reported here. Further
investigations are needed to clarify this point.

A comparison of the magnetic-field-temperature phase
diagrams of URhSi, URhGe, UTe2, and UCoGe in a field
H ‖ b is shown in Figure 6(a) (see also Ref. [20]). For
all samples, the metamagnetic field decreases with in-
creasing temperature, before vanishing in temperatures
higher than TC in URhGe and URhSi. In UCoGe, the
situation is different since anomalies are observed at the
metamagnetic field under temperatures up to 20 K, i.e.,
much higher than TC = 3 K, and seem to disappear at
temperatures higher than Tmaxχ = 38 K. Interestingly, in
URhGe the magnetic susceptibility measured for H ‖ b
is maximal at TC = Tmaxχ = 9.5 K and this border-
line is connected with the metamagnetic field Hm. In
UTe2, which is paramagnetic, contrary to the three other
samples, a sharp first-order transition is observed at Hm

at low temperature and ends into a critical endpoint
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at TCEP = 7 K, above which a pseudo-metamagnetic
crossover is established18. In URhGe and UTe2, the
sharpness of the maximum in χ(T ) at Tmaxχ is related
with the sharpness of the anomalies at Hm. Oppositely,
in URhSi the broad nature of the crossover at Hm may be
related with the non-observation of a maximum in χ(T )
(see Ref. [25]).

Figure 6 (b) shows that, similarly to the URhSi case,
a maximum of A at Hm is observed in URhGe and UTe2
under H ‖ b [18,30]. The maximum of A is sharper and
more intense in URhGe and UTe2 than in URhSi, indi-
cating stronger magnetic fluctuations in these two mate-
rials. A study of URhGe further showed that, the higher
the residual resistivity ratio is, the higher the A coeffi-
cient and the reentrant superconducting temperature Tsc
are.30 The critical magnetic fluctuations responsible for
the enhancement of A are also suspected to drive to field-
reentrant superconductivity in URhGe and UTe2. On
one side, the relatively small enhancement of A at Hm

in URhSi suggests that field-induced superconductivity
may not be expected at Hm. On the other side, its simi-
larities with URhGe, and to a lesser extend with UCoGe
and UTe2, stress that URhSi could be a candidate for su-
perconductivity, once the condition of higher-quality sin-
gle crystals (i.e., with a residual resistivity ratio at least
> 10) would be fulfilled. Indeed, crystal imperfections
are known to destroy unconventional superconductivity.

In heavy-fermion Ising paramagnets in a field ap-
plied along their easy magnetic axis, a correlated-
paramagnetic (CPM) regime is delimited by the temper-
ature Tmaxχ , where a maximum occurs in χ(T ), and by
the pseudo-metamagnetic field Hm, where a moment po-
larization occurs.34 In these systems, the CPM regime
is characterized by strong antiferromagnetic fluctuations
and often indicates the proximity of an antiferromagnetic
instability. In the case of U-based ferromagnets in a field
applied along a hard magnetic axis, no microscopic pic-
ture has been proposed yet to describe the maximum in
the magnetic susceptibility and its relation with meta-
magnetism. Interestingly, the ferromagnet URhGe is in

the vicinity of an antiferromagnetic instability, which can
be induced by Ir-doping on the Rh-site [35,36]). Fur-
ther studies are now needed to identify how the physics,
including superconductivity, of the U-based ferromag-
nets or nearly-ferromagnets is affected by their proximity
to ferromagnetic and antiferromagnetic quantum phase
transitions.

V. CONCLUSION

In summary, we have shown that for H ‖ b a pseudo-
metamagnetic crossover occurs at µ0Hm ' 30 − 40 T
in the ferromagnet URhSi. Similar moment polarization
processes have been reported in the isostructural ferro-
magnetic superconductors URhGe and UCoGe for H ‖ b.
Its strong similarities with URhGe, UCoGe and UTe2
suggest that URhSi is a potential candidate for zero-field
and field-induced superconductivity, with the condition
that high-quality single crystals could be grown. Future
experimental and theoretical works are needed to achieve
a microscopic description of the magnetic interactions,
with the aim to describe the transitions and crossovers
occurring at TC , Tmaxχ and Hm. Another challenge will
be to determine whether the magnetic fluctuations are
coupled or not to a Fermi surface instability.
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chovský, M. Tokunaga, K. Kindo, A. Matsuo, and E. Ya-
mamoto, Phys. Rev. B 98, 014430 (2018).
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