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High-field moment polarization in the ferromagnetic superconductor UCoGe
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We report magnetization and magnetoresistivity measurements on the isostructural ferromagnetic supercon-
ductors UCoGe and URhGe in magnetic fields up to 60 T and temperatures from 1.5 to 80 K. At low temperature,
a moment polarization in UCoGe in a field poH || b of around 50 T leads to well-defined anomalies in both
magnetization and magnetoresistivity. These anomalies vanish in temperatures higher than 30-40 K, where
maxima in the magnetic susceptibility and the field-induced variation of the magnetoresistivity are found. A
comparison is made between UCoGe and URhGe, where a moment reorientation in a magnetic field uoH || b of

12 T leads to field-induced reentrant superconductivity.
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Field-induced transitions to a paramagnetic polarized
regime have been observed in many heavy-fermion systems
close to a paramagnetic-to-antiferromagnetic quantum insta-
bility. In heavy-fermion paramagnets, a simple correspondence
1 K <> 1 T often holds between the temperature 7,"** at the
maximum of the magnetic susceptibility and the transition
field H,,, which indicates that they are both controlled
by a unique phenomenon.' In the textbook heavy-fermion
paramagnet CeRu,Si,, they are related to antiferromagnetic
fluctuations, which are quenched at the metamagnetic tran-
sition H,, =8 T (Refs. 2-4) and whose zero-field energy
scale, the quasielastic linewidth at the antiferromagnetic wave
vector’, equals T, = 10 K. Field-induced superconductivity
was recently discovered in the ferromagnetic superconductor
URhGe (Refs. 6 and 7) in a field H applied along the
hard magnetic axis b, in the window 8 < uoH < 12 T far
above the superconducting critical field uoH.> =2 T. In
this system, reentrant superconductivity is intimately con-
nected to a moment reorientation occurring at 12 T.” In
the other ferromagnetic superconductors UCoGe at ambient
pressure”!? and UGe, under pressure,'’"!? an anomalous S
shape of H,, could also result from field-induced reentrant
superconductivity. The challenge is now to discover a second
case where superconductivity develops well above H, ,, i.e.,
with two well-separated superconducting phases, showing that
reentrant superconductivity in URhGe is not an isolated exotic
case. With this aim, a prerequisite is to find another case
of field-induced moment polarization in a superconducting
ferromagnet, where ferromagnetic fluctuations could drive to
field-induced superconductivity. However, in such complex,
strongly correlated electron systems, a large field-induced
magnetic polarization can also modify the local fluctuations,
which are partly responsible for the mass enhancement,
and may lead to strong modifications of the Fermi surface.
Lifshitz-like transitions were recently proposed to occur in
URhGe (Ref. 13) and UCoGe.!*
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Here, we present a study per magnetization and mag-
netoresistivity of the ferromagnetic superconductor UCoGe
in pulsed magnetic fields up to 60 T applied along the
three main directions a, b, and ¢, in the orthorhombic
structure (TiNiSi-type). Temperatures from 1.5 to 80 K, i.e.,
above the zero-field superconducting temperature 7. = 0.6 K,
were investigated. We find that a field-induced moment
polarization occurs in a magnetic field of >~ 50 T applied
along the hard axis b. This transition vanishes at temperatures
higher than 30-40 K, which also corresponds to maxima in
the magnetic susceptibility and in the field dependence of
the magnetoresistivity. We emphasize the striking similarity
between the moment polarization found here for UCoGe and
the moment reorientation occurring at 12 T—for H || b too—in
URhGe, whose high-field magnetization and resistivity are
also studied.

High-quality UCoGe and URhGe single crystals were
grown by the Czochralski method in a tetra-arc furnace.
Magnetic susceptibility was measured using a commercial
SQUID magnetometer (Magnetic Properties Measurement
System from Quantum Design). Magnetization of URhGe
up to 14 T was measured using a commercial VSM in-
sert in a PPMS (Physical Properties Measurement System
from Quantum Design). Experiments in pulsed magnetic
fields were performed using standard 150-ms (30-ms rise,
120-ms fall) 60-T magnets of the Laboratoire National des
Champs Magnétiques Intenses (LNCMI) in Toulouse. High-
field magnetization was measured using the compensated-coil
technique. High-field magnetoresistivity was measured within
the four-point technique at a frequency of ~ 40 kHz, using a
digital lock-in (developed at the LNCMI by E. Haanappel),
and a transverse configuration with the electrical current
I || ¢ and the magnetic field H || b. The UCoGe and URhGe
samples studied by resistivity had residual resistivity ratios
02..(300 K)/ pg’z =~ 45 and 11, respectively.

Figure 1(a) presents the magnetic susceptibility versus
temperature of UCoGe in a magnetic field H of 1 kOe applied
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FIG. 1. (Color online) (a) Magnetic susceptibility vs temperature
at H = 1kOe (in an extended scale in the inset) and (b) magnetization
vs magnetic field at 7 = 1.5 K of UCoGe for H || a, b, and c.

along a, b, and ¢, while Fig. 1(b) shows its magnetization
versus magnetic field at 7 =1.5 K in uoH || a, b, and
c up to 53 T. In agreement with previous magnetization
experiments up to 5 T,'> the hierarchies x. > x, > x. and
M. > M, > M, indicate that UCoGe has a strong Ising
anisotropy, ¢ being the easy magnetic axis, » an intermediate
hard magnetic axis, and a the hardest magnetic axis. For
H | ¢, the slope of M(H) decreases with increasing field, a
kink being observed at uoH* = 23.5 £ 2 T, above which the
system is partially polarized; at uoH = 40T, M = 0.6 /U
is still six times smaller than the U3* and U** free ion values
3.62 and 3.58 wp/U, respectively, and M(H) continues to
increase, indicating the presence of still-unquenched magnetic
fluctuations and/or a crystal-field splitting. No anomaly is
observed up to 53 T in the magnetization measured for
H || a. For H || b, a significant enhancement of the slope of
M(H) is observed at uoHE™ = 46 + 2 T, indicating another
field-induced moment polarization. In Fig. 2(a), a plot of
M/H versus H at different temperatures shows that the
anomaly at HX"™ can be followed up to 20 K, its trace
being lost above 30 K. This temperature scale coincides with
the temperature T;"‘"‘ ~ 37.5 £+ 1 K at which, for H || b, the
magnetic susceptibility of UCoGe is maximal. The magnetic
field dependence, for H || b and in a semi-log scale, of
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FIG. 2. (Color online) (a) Magnetization divided by the magnetic
field and (b) magnetoresistivity vs field, in a semi-log scale, of UCoGe
for H || b and at temperatures from 1.5 to 84 K.

the resistivity p,, of UCoGe is presented in Fig. 2(b) at
different temperatures from 3 to 84 K. At T =3 K, p.; is
characterized by a maximum at uoH;™* =52 £ 0.5 T. When
the temperature increases, a contribution with a negative slope
develops in p, .(H), in addition to the anomaly associated to
Hl‘;‘a", which shifts to the lower fields. Above 15 K, p, .(H)
decreases monotonously and it is impossible to define H,™*,
although a related shoulder is still clearly visible up to 20 K.
We can follow the evolution of the high-field anomaly up
to 20 K by considering the field Hy)™ ,, defined at the
maximum of dp, . /0 H, instead of H**. In agreement with the
magnetization, the resistivity of UCoGe under H || b confirms
thus the presence of an anomaly at around 50 T, which vanishes
in temperatures higher than 30 K. The temperature scale of
30 K also corresponds to the strongest variation, of negative
slope, observed in p, .(H) up to 60 T.

For comparison with the UCoGe case, we present in
Fig. 3 the high-field magnetization and magnetoresistivity of
URhGe. URhGe is isostructural and has a similar magnetic
anisotropy than UCoGe, with M, > M}, > M, [cf. right inset
of Fig. 3(a)]. As shown in Fig. 3(a) (see also Ref. 7)
we observe in M(H), for H||b and at T=1.8 K, a
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FIG. 3. (Color online) (a) Magnetization divided by the magnetic
field and (b) magnetoresistivity vs field, in a semi-log scale, of URhGe
for H || b and at temperatures from 1.5 to 50 K. The insets of (a) show,
on the left, the magnetic susceptibility of URhGe vs temperature for
uoH || b of 0.5 T and, on the right, the magnetization of URhGe vs
magnetic field for H || a,b,and cand at T = 1.8 K.

step-like anomaly which can be defined either at the kink
(/L()H}Snk =109=+0.5 T) or at the maximum of slope of
M(H) (ung"Aj’;aH = 11.7 £ 0.1 T). This anomaly moves to
the lower fields when T is increased and it vanishes above
Te = 9.5 K. A sharp maximum is observed at T;“a" = T¢ inthe
magnetic susceptibility of URhGe for H || b [see left inset of
Fig. 3(a)]. Figure 3(b) shows the magnetic field dependence, in
a semi-log scale, of the resistivity p, , of URhGe for H || b, at
temperatures from 1.5 to 50 K. A maximum in the resistivity is
observed at joH** = 13.6 + 0.5 T,'® which decreases when
T is increased. For comparison with UCoGe [cf. Fig. 1(b)], the
field pnoHy," /5y = 12.5 £ 0.5 T at the maximum of slope of
dp, . /0 H is also extracted. The trace of the high-field anomaly
islostfor T > T¢. An additional contribution (negative slope)
to p,.(H) also develops at low field when T is increased,
leading to a maximal variation at 10 K of p, .(H), in a window
up to 60 T.

Figure 4 shows the magnetic field vs temperature phase
diagrams, with H || b, extracted from our magnetization and
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FIG. 4. (Color online) Magnetic field vs temperature phase dia-
gram of UCoGe and URhGe extracted here from magnetization and
magnetoresistivity measurements with H || b. For each compound, I
and Il indicate the regimes below and above the moment polarization
field.

magnetoresistivity measurements on UCoGe and URhGe.
The characteristic field at the moment polarization and the
temperature 7,"* at the maximum of the susceptibility are
plotted for the two compounds. Since the anomalies are rather
broad (in particular for UCoGe), their characteristic field is
difficult to define and we extract it using different criteria:
Hy™ and Hj3,, from the magnetization and Hy™* and
Hy™ )y from the magnetoresistivity. In UCoGe, the anomaly
at 50 T observed at low temperature vanishes for 7 > 30 K
(:T;“ax). As well, the anomaly at 12 T observed in URhGe
at low-temperature vanishes for 7 > 9.5 K (=7,"). From
the Maxwell relation (0S/0H)r = (0M/dT)y the magnetic
entropy and thus the magnetic fluctuations increase with H
when T < 7)™, indicating the proximity of a field-induced

transition.!” Table I summarizes the characteristic tempera-
ture scales, the spontaneous moment M;, and the moment
polarization field, noted here H,,, of URhGe and UCoGe
for H || b. While the spontaneous moment M; of UCoGe
(0.05 wp/U) is much smaller than that of URhGe (0.4 up/U),
the magnetization of both systems reaches similar values

TABLEI. Curie temperature 7¢, spontaneous moment M;, super-
conductive temperature Ty at H = Oand, forH || b, temperature 7"
at the maximum of the magnetic susceptibility, moment polarization
field H,, and maximum 7% of the reentrant superconductive

temperature when H > H,,, in URhGe and UCoGe.

URhGe UCoGe
Tc (K) 9.5 3
M; () 0.4 0.05
T.. (H = 0) (K) 0.25 0.6
7" [H || b] (K) 10 375
woH, [H || b] (T) 12 50
T2 [H > H.».H | b] (K) 0.6 a
Refs. 6,7 9

aIn UCoGe, an S shape of H,, is observed at 10-15 T.!°
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(=~ 0.6 up/U) inhigh fields H || b,c. Another striking similar-
ity is that, for H || b, the moment polarization occurs in both
UCoGe and URhGe when M reaches >~ 0.3 5 /U. In URhGe,
M; =0.4 pp/U is large and the field H,, coincides with
M ~ M, indicating that the polarization of the ferromagnetic
moments at H,, has a feedback on superconductivity. In
UCoGe, M; = 0.05 pp/U is small and H,, corresponds to
M > M, but reinforcement of superconductivity was found
around 15 T, where M ~ M,.'% As in heavy fermions close
to an antiferromagnetic-to-paramagnetic quantum instability,’
the moment polarization field in UCoGe and URhGe un-
der H || b is connected to 7)™ by a phase boundary (or
crossover) in the (H,T) plane and by a simple correspondence
1K <> 1 T. For H || b, contrary to URhGe where Tc = T,
UCoGe is characterized by a decoupling between the Curie
temperature Tc =3 K and T;“"‘X =37.5 K. For UCoGe,
the question is whether 7, and H, are controlled by
magnetic fluctuations or Fermi surface effects. The effect
of a high magnetic field on the Fermi surface of UCoGe,
which is a low-carrier system with large effective masses,'®
are expected to be important since the Zeeman energy easily
affects the effective Fermi energy. Indeed, high-field Fermi
surface reconstructions were reported in the low-carrier system
URu,Sis. "% Theoretical calculations have shown that strong
differences are expected between the Fermi surface of the
paramagnetic and ferromagnetic states of UCoGe.?' The 30-K
temperature scale in UCoGe is also responsible for a shoulder
in the nuclear spin-lattice relaxation rate versus temperature
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(at zero field*? and in a field of 2 T applied along a, b, and
¢ 23) and by an enhancement of the magnetic fluctuations
at the reciprocal lattice zone center.?* Further investigations
of both the magnetic fluctuations and the Fermi surface of
UCoGe in high field are needed to determine what drives
the field-induced moment polarization at woH,, >~ 50 T for
H || b. The description of the kink at ugH* ~25 TforH || ¢
would also merit consideration. Knowing that a field-induced
moment at the Co sites was reported from polarized neutron
scattering in poH || ¢ =12 T, the magnetic properties
of UCoGe are expected to be more complex than those
of URhGe.

To conclude, we have reported high-magnetic-field mag-
netization and magnetoresistivity measurements on the ferro-
magnetic superconductors UCoGe and URhGe. For H || b, a
field-induced moment polarization in UCoGe at 50 T vanishes
at temperatures higher than 3040 K, which corresponds to
a maximum in the magnetic susceptibility. Strong similarities
were emphasized with the moment reorientation occurring in
URhGe, also for H || b, at 12 T. In both systems, despite very
different spontaneous moments, similar values of the magne-
tization were found to be reached in a high magnetic field.
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