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Magnetic-field-angle-resolved specific heat and magnetization measurements were conducted on a ferromag-
netic superconductor UCoGe with remarkable anisotropic upper critical field Hc2. Although Hc2 reaches a high
magnetic field (∼20 T) along the b axis, it is small (∼0.6 T) when a magnetic field is applied along the magnetic
easy c axis. This study indicates that the specific heat is abruptly suppressed when the magnetic field is applied
toward the c axis from the a and b axes in the ferromagnetic state. The field response of density of states
(DOS) is anisotropic, relative to the c axis, and its angle dependence is slightly singular. The Ising-type magnetic
anisotropy of the ferromagnetic state is dominant even in the anisotropic reinforced superconducting state. These
facts indicate that the suppression of DOS may closely relate to the superconducting state. We theoretically
analyze these findings together with URhGe and UTe2 by highlighting the common and distinctive features
among three compounds.
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I. INTRODUCTION

The coexistence of ferromagnetism and superconductivity
has been theoretically and experimentally studied since the
1950s. For a time ferromagnetism was believed to compete
with superconductivity, as the large internal magnetic
field due to the ferromagnetic order destroys the Cooper
pairs with the spin-singlet state. In fact, electrons that
trigger superconductivity differ in orbital characteristics
and constituent atomic species from those that play ferro-
magnetic (FM) roles in (Ce1−xGdx )Ru2, RuSr2GdCu2O8,
ErRh4B4, and HoMo6S8, which are known as FM
superconductors [1–5].

However, a result in contrast to the conventional was
reported by Saxena et al. [6] in 2000. They found that fer-
romagnet UGe2 under Curie temperature TC = 52 K shows
superconductivity at TSC = 0.8 K under pressure in the fer-
romagnetic state [6]. The discovery of the uranium-based
FM superconductor UGe2 is significant, because ferromag-
netism and superconductivity are thought to originate from the
same 5 f electrons of uranium in this material. Subsequently
discovered uranium-based FM superconductors URhGe [7]
and UCoGe [8] exhibit superconductivity in the FM state
at ambient pressure. In a recently discovered heavy fermion
superconductor UTe2, superconducting transition occurs from
the paramagnetic state, which was thought to be at the proxim-
ity of the ferromagnetic order [9,10]. This stimulated renewed
interest in these FM superconductors. However, the situation
is more complicated in UTe2.

These uranium-based superconductors demonstrate excep-
tional superconducting (SC) properties, which include the
microscopic coexistence of superconductivity and ferromag-
netism [11–14], possible occurrence of an odd-parity pairing
[6–8], and the significant enhancement of Hc2 exceeding the
Pauli-limiting field HP [8,15–17].

The value of a superconducting upper critical magnetic
field Hc2 at 0 K highly exceeds that of HP expected by a SC
order temperature TSC at zero field, HP = 1.86TSC on the basis
of the weak coupling BCS model, thus suggesting the spin-
triplet state of UCoGe. These anomalous behaviors appear
around the FM quantum phase transition; hence, magnetic
quantum fluctuations are considered to be responsible for the
emergence of such unusual SC states [11,18,19].

UCoGe exhibits the FM order with the small ordered mo-
ment μ0 ∼ 0.05μB/U with the Curie temperature TC ∼ 3 K
[8], and the itinerant ferromagnetism exhibits Ising-type mag-
netic anisotropy. In addition, its magnetization is oriented in
the easy c axis of the orthorhombic TiNiSi-type crystal struc-
ture with the space group, Pnma [20]. A unique spin-triplet
SC state is realized below TSC ∼ 0.6 K in this material, and an
anisotropic Hc2 is observed. When a magnetic field is applied
in the c axis, superconductivity disappears immediately at
Hc

c2 ∼ 0.6 T; however, in the a or b axes, the SC state is
maintained, up to a higher magnetic field above 15 T [16].
The origin of the mysterious anisotropic feature of Hc2 can be
related to the pairing symmetry and mechanism of the super-
conductivity. The previous angle-dependent nuclear magnetic
resonance (NMR) measurement [11,21] suggests that the
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NMR relaxation time, 1/T1, is suppressed in a magnetic field
along the c axis. They interpret it that the longitudinal FM
spin fluctuations tuned by H ‖ c induce the unique supercon-
ductivity in UCoGe.

The objectives of this study are to clarify the origin of
the singular field-angle dependence of DOS structures, both
in the FM and SC states on UCoGe, via field-angle-resolved
specific heat measurements backed up by magnetization
measurements. In addition, this study attempts to obtain
fundamental thermodynamic information on this material in
low-temperature conditions, to facilitate the possible nodal
gap structure and underlying pairing mechanism.

II. EXPERIMENTAL PROCEDURE

A high-quality single crystalline UCoGe was grown at
Institute for Materials Research, Tohoku University and cut
into a rectangular parallelepiped with a weight of 5.7 mg.
The resistivity shows the large residual resistivity ratio,
RRR = 98. The magnetic-field-angle-resolved specific heat
C(T, H, φ, θa, θb) was measured by the quasiadiabatic heat-
pulse method using a 3He - 4He dilution refrigerator. To
investigate C(T, H, φ, θa, θb) in high magnetic field regions
up to 14.5 T near the b axis, in situ field-angle measurements
were also conducted using a homemade two-axis rotation de-
vice [22] (measurement I). C(T, H, φ, θa, θb) was obtained in
a wide range of angles −30◦ � φ � 120◦ (φ: Angle from the
a axis toward the b axis) and −90◦ � θa,b � 10◦ (θa, θb: Angle
from the a or b axis toward the c axis, respectively) via the
field-orientation control system [23] in the magnetic field up
to 5 T (measurement II). To prevent the sample from rotating
owing to strong magnetic torque, we used a homemade cell in
the present specific heat measurements [23].

We note that the addenda heat capacity is approxi-
mately 12%–30% of the sample heat capacity in the present
measurement, and it substantially influences the measured
specific heats. Because different calorimeters were adopted
in measurements I and II, a significant subtraction error of
∼5 mJ/K2 mol exists in the addenda background. To review
and compare with specific heat data, temperature dependence
of the magnetization has been measured by using a magnetic
property measurement system (MPMS).

III. EXPERIMENTAL RESULTS

A. T -dependent specific heats near the b axis

The H-T phase diagram of UCoGe near the b axis is ob-
tained through specific heat measurements. Every C/T value
in this study is obtained by subtracting the nuclear term, which
is proportional to T −3, and we assume that C/T is equal to
the electronic specific heat coefficient γ in the FM state. The
nuclear term is estimated by using nuclear magnetic moments
of uranium, cobalt, and germanium, and it is mainly derived
from the cobalt in UCoGe. Figure 1 illustrates the temperature
dependences of C/T in several magnetic fields along the b
axis. TSC(H ) and Hc2(T ) are determined by the midpoint of a
C/T upsurge, which are depicted as arrows in Fig. 1. With an
increase in the magnetic field, TSC(H ) decreases; however, it
appears almost unaltered between 4 and 10 T. It is interesting

FIG. 1. Temperature dependence of C/T measured at the several
magnetic fields along the b axis (θb = 0). For clarity, the data are
vertically shifted by 0.015. The arrows depict the critical temperature
position of the SC state TSC(H ). Note the upturns of C/T in H = 10
and 14 T at lowest temperatures.

to note that in the low T and high field H regions, the specific
heat exhibits a divergent behavior, although the T −3 nuclear
Schottky contribution is already subtracted. According to re-
cent theoretical considerations [24], rich multiple phases are
suggested in the H-T phase diagrams. The observed upturns
required to be checked in an independent experiment may be
related to this prediction.

We measured temperature dependences of C/T at field
angles θb = 0◦, 1◦, 2◦, and 3◦ from the b axis toward the c axis,
and obtained the H-T phase diagram of UCoGe, as illustrated
in Fig. 2. The phase diagram plotted together with Hc2 is de-
termined by the previous resistivity measurements presented
in Ref. [16]. The superconducting state of UCoGe reaches
above 14.5 T, along the b axis (θb = 0). Although an S-shaped
TSC(H ) is not observed at θb = 0 in present measurements, we

FIG. 2. H -T phase diagram obtained at field angles θb = 0◦, 1◦,
2◦, and 3◦ on the bc plane, where θb = 0 denotes H ‖ b. The inset
shows the initial slopes of Hc2 as a function of θb, thereby indicating
substantial enhancements of Hc2 toward the b axis.
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FIG. 3. Temperature dependence of C/T measured at field an-
gles θb = 0◦, 1◦, 2◦, 3◦, and 9◦ on the bc plane at 2 T, where
θb = 0 is H ‖ b. The small arrows denote the position of the critical
temperature of the SC state TSC(H ).

can observe the anomalous upturn behaviors of TSC(H ). The
absence of the S shape can be attributed to the suppression of
a C/T jump. In higher magnetic field regions, a peak of C/T
near TSC(H ) broadens, and it is difficult to precisely determine
TSC(H ). Furthermore, the precise shape of Hc2(T ) depends on
experimental methods.

With an increase in θb, the slope of TSC(H ) smoothens
immediately in the lower magnetic fields below 3 T. The inset
of Fig. 2 illustrates the initial slope changes as a function of
θb. It can be observed that the initial slope of Hc2(T ) is sig-
nificantly enhanced toward the b axis. This low initial slope at
θb = 3◦ smoothly approaches that at θb = 90◦ for H ‖ c. The
abrupt increases in Hc2 around the a and b axes that occurred
just within a few degrees are certainly anomalous and, hence,
require more elucidation (see also Fig. 2 in Ref. [35]). We
will provide a number of experimental hints in the following
to clarify its origin.

Figure 3 illustrates the magnetic-field-angle θb variation of
C/T at 2 T near the b axis on the bc plane. Clear specific heat
jumps associated with SC transitions are observed. TSC(H )
shifts to lower temperatures as θb increases, and it is smeared
out at θb = 9◦. The arrows in Fig. 3 are denoted in Fig. 2.

B. γ (H ) measurements near the b axis

The field-angle dependence of C/T , which reflects the
density of state of electrons at the Fermi level or the Sommer-
feld coefficient γ (H ), was investigated under the H applied
approximately parallel to the b axis on the bc plane.

Figure 4 illustrates the magnetic field dependences of C/T
or γ (H ) measured at field angles θb = 0◦, 1◦, 2◦, and 9◦ on
the bc plane at 0.8 K. At low fields, γ (Hb) initially decreases,
taking a minimum of Hb ∼ 3 T. Upon further increase in Hb,
γ (Hb) starts to grow, and is greater than the γ (H = 0) value
or γN for the normal state DOS, exhibiting a maximum at
around Hb ∼ 14 T.

In previous resistivity measurements [16,25], the en-
hancement of A(Hb) in higher magnetic fields along the b
axis was reported. This overall field evolution of γ (Hb) is
completely consistent with that obtained by the resistivity
measurement [16,25]. The field dependence of γ (Hb) and

FIG. 4. Magnetic field dependence of C/T measured at field
angles θb = 0◦, 1◦, 2◦, and 9◦ on the bc plane at 0.8 K in the FM
state, where θb = 0 is H ‖ b. The gray closed symbols are obtained
from the resistivity data for H ‖ b and c in Ref. [16]. To compare with
C/T , these data are multiplied by C/T (H = 0) = 0.057 J/K2 mol.

√
A(Hb) qualitatively coincide with each other because of the

Kadowaki-Woods relationship, where the temperature depen-
dence of resistivity ρ(T ) is assumed to be ρ(T ) = ρ0(Hb) +
A(Hb)T 2 with ρ0 being the residual resistivity.

Furthermore, the low field minimum behavior of γ (Hb)
around Hb ∼ 3 T mentioned above is consistent with the
Mb(T ) measurement [26], and in this field region, the Mb(T )
curves exhibit an upward curvature, thus implying that γ (Hb)
should decrease using the Maxwell relationship, as compre-
hensively explained later. For later theoretical discussions,
we point out that the enhancement of γ (Hb) in higher fields
is also observed in URhGe, and the enhanced field region
intriguingly coincides with the reentrant Hc2 region in a mag-
netic field along the b axis [25,27,28].

When a magnetic field is tilted away from the b axis toward
the c axis, γ (H ) quickly decreases, and the enhancement of
γ (H ) in higher magnetic field regions is rapidly suppressed,
as illustrated in Fig. 4. This tendency continues up to the case
for H ‖ c. γ (Hb) and γ (Hc), which are inferred from A(Hb)
and A(Hc) via resistivity measurements [16], are displayed
in Fig. 4. Both γ (Hb) and γ (Hc) exhibit a strong suppres-
sion at low field region, and then monotonically decreases
toward higher fields without a minimum in the γ (Hc), or a
maximum existed in the γ (Hb) case. The physical reasons
for these points are comprehensively discussed later from a
thermodynamic perspective.

C. Field-angle rotating specific heat measurements

We investigate the anisotropy of SC and FM states of
UCoGe, where the SC transition temperature TSC(H = 0) ∼
0.55 K. The field-angle-resolved specific heat of UCoGe was
measured on the ab, ac, and bc planes.

Figure 5 presents the magnetic-field-angle φ dependences
of C/T at 0.3 and 0.8 K measured in a rotating magnetic field
within the ab plane. Small oscillations are observed both in
the SC and FM states on the ab plane where γ (Ha) > γ (Hb)
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FIG. 5. Field-angle φ dependences of C/T at 0.3 and 0.8 K
measured in a rotating magnetic field within the ab plane. For clarity,
the data at 0.8 K are vertically shifted by 0.006 from the lowest field
data of 0.5 T. Open circles represent data mirrored by the a axis.

for H = 0.5, 1, and 3 T in T = 0.8 K. This is consistent with
the A(H ) data obtained via resistivity measurements [16]. At
approximately H = 5 T, γ (Hb) starts increasing, as illustrated
in Fig. 4. It is evident that in the FM state, the DOS is weakly
anisotropic within the ab plane, thus implying that the DOS
structure is not perfectly uniaxial, relative to the magnetic easy
c axis. We also note that the oscillation patterns at H = 0.5 T
in the SC state at 0.3 K are remarkably similar to that in the
FM state at H = 3 T and 0.8 K. The DOS structure in the
SC is governed by the FM state where the DOS in the SC is
buried. Although in principle, the angle-resolved specific heat
experiments [29,30] in the SC state are beneficial in yielding
the gap structure and the nodal position, we were unable to
extract the information of the SC gap structure in this system.

Figures 6 and 7 present the field-angle θa and θb depen-
dences of C/T measured in a rotating magnetic field within
the ac and bc planes, respectively. In the FM state, C/T is
significantly suppressed when the magnetic field is tilted away
from the ab plane toward the c axis. It takes a maximum value
at the a or b axis, which is approximately 10% larger than that
of the c axis.

The anisotropic behaviors inherent in the SC state shown
in Figs. 6 and 7 are qualitatively the same as that in the FM
state, thus indicating that the Ising anisotropy of the FM state
is dominant, even in the SC state. The Ising-like magnetic
anisotropy masks the gap structure of UCoGe. Here, the dou-
ble peaks observed in a magnetic field of 0.5 and 1 T at 0.2 K
on an ac plane reflect the phase transition from the FM state
to the SC state. The peaks shift to a smaller θa and θb range
in higher magnetic fields, because Hc rapidly becomes larger
as θa and θb increase. In lower magnetic fields, the peaks do
not appear because the SC state is not broken. As observed
from the data in the SC at 0.1 K in Fig. 7, γ (Hc) > γ (Hb)
solely because Hb

c2 > Hc
c2, where the possible nodal structure

is hidden.

FIG. 6. Field-angle θa dependences of C/T at 0.2 and 0.8 K
measured in a rotating magnetic field within the ac plane. For clarity,
the data are vertically shifted by 0.01 and 0.015 at 0.2 and 0.8 K from
the lowest field data of 0.2 T, respectively. Open circles represent the
data mirrored by the a axis.

Figure 8(a) illustrates the C/T vs Hc plot of the data
presented in Fig. 6, which were measured at 0.8 K on the
ac plane. Here, the data on the bc plane is omitted because
almost the same result was obtained. C/T is logarithmically
suppressed [∝(Hc)−0.04] as Hc increases, thus reflecting the
Ising-like magnetic anisotropy. Similar logarithmic suppres-
sions of 1/T1(Hc) ∝ 1/

√
Hc and Hc2 are also reported in a

previous study [11]. As shown in Fig. 8(b), Hattori et al.

FIG. 7. Field-angle θb dependences of C/T at 0.1 and 0.6 K
measured in a rotating magnetic field within the bc plane. For clarity,
the data are vertically shifted by 0.015 and 0.02 at 0.1 and 0.6 K
from the lowest field data, respectively. Open circles denote the data
mirrored by the b axis.
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FIG. 8. (a) C/T vs Hc plot of the data shown in Fig. 6, which
were measured at 0.8 K on the ac plane. A solid line denotes a
function that is proportional to (Hc )−0.04. Open circles represent the
data mirrored by the a axis. (b) Comparison between C/T vs Hc plot
at 3 T in Fig. 8(a) and longitudinal spin fluctuation 〈(δH )2〉 calculated
from 1/T1 at 3.5 T and 1.7 K in previous NMR measurements [11].

attributed the strong 1/T1(Hc) change to the suppression of
longitudinal spin fluctuations. We will comprehensively dis-
cuss these points later.

D. Magnetization measurements

Up to this point, we have concentrated on the specific heat
experiments in various aspects to extract the DOS structures
in the FM and SC states. In particular, we deduced the strong
suppression of the DOS toward the c axis, as shown in Fig. 8.
To investigate its origin, we are going to proceed with the
Mc(T ) in this section.

Figure 9 presents the data of Mc(T ) for H ‖ c measured
by using MPMS at low temperatures, together with the spon-

FIG. 9. Temperature dependences of the magnetization M(T ) for
H ‖ c in various field strengths. The dots denote the experimental
data where Hc = 0.02, 0.04, 0.06, 0.08, 0.1, 0.5, 1.0, and 1.5 T from
the bottom. Here, we also plot the approximate spontaneous moment
curve MFM(T ) with TC = 2.5 K and MFM(T = 0) = 0.05μB/U in
red. The continuous lines denote M(T ) parabola curves obtained
from Eq. (3).

taneous moment curve MFM(T ) without a field. MFM(T ) is
obtained by smoothly connecting MFM(T = 0) = 0.05μB/U
and the Curie temperature TC = 2.5 K with a parabola.
This yields MFM(T ) = M0 + β0T 2 with β0 = −M0/T 2

C . It is
deduced from Fig. 9 that the M(T ) curves smoothly and
continuously evolve from the spontaneous moment curve
MFM(T ) to M(T ) for finite fields. Accordingly, we infer that
MFM(T ) is a basis for elucidating the M(T ) curves at low
fields. In other words, once the spontaneous moment and TC

are known, β(H ) can be deduced at low fields.
In general, according to the Maxwell relation, ∂M/∂T =

∂S/∂H , then

d

dH

C

T
= ∂2

∂T 2
M(T, H ), (1)

in the low T limit,

dγ (H )

dH
= 2β(H ), (2)

where we have introduced β(H ) by phenomenon theory

M(T ) = M0 + β(H )T 2. (3)

This relationship is well satisfied by the data shown in Fig. 9,
which implies that we can extract β(Hc) reliably.

In this low field region β(Hc) < 0, because the parabolas
point upward and flatten as H increases, as illustrated in Fig. 9.
This implies dγ (Hc)/dHc < 0, i.e., γ (Hc) decreases as a
function of Hc. Eventually, as H increases, β(Hc) tends to-
ward zero from below. As comprehensively discussed below,
this is quite a general property that under the applied field
parallel to the magnetic easy axis, the DOS first decreases Hc

linearly, and then becomes flat. This is true for URhGe [28].
Using the data presented in Fig. 9, we can estimate β(Hc)

and γ (Hc). The obtained results are presented in Fig. 10.
|β(Hc)| abruptly decreases and approaches zero from H = 0
to Hc = 1.5 T, as demonstrated in the figure. The linearity of
β(Hc) in H at low fields is observed from the inset of Fig. 10.
The finite field estimates of β(Hc) are determined to smoothly
tend to the estimate by β0 = −M0/T 2

C , thus implying that the
β0 value is reliable, and the resulting initial slope of γ (Hc)
near Hc = 0 must be compatible with the experimental data.

In fact, according to the Maxwell relation expressed in
Eq. (2) with β(H ) = β0 + β1H for Hc < 0.1 T with β0 =
−0.008μB/K2, we obtain

γ (H ) = γN + 2
∫ H

0
β(H )dH

= γ (0) + 2β0H + β1O(H2). (4)

γ (Hc) drops to 57 mJ/K2 mol from γ (0) by the amount of 7
mJ/K2 mol at Hc = 0.1 T. As observed from Fig. 8, this is
precisely matched with the peak height at that point.

For 0.3 T < Hc < 1.5 T it is deduced that β(Hc) ∝
−(Hc)−3/2, thus upon integration in this field region,

γ (Hc) ∝ (Hc)−1/2. (5)

This singular behavior is observed in Fig. 8. It is noted that the
precise power index depends relatively on the fitting field re-
gions. In fact, according to the NMR experiment [11], 1/T1 ∝
(Hc)−1/2, which slightly differs from the expected exponent
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FIG. 10. By using the data in Fig. 9, β(Hc ) values are evaluated.
We assume that the M(T ) curves centered at T = 0 are approximated
by parabolas. The value at β(H = 0) is evaluated by β0 = −M0/T 2

C .
The smooth curve expresses the fitting with β(Hc ) ∝ −(Hc )−3/2 for
0.3 T < Hc < 1.5 T. From β(Hc ), γ (Hc ) (green curve) is evaluated.
The inset shows the linear behaviors of β(Hc ) in Hc up to Hc =
0.1 T.

−1; however, both quantities γ (Hc) and 1/T1 probe the same
physical phenomenon toward the c axis.

In Fig. 10, we display γ (Hc) thus obtained as the green
curve, showing that γ (Hc) decreases sharply with Hc. This
behavior is consistent with

√
A(Hc) by the resistivity mea-

surement [16].

IV. THEORETICAL CONSIDERATIONS

A. γ (H ) along the magnetic easy axis

It is important to understand the common experimental fact
under the applied field along the magnetic easy axis: Three
compounds, UCoGe [16], URhGe [28], and UTe2 [10,31],
exhibit a decrease in γ (Hc). This is understood for the FM
ordered state in terms of the M(T ) behaviors. Because the
spontaneous FM moment MFM(T ) as an order parameter of
itinerant ferromagnets is altered like a BCS form, i.e., near
T = 0,

MFM(T ) = M0 + β0T 2 + O(T 4) (6)

with β0 < 0, quite generically. Hence, in lower field regions,
γ (H ) decreases via the Maxwell relation expressed in Eq. (2),
as described by Eq. (4): γ (H ) = γ (0) + 2β0H . This implies
the following.
(1) γ (H ) for the field applied magnetic easy axis should
always decrease linearly in H .
(2) The linear slope is determined by the value of β0 without
a field.

(3) A beneficial estimate of β0 is given by β0 = −M0/T 2
C ,

which is obtained by regarding MFM(T ) as a parabola.
These considerations provide a general formula for γ (H ),
which is given by

γ (H ) = γ (0) − 2
M0

T 2
C

H. (7)

Remarkably, the initial change in γ (H ) for the magnetic
easy axis is H linear and determined by the zero-field infor-
mation β0. This fact is universal for itinerant ferromagnets,
independent of the underlying material parameters. Although
we do not know the microscopic origins of this decrease, it
is physically plausible that because the applied field along
the easy axis directly destabilizes the optimized FM state at
the zero field by forcing the spontaneous moment M0 to in-
crease, the DOS may decrease. For UCoGe, M0 = 0.05μB/U
and TC = 2.5 K, β0(UCoGe) = −0.008μB/K2 whereas for
URhGe, M0 = 0.4μB/U and TC = 9.5 K, β0(URhGe) =
−0.004μB/K2. This means that the initial decrease in γ (Hc)
in UCoGe is as steep as or steeper than that in URhGe. This
approximately coincides with an already established experi-
mental fact [28,32]. UTe2 is intriguing because there is no
static long-ranged FM found in this compound [10,31,33].

B. γ (Hb) along the b axis

Because the applied field along the hard axis b is interest-
ing, as it reinforces the upper critical field of SC Hb

c2 along the
b axis shown in Fig. 2, it is worth examining γ (Hb) compre-
hensively. Figure 4 shows a typical pattern for the common
field evolution of γ (Hb). At low fields, γ (Hb) slightly de-
creases, gradually increases toward higher fields, and then
exhibits a maximum at characteristic peak fields Hb

peak. Then
after exhibiting a maximum at a certain characteristic field,
γ (Hb) decreases further in higher fields. Hb

peak indicates the
quantum critical point with TC (Hb) → 0 for UCoGe. The
quantum criticality is responsible for γ (Hb) to exhibit a peak.

Although no theory succeeds in explaining it microscop-
ically, we can understand it phenomenologically in terms
of the Mb(T ) curves via the Maxwell relation expressed in
Eq. (2): At lower fields, Mb(T ) exhibits a global maximum
at TC (Hb) by definition, thus β(Hb) is positive, or γ (Hb)
increases. On increasing Hb, TC (Hb) decreases and simul-
taneously β(Hb) becomes larger. This means that γ (Hb)
is further enhanced toward Hb → Hb

peak from below. Above
Hb > Hb

peak, the downward parabola of M(T ) changes to the
upward direction at Hb = Hb

peak. At this point, the Mb(T )
curves become a monotonous decreasing function of T with
its maximum at T = 0. β alters its sign from positive to
negative, and γ (Hb) starts to decrease.

The b axis is also the magnetic hard axis for URhGe,
and UTe2. Because the applied field along the hard axis b
induces the reentrant SC in URhGe, it is worth examining
γ (Hb) comprehensively. The field evolutions of γ (Hb) of
these two compounds are similar to that of UCoGe. At low
fields, γ (Hb) is almost constant (URhGe [28], UTe2 [31,33]),
gradually increases toward higher fields, and then exhibits a
maximum at a certain characteristic peak field. The charac-
teristic peak fields are different from UCoGe in nature. In
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URhGe, Hb
peak ∼ 14 T precisely corresponds to the field at

which the FM moment rotates from the c axis to the b axis.
This rotation is characterized by the weak first-order transition
[17,34]. In UTe2, Hb

peak = 35 T corresponds to the strong first-
order transition, where the induced moment M ‖ b exhibits a
jump.

C. Possible second transition at low temperatures

As illustrated in Fig. 1, in the data at Hb = 10 and 14 T,
C/T exhibits an anomalous upturn at the lowest temperatures.
Because the nuclear contribution is already discarded from
the raw data, they are expected to be the intrinsic electronic
specific heats. If true, the anomalous increases in C/T may
indicate a second- or first-order phase transition at further
lower T values, that are yet to be discovered, although it is
possible that these increases are derived from impurities or
background subtraction. In fact, when the pairing symmetry
is a spin-triplet nonunitary A1 phase realized in this system,
the second phase transition from A1 to A2 phases in SC state
under a magnetic field is predicted [24]. This prediction is sup-
ported by the thermal conductivity measurement (see Fig. 5 in
Ref. [35]), which demonstrates a thermal-conductivity jump at
Hb ∼ 15 T at low T values. Hence, this point deserves further
investigation.

D. Sharp peak structures of DOS

As shown in Fig. 8, the observation of the sharp peak
structures of the DOS about the principal a and b axes is one
of the highlights of this study. The DOS or effective mass
abruptly increases toward the a and b axes from the c axis.
This experimental fact is fully and quantitatively supported by
magnetization measurements shown in Fig. 9. This sharp peak
structure is reminiscent of the Hc2 curve displayed in the inset
of Fig. 2, where Hc2 is significantly and abruptly enhanced
toward the b axis from the c axis. Therefore, it is intuitive
to consider that the Hc2 enhancement partly originates from
the DOS increase. In fact, if a BCS-type TSC expression is
assumed, TSC ∝ exp−1/gN (0) with g is the attractive interaction.
A mere increase in DOS from 0.055 to 0.065 (J/K2 mol) or
10% increase of DOS may significantly contribute to increas-
ing Hc2. Conversely, the boosted Hb

c2 substantially exceeded
16 T, whose origin was described in terms of the A1-like phase
[24], rapidly decreases owing to the DOS changes. We point
out that a similar sharp peak structure of Hb

c2, when positioned
away from the b axis, is observed in UTe2 (refer to the inset of
Fig. 22 in Ref. [24]). The physical origin of these intriguing
phenomena may be same.

E. Pairing symmetry

The attempt to identify the gap or possible nodal structure
in UCoGe via the angle-resolved specific heat experiment is
inhibited by the presence of the FM order above TSC, which
hides the detection of possible nodes, as illustrated in Figs. 5–
7. To facilitate future experiments to detect the nodal structure
in UCoGe, we theoretically summarize the possible pairing
states using classified-group theory [24,36,37] and propose
experiments. Under the orthorhombic crystals, the allowed
pairing functions belong to one-dimensional representations,

both for singlet and triplet cases. Focusing on the triplet pair-
ing, the nodal structure is represented by line and point nodes
in weak and strong spin-orbit coupling cases, respectively.
Because the line node structure is suggested [32], the former
is the case if the line nodes are confirmed in the future. Then,
under the FM molecular field, the Cooper pairs are polarized
along the FM moment, and the resulting pair symmetry must
be nonunitary triplet symmetry [38] with line nodes. To pre-
cisely identify the pairing symmetry, we need to determine
the orientation of the line nodes in the reciprocal space. One
of the best methods is the angle-resolved thermal conductivity
measurement, which may circumvent the DOS anisotropy due
to the FM state.

F. Possible pairing mechanism

Because the mass enhancement around Hb = Hb
peak co-

incides with the Hb
c2 enforcements in three compounds in

common, the S-shaped Hb
c2 in UCoGe presented in Fig. 2,

reentrant Hb
c2 in URhGe, and TSC(Hb) maximum in UTe2, it is

tempting to consider that the pairing mechanism is related to
the origin of this mass enhancement. Hattori et al. [11] claim
that because 1/T1 exhibits a sharp peak structure around the
b axis in UCoGe, and its shape is similar to the angle depen-
dence of Hc2 (refer to Fig. 4 in Ref. [11]), the longitudinal spin
fluctuations due to the Ising nature of the FM moment system
are the origin of the pairing mechanism because longitudinal
fluctuations should be suppressed by Hc. We point out here
that the sharp 1/T1 peak structure itself originates from the
mass suppression, as we already demonstrated in this study. A
question is how it comes. Therefore, at this moment there is no
direct information or support to conclude the pairing mecha-
nism. We note that according to Tokunaga et al. [18], the 1/T2

is enhanced precisely at the reentrant Hb
c2 region in URhGe,

which implies that the transverse spin fluctuations relative to
the easy c axis are enhanced there. This is a counterexample
for the above scenario under the plausible assumption that
UCoGe, URhGe, and possibly UTe2 are governed by the same
mechanism.

V. CONCLUSION AND SUMMARY

The specific heat of the uranium FM superconductor
UCoGe was measured at low temperatures under high-
precision angle-resolved magnetic fields along the ab, ac, and
bc planes. The field-angle dependence of the H-T phase dia-
gram was obtained in the magnetic field near the b axis on the
bc plane. A significant and sharp enhancement of C/T was ob-
served in the high magnetic field along the hard b axis where
the SC state reaches a high magnetic field region. When the
magnetic field was slightly tilted away from the b axis toward
the easy c axis, the slope of TSC(H ) was smoothened, and C/T
was strongly suppressed owing to the Ising anisotropy. The
Ising anisotropy of C/T in the FM state was dominant even
in the SC state. Magnetization measurements along the c axis
were also conducted to check the thermodynamic consistency
of the density of state enhancement.

We theoretically discussed and argued the origins of the
anomalous anisotropic specific heat results along with mag-
netization results and provided a perspective on the common
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and different features of UCoGe, URhGe, and UTe2 to fur-
ther facilitate deeper understandings of our findings, which
might lead to elucidating the pairing symmetry and pairing
mechanism.

In summary, (1) the DOS suppression toward the principal
c axis from the a and b axes is abnormally sharp and (2)
we established a generic formula of γ (H ) for H parallel
to the magnetic easy axis, which always decreases at low
fields.
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