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The mechanism of unconventional superconductivity, such as high-temperature-cuprate, Fe-based, and heavy-
fermion superconductors, has been studied as a central issue in condensed-matter physics. Spin fluctuations,
instead of phonons, are considered to be responsible for the formation of Cooper pairs, and many efforts have
been made to confirm this mechanism experimentally. Although a qualitative consensus seems to have been
obtained, experimental confirmation has not yet been achieved. This is owing to a lack of the quantitative
comparison between theory and experiments. Here, we show a semiquantitative comparison between the
superconducting-transition temperature (75c) and spin fluctuations derived from the NMR experiment on the
ferromagnetic (FM) superconductor UCoGe in which the FM fluctuations and superconductivity are tunable
by external fields. The enhancement and abrupt suppression of Tsc by applied fields, as well as the pressure
variation of Tyc around the FM criticality are well understood by the change in the FM fluctuations on the basis
of the single-band spin-triplet theoretical formalism. The present comparisons strongly support the theoretical
formalism of spin-fluctuation-mediated superconductivity, particularly in UCoGe.

DOLI: 10.1103/PhysRevB.104.144505

I. INTRODUCTION

U-based ferromagnetic (FM) superconductors [1,2] and
the recently discovered UTe, [3] similar to them have at-
tracted much attention and have been studied intensively.
This is because superconductivity becomes stronger under
external fields [4], which is not explained by spin-singlet
pairing, and spin-triplet superconductivity is expected. The
identification of the spin-triplet superconducting (SC) state
and unveiling of the SC pairing mechanism of unconven-
tional superconductivity, which have been considered to be
other than the electron-phonon interaction, are central is-
sues in condensed-matter physics. From these viewpoints,
URhGe [5] and UCoGe [6] are located in special situations
not only in FM superconductors, but also in all unconven-
tional superconductors. This is because the superconductivity
is reentrant [7] or is enhanced under a high magnetic field
parallel to the b axis (H | b) [8] and is extremely sensitive
to the applied magnetic field. When the high field is tilted
to only a couple of degrees to the c¢ axis, the reentrant or
enhancement of superconductivity disappears abruptly [7,9].
This strongly suggests that the SC pairing interaction would
be field dependent; therefore, this feature is very useful for
studying the SC pairing interaction because it is precisely
controllable.

We studied the FM superconductor UCoGe, discovered by
Huy et al. in 2007 [6], using NMR and nuclear quadrupole
resonance (NQR) measurements from a microscopic point
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of view [10,11]. In UCoGe, FM transition occurs at the
Curie temperature Toyhe =~ 3 K with a small ordered moment
mo =~ 0.05up pointing to the ¢ axis, and superconductivity
sets in at Tgc =~ 0.6 K. From the detailed angle dependence
of the nuclear spin-lattice relaxation rate (1/77) and AC
magnetic-susceptibility measurements below 3 T, we found
that magnetic fields along the ¢ axis (H || ¢) strongly suppress
the FM fluctuations with the Ising anisotropy along the ¢
axis and that superconductivity is observed in the limited
magnetic-field region where the Ising-type FM fluctuations
are active [12]. These experimental results suggest that the
Ising-type FM fluctuations tuned by H || ¢ induce spin-triplet
superconductivity. In addition, we measured 1/7; down to
2 K under the field along the a and b axes up to ~11T
and reported that Tcyie is suppressed and 1/7; at 2 K is
enhanced in H || b, although Ty and 1/7) are unchanged
in H || a [13]. Therefore, we suggest that the enhancement of
the superconductivity observed in H || b originates from the
FM critical fluctuations induced by H || b.

In the sister superconductor URhGe, the reentrant su-
perconductivity (RSC) was observed at approximately 13 T
in H || b where the magnetization along the b axis shows
a superlinear increase (metamagnetic transition) [7]. Toku-
naga et al. [14] investigated the magnetic fluctuations around
the RSC region from the measurement of 1/7; and nuclear
spin-spin relaxation rate 1/75, and showed that FM critical
fluctuations develop in the same limited field region where
RSC is observed. In particular, by comparing the divergence
in 1/Ty and 1/7,, they revealed that the longitudinal fluc-
tuations along the applied H, which are detectable by 1/7;
measurements, are much more dominant than the transverse
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fluctuations detectable by 1/7} and become critical in the
RSC field region in URhGe [14]. Therefore, it is crucial to
measure 1/7; in UCoGe to identify the dominant magnetic
fluctuations in the H region, where the superconductivity
is enhanced by H || b. In addition, it is also important to
determine the direction of the critical FM fluctuations in
the high magnetic-field region around and above the FM
criticality.

In this paper, we report the 1/7; and 1/7, results obtained
from the >Co NMR measurements in the magnetic-field H up
to 23 T and with the temperature 7 down to 1.5 K as well as
the upper critical field H,, of the same single-crystal sample
with the AC susceptibility measurements under a magnetic
field exactly parallel to the a or b axis. We found that 1/7} and
1/T; measured at 1.5 K show a clear peak at approximately
12.5 T, where Tcurie 1s nearly suppressed to zero in H || b,
whereas 1/T}, 1/T;, and Tcye are unchanged in H || a. From
the analyses of the field dependence of 1/7; and 1/75, it
is concluded that the Ising-type FM fluctuations along the
¢ axis become critical at around 12.5 T, in contrast to the
case of URhGe. By using the field dependence of the critical
behavior of 1/T\T, we compare the field dependence of the
difference of Tyc along the a and b axes with a difference
of 1/T1(H)T at 1.5 K on the basis of the theoretical model.
It was discovered that the characteristic feature of the H.,
behaviors in UCoGe can be semiquantitatively explained by
the field dependence of 1/7;T, following the theoretical for-
malism with approximation. A similar clear relation between
Tsc and 1/T;T variation was observed in H || ¢ as well as in
the pressure-induced FM critical region. These results provide
strong evidence that the superconductivity in UCoGe is in-
duced by critical FM fluctuations.

II. EXPERIMENTAL METHODS

A. Samples

The present single-crystal sample was prepared by the
Czochralski crystal pulling method in a tetra-arc furnace
under high-purity argon and was cut into cubelike shapes
with dimensions a@ x b x ¢ = 1.20 x 1.14 x 1.20 mm?. The
electrical-resistivity measurement along the b axis revealed a
residual resistivity ratio (RRR) ~98 and T¢yie = 2.7 K. The
onset, midpoint, and zero-resistivity temperatures of the SC
transition were 0.87, 0.74, and 0.64 K, respectively. Clear
specific-heat jumps at Tcyie and Tsc and a large RRR attest
to the high quality of the sample.

B. Measurement of AC susceptibility for
the determination of Tsc(H)

We measured the AC susceptibility to determine Tsc(H)
under a magnetic-field (H). As reported previously [9],
Tsc(H) is extremely sensitive to the orientation of a single
crystal against the applied H. To align the crystal accu-
rately and to measure the AC magnetic susceptibility down
to 100 mK, the NMR coil with the crystal was mounted on
a piezoelectric rotator (ANRv51/ULT/RES+) with an an-
gular resolution of ~0.1°, and all were immersed into the
*He - *He mixture to reduce the radio-frequency heating. As
we can rotate over one axis only, we rotated the ca(bc)
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FIG. 1. Angle dependence of 1/T; of *Co on the bc plane mea-
sured at 2.1 K for the determination of the b axis. The peak angle was
determined as the b axis.

plane for the a(b) axis alignment to minimize the c-axis
component.

C. NMR measurements

As for the NMR measurement, the conventional spin-echo
method was used. The ¥Co-NMR measurement down to
1.5 K was carried out up to 23 T. We used a 25-T cryogen-free
SC magnet at the Institute for Materials Research at Tohoku
University for NMR measurements above 15 T. 1/7; was
measured by applying the saturation 7 /2 pulse at time ¢ prior
tothe 7 /2 — t — 7 spin-echo sequence and by monitoring the
recovery R(t) of the spin-echo intensity as a function of ¢ and
was evaluated by fitting R(¢) to the theoretical function [15].
1/T, was measured by monitoring the decay of the spin-echo
intensity I(t) as a function of the interval time t between the
/2 and the 7 pulses (the Hahn method) and was evaluated
by fitting /(7) to the exponential function. Satisfactory fitting
by a single component of 77(7>) was obtained in R(¢) [I(7)]
in the entire 7 and H measurement region, indicating that
magnetic fluctuations are homogeneous across the entire re-
gion of the sample. 1/7; and 1/7, are measured at the central
transition peak of the 3°Co NMR spectrum in H || a and b.
The orientation of the external magnetic fields along the a(b)
axis in the normal state was carefully controlled in situ using
a laboratory-built single-axis rotator by rotating the sample
on the ca(bc) plane. As reported previously [13], 1/7; just
below Tcyrie, Which is governed by the FM critical fluctuation,
is strongly suppressed when H has a small c-axis component;
therefore, we measured the angle dependence of 1/7; on the
bc plane at 2.1 K and determined the b axis from the peak of
1/T; as shown in Fig. 1.

144505-2



PAIRING INTERACTION IN SUPERCONDUCTING UCoGe ...

PHYSICAL REVIEW B 104, 144505 (2021)

0.00
)
=
c
=]
2 001
&
8
ey
-0.02
! . | H || a (degree)
0.0 0.2 04 0.6 0.8 1.0 1.2
T (K)
T T T T
0.00 6""%%?{’-‘5’
w HoH 11 b (T
= —15
c
=] 25T — 14
B —13
2 001 . — 128
) ° —12
‘; Y —11
\ 10
N \ o
“\ 7
' 5
030 of 3
-0.02 > A
-05 00 05
H || b (degree)
1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
T (K)

FIG. 2. The AC susceptibility measured at various fields in (a)
H || a and (b) H || b. The inset of (a) shows the angle dependence of
the decrease in x,. below Tsc measured at 3 T and 0.12 K. The angle
with the largest decrease was determined as the a axis. The inset of
(b) shows the angle dependence of Tsc measured at 12.5 T. The angle
with the highest Tsc was determined as the b axis.

III. EXPERIMENTAL RESULTS

A. AC susceptibility measurements in magnetic fields

Figures 2(a) and 2(b) show the results of the AC magnetic-
susceptibility measurements at various fields in (a) H || @ and
(b) H || b. For the measurements, the a axis was determined
from the angle dependence of the decrease in yac below Tgc
measured at 3 T, and the b axis was determined from the angle
dependence of Tgc measured at 12.5 T as shown in the inset
of each figure. Here, Tsc in each field was determined from
the onset of the decrease in yac (Meissner signal) from the
constant value. The experimental errors are determined from
the noise level of yac. Figure 3 shows the upper SC critical
fields (H.) in the present single-crystal sample of UCoGe
determined with the above AC susceptibility measurement.
The zero points in the H axis with the experimental error
of 0.09 K in Fig. 3 mean that the Meissner signal was not
observed down to 0.09 K in the 7-scan measurement of yac.
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FIG. 3. Upper critical field H, along each crystal axis. H, was
determined using the AC susceptibility measurements. The inset
shows the zoom of H,, along the c axis.

In addition, the H, value at T ~ 0.09 K in the inset was
determined from the H-scan measurement of xac.

The poHc; shows a huge anisotropy: poH, along the b
axis seems to be beyond 20 T, but poH, along the c axis
is only 0.6 T, although the transport properties in UCoGe
is rather three dimensional as reported previously [12]. The
remarkable enhancement of H,, characterized by the S-shaped
H., behavior [9,16] was not observed in the present sample.
However, the different behavior in H;; might be due to sample
dependence and/or difference of the experimental methods.
The comparison of H., values and the magnitude of the
Meissner signals between H || a and H | b indicates that the
superconductivity in the present sample also becomes robust
in H || b as reported in the previous measurement [9,16].

B. 1/T; and 1/T; in magnetic fields

Figures 4(a) and 4(b) show the H dependence of 1/7;T and
1/,T at 1.5 K in H || a and H || b measured up to 23 T. As
reported previously [13], 1/71T shows anisotropic behavior
between the a and the b axes. It was clarified that both 1/T7T
and 1/7T in H || b show a maximum at around 12.5 T in
a similar manner, although both are H independent in H ||
a. When 1/T; is determined by the electronic contribution,

1/TT and 1/T,T measured in H || x are expressed as [17]
1 2k '(q, @) /(q,
LY L ks Z hfIZX’ g, @o PPENEL (¢, wo)

LT X (Veh)z wo

= G (wp),
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FIG. 4. Magnetic-field (H) dependence of (a) 1/T;T and (b)
1/T,T measuredin H || a and H || b. (c) The H dependence of G,(0)
and G.(wy) derived from 1/T1T and 1/T5T (see the text).

and
1 2k " ,
L) = 2 g g R4
LT ), (yh)?* o0 . w

FUA+1) = mm+ 1) - 1/2](%>
1 x

= G|| (0) + OlGJ_((Z)Q).

Here, x/(q,w) (i = x,y, and z) is the dynamical spin sus-
ceptibility components along the i axis, and wy is the NMR
frequency. Gy(w) = ffooo(hk(t)hk(O)) exp (iwt)dt (k =|| and
1) is the spectral density of the fluctuating hyperfine field
hi(¢). It should be noted that 1/7; in H || x is determined by
magnetic fluctuations perpendicular to H, but 1/7,T in H || x
can detect nearly static magnetic fluctuations parallel to H in
addition to an extra contribution from 1/7;T in H. The coeffi-
cient of the second term « in the 1/7,T is 15.5 for the central
transition (m, = 1/2 <> 1/2) of the Co NMR spectrum (I =
7/2). When H || b, G(0) = G,(0), and G (wy) ~ Gc(wp)
because x> x., is shown from the axial dependence of
1/T; atlow T [18]. Using these formulas, the H dependence
of G.(wg) and G,(0) normalized with each low-H value is
shown in Fig. 4(c). The H dependence of G.(wg) exhibits a
clear maximum around FM criticality, although G,(0) shows a
small hump. It is obvious that the critical fluctuations originate
from G.(wp); the Ising FM magnetic fluctuations along the ¢

axis, inherent to UCoGe, become critical for the application
of H || b. This situation is different from the FM criticality
in URhGe induced by metamagnetism in H || b where the
magnetic fluctuations along the H direction become critical.
The difference is related to the anisotropy and the character
of the magnetization in two compounds; the Ising anisotropy
along the ¢ axis is much stronger in UCoGe. This is shown
from the absence of the metamagnetic transition up to 40 T
in UCoGe, and the metamagnetic transition was observed
at 12 T in URhGe [19]. The different magnetic properties
between UCoGe and URhGe becomes more transparent from
the recent study on UCo;_,Rh,Ge, although the 5 f electrons
are in the itinerant regime in both compounds [20]. Next,
we measured the temperature (7') dependence of 1/7iT in
various magnetic fields along the b axis to investigate the
critical behavior of the Ising FM fluctuations along the c axis.
Figure 5(a) shows the T dependence of 1/7;T in various
magnetic fields along the b axis.1/T;T shows a clear peak at
1.5 and 3 T and a broad maximum at 10 and 12 T at Tcyge.
In the H region greater than 18.5 T, 1/T1T becomes almost
constant below 3 K, and the constant values of 1 /77T decrease
with increasing H. It is noteworthy that the 7 dependence of
1/TiT in the entire H region is well fitted by the following
equation:

( 1 ) 200
- 415,
LHT )y, T —6(H)

only by changing 6(H). Here, 6(H) is a parameter of how
close the system is to the FM criticality. The evaluated 6(H )
from the T dependence of 1/T\(H)T is plotted in Fig. 5(b),
along with the Curie temperature Tcyrqe determined by the
peak of 1/T;T. It is noted that the evaluated 6(H) system-
atically changes from positive to negative values and becomes
zero at approximately 14 T, where Tcyie is assumed to be zero.
This shows the presence of the FM critical point at approxi-
mately 14 T and that 1/77(H)T can trace the FM criticality
systematically. In fact, the H dependence of 6 can be well
fitted with the H-quadratic behavior, which is expected in the
mean-field theory [21]. In the self-consistent renormalization
theory describing weak ferromagnetism, 1/777 is propor-
tional to the static susceptibility x in a three-dimensional
system [22]. Therefore, it is experimentally indicated that
1/T'T in H || b is a good measure of magnetic susceptibility
X. related to the FM criticality.

IV. DISCUSSION

In this section, we present a semiquantitative discussion
of the relationship between FM critical fluctuations and su-
perconductivity. As mentioned above, we have shown the
relationship between the Ising-type FM fluctuations and the
superconductivity in UCoGe based on the >Co NMR mea-
surements. From a theoretical perspective, theoretical models
of spin-triplet superconductivity observed in U-based ferro-
magnets were discussed by Mineev [23-25], Hattori et al.
[12], Tada et al. [26], Tada et al. [27], and Hattori and
Tsunetsugu [28], independently. Mineev discussed the triplet
pairing triggered by the exchange of magnetic fluctuations
with a phenomenological fluctuation spectrum [23-25]. Hat-
tori et al. [12], Tada et al., [26], Tada et al. [27] showed that
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FIG. 5. (a) Temperature dependence of 1/T,T of ¥Co measured
at various magnetic fields from uoH = 1.5 to 23 T in H || b. The
phenomenological fitting of the experimental 1/71T is shown by the
dotted curves with 8 = 2.5, 0, and —5 K. (b) H dependence of Tcyie
determined by the peak or maximum of 1/7,7 measured in H || a
and H || bin the present sample. The characteristic temperature 6 (H )
corresponding to the magnetic anomaly in the present sample is
also plotted. The T¢yie determined by the bending of the electric
resistance is also plotted for comparison.

the experimentally observed anomalous H,, behaviors against
T and the angle on the bc plane are well reproduced by the
theoretical model with appropriately taking into account the
critical FM fluctuations observed in experiments. Hattori and
Tsunetsugu discussed the RSC in URhGe by strong attractive
interactions generated by soft magnons in the Ising systems
with transverse fields [28]. These models were developed to
understand the unusual response of superconductivity against
the applied H observed in U-based FM superconductors.
When an orbital suppression of superconductivity is ne-
glected and the largest critical temperature corresponds to the
pairing of quasiparticles with spin up-up and spin down-down,
Mineev expressed a BCS-type Tsc formula in a weak-coupling

interaction as [24,25]

1
Tsc(H) = € exp (—@),

where g(H) is the pairing interaction for the single-
band model in which only spin up-up pairing is formed
and is considered to be a function of H and ¢ is
the energy cutoff of the pairing interaction. In H ||
a(b), g is expressed as g~ [(No(k))(c”(H“(b)» cos? ¢ +
(No(k)xg(b)(H‘l(b))) sin? ]I?, where [ is the coupling constant
of electrons with spin fluctuations, tan ¢ = H*®)/h, and h is
the exchange field acting on the electron spins. The angular
brackets denote the average over the Fermi surface, and Ny(k)
is the angular-dependent density of the electronic states on
the Fermi surface. x' and x, are odd in the momentum
part of the static susceptibilities along the ¢ and a (b) axes,
respectively. In UCoGe near Tyc, the Ising anisotropy in the
static susceptibility is so large that x;, is negligibly smaller
than x”, and ¢ < 1 such that cos ¢ =~ 1 since the exchange
field & is considered to be ~50 T, much larger than H a®) from
the metamagnetic behavior in M/H in H || b [19]. Thus, we
approximately obtain

(23]

Tsc(Ha(b)) ~ & €Xp (—m)

Here, «; is a constant, and we assume that x. is propor-
tional to 1/71T from the T and H dependences of 1/TiT
as shown above. If we take the difference between Tsc(H?)
and Tsc(H?), the orbital suppression can be canceled out
in the lower-H region, and the superconductivity enhanced
by the FM criticality can be mainly extracted, although the
cancellation of the orbital suppression is insufficient in the
higher-H region. Therefore, Tsc(H?) — Tsc(H) normalized
by Tsc(0), which is defined as §Tsc(H?), is extracted and can
be expressed in the lowest order as

exp (—%) — exp (—ﬁ)
exp (— )

o o
X o -
xc(0)  xc(HP)

10T — Ti(H")T
T, (0)T

by taking x.(H®) ~ x.(0) on the basis of H“-independent
1/TiT and using the experimental relation of x.(H”)
[Ty (H")T]~'. Figure 6 shows the H dependence of the
8Tsc(HY) = [Tsc(HY) — Tsc(H*)]/Tsc(0) in UCoGe reported
so far for the left axis [8,16] and that of the normalized T\ T
difference 8T} (H")T = [T;(0)T — T;(H")T1/T,(0)T at 1.5K
measured on the present UCoGe [Fig. 4(a)] for the right axis.
It is interesting that §Tsc(H?) and 8T, (H?)T show almost the
same H dependence as suggested by the theoretical model
[24,25].

We apply this theoretical model to other two cases ob-
served in UCoGe. One is the steep decrease in Hy, in H || c. It
is obvious that such a steep decrease cannot be explained only
by the orbital suppression effect, which was experimentally
demonstrated by Wu et al. [16], and we have shown the rela-
tionship between the suppression of the Ising fluctuations and

Tsc(H®) — Tsc(H®) N
Tsc(0)

’
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H | b and H || a normalized by zero-field Tsc(0), [Tsc(H?) —
Tsc(H*)]/Tsc(0) = 8Tsc(H”) on the present sample and the H de-
pendence of the normalized difference of Tgc evaluated from the
previous reports [9,16] are also plotted for the left axis, and the
vertical scale of the results reported by Wu er al. [16] is re-
duced to half for the comparison. The H dependence of [T} (H ~
O)T — T (H")T1/T,(H ~ 0)T = 8T,(H”)T measured at 1.5 K on the
present sample is plotted on the right axis.

the steep decrease in Tsc in H || ¢ as pointed out previously
[12]. Following the above theoretical analysis, Tsc(H¢) in
H || cis approximately expressed as [24,25]:

o 1
Isc(H') = € exp (_ (No(k)XZ-‘(H”))IZ)

~ £ eX (— @2 )
P\ @)

Here, we assume that UCoGe is still close to the FM criti-
cality where the magnetic coherence length &,, is much larger
than the lattice constant (£kg > 1). Using this relation and
Xe(H) o [T{(HS)T]™', the normalized decreasing rate Tsc
against H¢, defined as 6Tsc(H¢) is expressed as

Tsc(H®) — Tsc(0)
T5c(0)
T,(0O)T — Ty (H)T
LT

= ST,(H)T.

Figure 7 shows the H¢ dependence of §Tsc(H¢) in UCoGe
reported so far for the left axis [12,16] and that of 67, (H)T
at 1.5 K reported previously for the right axis [12]. The H¢
dependence of 71T was measured in H || b by adding a small
H¢. This corresponds to the 71T measurements by the rotating
H from the b to the ¢ axis, and the details are reported in
Ref. [12].

The other case is the pressure (P) induced FM criticality.
We studied the relationship between P-induced FM critical-
ity and superconductivity by **Co-NQR measurements in a
zero magnetic field [29,30]. The superconductivity is also
enhanced by the P-induced FM critical region, which has been
reported previously [31-33]. This suggests that the pairing

8Tsc(H®)
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FIG.7. The H dependence of [Tsc(H¢) — Tsc(0)]/Tsc(0) =
8Tsc(H¢) on the present sample, and its H dependence evaluated
from previous reports is also plotted for the left axis [12,16]. The H
dependence of [T1(H ~ 0)T — Ty(H)T1/Ty(H ~ 0)T = §T\(H)T
measured at 1.5 K reported by our group is plotted on the right
axis [12]. The H¢ dependence of 1/T,T is evaluated from the angle
dependence of 1/71T on the bc plane.

interaction can be tuned by pressure as in the case of H || b.
We assume that Tsc(P) in H = 0 can be approximated as

Tsc(P) ~ € ex (— % >
5 P U @)

as in the case of H | b. Following the above analysis, the
normalized Tgc variation by P, defined as 67s5c(P) can be
expressed as

Tsc(P) — Tsc(0)
Tsc(0)
(0T — T (P)T
T,(0)T

= STy(P)T.

8Tsc(P) =

In Fig. 8, the pressure dependence of §Tsc(P) evaluated from
our UCoGe results is plotted on the left axis, and that of
8T (P)T measured at 1 K is plotted on the right axis [29,30].
It should be noted that the 1/777T measured by NQR is de-
termined by the c-axis fluctuations because the principal axis
of the electric quadrupole interaction is almost parallel to the
a axis. As the FM and PM signals coexist at P = 0.3 GPa,
we take an average for 77(0.3)T. It is noteworthy that the
good relationship between the variation in §75c(P) and that
in 671(P)T holds beyond the FM criticality. This indicates
that the FM fluctuations are intrinsically important and that
the presence of the ordered moments is not very sensitive to
the superconductivity in UCoGe.

It is quite interesting that a good relation holds between
8Tsc and 8T T in all three cases, where FM fluctuations
are tuned by different external perturbations. Since 1/7\T
probes the low-energy spin fluctuations, it was experimentally
shown that this SC mechanism becomes dominant in UCoGe
near the magnetic instability where the low-magnetic fluc-
tuations are enhanced. The SC mechanism by the electron-
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FIG. 8. The pressure (P) dependence of [Tsc(P)—

T5c(0)]/Tsc(0) = 8Tsc(P) in the zero field is plotted on the left
axis [29,30]. The P dependence of [71(0)T — T\(P)T]/Ty(O)T =
8T1(P)T measured at 1 K on the same sample of the P dependence
of Tsc is plotted on the right axis [29,30]. The inset shows the P
dependence of 1/77T measured at 1 K. Paramagnetic (PM) (FM)
means 1/7;T in the paramagnetic (ferromagnetic) state.

electron interactions, other than the electron-phonon interac-
tions, was first pointed out by Kohn and Luttinger [34]. They
pointed out that Tyc by their mechanism was so low in metals
(Tsc was estimated as only ~1 mK in s-electron metals) but
pointed out the possibility of high Tsc in metals where a
flattening of the Fermi surface or an abnormally high density
of states could be realized. This means that their mechanism
becomes more effective in metallic compounds near the mag-
netic instability where magnetic susceptibility and density of
states become enhanced. It is reasonable to consider that the
magnetic compounds in which critical behaviors in 1/7; are
observed show superconductivity also from their theoretical
point of view.

It is also noted that the ratio between the left and right axes
is the same as that in Figs. 7 and 8 (~3), and the ratio in Fig. 6
is ~1.4, indicating that the proportional constants are nearly
the same in these three cases. The good relation between Tgc
and 71T variations strongly suggests that Tgc is determined by
the FM fluctuations and is approximately expressed as Tgc ~
e exp (—1/g), where g is intimately related to the anisotropic
Ising spin susceptibility along the ¢ axis . in UCoGe.

It is expected that the character of the spin susceptibil-
ity is highly dependent on SC compounds even in U-based
FM superconductors. Although all U-based FM superconduc-
tors are considered as itinerant f-electron metals [35-39],
the itinerant-localized components are different within them.
Since both the FM and the SC transitions occur far below the
Kondo coherent temperature and the ordered moment in the
FM state is small (0.05u3), the itinerant character is dominant
in UCoGe. In contrast, the FM-ordered moments in URhGe
and UGe, are nearly one order of magnitude larger than those
in UCoGe, thus, the localized character is stronger in URhGe
and UGe;. This is the reason why a clear metamagnetic transi-
tion was observed in these two compounds [2]. It is important

to check whether similar semiquantitative analyses hold for
URhGe and UGe,.

Finally, we comment on the advantage of the study of FM
superconductors. As the possibility of the spin-fluctuation-
mediated superconductivity was pointed out [40-43], a lot
of studies have been performed to clarify the relationship
between the spin fluctuation and the superconductivity, and
in most cases the relationship between antiferromagnetic
(AFM) fluctuations and superconductivity has been inves-
tigated mainly on Ce-based heavy-ferimon (HF), cuprates,
and Fe-based superconductors [44—46]. Although the super-
conductivity in these systems can be enhanced by critical
fluctuations around the AFM critical points, the spin fluctu-
ations cannot be tuned by H because the AFM fluctuations
are not coupled with H. This point is crucially different from
the present case of the FM superconductors. We point out that
FM superconductors are a key system for understanding the
mechanism of spin-fluctuation-mediated superconductivity. It
is also important to note that the pairing interactions originate
from the spin-spin exchange process between the nearly local-
ized 5f electrons through the conduction electrons [24]. This
process is the same as the Ruderman-Kittel-Kasuya-Yosida
interaction [47,48], which also plays an important role in
the realization of the HF state. We point out that this is the
reason why spin-fluctuation-mediated superconductivity has
often been observed in HF compounds. It is also noted that the
pairing interaction is cut off by the band energy of itinerant
quasiparticles in the theoretical model [24,25]. We consider
this to be the reason why Tsc of most HF superconductors has
a linear relationship with their Fermi energy (7r), which is
known as the Uemura plot [49], the empirical relation holding
in various unconventional superconductors.

V. CONCLUSION

We measured 1/7} and 1/75 of ’Coin H || a and H || b
up to 23 T as well as H, in each crystalline axis under the
precise alignment of the single-crystal UCoGe. Although the
1/NT and 1/T,T at 1.5 K are almost H independentin H || a,
it was found that the FM criticality in both 1/77T and 1/T,T
was observed in H || b. From the comparison between 1/TiT
and 1/7T,T, it can be concluded that the FM criticality arises
from the Ising spin susceptibility along the c axis y., and that
1/T1T is a good measure of H and T dependence of .. Based
on the developed weak-coupling theory [24,25] and using the
phenomenological relation (7;7)~! o x., we examined the
relationship between Tsc and FM fluctuations derived from
1/T7T when the FM fluctuations are enhanced by the sup-
pression of Toyie in H || b and are suppressed by H || c. It
was revealed that the variations of Tsc and FM fluctuations are
well understood by this theoretical model at a semiquantitative
level. A similar good relationship was also confirmed when
the FM criticality was induced by pressure P. The present
semiquantitative discussion concludes that superconductivity
in UCoGe is induced by FM fluctuations tunable by H and P.

ACKNOWLEDGMENTS

K.I. wishes to acknowledge V. P. Mineev for the
theoretical inputs and fruitful discussions and K. Deguchi,

144505-7



K. ISHIDA et al.

PHYSICAL REVIEW B 104, 144505 (2021)

T. Yamamura, and N. K. Sato for the long-term collaboration
on UCoGe. We thank Y. Thara, Y. Tokunaga, S. Yonezawa,
Y. Maeno, H. Harima, H. Ikeda, S. Fujimoto, Y. Tada, A. de
Visser, J.-P. Brison, G. Knebel, and J. Flouquet for fruitful
discussions. This work was supported by the Kyoto University
LTM Center, Tohoku University (Projects No. 202012-
HMKPB-0052 and No. 202012-IPKAC-0008), Grants-in-Aid

for Scientific Research (Grants No. JP15H05745, No.
JP17K14339, No. JP19K03726, No. JP16KKO0106,
No. JP19K14657, No. JP19H00646, No. JP19H04696,
No. JP20H00130, and No. JP20KKO0061, and a Grant-in-Aid
for JSPS Research Fellows (Grant No. JP20J11939) from
JSPS. We would like to thank Editage in Ref. [50] for English
language editing.

[1] S. S. Saxena, P. Agarwal, K. Ahilan, F. M. Grosche, R. K. W.
Haselwimmer, M. J. Steiner, E. Pugh, I. R. Walker, S. R.
Julian, P. Monthoux, G. G. Lonzarich, A. Huxley, I. Sheikin, D.
Braithwaite, and J. Flouquet, Superconductivity on the border
of itinerant-electron ferromagnetism in UGe,, Nature (London)
406, 587 (2000).

[2] D. Aoki, K. Ishida, and J. Flouquet, Review of U-based
ferromagnetic superconductors: Comparison between UGe,,
URhGe, and UCoGe, J. Phys. Soc. Jpn. 88, 022001 (2019).

[3] S. Ran, C. Eckberg, Q.-P. Ding, Y. Furukawa, T. Metz, S. R.
Saha, L.-L. Liu, M. Zic, H. Kim, J. Paglione, and N. P. Butch,
Nearly ferromagnetic spin-triplet superconductivity, Science
365, 684 (2019).

[4] D. Aoki and J. Flouquet, Superconductivity and ferromagnetic
quantum criticality in uranium compounds, J. Phys. Soc. Jpn.
83, 061011 (2014).

[5] D. Aoki, A. Huxley, E. Ressouche, D. Braithwaite, J. Flouquet,
J. P. Brison, E. Lhotel, and C. Paulsen, Coexistence of super-
conductivity and ferromagnetism in URhGe, Nature (London)
413, 613 (2001).

[6] N. T. Huy, A. Gasparini, D. E. de Nijs, Y. Huang, J. C. P.
Klaasse, T. Gortenmulder, A. de Visser, A. Hamann, T. Gorlach,
and H. v. Lohneysen, Superconductivity on the Border of
Weak Itinerant Ferromagnetism in UCoGe, Phys. Rev. Lett. 99,
067006 (2007).

[7] F. Levy, L. Sheikin, B. Grenier, and A. D. Huxley, Magnetic
Field-Induced Superconductivity in the Ferromagnet URhGe,
Science 309, 1343 (2005).

[8] D. Aoki, T. D. Matsuda, F. Hardy, C. Meingast, V. Taufour, E.
Hassinger, I. Sheikin, C. Paulsen, G. Knebel, H. Kotegawa, and
J. Flouquet, Superconductivity reinforced by magnetic field and
the magnetic instability in uranium ferromagnets, J. Phys. Soc.
Jpn. 80, SA008 (2011).

[9] D. Aoki, T. D. Matsuda, V. Taufour, E. Hassinger, G. Knebel,
and J. Flouquet, Extremely Large and Anisotropic Upper Criti-
cal Field and Ferromagnetic instability in UCoGe, J. Phys. Soc.
Jpn. 78, 113709 (2009).

[10] T. Ohta, T. Hattori, K. Ishida, Y. Nakai, E. Osaki, K. Deguchi,
N. K. Sato, and I. Satoh, Microscopic coexistence of ferromag-
netism and superconductivity in single-crystal UCoGe, J. Phys.
Soc. Jpn. 79, 023707 (2010).

[11] T. Hattori, Y. Ihara, K. Karube, D. Sugimoto, K. Ishida, K.
Deguchi, N. K. Sato, and T. Yamamura, Spin-triplet supercon-
ductivity induced by longitudinal ferromagnetic fluctuations in
UCoGe probed by Co NMR measurements, J. Phys. Soc. Jpn.
83, 061012 (2014).

[12] T. Hattori, Y. Ihara, Y. Nakai, K. Ishida, Y. Tada, S. Fujimoto,
N. Kawakami, E. Osaki, K. Deguchi, N. K. Sato, and L
Satoh, Superconductivity Induced by Longitudinal Ferromag-

netic Fluctuations in UCoGe, Phys. Rev. Lett. 108, 066403
(2012).

[13] T. Hattori, K. Karube, K. Ishida, K. Deguchi, N. K. Sato, and T.
Yamamura, Relationship between ferromagnetic criticality and
the enhancement of superconductivity induced by transverse
magnetic fields in UCoGe, J. Phys. Soc. Jpn. 83, 073708 (2014).

[14] Y. Tokunaga, D. Aoki, H. Mayaffre, S. Krdmer, M.-H.
Julien, C. Berthier, M. Horvati¢, H. Sakai, S. Kambe, and S.
Araki, Reentrant Superconductivity Driven by Quantum Tri-
critical Fluctuations in URhGe: Evidence from *Co NMR in
URhy9Coy ;Ge, Phys. Rev. Lett. 114, 216401 (2015).

[15] A. Narath, Nuclear spin-lattice relaxation in hexagonal transi-
tion metals: Titanium, Phys. Rev. 162, 320 (1967).

[16] B. Wu, G. Bastien, M. Taupin, C. Paulsen, L. Howald,
D. Aoki, and J.-P. Brison, Pairing mechanism in the ferro-
magnetic superconductor UCoGe, Nat. Commun. 8, 14480
(2017).

[17] R. E. Walstedt, Spin-Lattice Relaxation of Nuclear Spin Echoes
in Metals, Phys. Rev. Lett. 19, 146 (1967).

[18] Y. Ihara, T. Hattori, K. Ishida, Y. Nakai, E. Osaki, K. Deguchi,
N. K. Sato, and I. Satoh, Anisotropic Magnetic Fluctuations
in the Ferromagnetic Superconductor UCoGe, Phys. Rev. Lett.
105, 206403 (2010).

[19] W. Knafo, T. D. Matsuda, D. Aoki, F. Hardy, G. W. Scheerer, G.
Ballon, M. Nardone, A. Zitouni, C. Meingast, and J. Flouquet,
High-field moment polarization in the ferromagnetic supercon-
ductor UCoGe, Phys. Rev. B 86, 184416 (2012).

[20] J. Pospisil, Y. Haga, A. Miyake, S. Kambe, Y. Tokunaga,
M. Tokunaga, E. Yamamoto, P. Proschek, J. Volny, and V.
Sechovsky, Intriguing behavior of UCo;_,Rh,Ge ferromagnets
in magnetic field along the b axis, Phys. Rev. B 102, 024442
(2020).

[21] V. P. Mineev, Reentrant superconductivity in URhGe, Phys.
Rev. B 91, 014506 (2015).

[22] T. Moriya, Theory of itinerant electron magnetism, J. Magn.
Magn. Mater. 100, 261 (1991).

[23] V. P. Mineev, Magnetic field dependence of pairing interaction
in ferromagnetic superconductors with triplet pairing, Phys.
Rev. B 83, 064515 (2011).

[24] V. P. Mineev, Superconductivity in uranium ferromagnets,
Phys.-Usp. 60, 121 (2017).

[25] V. P. Mineev, Metamagnetic phase transition in the ferro-
magnetic superconductor URhGe, Phys. Rev. B 103, 144508
(2021).

[26] Y. Tada, S. Fujimoto, N. Kawakami, T. Hattori, Y. Ihara, K.
Ishida, K. Deguchi, N. K. Sato, and I. Satoh, Spin-triplet super-
conductivity induced by longitudinal ferromagnetic fluctuations
in UCoGe: theoretical aspect, J. Phys.: Conf. Ser. 449, 012029
(2013).

144505-8


https://doi.org/10.1038/35020500
https://doi.org/10.7566/JPSJ.88.022001
https://doi.org/10.1126/science.aav8645
https://doi.org/10.7566/JPSJ.83.061011
https://doi.org/10.1038/35098048
https://doi.org/10.1103/PhysRevLett.99.067006
https://doi.org/10.1126/science.1115498
https://doi.org/10.1143/JPSJS.80SA.SA008
https://doi.org/10.1143/JPSJ.78.113709
https://doi.org/10.1143/JPSJ.79.023707
https://doi.org/10.7566/JPSJ.83.061012
https://doi.org/10.1103/PhysRevLett.108.066403
https://doi.org/10.7566/JPSJ.83.073708
https://doi.org/10.1103/PhysRevLett.114.216401
https://doi.org/10.1103/PhysRev.162.320
https://doi.org/10.1038/ncomms14480
https://doi.org/10.1103/PhysRevLett.19.146
https://doi.org/10.1103/PhysRevLett.105.206403
https://doi.org/10.1103/PhysRevB.86.184416
https://doi.org/10.1103/PhysRevB.102.024442
https://doi.org/10.1103/PhysRevB.91.014506
https://doi.org/10.1016/0304-8853(91)90824-T
https://doi.org/10.1103/PhysRevB.83.064515
https://doi.org/10.3367/UFNe.2016.04.037771
https://doi.org/10.1103/PhysRevB.103.144508
https://doi.org/10.1088/1742-6596/449/1/012029

PAIRING INTERACTION IN SUPERCONDUCTING UCoGe ...

PHYSICAL REVIEW B 104, 144505 (2021)

[27] Y. Tada, S. Takayoshi, and S. Fujimoto, Magnetism and super-
conductivity in ferromagnetic heavy-fermion system UCoGe
under in-plane magnetic fields, Phys. Rev. B 93, 174512 (2016).

[28] K. Hattori and H. Tsunetsugu, p-wave superconductivity near a
transverse saturation field, Phys. Rev. B 87, 064501 (2013).

[29] M. Manago, S. Kitagawa, K. Ishida, K. Deguchi, N. K.
Sato, and T. Yamamura, Enhancement of superconductivity by
pressure-induced critical ferromagnetic fluctuations in UCoGe,
Phys. Rev. B 99, 020506(R) (2019).

[30] M. Manago, S. Kitagawa, K. Ishida, K. Deguchi, N. K. Sato,
and T. Yamamura, Superconductivity at the pressure-induced
ferromagnetic critical region in UCoGe, J. Phys. Soc. Jpn. 88,
113704 (2019).

[31] E. Hassinger, D. Aoki, G. Knebel, and J. Flouquet, Pressure-
Temperature Phase Diagram of Polycrystalline UCoGe Studied
by Resistivity Measurement, J. Phys. Soc. Jpn. 77, 073703
(2008).

[32] E. Slooten, T. Naka, A. Gasparini, Y. K. Huang, and A. de
Visser, Enhancement of Superconductivity near the Ferromag-
netic Quantum Critical Point in UCoGe, Phys. Rev. Lett. 103,
097003 (2009).

[33] G. Bastien, D. Braithwaite, D. Aoki, G. Knebel, and J.
Flouquet, Quantum criticality in the ferromagnetic supercon-
ductor UCoGe under pressure and magnetic field, Phys. Rev. B
94, 125110 (2016).

[34] W. Kohn and J. M. Luttinger, New Mechanism for Supercon-
ductivity, Phys. Rev. Lett. 15, 524 (1965).

[35] A. B. Shick, Electronic and magnetic structure of URhGe, Phys.
Rev. B 65, 180509(R) (2002).

[36] A. B. Shick, V. Jani§, V. Drchal, and W. E. Pickett, Spin and
orbital magnetic state of UGe, under pressure, Phys. Rev. B 70,
134506 (2004).

[37] M. Taupin, J.-P. Sanchez, J.-P. Brison, D. Aoki, G. Lapertot,
F. Wilhelm, and A. Rogalev, Microscopic magnetic properties
of the ferromagnetic superconductor UCoGe reviewed by x-ray
magnetic circular dichroism, Phys. Rev. B 92, 035124 (2015).

[38] F. Wilhelm, J. P. Sanchez, J.-P. Brison, D. Aoki, A. B. Shick,
and A. Rogalev, Orbital and spin moments in the ferromagnetic

superconductor URhGe by x-ray magnetic circular dichroism,
Phys. Rev. B 95, 235147 (2017).

[39] S.-i. Fujimori, T. Ohkochi, I. Kawasaki, A. Yasui, Y. Takeda,
T. Okane, Y. Saitoh, A. Fujimori, H. Yamagami, Y. Haga,
E. Yamamoto, and Y. Onuki, Electronic structures of fer-
romagnetic superconductors UGe, and UCoGe studied by
angle-resolved photoelectron spectroscopy, Phys. Rev. B 91,
174503 (2015).

[40] K. Miyake, S. Schmitt-Rink, and C. M. Varma, Spin-
fluctuation-mediated even-parity pairing in heavy-fermion su-
perconductors, Phys. Rev. B 34, 6554 (1986).

[41] D. J. Scalapino, E. Loh, and J. E. Hirsch, d-wave pairing near a
spin-density-wave instability, Phys. Rev. B 34, 8190 (1986).

[42] D. Pines, Spin excitations and superconductivity in cuprate
oxide and heavy electron superconductors, Physica B 163, 78
(1990).

[43] T. Moriya, Y. Takahashi, and K. Ueda, Antiferromagnetic spin
fluctuations and superconductivity in two-dimensional metals -
A possible model for high T, oxides, J. Phys. Soc. Jpn. 59, 2905
(1990).

[44] T. Moriya and K. Ueda, Antiferromagnetic spin fluctuation and
superconductivity, Rep. Prog. Phys. 66, 1299 (2003).

[45] D. Pines, Finding new superconductors: The spin-fluctuation
gateway to high T, and possible room temperature supercon-
ductivity, J. Phys. Chem. B 117, 13145 (2013).

[46] Y. Nakai, T. Iye, S. Kitagawa, K. Ishida, S. Kasahara, T.
Shibauchi, Y. Matsuda, H. Ikeda, and T. Terashima, Normal-
state spin dynamics in the iron-pnictide superconductors
BaFe,(As;_,P,), and Ba(Fe,_,Co,),As, probed with NMR
measurements, Phys. Rev. B 87, 174507 (2013).

[47] M. A. Ruderman and C. Kittel, Indirect exchange coupling of
nuclear magnetic moments by conduction electrons, Phys. Rev.
96, 99 (1954).

[48] K. Yosida, Magnetic properties of Cu-Mn alloys, Phys. Rev.
106, 893 (1957).

[49] Y.J. Uemura, Classitying superconductors in a plot of 7; versus
Fermi temperature 7r, Physica C 185-189, 733 (1991).

[50] Editage, www.editage.com.

144505-9


https://doi.org/10.1103/PhysRevB.93.174512
https://doi.org/10.1103/PhysRevB.87.064501
https://doi.org/10.1103/PhysRevB.99.020506
https://doi.org/10.7566/JPSJ.88.113704
https://doi.org/10.1143/JPSJ.77.073703
https://doi.org/10.1103/PhysRevLett.103.097003
https://doi.org/10.1103/PhysRevB.94.125110
https://doi.org/10.1103/PhysRevLett.15.524
https://doi.org/10.1103/PhysRevB.65.180509
https://doi.org/10.1103/PhysRevB.70.134506
https://doi.org/10.1103/PhysRevB.92.035124
https://doi.org/10.1103/PhysRevB.95.235147
https://doi.org/10.1103/PhysRevB.91.174503
https://doi.org/10.1103/PhysRevB.34.6554
https://doi.org/10.1103/PhysRevB.34.8190
https://doi.org/10.1016/0921-4526(90)90133-F
https://doi.org/10.1143/JPSJ.59.2905
https://doi.org/10.1088/0034-4885/66/8/202
https://doi.org/10.1021/jp403088e
https://doi.org/10.1103/PhysRevB.87.174507
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.106.893
https://doi.org/10.1016/0921-4534(91)91590-Z
http://www.editage.com

