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Spin susceptibility in the superconducting state of the ferromagnetic superconductor UCoGe
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In order to determine the superconducting paring state in the ferromagnetic superconductor UCoGe, the
Co NMR Knight shift, which is directly related to the microscopic spin susceptibility, was measured in the
superconducting state under magnetic fields perpendicular to the spontaneous magnetization axis *° K*?. % K@
shows to be almost constant, but does not decrease below a superconducting transition. These behaviors as well
as the invariance of the internal field at the Co site in the superconducting state exclude the spin-singlet pairing,
and can be interpreted with the equal-spin pairing state with a large exchange field along the ¢ axis, which was

studied by Mineev [Phys. Rev. B 81, 180504 (2010)].
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I. INTRODUCTION

The discovery of superconductivity in itinerant ferromag-
nets has had a great impact on the community for studying
superconductivity'™ since they are considered as the most
promising candidate of a spin-triplet superconductor. The
intimate relationship between ferromagnetic (FM) fluctuations
and superconductivity in UCoGe” is a strong experimental
suggestion of spin-triplet superconductivity. In an itinerant FM
superconductor with the presence of a large energy splitting
between the majority and minority spin Fermi surfaces, exotic
spin-triplet superconductivity is anticipated from a theoretical
point of view® in which pairing is between parallel spins within
each spin Fermi surface. Since spin-triplet superconductivity
possesses multiple internal degrees of freedom, the identifi-
cation of the spin state is a first step in understanding the
spin-triplet superconductors.

Spin susceptibility of the spin-triplet superconductor with
equal spin (|11) or || |)) pairing along the spin-quantization
axis keeps its normal state value if the spin-quantization axis
follows the external-field direction. On the other hand, in the
presence of the strong spin-orbit interaction fixing the mutual
orientation of the spin-quantization axis and the crystalline
symmetry direction, spin susceptibility shows anisotropic
behavior: Spin susceptibility parallel to the spin-quantization
axis is unchanged, but spin susceptibility perpendicular to the
axis vanishes at 7 = 0. In uranium compounds, spin-orbit in-
teraction is expected to be large since the magnetic anisotropy
in the normal state is quite strong. To detect the variation of the
spin susceptibility related to the superconducting (SC) pairing,
the Knight-shift measurement is one of a few experimental
techniques to probe the spin susceptibility in the SC state since
the Knight shift measures the hyperfine field at the nuclear site
produced by electrons.

Here we report on Knight-shift measurements in the SC
state of a FM superconductor. We measured the *Co Knight
shift (*°K ) in the FM superconductor UCoGe. Studies of the SC
upper critical field (H,;) and its angle dependence along each
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crystalline axis revealed remarkable enigmatic behavior:’

Superconductivity survives far beyond the Pauli-limiting field
along the a and b axis, whereas H, along the magnetic easy
axis (c axis) is as small as 0.5 T. Since the NMR linewidth along
the ¢ axis is so broad, and H,, along the ¢ axis is so small that
we could not detect the **Co NMR signal for H ||c in the SC
state, we focus on the °Co Knight-shift measurements for
Hla and b.

II. EXPERIMENT

The single crystalline UCoGe was utilized for the mea-
surement, which is the same sample reported previously.>’
The sample showed a large residual resistivity ratio (RRR)
of approximately 30 along the b axis. The FM transition
temperature was evaluated to be 2.55 K from the Arrot plots,
and the midpoint SC transition temperatures were determined
from ac susceptibility as 0.57 K. Clear anomalies in the
specific heat were observed at Tcyre and Tsc, indicating that
two anomalies are the bulk transitions. Microscopic mea-
surements have shown the occurrence of superconductivity
in the FM region of the sample, indicating homogeneous
coexistence of ferromagnetism and superconductivity.”'® The
NQR measurements on the present single-crystal sample
indicates that nearly half the region of the sample is in
the SC state, but the remaining region is non-SC, although
the whole region is in the FM state above Tsc.? Here we
stress that the non-SC region remaining below Tsc seems
intrinsic in the FM superconductors since the clear relationship
between the spontaneous moments and the non-SC fraction
was observed.!!

The angle-dependent NMR measurements were performed
using a split-coil SC magnet with a single-axis rotator. For
the measurement at low temperatures, the 3He-*He dilution
refrigerator, in which the sample was mounted, was rotated
against the split-coil SC magnet, and the single-crystal sample
was immersed in a *He-*He mixture to avoid rf heating for the
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FIG. 1. (Color online) Field-swept NMR spectra measured by
using the dilution refrigerator with fields rotated in the ab plane at
T = 1.6 K, with the simulated locus of NMR peaks (7 line).

NMR measurements. The angle-dependent >°Co NMR spectra
obtained in the ab plane with the dilution refrigerator are
shown in Fig. 1. Peak magnetic fields in each NMR spectrum
are extracted by solving the secular equations of

H=Hz+Ho=yi(1+K)I-H
h 1
+ z‘?{(yz 2)+§n(1i+13)}. (1)

Here H; and Hy are the Zeeman and electric quadrupole
Hamiltonians, K and H are the Knight-shift tensor and
external-field vector, and v and 7 are the electric quadrupole
frequency and asymmetric parameter. Since the vy, n and the
direction of the principal axis of I to the crystal axis are already
determined with the previous NQR/NMR measurements,
respectively,”!> we can estimate the field direction to the
crystal axis from the NMR peak locus. The satisfaction with
the simulation of the peak locus in Fig. 1 represents the fine
tuning of the field angle: The misalignment is estimated to
be less than 2 deg. %K shown below were obtained from the
central or satellite *Co peaks.

The occurrence of superconductivity under zero and
magnetic fields was monitored by the measurement of the
Meissner signal with the NMR coil in the same condition of
the ¥ K measurement. Temperature dependence of the SC
Meissner signal was measured with high frequency (freq)
ac magnetic susceptibility measurements by observing the
tuning frequency of the NMR circuit near 20 MHz. When
the single-crystal UCoGe undergoes a SC transition, xpyk
becomes negative due to the Meissner effect and thus fieq
increases in the SC state.

III. RESULT AND DISCUSSION

Figure 2 shows the temperature dependence of *°K for
woH|la,b ~2 T. In the figure we connect MK measured
with the dilution refrigerator to °K in a high temperature
region. >’K for H|la and b in the high temperature region
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FIG. 2. (Color online) Temperature dependence of the Knight
shift (K') measured in fields along the a and b axis under ~2 T. The
outline shape under 7' = 2 K represents the result using the dilution
refrigerator and the absolute value is slightly shifted to the K in the
high temperature region.

is nicely scaled to the bulk susceptibility x measured for
H|la and b, as displayed in the previous paper.'? The slope
of the relation is positive and is nearly the same in three
directions, indicating that the >°Co nuclear spins are largely
affected by the U-5 f electronic spins through the hybridization
between U-5f and Co-4s orbitals. K for H|b shows a
broad maximum around 40 K. It was reported recently that
a similar peak was observed in x for H|b at T,"* ~ 37.5 K,
and that the slope of magnetization M(H) for H||b shows
a significant enhancement at poHj"™ =46 +2 T."* Such a
metamagneticlike behavior has been reported in various heavy-
fermion (HF) compounds. It is noteworthy that similar 7™
and ,uoH}f,Ii“k for H ||b were reported to be 10 K and 12 T,'#'6
respectively, in URhGe, and the ratio of pLoH,'f}“k JT™ s
nearly the same between the two compounds. In addition, since
the resistivity along the ¢ axis turns out to be metallic below
around 7™, the metamagnetic energy scale is regarded as a
characteristic energy of the HF state in UCoGe.

Now we move on to the detail of K in the SC state.
Figure 3 shows the temperature dependence of K and
the Meissner signal below 1 K, measured under various
fields. In Fig. 3 the deviation from K at T =1 K [AK =
K — K (1 K)] is shown, since it was found from the NQR
measurement’ that the whole region of the same sample is in
the FM state below 1 K. In the normal state, AK increases
with decreasing temperature, following the development of
the FM moments. At uoH = 1T for H|ja and uoH =0.5T
for H||b, the increase of K gets dull or saturates around the
temperature below which the Meissner signal appears (vertical
line), resulting in the derivation from the extrapolation of K
to T =0 K as shown in Fig. 3. The extrapolation of K is
determined from the linear fit on K from 1 K to Tsc, and would
give the upper limit of K at T = 0 K. Therefore, the derivation
from the extrapolation of K, §K ab (less than 0.05%) is the
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FIG. 3. (Color online) Temperature dependence of the >°Co NMR
Knight shift and the Meissner signal for Hla,b below 1 K. The
change from the value at 1 K is represented. The blue line in the top
two figures is an extrapolation of the linear fit between Tsc and 1 K.

maximum value of the suppression of K due to the occurrence
of superconductivity.

The tiny presence or absence of the K suppression
below Tgc excludes the spin-singlet pairing, since appreciable
decrease of the order of 107199 is expected in the spin-
singlet pairing. However, the tiny presence or absence of
the K suppression also seems to be incompatible with the
equal spin-pairing state with the spin direction parallel to
the ¢ axis, since spin susceptibility along the a and b axis
should decrease below Tsc in this case. There is, however, a
spontaneous magnetization (M,) in the FM superconductor,
which splits the up-spin and down-spin bands significantly.
Recently, Mineev studied the equal spin-pairing state with a
spin-quantization axis parallel to the direction of M., which is
induced by the itinerant ferromagnet band splitting, and gave
the microscopic derivation of the paramagnetic susceptibility
in FM superconductors for the field perpendicular to M..!” In
his model, the normal-state susceptibility perpendicular to M.,
X1 is expressed with the numbers of electrons in the spin-up
and spin-down band N, | as
Ny — N,

P

where s is the exchange field acting on the electron spins
along M.. Thus, the susceptibility related to the SC pairs
originates from the electrons filling of the momentum-space
shell between the Fermi surfaces of the spin-up and spin-down
bands, and the SC transition changes the Fermi distribution of
the electrons only over energies close to the Fermi surfaces
within an order A. Thus, the suppression of the perpendicular
component of the spin susceptibility at 7 =0 due to the
spin-triplet pairing is calculated as

n

X1 = MUB

— S _ n _ n MBh
Sx1=x1(T=0)—x1(0) axi (uph)? In Al
where |A| is the characteristic quantity of the gap amplitudes
and a is a numerical constant.!” To estimate the suppression
of the spin susceptibility, we need to know the value of
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FIG. 4. (Coloronline) *Co NQR spectra from the £5/2 <> +7/2
transitions measured at 1.35 and 0.9 K (< Teusie), and 0.1 K (< Tsc).? In
the NQR spectrum at 1.35 K, a small paramagnetic (PM)-state signal
is observed with the main FM-state signal. In the NQR spectrum at
0.9 K, the PM-state signal is not observed and the calculated NQR
spectrum with Hi, ~ 900 Oe and the Gaussian distribution is shown
by the red hatch. In the NQR spectrum at 0.1 K, the calculated NQR
spectra with § H; is £5% H;y,, are shown for the estimation of possible
change of Hiy,.

the exchange field along the ¢ axis h. Quite recently the
magnetization M(H) of UCoGe was measured at 1.5 K up
to 60 T, and the data indicates that M (H) along the c axis is
roughly denoted as

M.(H) ~ oM. H + M.(0),
OH

%M‘ ) nearly constant (0.02 wgT Hinthe H range from 5

with (53
to 15 T.'* If we assume this relation and use the magnetization
value at zero external field M, ~ 0.07 ug, the exchange field
along the c axis / is estimated to be 0.07 (4)/0.02 (ug T ") =
3.5 T. It should be noted that the estimated £ is a minimum
field, since & can become larger by the electron correlation
effect. Adopting the estimated h,|A|/kg ~ Tsc = 0.6 K
and a ~ 1, the suppression 8y, /x| is estimated to be
<0.06, which should be compared with the experimental
results.

As reported in the previous paper, the NQR measurement
on the present single-crystal sample indicates nearly half
fraction in the non-SC state. Thus the suppression ratio of
the ¥ K ascribed to superconductivity is roughly estimated as
Kb /K% ~ 0.05%/(4% x 0.5) = 0.025, which is in rough
agreement with the crude estimation based on the spin-triplet
pairing. It is, however, difficult to insist that there is actually
a small decrease or kink because this estimated value is so
small, almost comparable with the experimental error of the
order 1072%.

In the present measurements we could not measure *°K for
H ||cinthe SC state as mentioned above. We reported, however,
from the NQR measurements that the internal field at the Co
site Hiy is unchanged passing through Tsc (Fig. 4),” indicative
of the invariance of the spontaneous moment in the SC state,
since Hi, arises from the spontaneous ordered moment M,
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with the relation of Hj, o« M.. From the simulation of the
NQR spectrum at 0.1 K shown in Fig. 4, the change of the
internal field below Tsc normalized with the internal field
above Tsc (8 Hine/ HY = |HY — HJ,|/H)) 1s less than £5%
if any. The absence of a large decrease of internal field is also
reported by SR experiment.'” Mineev calculated M. in the
SC state (M), and the difference from its normal state value

(6M. = M} — M) is expressed as
(DAL = DAY e
Ny — N, Tsc'

Dy is the density of states at the Fermi level for the
spin-up and spin-down bands, respectively, and D/Tom is
the energy derivatives of them.!” If we assume |[Aj| ~
|A, | and D)y ~ Dy /ep ~ Ny /€ for order estimation,
SM}/MP ~ |A|2/e% In(er/ Tsc) ~ 1073 is evaluated. Here we
take e€r/kg ~ 40 K, which is a characteristic temperature
of U-5f moments. Although the very small decrease in
Hi,,; estimated by Mineev’s theory is undetectable with the
resolution of the present NQR experiment, the absence of
appreciable change in the SC state can be interpreted by the
triplet-pairing scenario consistently.

Finally, we point out the similarity between FM super-
conductors with the Ising anisotropy along the ¢ axis and
an inversion-symmetry breaking superconductor along the ¢
axis. In the latter superconductor, e.g., CelrSiz;, two Fermi
surfaces are split with momentum k dependence due to the
strong antisymmetric spin-orbit coupling effect originating
from the Rashba-type interaction, which is proportional to
an antisymmetric potential gradient VV (]|c). In this case,
spins on each Fermi surface are parallel to k x VV, which
lie in the ab plane. The spin susceptibility in the SC state
x5€ was theoretically shown to be unchanged in H |c, but
to decrease in H L ¢ with dependency on the strength of
the spin-orbit interaction, when the Rashba-type interaction
is sufficiently larger than the SC gap. The spin-susceptibility
behavior in the SC state on CelrSi3 was actually measured with
the 2Si NMR Knight shift,'® and is in good agreement with the

SM, = M"
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theoretical prediction. We point out that the almost constant
Knight shift on UCoGe in H L ¢ is similar to that on the
noncentrosymmetric superconductor in H ||c, since the Fermi-
surface splitting is larger than the SC gap and H is applied
perpendicular to the spin component in both superconductors.
It is noteworthy that the field direction perpendicular to the
spin component largely exceeds the Pauli limiting field in two
superconductors. This also suggests that the change of spin
susceptibility below Ty is small or absent.

IV. SUMMARY

In conclusion, we measured the *Co Knight shift for H ||a
and b in the SC state on the FM superconductor UCoGe, and
found the almost constant behavior below Tsc in the *°Co
Knight shift. The observed Knight-shift results as well as
unchanged spontaneous moments in the SC state exclude the
spin-singlet pairing, and can be reasonably interpreted with
the spin triplet with a band splitting scenario where equal spin
pairs with a spin quantization axis parallel to the direction of
spontaneous magnetization and the band splitting energy is
larger than the SC gap energy.
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