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We report the re-measurement of the a-axis spin susceptibility component in an early-stage sample of the spin-triplet
superconductor UTe, with the transition temperature of Tsc = 1.6 K. Using Knight-shift measurements along the b axis
and at a 10-degree tilt from the b axis towards the a axis, we accurately determined the a-axis component without
directly measuring the g-axis Knight shift. Our results reveal a decrease of approximately 3% in the g-axis spin
susceptibility in the superconducting state under ag-axis magnetic field ugH, ~ 0.1 T, indicating that the spin
susceptibility decreases similarly in both early-stage and ultraclean samples with 7sc = 2.1 K. The previously reported
absence of the reduction in Knight shift is attributed to the missing of signal from the superconducting region and to the
detection of residual signals from the non-superconducting region instead. We also found that the decrease in the a-axis
spin susceptibility is immediately suppressed with increasing the a-axis magnetic field and is estimated to be completely
suppressed at around 1.5 T due to superconducting spin rotation.

Superconductivity is a quantum condensed state arising
from the formation of Cooper pairs by two electrons.” In
many cases, including heavy-fermion superconductors®® and
high-temperature cuprate superconductors,? the pair typically
forms with antiparallel spins, resulting in a spin-singlet state
without spin degrees of freedom.” In contrast, a spin-triplet
state with spin degrees of freedom, where the electron spins
are parallel, is also possible and has been realized in
superfluid *He.” The spin-triplet superconducting state
introduces qualitatively different superconducting properties
due to its spin degrees of freedom, such as superconducting
spin rotation” and peculiar spin excitation,®’ which are absent
in the spin-singlet superconductors. However, the number of
candidate materials for spin-triplet superconductivity is less
than ten.”"! In addition, these few candidate materials often
coexist with magnetic phases or exhibit very small spin
susceptibility in the normal state, leaving many aspects of
their superconducting properties and impurity effects exper-
imentally unclear.

In this context, we focus on the recently discovered
uranium-based superconductor UTe,.!”!® UTe, crystallizes
in an orthorhombic structure with space group Immm (D3,
#71) and features a two-leg ladder structure along the a axis
composed of uranium atoms, as shown in Fig. 1(a). Initially
discovered with a superconducting transition temperature 7sc
of 1.6K, improvements in synthesis methods have enabled
the ultraclean single crystals without uranium deficiencies,
raising Tsc to 2.1 K.2%2D Since its discovery, UTe, has been
a promising candidate for spin-triplet superconductors due to
its large upper critical field H,'"*>?® and field/pressure-
induced superconducting phases.”*3" Our nuclear magnetic
resonance (NMR) measurements of the spin susceptibility
provide further evidence suggesting a spin-triplet state in
UTe,.3>3% However, discrepancies between results from the
early-stage and ultraclean samples are present. Although both
early-stage and ultraclean samples exhibit a slight decrease in

123701-1

T T T
+UTe, Te(ll g
2 Te(ll) 6,, = 90°
early-stage sample (Hl a)
[uoH=1347T i ]
LT=42k 80 i

70°

609

50°‘

40°

J A

[ Moo
6)s b
10° a »

82 = 0° (HII ), ‘
10 20 30 40
K (%)

(a) (b

-

NMR intensity (arb. units)

Fig. 1. (Color online) (a) Crystal structure of UTe, drawn by VESTA.!®
(b) 'Te-NMR spectrum against the angle between the crystalline axis and a
magnetic field in the ab plane measured at 4 K. The 6,, is defined as the
angle from the b axis to the a axis.

the spin susceptibility in the superconducting state for H || b
and H || ¢, the ultraclean sample shows a significant decrease
in the spin susceptibility for H || a,*® whereas such a
decrease was not detected in the early-stage sample.®> As
the decrease in the spin susceptibility indicates that the d
vector component, which is the order parameter in spin-triplet
superconductors, is in the magnetic field direction, the
difference in results for H || a suggests a difference in
superconducting symmetry between the samples. The differ-
ence may arise from (i) the possible rotation of the
superconducting spin under small magnetic fields, (ii)
suppression of the spin susceptibility reduction due to minor
impurities and defects in the samples, or (iii) the observation
of the signals from the non-superconducting region.

In this work, we performed a re-evaluation using NMR
measurements in the early-stage UTe, sample to clarify
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Fig. 2.

(Color online) Temperature variation of the '>Te-NMR spectra and the temperature dependence of the Knight shift for H || b [(a, b)], the magnetic

field rotated by 10 degrees towards the a axis (6p, = 10°) [(c, d)], and 0, = 12.5° [(e, f)] measured at 0.66 T. The solid arrows indicate Tsc. 125Te-NMR
spectrum above and below Tsc for H || b (g) and 6, = 10.5° (h). The intensity of each spectrum is normalized by the peak value. The broken lines indicate

Knight shift in the normal state.

whether the reduction in the a-axis spin susceptibility in the
superconducting state is intrinsic or not. Specifically, we
measured the spin susceptibility under magnetic fields
applied along the b axis and at an angle of approximately
10 degrees from the b axis towards the a axis. As the a axis is
the magnetic easy axis and has a much larger value of Knight
shift than the b axis,’® it is possible to measure the a-axis
spin susceptibility component with a small projection field
along the a axis. Accurate measurements of the spin
susceptibility along the @ axis have been challenging because
the a-axis magnetic field causes additional linewidth broad-
ening in the early-stage sample***! and the signal intensity is
quite weak,> as shown in Fig. 1(b). However, by employing
a technique utilizing the projection components, we achieved
precise measurements of the spin susceptibility along the a
axis. Our results reveal that even in the early-stage sample,
the spin susceptibility along the a axis decreases in the
superconducting state. Furthermore, we observed the sup-
pression of this decrease under a very small magnetic field
of approximately 1.5T well below poHe, = 7T, indicating
a rotation of the superconducting spin to the applied field
direction.

The '»Te (nuclear spin /= 1/2, gyromagnetic ratio
125y )27 = 13.454 MHz/T)-NMR measurements were per-
formed on a single crystal of dimensions 1.5 X 1.6 X 2.6
mm?, identical to the sample used in our previous study.’>
The sample was grown using the chemical vapor transport
method.'® To get strong signal intensity, '>Te is enriched to
99.9%. Tsc = 1.6 K, was determined by ac susceptibility
measurements using an NMR coil. UTe, exhibits two distinct
125Te-NMR signals, originating from the two inequivalent
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crystallographic Te sites, as shown in Fig. 1(a). We measured
the Knight shift in the '>>Te-NMR signal with the larger
Knight shift [Te(Il)]. The frequency-swept NMR spectra
were acquired by performing the Fourier transform of the
spin-echo signal observed after a spin-echo radiofrequency
(RF) pulse sequence in a fixed magnetic field. The NMR
spectra are presented with the horizontal axis representing
K = (f—fo)/fo- Here, fy = ("*y/2m)uoH. The magnetic field
was calibrated using a %Cu (%y/2z = 12.089 MHz/T)-
NMR signal with the Knight shift K¢y, = 0.2385% from the
NMR coil.*?) The Knight shift was determined by the peak
position of the NMR spectrum. The NMR spectra in the
superconducting state were recorded following a field-
cooling process to avoid random vortex configuration. The
sample was rotated within the ab planes using a split-pair
magnet equipped with a single-axis rotator. By examining the
magnetic field-angle dependence of the Knight shift, we
precisely aligned the sample along the b axis with an angular
resolution of 0.5°. For the low-temperature NMR measure-
ments down to 0.1K, the crystal with the NMR coil was
immersed in a *He/*He mixture. The energy of the RF pulses
was reduced to ensure that the NMR results remained
unaffected by the power of the RF pulses.*?

We first present the results for the spin susceptibility along
the b axis. Figure 2(a) shows the temperature variation of
the NMR spectra for H || b = 0.66 T. As the temperature
decreases, the spectra gradually shift to a lower Knight shift
(K) side. A significant reduction in the intensity with
linewidth broadening was observed below Tsc. The reduction
in the intensity and increase in linewidth can be attributed to
the superconducting diamagnetism and/or distribution in

©2024 The Author(s)
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susceptibility. The temperature dependence of the Knight
shift derived from the peak values is shown in Fig. 2(b). The
anomalous broadening below 1K reported in the previous
measurements*® was not observed in this sample. The
decrease in Knight shift in the superconducting state is
estimated to be 0.12%. The experimental results for H || b are
consistent with our previous studies.>3%

Next, the same measurements were conducted with the
magnetic field tilted towards the a axis. Figure 2(c) presents
the NMR spectra obtained with the magnetic field rotated
by 10 degrees towards the a axis (65, = 10°). The magnetic
field strength is 0.66T, the same as for H || b, whereas
the projected magnetic field along the a axis is poH, =
noHsin 10° = 0.11 T. The a-axis component makes the
linewidth broader even in the normal state; however, a clear
shift to lower K values was observed below Tsc. The
temperature dependence of the Knight shift, shown in
Fig. 2(d), indicates a decrease of 0.21% in the super-
conducting state, which is roughly twice larger than the
decrease observed along the b axis. The NMR spectrum at a
further tilted angle of 6, = 12.5° is shown in Fig. 2(e). A
further rotation of 2.5° broadened the NMR spectrum
significantly, and a clear double-peak structure was observed
below 0.60 K. This behavior is likely due to the presence of
regions within the sample that remain non-superconducting,
possibly induced by a tiny amount of U deficiency.*¥ Tilting
the magnetic field towards the a-axis weakens the signal from
the superconducting regions, resulting in the observed
double-peak structure. Even in the spectra for H || b and
with 6, = 10°, there is residual spectral weight near the
normal state position. This is much weaker in the ultraclean
sample.’® With further rotation, the signal in the super-
conducting state could no longer be observed in this study.
The temperature dependence of lower K peak at 6, = 12.5°
is shown in Fig. 2(f). As shown in Figs. 2(g) and 2(h),
similar measurements were performed at a magnetic field
strength of 3T, and the decreases in Knight shift in the
superconducting state were found to be 0.04% for H || b and
0.10% for the 10.5° tilt.

Here, we determine the ag-axis component of the spin
susceptibility from the measured data. Generally, when the
field is rotated by an angle 6, from the b axis towards the a
axis, the Knight shift at the angle 8, Ky can be expressed as,

Ko = K}, c0s? Opy + Ky Sin® Opy. (D)

In the superconducting state, the change in Knight shift
includes contributions from the decrease in spin susceptibility
Kin as well as the temperature dependence of the Knight
shift in the normal state Ky and the contribution of the
superconducting diamagnetism Kgi,. Then, all Knight-shift
contributions in H along the i direction can be described as

Ki(T) = Kepin,i(T) + Kgia,i(T) + Kni(T). (2)

In this study, the temperature variation of Ky;(7T) is
negligible compared to the decrease in the superconducting
state and can thus be ignored. In addition, for small angles
like 10 degrees, the angular variation of Kgi,; is also
negligible, and thus, we use the value for the b axis Kginp =
~(He1p/H) X [In(Bha//eEa&o) /InfKak )™ = ~0.078%  at
the lowest temperature and 0.66 T. Here, ¢; is the Ginzburg—
Landau (GL) coherence length along i axis, f is a factor that
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depends on the vortex structure and is 0.38 for the triangular
vortex lattice, A, is the distance between the vortices and is
calculated using the relation ¢p¢ = ‘/7§ Aﬁ(,uoHext), and «; is the
GL parameter along i axis. We used the SC parameters
reported by Paulsen et al.*® for the estimation. Thus, the
decrease in the spin susceptibility along the a axis in the
superconducting state, AKgpyinq, i given by

1
AKping = e {Ko(1.6 K) — Kyp(0.1 K) — Kgia
ba

— [K»(1.6 K) — K(0.1 K) — Kgia] €082 0pa}. (3)

Note that Kypin, = 36.1% just above Tsc.*> Using Eq. (3),
we evaluate that AK iy, estimated from 6, = 10° is 3.0 +
0.9% and estimated from 6, = 12.5° is 2.5 + 0.8%. For
Ope = 12.5°, we adopted the value of the lower K peak in the
double-peak structure. Both values reach almost 3%, which is
significantly larger than the previously reported value of
0.01% for the early-stage samples.* The estimated reduction
for the ultraclean samples at the lowest temperatures is
around 5%.3® Considering that the reduction observed for the
H || b and H || ¢ axes in the early-stage sample was about
half of the reduction observed in the ultraclean samples,35’36)
the results in this study are consistent with those in the
ultraclean sample. This indicates that the spin susceptibility
along the a axis also decreases in the early-stage samples.
The lack of Knight-shift reduction in the previous studies
may be due to the missing signal from the superconducting
region. The signal observed in the previous study may
originate from the residual part of the non-superconducting
region. In the previous report,® the NMR spectrum for
H || a did not show broadening below Tsc, whereas in this
study, as shown in Fig. 2(h), clear broadening was observed.
This difference also suggests that the signals detected in the
previous and current measurements originate from different
sample regions. Although the a-axis field component in both
measurements is similar, it is considered that the signal from
the superconducting region becomes stronger by using the
field tilting method. It is noted that, in the previous meas-
urements,> we observed a small decrease in the Knight shift
just below Tgc due to the contribution from bulk super-
conducting diamagnetism. This observation indicates that, in
the previous experiment, the effects of RF heating were
minimal, and the superconducting state was indeed measured.

Furthermore, the estimation of the a-axis component from
the results at 3T indicates a reduction of 1.8 +0.2% in
uoH, =3 xsin 10.5° = 0.55T. The a-axis projected mag-
netic field dependence of the decrease in the ag-axis spin
susceptibility is shown in Fig. 3(a). The reduction in the
a-axis spin susceptibility is suppressed by increasing the
magnetic field. The extrapolation suggests that the spin
susceptibility would be unchanged in the superconducting
state at uoH, ~ 1.5 T. Considering that the upper critical field
H, in the ag-axis direction is approximately 7 T for the early-
stage sample,'® the suppression of the spin susceptibility
reduction can be attributed to the rotation of superconducting
spins.

Near zero magnetic field, it is considered that the most
promising superconducting symmetry of UTe; is A, with an
irreducible representation of D, point group that has d-
vector components, which is perpendicular to superconduct-
ing spin, in all directions, similar to the B phase of superfluid

©2024 The Author(s)
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Fig. 3. (Color online) (a) Projected magnetic field along the a axis (uoH,)

dependence of the a-axis component of decrease in the spin part of Knight
shift. The broken line is a guide for the eye. (b) Magnetic field dependence of
the decrease in the spin part of Knight shift for each axis (AKgpin;, I = a, b,
and ¢). The data for H || > and H || ¢*® are taken from the reference. The
broken lines are guides for the eye. The arrows indicate H, for each axis.

He.® When a magnetic field is applied, the superconducting
spins polarize and align along the field direction. Such
behavior is theoretically predicted for spin-triplet super-
conductors*” and has been experimentally observed in UTe,
for H || b and H || ¢,*37 as well as in UPt3.*® Our study is
the first example to observe the rotation of superconducting
spins along all crystal axes in a spin-triplet superconductor.
The complete rotation fields in the early-stage sample are
12T for H || b, 5T for H || ¢,*® and about 1.5 T for H || a, as
shown in Fig. 3(b). These results demonstrate the anisotropy
of the spin rotation fields among the crystal axes, and the d-
vector pinning interaction is not so large. The experimental
results that the magnetic field of superconducting spin
rotation is lowest in the magnetic easy a axis and that
superconducting spin rotation does not occur until a large
magnetic field in the magnetic hard b axis suggests a close
relationship between the magnetic properties of the normal
state and superconducting spin rotation in spin-triplet super-
conductors.

In conclusion, we have re-measured the a-axis component
of the spin susceptibility in the early-stage sample of the spin-
triplet superconductor UTe,. Instead of directly measuring
the a axis spectrum with a broad linewidth and weak signal
intensity, we measured the spin susceptibility for the b axis
and the field tilted by 10 degrees from the b axis towards the
a axis. This approach allowed us to accurately determine the
spin susceptibility component along the a axis. Our results
indicate that the spin susceptibility along the a axis decreases
by approximately 3% in a low magnetic field of poH, ~
0.1T. This suggests that even in the early-stage sample, the
a-axis spin susceptibility decreases similarly to that in the
ultraclean samples, indicating the existence of d-vector
component along the a-axis. The absence of Knight shift
reduction in previous measurements is likely due to the
missing signal from the superconducting region and to
detecting the residual signal from the non-superconducting
region instead. Moreover, we have shown that the decrease
in the spin susceptibility along the a axis is immediately
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suppressed with increasing the a-axis magnetic field, and it is
anticipated to be unchanged in the superconducting state at
around 1.5 T. Our findings reveal that the spin-rotation field
in the superconducting state has anisotropy among the crystal
axes, which is linked with the normal-state magnetic
properties, and that the extremely high H., observed in all
axes is the consequence of the field-polarized triplet pair. Our
results advance the understanding of the unique super-
conducting properties and impurity effects in spin-triplet
superconductors, contributing significantly to the field.
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