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Anisotropic response of spin susceptibility in the superconducting state of UTe,
probed with '*Te -NMR measurement
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To investigate spin susceptibility in a superconducting (SC) state, we measured the 2Te-NMR Knight shifts
at magnetic fields (H) up to 6.5 T along the b and ¢ axes of single-crystal UTe,, a promising candidate for a
spin-triplet superconductor. In the SC state, the Knight shifts along the b and c axes (K}, and K, respectively)
decreased slightly, and the decrease in K, was almost constant up to 6.5 T. The reduction in K, decreased with
increasing H, and K. was unchanged through the SC transition temperature at 5.5 T, excluding the possibility
of spin-singlet pairing. Our results indicate that spin susceptibilities along the b and ¢ axes slightly decrease in
the SC state in low H, and the H response of SC spin susceptibility is anisotropic on the bc plane. We discuss
the possible d-vector state within the spin-triplet scenario and suggest that the dominant d-vector component
for the case of H || b changes above 13 T, where T increases with increasing H.
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Newly discovered UTe, with an orthorhombic structure has
attracted increasing attention owing to its unusual supercon-
ducting (SC) properties [1,2]. It can exhibit superconductivity
at magnetic fields (H) that are much higher than the Pauli-
limiting field, which can be calculated from the SC transition
temperature 7T;, and H-boosted superconductivity appears
when H || b [1,3]. A novel reentrant superconductivity was
also reported for a case when H was applied at a certain
angle to the bc plane [4]. Although no ferromagnetic ordering
was observed near the SC phase in UTe;, such robustness of
superconductivity against H seems to be a common feature in
uranium-based ferromagnetic and nearly ferromagnetic super-
conductors [5]. In addition, pressure measurements revealed
multiple SC phases [6-9], which can be tuned by H [9,10] and
a presumably magnetic ordered phase above 1.8 GPa [8,9,11].
Furthermore, spontaneously broken time-reversal symmetry
as revealed from the Kerr measurement [12] and the presence
of the chiral Majorana edge and surface state as observed
using scanning tunneling spectroscopy [13] were suggested.
UTe; is like a “toy box” for condensed-matter physicists as it
stores most of fascinating topics at present.

In a previous study [14], we reported that UTe, is clas-
sified as an unconventional superconductor because of the
absence of a coherence peak just below 7.; moreover, the
small decrease in the Knight shift when H || b, which is
much smaller than the expected decrease in a spin-singlet
superconductor, is favorable for a spin-triplet scenario because
the large spin component remains in the SC state. Similar
Knight-shift behaviors were also observed in UPt; [15,16] and
UCoGe [17,18]. To ensure spin-triplet superconductivity, it is
important to identify the spin state of the SC state. For this
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purpose, UTe, is one of the most suitable superconductors to
study physical properties of spin-triplet pairing because super-
conductivity emerges from the paramagnetic state without the
effect from the ordered state.

Spin-triplet superconductivity possesses spin degrees of
freedom, which can be expressed as the d vectors perpendic-
ular to the spin components of the spin-triplet pairing [19]. If
the d vector is fixed to one of the crystalline axes by some
mechanism, the spin part of the Knight shift decreases in the
SC state when the magnetic-field H is parallel to the d-vector
(H || d); however, it remains unchanged in the case of H 1 d.
The d-vector component can be derived from the measure-
ments of the Knight shift along each crystalline axis. In the
previous study, we performed NMR measurements in H || b
on the single-crystal sample prepared using a natural tellurium
source with 7.1% '>Te, which is a NMR-active isotope. To
identify the spin state thoroughly, NMR measurements when
H || c and H || a are needed. However, the NMR intensity
when H || ¢ was not sufficient to obtain reliable results as the
NMR spectrum in H || ¢ is broader than that in H || b. This
is because of the larger spin susceptibility in the ¢ axis than
that in the b axis at low temperatures. Thus, in the present
Letter we used a '»Te-enriched single-crystal sample that
contained 99.9% of '**Te. This ensured more reliable NMR
measurements because the signal intensity of the present sam-
ple was roughly one order of magnitude larger than that of the
previous sample.

Herein, we report the H dependence of the Knight shift
in the SC state along the b and ¢ axes since the NMR spec-
trum when H || a could not be observed below 20 K due to
the divergence of the nuclear spin-spin relaxation rate 1/7,
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[20]. The findings by the present measurements support the
existence of spin-triplet pairing and reveal that the d vector
includes the b and ¢ components that show an anisotropic
response against H on the bc plane.

Single-crystal UTe, was grown using the chemical trans-
port method with iodine as the transport agent. Natural ura-
nium and ' Te-enriched metals were used as starting materi-
als for the present sample. The '>Te (I = 1/2, gyromagnetic
ratio 12y, /2w = 13.454 MHz/T)-NMR measurements were
performed on a single crystal of size 3.5 x 0.7 x 1.4 mm?.
The frequency-swept NMR spectrum was obtained using the
Fourier transform (FT) of a spin-echo signal observed after the
spin-echo radio-frequency pulse sequence with a 3-kHz step
in a fixed magnetic field. The magnetic field was calibrated
using the Cu(®y /27 = 12.089 MHz/T) NMR signal from
the NMR coil. The NMR spectrum in the SC state was
recorded with the field-cooling process. We used the split SC
magnet, which generated a horizontal field, and combined it
with a single-axis rotator to apply a magnetic field exactly
parallel to the b or ¢ axis; the a axis was the rotation axis.
Low-temperature NMR measurements down to 70 mK were
performed using a *He-*He dilution refrigerator, and the
single-crystalline sample was immersed into the mixture. The
AC susceptibility was measured by recording the resonance
frequency of the NMR-tank circuit during cooling to deter-
mine the T; value of the sample under H.

UTe, exhibits two crystallographically inequivalent Te
sites 4 j and 4h with point symmetries mm?2 and m2m, respec-
tively. We denote these sites as Te(1) and Te(2), respectively,
as shown in Fig. 1(a). The T; of the present sample determined
by the AC susceptibility measurement was consistent with the
previous results as shown in Fig. 1(b) [2,3]. Figures 1(c) and
1(d) show the frequency-swept NMR spectrum measured at
3Twhen (c)H || band (d) H || c, respectively. The Te(1) and
Te(2) signals were distinct when H || b but overlapped when
H || c. Thus, the Te(2) signal was recorded when H || b, and
the broad peak consisting of the Te(1) and Te(2) signals was
recorded when H || ¢ for the Knight-shift and linewidth mea-
surements. The Knight shift at the Te(2) site was determined
from the spectral-peak frequency because the contribution of
the Te(2) site was dominant even in the broad spectrum when
H | c.

Figures 2(a) and 2(b) indicate the NMR spectra measured
at several temperatures at 3 T in (a) H || b and (b) H || c,
respectively, which are shown against K = (f — fp)/ fo. Here,
f is the NMR frequency, and fj is the reference frequency
determined as fy = (y,,/27)H. Both spectra widen from just
below 7. as shown in the Supplemental Material [22], which
ensures that the NMR spectrum in the SC state was measured.
In addition, shoulder peaks appear in the H || b spectrum
below 0.9 K. Because this may suggest the presence of mul-
tiple SC phases in H, the origin of the shoulder peaks must
be thoroughly investigated. In this Letter, we focus on the
temperature variation of the central peak, and the details of the
shoulder peaks will be summarized in a separate study. No-
tably, the main peak of the H || b spectrum, depicted with an
arrow, shifts in the SC state, which is visible as a shift from the
dotted line showing the normal-state Knight shift. In contrast,
the peak of the H | ¢ spectrum, shown by an arrow, slightly
shifts in the SC state at 3 T [Fig. 2(b)]; however, the shift
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FIG. 1. (a) Image of the crystal structure of UTe, prepared with
the program VESTA [21]. (b) Upper critical field H., for a magnetic
field applied along the b (diamonds) and c (circles) axes. The solid
circles denote T, of the ' Te-enriched sample, which is consistent
with previous results [2,3]. The dotted line indicates the d-vector
pinning field Hy;, for H || b estimated from the decrease in K, and
Appp. (c) and (d) 2 Te NMR spectra measured when (c) H || b and
(d) H || ¢, respectively. The dotted peaks show signals from the Te(1)
and Te(2) sites, which are simulated with the resonance frequencies
estimated from the angle dependence of the spectrum shown in the
Supplemental Material [22].

of the peak could not be recognized in the H || ¢ spectrum
measured at 5.5 T, although the broadening of the spectrum
was observed in the SC state [Fig. 2(c)]. Subsequently, K;
(i = b and c¢) is determined by the peak frequencies shown
by the arrows.

We investigated the temperature variation of Kj; and K.
measured at several magnetic fields below 5.5 T. Figures 3(a)
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FIG. 2. NMR spectra at several temperatures at 3 T along the (a)
b and (b) ¢ axes. NMR spectra at 5.5 T along the (c) ¢ axis. The
dotted lines in each figure represent the normal-state peak position.
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FIG. 3. Temperature dependence of (a) AK, and (b) AK. mea-
sured at 1, 3, and 5.5 T (see the text). Dashed lines are added as a
guide to the eye. Temperature dependence of the AC susceptibility x
at the same magnetic fields along the (c) b and (d) ¢ axes. The errors
of the NMR Khnight shift are determined from the resolution of FT
signals.

and 3(b) represent the temperature variation of (a) AK,(T)
and (b) AK.(T) at uoH = 1, 3,and 5.5 T, which are compared
with the temperature dependence of the AC susceptibility.
Here, AK;(T) (i = b and c) is defined as AK;(T) = K;(T) —
K, ; with the normal-state Knight shift denoted as K, ;. The
decrease in AK;(T) observed at 1 T is ~0.1%, which is con-
sistent with the previous result [14] and the recent theoretical
calculation based on the spin-triplet state [23]. Further reduc-
tions at a low temperature, related to the multigap properties,
were not observed in the present sample as well as in the
previous sample. Notably, the decrease observed at 1 T is
almost the same in AKj, and AK.. The decreases in AK,(T')
at 3 and 5.5 T in the SC state, which are slightly smaller than
that at 1 T, appear to be inconsistent with the previous result
[14]. This could be due to the fitting of the whole spectrum for
the estimation of the Knight shift in the previous measurement
on the ' Te natural-abundant sample. The decrease in AK in
the SC state seems to be almost H independent above 3 T. In
contrast, AK, at the lowest temperatures became zero with an
increase in H as shown in Fig. 3(b).

To observe the H dependence of the K; decrease in the
SC state more quantitatively, AK; at the lowest temperature
(~0.1 K), AK;(~0.1 K) is plotted against H in Fig. 4. In
general, AK; is attributed to two contributions: a decrease
in the spin part of K; (AKpin,;) in the SC state and the SC
diamagnetic shielding effect AKgi, ;, which is expressed as
[24]

Hcl,i In (%)

AI(dla,z - H In « . (])
Here, £ is the Ginzburg-Landau coherence length; 8 is a factor
depending on the vortex structure, is 0.38 for the triangular
vortex lattice, and d is the distance between vortices and is
calculated using the relation ¢y = gdz(/on ). We estimate
the H dependence of AKgy,; (i =b and c) as follows: In
the estimation of AKyi, ., we use the SC critical field (H.)
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FIG. 4. The magnetic-field dependence of the decrease in AK},
(diamonds) and AK. (circles). The solid and dashed lines represent
the calculated SC diamagnetic shielding effects AKgi, , and AKgiy ¢,
respectively. The inset shows the H dependence of the decrease in
Kpin,i (AKgpin ;) estimated by subtracting AKy;, ; from AK;.

of UTe,, which is reported to be 49 mT [25], and the upper
critical field (H.,) along the ¢ axis, which is ~11 T as shown
in Fig. 1(b). This gives uoH;; . = 1.2 mT, & = 5.38 nm, and
k =159, and the H dependence of AKgja . is shown by the
dashed curve in Fig. 4. For the estimation of AKy;, 5, we refer
to woH:; = 2 mT [25], and H., along the b axis is assumed
to be ~17 T from the extrapolation of H dependence of T in
the low-H region. The H dependence of AKyg;,  is indicated
by the solid curve in Fig. 4. As highlighted by Paulsen et al.,
the H.; value along the b axis is unexpectedly large and is
two times the estimated value from H. [25]. Even if such
an unexpectedly large H,; is adopted for H || b, the observed
H dependence of the K}, decrease cannot be explained solely
based on the H dependence of AKygj, »; however, it indicates
that Kpin along the b and ¢ axes decreases in the SC state, and
the decrease in Kpi, shows an anisotropic response against ap-
plied H as shown in the inset of Fig. 4. This suggests that the
decrease in the spin susceptibility is maintained, at least, up
to 6.5 T when H || b; in contrast, it gradually becomes small
when H | ¢, and the spin susceptibility remains unchanged
with temperature at 5.5 T.

We discuss the plausible SC state based on the present
experimental results. As mentioned earlier, the SC pairing in
UTe,, at least, at ambient pressure, has been considered to
be a spin-triplet state. K, remains unchanged with tempera-
ture in the SC state at 5.5 T; this excludes the possibility of
spin-singlet pairing even though vortex and/or the H-induced
quasiparticle contribution is considered. This is because the
decrease in the spin susceptibility should be observed in all
directions for spin-singlet pairing. This further supports the
spin-triplet scenario. With regard to the spin-triplet supercon-
ductivity with odd parity, the possible SC order parameters
were highlighted from an ordinary classification theory with
Dy, point-group symmetry, which are shown in Table I [26].
Since no indication of nonunitary states was observed just
below T in our measurements, nonunitary states are not con-
sidered below. The spin susceptibility decreases with a similar
magnitude for H || b and H || ¢ in low H; this suggests that
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TABLE 1. Classification of odd-parity SC order parameters for
point groups with Dy, [26].

Irreducible representation Basis function

A, k.a, kb, k.¢
;9 kot, k.b
): ki, k.
B, kb, kye

the d vector contains finite b and ¢ components in low H. If
the strong Ising anisotropy along the a axis in the normal-state
spin susceptibility is considered, the d vector is expected to be
perpendicular to the a axis; thus, the Bs, state is a promising
candidate. This seems to be consistent with the point-node gap
suggested by angle-resolved specific-heat measurements [27].
However, because the relationship between the normal-state
spin and the d-vector anisotropy is not clear at present, the A,
state might also be possible. In this case, the component of
each basis is highly anisotropic in the k space. To distinguish
the two possibilities, the Knight-shift measurement along the
a axis would provide important information regarding the a
component if it can be measured.

Furthermore, the anisotropic response of the SC spin sus-
ceptibility on the bc plane against the applied H suggests that
the ¢ component in the d vector becomes small when H || ¢
and is nearly zero at 5.5 T; moreover, the b component is
robust for H || b, thus, indicating that the d vector is strongly
pinned along the b axis. Thus, we consider that the characteris-
tic feature of the low-H SC state is the suppression of the spin
susceptibility in H || b (the presence of a finite 5 component
in the d vector). If so, this SC state can sustain up to Hpip
and a new SC state sets in above Hy;, where the d vector is
perpendicular to the b axis and AKj, = 0. The value of Hpy,
can be estimated from the balance between the SC conden-
sation energy of the low-H superconductivity (uoH?/2) and
the Zeeman energy at Hp,-n(%qu Xprzin)- A similar discus-
sion was also performed for the ferromagnetic superconductor
UCoGe [28]. Hyy, is estimated to be ~13 T from the decrease
in spin susceptibility along the b axis Ay derived from the
relation A x, = AKpin p/Ant,p With AKgpin , ~ 0.060%. Here,
Axt p 1s a hyperfine coupling constant along the b axis, which
was reported as Apr, = 5.18 (T/up) from the K-y plot in the
normal state [20]. Notably, this Hp, is close to the critical field

of H, at which T; is minimum in H and increases with H as
shown in Fig. 1(b). The H-boosted superconductivity might
be interpreted as a different SC state where the d vector can
rotate away from the b axis.

Recently, Ishizuka and Yanase calculated the maximum
magnitude of intrasublattice d-vector components in the
whole momentum space. They showed that the predominant
d-vector components for the Bz, and A, are k,¢ and kbla,
respectively, and these two states are almost degenerate [29].
Thus, one interesting scenario to interpret the anomalous H,
behavior in H || b is that the low-H (high-H) superconduc-
tivity corresponds to the A, (Bs,) state, and the d-vector
rotation occurs at approximately 13 T. To verify this case,
the Knight-shift measurement above 13 T in H || b is also
crucial, and we expect the K, decrease to become smaller
above 13 T and the K}, to remain unchanged in the high-H SC
state.

In conclusion, we performed '>Te -NMR on a single crys-
tal of '»Te-enriched UTe, and measured the NMR Knight
shift when H || b and H || ¢ below T¢. A slight decrease was
observed in both K, and K, at low H; however, K. remained
unchanged at 5.5 T between the SC and the normal state. The
latter further supports the spin-triplet scenario, and the former
indicates the finite components of b and ¢ in the SC d vector.
From the detailed H dependence, although the ¢ component is
gradually suppressed when H || ¢, the b component is finite,
at least, up to 6.5 T, indicating that the d vector is pinned
along the b axis. From the estimation of the pinning field Hp;y,
we suggest that the SC character would be different between
the low-H and the high-H SC phases, particularly, about the
dominant d-vector direction. Further experiments to identify
the spin state in the high-H SC state and to clarify the origin
of the shoulder peaks in H || b are needed and are now in
progress.
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