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125Te NMR experiments in field (H) applied along the easy magnetization axis (the a-axis) revealed slow electronic
dynamics developing in the paramagnetic state of UTe,. The observed slow fluctuations are concerned with a successive
growth of long-range electronic correlations below 30—40 K, where the spin susceptibility along the hard magnetization
axis (the b-axis) shows a broad maximum. The experiments also imply that tiny amounts of disorder or defects locally
disturb the long-range electronic correlations and develop an inhomogeneous electronic state at low temperatures, lead-
ing to a low temperature upturn observed in the bulk-susceptibility in Hl|la. We suggest that UTe, would be located on
the paramagnetic side near an electronic phase boundary, where either magnetic or Fermi-surface instability would be

the origin of the characteristic fluctuations.

A recently discovered heavy-fermion superconductor
UTe," attracted particular attention, because of the strong
possibility of spin-triplet Cooper pairing, which is a natural
candidate for topological superconductivity (SC) in a bulk
material.>> The formation of the spin-triplet pairing was ex-
perimentally suggested from tiny decrease in NMR Knight
shift below the SC transition temperature Tsc ~ 1.6 K, 0%
and an exceptionally large upper critical field H,, far exceed-
ing the Pauli-limiting field.!*~'» The spin-triplet pairing was
further supported by the later discovery of a field-induced
reentrant SC in high magnetic field (H) over 40 T'%'® and
multiple SC phases under applied pressure.'* !>

UTe, was initially proposed to be located at the paramag-
netic end of the uranium-based ferromagnetic (FM) supercon-
ductor series, where SC is mediated by FM fluctuations."
This was based on the scaling analysis of the bulk spin-
susceptibility below 9 K," and the temperature (7)) depen-
dence of uSR relaxation.'® However, a key difference sepa-
rating UTe; from the other FM superconductors is the absence
of a long-range magnetic order in the ground state, and as a
consequence, the nature of spin fluctuations has been found to
be much more complex than originally thought. NMR 1/7,
measurements implied the development of slow and longi-
tudinal fluctuations around 20 K in H|a.!” The zero-field
USR experiment also observed similar fluctuations, but only
below 5 K.'® These fluctuations were attributed to possible
FM instability of the material. On the other hand, more re-
cent neutron scattering experiments detected antiferromag-
netic (AFM), incommensurate fluctuations with a g-vector of
(0, 0.57, 0).'%19 The AFM fluctuations are developing from
higher T, and saturated below about 12 K,'? similar to the
T-dependence of NMR 1/7,T.'” Because of the puzzling re-
sults from the different probes, a unified picture of fluctua-
tions has not yet emerged for UTe.

In this paper, we report '>Te-NMR experiments performed
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Fig. 1. (Color online) (a) The crystal structure of UTe;, where the ladder
structure of U atoms is emphasized. (b) Temperature and field dependences
of the NMR Knight shift K,(7, H) and the bulk-susceptibility, x,(7, H). The
Xa was measured in fields H= 0.1 T and 1 - 7 T in 1 T step. The inset shows
the resistivity data of our single crystal.

on a '»Te enriched (99%) single crystal of UTe,. The enrich-
ment of '>>Te largely enhanced NMR signal intensity and S/N
ratio, allowing us to extend NMR studies to lower H and T
than a previous report.'” The single crystal was grown using
the chemical vapor transport method with iodine as transport
agent.”) As seen in the inset of Fig. 1(b), the resistivity data
of our single crystal shows a SC transition at Tsc =1.74 K
defined by the midpoint of the resistivity drop; a little lower
than the highest Tsc of ~2 K reported recently.?? In the or-
thorhombic structure of UTe, (space group No. 71, Immm,
D%Z), U atoms in equivalent sites form a two-leg ladder struc-
ture with legs along the a-axis and rungs along the c-axis,
with the inversion center located between the two U atoms,
as displayed in Fig. 1(a).'>2" On the other hand, Te atoms
surrounding the ladder have two crystallographically inequiv-
alent sites in a unit cell, so that '>Te NMR spectrum consists
of two distinct peaks arising from the two inequivalent sites in
Hla."” Although we measured both peaks, there was no qual-
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Fig. 2. (Color online) Comparison of the 7 dependences of NMR line
width (FWHM) and Knight shift measured at several different H in H|a.
The down triangles indicate the temperature below which additional NMR
line broadening emerges.

itative difference in the NMR results; here we focus on the
data obtained at the lower frequency peak within two peaks.

NMR spectra were measured by recording integrated spin-
echo intensities while sweeping frequency at a fixed H. The
NMR (Knight) shift was derived from the peak position of
the NMR spectrum, where Cu NMR signals from metallic
copper were used as markers for field calibrations. The nu-
clear spin-spin relaxation rate (1/7,) was obtained by mea-
suring the decay of the spin-echo intensity on the peak po-
sition. The decay was found to fit an exponential function,
M(2t) o« exp(—271/T,) as reported previously,'” where 7 is
the time interval between the first and second pulses in the
NMR spin-echo sequence.

Figure 1(b) shows the T and H dependences of bulk spin-
susceptibility, y, and the Knight shift K, in H|la. For UTe,,
the susceptibility, and thus the Knight shift, exhibit Ising
anisotropy with the g-axis as the magnetic easy axis, and the
Xa follows a Curie Weiss behavior with a negative Weiss tem-
perature of § = —60 K above 150 K.'-'3-22 With further de-
creasing 7', the y, starts to increase faster than the Curie Weiss
behavior, and tends to saturate below 20 K. The y, becomes
strongly H dependent below 20 K, and has an additional up-
turn below 10 K at lower H (< 2 T)."1320.23) Tn contrast, we
found that the K, is totally H independent over the whole T
region. Consequently the linear scaling obtained at higher T’
between the K,(T) and y,(T") does not work below 20 K. Be-

low 10 K, the K, becomes almost 7 independent, and thus
never reproduce the low-7 upturn observed in the y (7).

In general, the discrepancy in the T dependence between
the bulk-y and the NMR K implies the presence of foreign
impurity phases in measured samples; the K is insensitive to
the small amounts of foreign phases, whereas the bulk-y in-
volves contributions from both the main and foreign phases.
However, this is probably not the case for UTe,, because the
low-T anomaly in the y,(T) has been commonly observed in
single crystals grown by different groups.!:!32%:23 In addi-
tion, the anomaly is strongly field-orientation dependent (not
observed in H||b and ||c), and suppressed rapidly under ap-
plied pressure.?” Furthermore, we have observed a distinct
anomaly in the 7" dependence of NMR line width and 1/7> in
the same T region, as described below. These imply that the
low-T anomaly in the y,(T) does not arise from foreign im-
purity phases, but is rather connected to electronic properties
of UTe,. 2y

Figure 2 shows the T dependence of the NMR line width
(the full width at half maximum; Wgwunv ) measured in several
different H. In the figure, we also plotted the K,(T) obtained
in the same H. The Wgwnw increases with decreasing 7. At
higher-T, it entirely scales with the K, as expected when the
broadening simply arises from a small distribution of the K,.
However, below about 30-40 K, the WrwuMm starts to increase
much faster than that of the K, as if either the onset of spon-
taneous magnetic ordering or the sudden growth of electronic
inhomogeneity took place at low T'. The onset temperature of
the broadening shifts to higher T in higher H, as shown by the
open triangles in Fig. 2. In Fig.3 (a), we extracted the addi-
tional broadening component as AW = Wgwnm — Wak, where
Wik = aK, with a scaling coefficient @ determined above
30-40 K. Although the absolute values of AW are enhanced
with increasing H, we found that all the data fall roughly on a
single curve after dividing the values by H, as seen in the inset
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Fig. 4. (Color online) The T dependence of 1/7, measured at several dif-
ferent H in H||la. The 1/T; starts to increase below Ty and exhibits a peak at
Tp. With further decreasing 7', the 1/7T> shows a minimum and then increases
again below about 77..

of Fig. 3 (a). This indicates that the AW is nearly proportional
to H,i.e., AW — 0 at H — 0. The AW is thus field-induced,
not spontaneous one.

Figure 3 (b) displays typical evolution of the NMR line pro-
file, which corresponds to the histogram of local fields associ-
ated with the electronic inhomogeneity. As mentioned above,
the spectra show a distinct broadening below 30—40 K. How-
ever, it holds nearly symmetrical and structureless profile, in-
dicating continuous distribution of local fields in magnitude.
Such a structureless profile will deny any homogeneous, long-
range magnetic orderings, neither with commensurate nor in-
commensurate wave vector in the 1D system. Interestingly,
a similar broadening has been observed in low-dimensional
correlated magnets with quenched disorder, such as x-ray-
irradiated organic materials,?*® and impurity-doped spin-
ladder?*~*? and high-Tsc cuprates.’*=% In these materials,
defects or impurities locally disturb long-range electronic cor-
relations, induce local moments (magnetic clusters) at their
neighbor sites, and develop inhomogeneous spin susceptibil-
ity. This results in discrepancy between the bulk-y and the
NMR K atlow T.

Next we discuss low-energy spin dynamics. Figure 4 shows
the T-dependence of 1/7, measured at several different H.
Although the spectrum broadening was observed at low T, a
unique 75 value was obtained at each temperature on the peak

T1, ~7 K. We can see that the high-7 anomaly (the red-colored
region) is substantially enhanced and broadened with increas-
ing H, whereas the low-T anomaly (the blue-colored region)
is not much affected by H.

In Fig. 5, we summarize the 7-H phase diagram of UTe; in
Hl|a. The phase diagram includes the Ty, 7p and T, extracted
from the temperature profile of 1/7,. These temperatures
are certainly connected to characteristic temperatures, 7' max,
T* and T, reported previously; it has been reported that the
X»(T) shows a broad maximum at T max,*>>3” and resis-
tivity, thermal-expansion and specific-heat data show anoma-
lies at 7*.2>-3:3) T, is defined here as the temperature below
which the uSR relaxation rate shows a rapid increase at zero-
field.'® For UTe,, it has been argued that the energy scale
of Ty max corresponds to that of the field induced metamag-
netic transition for H||».2>%37 In addition, the Kondo tem-
perature has been estimated to be 20—-26 K, thus also close to
T, max. As we will discuss later, our experiments imply that
long-range electronic correlations also start to develop within
the U-ladder below Ty = T max.

In general, 1/T; is given by the sum of electronic and nu-
clear contributions, 1/7> = (1/T5)! + (1/T2)™. The (1/T,)™
originates from the spin-spin coupling between like nuclei,
and hence, should be proportional to the square root of iso-
tope concentration. For UTe,, 1/T, values are nearly iden-
tical between the natural abundance (7%) and 'Te en-
riched (~99%) sample,!” and hence (1/7,)%' > (1/T>)™.
Further, the electronic contribution consists of two terms,
(1/T>)® (1 /Tz)ﬁ‘ + (1/T2) with (1 /Tz)ﬁ' o Gy(0) and
(1/ Tz)il o« G (wNmRr), Where wnwvr 1s the NMR frequency
and G,(w) = f_ O; (ho(Hhe(0)) exp(iwt)dt is the spectral den-
sity of the fluctuating hyperfine field, %,(7). Thus, (1/ Tz)ﬁ'
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is driven by the longitudinal component of magnetic fluctu-
ations at nearly zero frequency (of the order of kHz or lower),
while (1/T5)¢' is driven by the transverse (L) components of
the fluctuations at the NMR frequency (~0.1 GHz).*® The
latter fluctuations also generate the nuclear spin-lattice re-
laxation process 1/T;, which, however, has been found to
show no significant anomaly at low-7 for each direction of
H.5'D Therefore, the low-T anomalies observed in 1/T5 are
attributed to the (1/ Tz)ﬁ', thus demonstrating the occurrence
of extremely slow and longitudinal fluctuations of the /(?) in
the kilohertz or less regions along the a-axis.

Note that the intensity of electronic fluctuations in corre-
lated electron systems is generally assumed to be structure-
less in frequencies below megahertz region.®2” This is
mostly because the energy scale of the transfer integrals and
Coulomb repulsions dominating fluctuations are all in tera-
hertz region. However, the situation is drastically changed if
the correlated electrons develop a new length scale, much
longer than the atomic distance scale. The new length scale
would provide extremely slow fluctuations, in particular, near
an electronic phase boundary. Typical examples have been
seen in organic materials near a metal-Mott insulator bound-
ary.”62%) In these materials, the electronic state becomes ex-
tremely sensitive to disorder when it approaches to the bound-
ary.

Theoretically, UTe, has been suggested to be located near
a magnetic instability between FM and AFM order, where
a long-range static order is suppressed by magnetic frustra-
tions.*!"4? Recent neutron scattering experiments also indi-
cated an intra-ladder FM coupling together with an inter-
ladder AFM coupling along the b-axis.!” However, for the
AFM fluctuations detected by the neutron measurements,
there was no signature of softening down to 2 K. Therefore,
the slow electronic dynamics detected by 1/7, would be con-
cerned with the development of the long-range FM correla-
tions within the U-ladder below Ty. Indeed, as seen in Fig. 5,
the anomaly below Ty is broadened and shifted to higher T
with increasing H, suggesting the FM character of the fluc-
tuations along the a-axis. The observed NMR line broaden-
ing below Ty would be attributed to spatially distributed spin
susceptibility induced by disturbing the long-range FM cor-
relations with tiny amount of disorder or defects within the
ladder.>4?

On the other hand, however, we can not exclude the possi-
bility that the slow fluctuations might occur in charge chan-
nel, if the system would be located near an electronic phase
boundary.?® It is expected that the fluctuations of the charge
or the electron density at the Fermi energy cause the time-
dependent modulations of the hyperfine coupling strength be-
tween U spins and Te nuclei, leading to the slow fluctuations
of the /y(f). As mentioned, the anomaly at 7*=12 ~ 15 K has
been detected not only in 1/7, but also in resistivity and ther-
modynamic measurements.”>3%3% Certainly, there is some
impact on electronic band structure around 7. For the elec-
tronic state of UTe,, first-principle calculations initially pre-
dict an insulating state,” and then the correlation effect of f-
electrons causes an insulator-metal transition.*!#+4% There-
fore, together with the magnetic instability, Fermi surface in-
stability might also exist in UTe,, where the Kondo effect
would play a crucial role.? In this context, it is interesting to
notice that UTe, exhibits the slow electronic dynamics resem-

bling disordered organic materials in the vicinity of a metal-
Mott insulator boundary.?¢-%)

Finally, we note that the broad peak in 1/7, might indi-
cate the occurrence of some symmetry lowing in the elec-
tronic state below Tp ~ T, allowing a direct second order
phase transition from the paramagnetic state to a non-unitary
SC state, which is recently suggested by various experi-
ments,***® but usually not allowed in the crystallographic
symmetry of UTe,.*”4>3D Further experiments are certainly
required to understand the unconventional electronic state es-
tablished behind the triplet SC.

In summary, NMR 1/7, measurements in Hlla revealed
slow electronic dynamics developing in the paramagnetic
state of UTe,. We found that the slow fluctuations along the a-
axis emerge below T, nax = 30—40 K and have a peak around
T* = 12 — 15 K, followed by another rapid increase below
T, = 5 -7 K. The behavior is concerned with the succes-
sive growth of long-range electronic correlations within the
U-ladder below Ty, ax, although the origin of the two anoma-
lies is unclear at the present stage. At the low 7', possibly
existing tiny amounts of disorder or defects within the lad-
der locally disturb the long-range correlations, and develop
an inhomogeneous electronic state associated with the low-T
anomaly in the y,(T"). We suggest that UTe, would be located
on the paramagnetic side near an electronic phase boundary,
where either the magnetic or Fermi-surface instability would
be the origin of the characteristic fluctuations.
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