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Ubiquitous spin freezing in the superconducting
state of UTe,
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In most superconductors electrons form Cooper pairs in a spin-singlet state mediated by
either phonons or by long-range interactions such as spin fluctuations. The superconductor
UTe, is a rare material wherein electrons are believed to form pairs in a unique spin-triplet
state with potential topological properties. While spin-triplet pairing may be mediated by
ferromagnetic or antiferromagnetic fluctuations, experimentally, the magnetic properties of
UTe; are unclear. By way of muon spin rotation/relaxation (uSR) measurements on inde-
pendently grown UTe, single crystals we demonstrate the existence of magnetic clusters that
gradually freeze into a disordered spin frozen state at low temperatures. Our findings suggest
that inhomogeneous freezing of magnetic clusters is linked to the ubiquitous residual linear
term in the temperature dependence of the specific heat (C) and the low-temperature upturn
in C/T versus T. The omnipresent magnetic inhomogeneity has potential implications for
experiments aimed at establishing the intrinsic low-temperature properties of UTe,.
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can be in a state of total spin S = 0 (spin singlet) or S =1

(spin triplet). Although extremely rare in a solid-state
material, spin-triplet pairing is of both fundamental and practical
interest. With spin-aligned Cooper pairs, spin-triplet super-
conductors naturally possess the crucial element required for
realizing superconducting spintronics characterized by a non-
dissipative spin current’2. Moreover, spin-triplet super-
conductors of odd parity, in which the spatial component of the
superconducting wavefunction is an odd function, are intrinsi-
cally topological and as such support Majorana fermions.
Encoding of topologically protected quantum information in
Majorana-based qubits is considered a promising and perhaps
only way of achieving a quantum computer robust to environ-
mental noise?.

The discovery of low-temperature superconductivity in UTe,>
followed nearly three decades of research on Sr,RuO,, another
low superconducting transition temperature (T,) compound® and
the first strong candidate for a topological spin-triplet
superconductor’-®. Yet, recent precision experiments have chal-
lenged the longstanding belief that Sr,RuQy, is an odd-parity spin
triplet superconductor®=11, thus heightening the interest in UTe,.
There are several experimental indications of spin-triplet Cooper
pairing in UTe,, including a negligible (small) decrease in the
temperature dependence of the local spin susceptibility in the
superconducting state, as inferred from !2°Te-nuclear magnetic
resonance (NMR) Knight shift measurements for a magnetic field
applied along the a (b or ¢) axis!?!3. Despite having a low T,
value near 2 K, UTe, also exhibits a large anisotropic upper
critical field H_, that greatly exceeds the upper limit in conven-
tional spin-singlet superconductors from Cooper pair breaking
due to the Pauli paramagnetism of the electrons>!4. Furthermore,
well above H,, superconductivity re-emerges in UTe, for mag-
netic fields as high as 60 T applied in specific crystallographic
directions!>10.

The observation of chiral in-gap surface states by scanning
tunnelling spectroscopy suggests that UTe, is a spin-triplet
superconductor with a nontrivial band topology!”. Based on
observations of a double phase transition in the specific heat at
ambient pressure and a finite polar Kerr effect below T, which is
indicative of a net magnetization perpendicular to the surface,
UTe, is proposed to have a two-component superconducting
order parameter that breaks time reversal symmetry!S. Weyl
nodes, where valence and conduction bands cross at a single
point near the Fermi surface can occur in the superconducting
gap for the possible two-component order parameters inferred by
these data, bolstering the case for topological superconductivity in
UTez.

Despite these developments many questions remain, including a
critical one related to the underlying pairing mechanism respon-
sible for superconductivity. Initially UTe, was believed to be the
end member of the series of ferromagnetic (FM) uranium-based
superconductors UGe,, URhGe and UCoGe, whose spin-triplet
Cooper pairing is mediated by FM fluctuations®. Unlike the other
members in this group wherein the Cooper pair spins align with the
internal field generated by pre-existing FM order!?, UTe, does not
exhibit long-range FM order. One scenario is that super-
conductivity in UTe, is driven by strong magnetic fluctuations near
a FM quantum critical point. This picture is supported by scaling of
magnetization data® and scaling of the bulk magnetic susceptibility
with the dynamic spin susceptibility?® above T for a field applied
along the easy axis of magnetization (the crystallographic a-axis)
that agree with predictions for a three-dimensional (3-D) itinerant-
electron system close to a FM instability. Analogous scaling of zero-
field uSR data?! down to ~ 0.4 K is also suggestive of low-frequency
FM spin fluctuations that persist and coexist with

T he Cooper pairs that form at the onset of superconductivity

superconductivity, and magnetic-field-trained polar Kerr effect
measurements detect the presence of a FM susceptibility??. In
contrast, inelastic neutron scattering (INS) experiments on UTe,
were first interpreted as a sign of dominant low-dimensional
antiferromagnetic (AFM) spin fluctuations, along with an absence
of FM fluctuations?>24, Subsequent work has shown that the
energy, momentum, and temperature dependence of these low-
energy AFM-like magnetic excitations arises from the heavy elec-
tron band structure, and that it is not possible based on these
excitations alone to conclude whether FM or AFM interactions are
dominant?>. In the superconducting state, a magnetic excitation
near 1 meV at finite momentum transfer is accompanied by the
apparent opening of a spin gap, which can be interpreted either as
an exotic superconducting resonance or a response of the under-
lying  magnetic fluctuations to the emergence of
superconductivity?>~27. Theoretically, FM fluctuations along the a-
axis are predicted at ambient pressure for itinerant f electrons in
UTe,?8. By contrast, for localized f electrons the two-leg ladder-
type arrangement of the U atoms may suppress long-range mag-
netic order by geometrical frustration and coexisting FM and AFM
fluctuations at ambient pressure and zero field are possible2®. While
spin-triplet pairing may arise from either FM or AFM3 spin
fluctuations, it may also come about from the interplay between
Hund’s and Kondo interactions independent of the inter-site
exchange (FM or AFM)3L.

Currently there is debate on whether the double phase tran-
sition in the specific heat at ambient pressure is really a mani-
festation of a two-component superconducting order parameter,
as two thermodynamic transitions are not observed in all UTe,
samples and single crystals with an ogtimal value of T near 2 K
exhibit only a single-phase transition3>33, The latter observation
has led to the suggestion that the double transition at ambient
pressure is due to an inhomogeneous distribution of two spatially
separated regions of the sample with different T, values®4. To
complicate matters further, two well-defined transitions are
induced by pressure above 0.3 GPa in single transition samples,
with one phase transition increasing and the other decreasing
with increasing pressure3>36. Even UTe, samples that display a
single-phase transition are found to exhibit an anomalous
extrapolated T-linear component in the specific heat C(T) below
T., as well as a ubiquitous upturn in C/T vs. T at low
temperatures®’. The coefficient of the residual T-linear term (y*)
varies among samples and is often a substantial fraction of the
normal-state value (yy). Both the value of T. and the jump in the
specific heat at the superconducting transition have been shown
to increase with decreasing y*/yy>7*%. While the low-
temperature upturn in C/T vs. T was suggested to arise from
the high-temperature tail of a nuclear Schottky anomaly, the form
of the upturn varies somewhat among samples37-3. The origins of
the upturn and y* in UTe, are unsettled issues.

Other heavy-fermion superconductors, including UPts,
URuw,Si,, UPd,Als, and CeColns0-43 also exhibit a large residual
T-linear term in the low-temperature specific heat. Although
some have proposed this to be an intrinsic property, y* in these
other materials is also sample dependent. One potential expla-
nation for y* is that there is a residual electronic contribution to
C(T) coming from some fraction of the sample that remains in
the normal state. A residual T-linear term in the temperature
dependence of the thermal conductivity x(7T) would then be
expected due to heat conduction by the unpaired ‘normal’ delo-
calized electrons. Another possibility is that y* results from
resonant impurity scattering in a superconducting state with a
highly anisotropic order parameter*t. A finite T-linear term in
®(T) as T — 0 is likewise expected, due to broadening of the gap
nodes by impurity scattering resulting in a finite residual density
of states at zero energy. Yet in contrast to other heavy-fermion
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Fig. 1 Zero-field specific heat of the UTe, single crystals as a function of temperature. Samples a, S1 b, S2, and ¢, S3 studied by muon spin rotation/
relaxation (pSR). The dotted curves are fits of the specific heat (C) data (plotted as C/T vs. T) above the superconducting transition temperature T, to
C/T = yy + aT?, where y, is a constant and « is a coefficient of the T2 term. The dotted curves for samples S2 and S3 come from fits of data up to 5 K (Not
shown). The dashed curves are fits below 1K to C/T = y* + T2 + a(AE/kB)zexp(AE/kBT) [1+ exp(AE/kBT)]sz%, where y* is a constant residual term
and B is a coefficient of the T2 term. The last term is the analytical relation for the Schottky anomaly of a two-level system with an energy level splitting AE,
where « is a temperature-independent prefactor and kg is Boltzmann's constant. This term vanishes in the fits of the existing data for samples S2 and S3,
whereas the fit for sample S1yields AE = 317 + 9 mK (see Supplementary Note 4). The photos in a-¢ show the samples attached to the Ag sample holders
used for the pSR measurements. The photo in b shows two pieces of a large S2 single crystal that broke and two small single crystals in the upper left from
the same growth batch as S3. The photo in ¢ is a lone S3 single crystal mounted on a smaller Ag sample holder. This crystal also broke when mounted. The
fitted values of y* for samples S1, S2 and S3 are shown in Table 1. d Additional specific heat data for independently grown samples, including data from 62,

superconductors, a vanishingly small residual T-linear contribu-
tion to the thermal conductivity of UTe; is observed3®. This raises
the possibility that the extrapolated T-linear component in C(T)
is of magnetic origin.

Here the magnetic properties of UTe, are addressed via a
comprehensive uSR study of independently grown single crystals
that exhibit a single or double phase transition in the specific heat.
The investigation of multiple samples from independent sources
enables us to distinguish common trends. We show that there is a
fast-relaxing component of the uSR signal due to the occurrence
of magnetic clusters and a slower relaxing component apparently
due to spins that mediate interactions between the clusters. An
additional large non-relaxing component in the pSR signal sug-
gests there are negligible fields or fast spin fluctuations that persist
down to at least ~ 0.02 K in a significant volume fraction of the

sample. We find that percolation or growth of the magnetic
clusters cease within the superconducting state, and the spin
dynamics of the magnetic clusters slow down near the onset of
superconductivity. Eventually all magnetic clusters freeze at lower
temperatures where the upturn in C/T vs. T occurs. We discuss
how the magnetic clusters may account for the upturn and the
residual T-linear term in the specific heat of UTe,.

Results

Specific heat. Figure la—c shows the temperature dependence of
the specific heat of a UTe, single crystal taken from each growth
batch for the samples studied here by uSR, plotted as C/T vs. T.
The specific heat data for sample S1 exhibits a double bulk phase
transition and an upturn below ~ 0.3 K, whereas a single bulk
phase transition is shown for samples S2 and S3 grown. Figure 1d
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Fig. 2 Muon spin relaxation rate of UTe; single crystals in zero external magnetic field. a Representative zero-field (ZF) muon spin relaxation spectra of
samples S1and b, S2 for various temperatures after subtracting the non-relaxing background contribution from the signals. The solid curves in a and b are
fits to Eqg. (1). The size of the non-relaxing contribution to the spectra from the sample is indicated by the shaded regions. For sample S2 there is a loss of
initial amplitude as indicated. ¢ Temperature dependence of the ZF exponential relaxation rates (A, and A,) for S1from fits of the ZF spectra to Eq. (1). Also
shown is the C/T vs. T data for sample S1below 0.9 K, highlighting the low-temperature upturn (For visual clarity the vertical scale of the specific heat data
is not shown). The inset shows the temperature dependence of A,/T and A, /T for sample S1 (solid symbols) compared to the sample investigated in our
earlier study?' (open symbols). The solid line shows the proportional relationship A;/T o T=*/3 predicted by the self-consistent renormalization theory for
a 3-D metal near a ferromagnetic instability#>. d Temperature dependence of the ZF exponential relaxation rates for samples S2 and S3. The inset shows
the temperature dependence of the remnant amplitude a; of the fast-relaxing component (as a percentage of the amplitude of the sample contribution to
the ZF signal). Below 0.2 K, a large fraction of the fast-relaxing signal is lost in the initial dead time. The error bars represent the standard deviation of the fit

parameters.

shows C/T vs. T data extending to lower temperatures for
additional independently grown samples.

Zero field muon spin relaxation. The photos in Fig. 1 show the
samples investigated by uSR mounted on silver (Ag) sample
holders used for measurements utilizing a dilution refrigerator.
Sample S1 is a randomly oriented mosaic of 22 irregularly shaped
single crystals from the same growth batch. Samples S2 and S3 are
flat, plate-like single crystals that were aligned with the c-axis
perpendicular to the flat surfaces. Sample S3 is a lone single
crystal, whereas S2 consists of a large single crystal from a dif-
ferent growth batch and two small single crystals from the same
growth batch as S3.

Figure 2 shows zero-field (ZF) uSR spectra for samples S1 and
S2 as a function of temperature. In contrast to the measurements

on unaligned sample S1, the ZF spectra for samples S2 and S3
were recorded with the initial muon spin polarization P(0)
parallel to the ¢ axis. The ZF signal from muons stopping in the
sample is well described by

M

where P,(t) is the time evolution of the muon spin polarization
along the z axis, defined as the initial direction of P(0). The first
two terms are temperature dependent and describe relaxation of
the ZF signal by electronic moments in the sample. An
exponential relaxation function azexp(—A;t) was initially used
in place of the third term, but the fits for all three samples yielded
a temperature-independent value of 1, = 0.000 + 0.001 ps’l.
There is also a non-relaxing temperature independent contribu-
tion to the measured ZF signal from muons stopping in the Ag

ayP (1) = ayexp(—A,t) + ayexp(—A,t) + as,
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Table 1 Comparison of specific heat and pSR parameters.

s1 S2 S3
T, (K) - 1.87 1.88
Tq, To (K 1.67, 1.56 - .
AT, (K) 0.04, 0.05 0.05 0.05
yy (mJ/mol K2) 135 1M1 110
y* (ml/mol K2) 59 49 31
Y/ 0.44 0.44 0.28
AC/y\T, 118 147 1.85
a,/aq 0.27 - -
a,/ag 037 0.23 0.24
az/ag 0.36 0.43 0.46
17 - 0.28 016

The superconducting transition temperature T, of samples S2 and S3, the double phase
transition temperatures T, and T, of sample S1, the phase transition widths AT, the coefficient
of the T-linear term in C(T) above and below T, (yy and y*), the specific heat jump at the
superconducting transition AC/y\T,, the ratio of the amplitudes of the three components in
Eq. (1), a, a,, and a; to the total sample amplitude a,, and the magnetic volume fraction V; at
low temperatures.

sample holder that is not included in Eq. (1). The non-relaxing
signals from muons stopping in the sample and the Ag sample
holder cannot be distinguished in ZF. Hence the background
contribution from muons stopping outside the sample was
estimated from transverse-field (TF) measurements at H =
20 kOe (see Supplementary Note 1). The amplitudes and
relaxation rates in the first two terms of Eq. (1) were found to
play off each other in fits with all parameters free to vary with
temperature. Consequently, a;, and a, were considered as
temperature-independent fit parameters for sample S1, while a,
was left free to vary for samples S2 and S3 to account for an
obvious reduction of the amplitude of the ZF signal with
decreasing temperature, as explained below. These constraints in
the data analysis are considered in the interpretation of the
results.

The fits to Eq. (1) indicate a non-relaxing signal coming from a
significant volume fraction of the sample, given by the ratio a; /4,
(Table 1). The typical relaxation of the ZF signal by randomly
oriented nuclear moments is expected to be extremely weak in
UTe,. This is because the only stable uranium isotope with
nonzero nuclear spin, depleted 23°U, has a natural abundance
of 0.20% and the natural abundance of the tellurium isotopes with
nuclear spin 123Te and 12°Te are only 0.89% and 7%, respectively.
Even so, a large temperature-independent non-relaxing signal
from the sample is unexpected. It implies there are regions of the
sample where either the root mean square of the local field at the
muon site is extremely small or the local field fluctuates so fast
that there is complete decoupling of the muon spin from the local
field. In other words, even at the lowest temperature considered,
there are no electronic moments that are static or fluctuating
slowly enough to cause a detectable relaxation of the ZF signal in
a substantial portion of the sample volume.

We now consider the exponentially relaxing signals for all three
samples. For the unoriented mosaic S1, approximately 27% of the
sample is described by a fast exponential relaxation rate (A,) and
37% by a slower exponential relaxation rate (A,). Figure 2c shows
the temperature dependence of A, and A, in sample S1, which
exhibit behaviors resembling that observed in our earlier study of
a different sample?!. The temperature dependence of A,/T
overlaps with the earlier data above 0.75 K (Fig. 2c inset) where a
fit of the current data to the relation A,/T &< T™" yields n =
1.43 £0.06 (see Supplementary Note 2 and Supplementary Fig. 2).
While this is larger than the self-consistent renormalization
(SCR) theory prediction for a 3-D metal near a FM instability*®
(n = 1.33), the value for S1 overlaps n = 1.35+0.04 determined

in the earlier study. We note that the fast relaxation component is
a smaller fraction of the total ZF signal compared to our previous
study and consequently there is more scatter in the present data
for A;(T). Here it is now evident though that the change in the
variation of A, /T with T at lower temperatures culminates with a
saturation of A, below ~ 0.2 K and a ZF signal with a single
exponential relaxation component (i.e., A,~ 1,).

By contrast, there is a significant loss of the initial amplitude of
the ZF signal for the c-axis aligned single crystals (samples S2 and
S3) over the entire temperature range, with some remnant of a
fast-relaxing component at early times that diminishes with
decreasing temperature. The gradual loss of the fast-relaxing
component in the initial dead time of the uSR spectrometer leads
to a reduction of the amplitude a, and a large uncertainty in the
fitted value of A, (Fig. 2d). The more rapid relaxation rate in the
c-axis aligned samples implies a wider distribution of local field
sensed by the muon. This may result from a slower fluctuation
rate and/or an anisotropic distribution of the local fields and
suggests there are frozen internal magnetic fields already at 5 K.

The temperature dependence of A, in samples S2 and S3 are
quite similar. As in sample S1, A, increases with decreasing
temperature below 0.5 K and plateaus below ~0.12 K (Fig. 2d).
There is also an abrupt change in the temperature dependence of
A, at T, with an initial saturation of A, below T.. The peak in A,
near T. for sample S3 indicates a significant change in the
dynamics of the local magnetic fields. This peak is likely smeared
out in sample S2, which consists of single crystals from two
different growth batches exhibiting slightly different magnitudes
and widths of the specific heat jump at T, (Fig. 1) and is entirely
absent in sample SI.

Longitudinal field muon spin relaxation. Figure 3a-c shows the
time evolution of the muon spin polarization in sample S1
recorded in a longitudinal-field (LF) experimental configuration
with a magnetic field applied parallel to P(0) in three temperature
regimes. At 9.5 K, there is very little variation in the relaxation of
the LF signal between 100 Oe and 1 kOe, indicating the existence
of rapidly fluctuating internal magnetic fields. At 0.3 K, the LF
signals display a fast-relaxing front-end and a slow decaying
“tail”. The increasing amplitude with field of the long-time tail is
indicative of slowly fluctuating local fields and the rapid relaxa-
tion at early times indicates a broad distribution of local fields*°.
As we explain later, these two components come from different
regions of the sample. At 0.06 K the long-time residual relaxation
of the LF signal vanishes near 150 Oe, indicating the local fields
associated with this component become quasistatic. Above 150
Oe, the late-time amplitude of the LF signal moves up with
increasing field due to decoupling of the rapid early-time
relaxation. This is compatible with a broad distribution of qua-
sistatic internal magnetic fields in a different portion of the
sample.

Figure 3d shows the field dependence of the LF signal for
sample S2 well above T_.. The applied LF increasingly brings
signal amplitude back from the initial dead time as the LF
approaches the characteristic width of the internal magnetic field
distribution. At 5 K, a LF of 10 kOe is insufficient to completely
suppress the muon spin depolarization, suggesting there are
rapidly fluctuating local fields in some fraction of the sample. At
0.06 K, there is no long-time relaxation of the LF signal at 500 Oe
(Fig. 3e), which is indicative of quasistatic local fields. However,
there is still some loss of signal amplitude with an early-time
remnant of the fast-relaxing component. This observation is
compatible with a wide distribution of quasistatic local fields. As
shown in Fig. 3f, a rapidly damped small-amplitude remnant
coherent precession signal is visible in the ZF signal of sample S2
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Fig. 3 Evidence for a nearly spin-frozen state. Longitudinal-field (LF) muon spin relaxation spectra after subtracting the non-relaxing background
contribution, recorded for sample S1 at a, 9.5 K, and below the superconducting transition temperature T at b, 0.3 K and ¢, 0.06 K for various applied
magnetic fields. Similar LF spectra for sample S2 at d, 5 K and below T, at e, 0.06 K for various magnetic fields applied parallel to the c axis. The solid
curves in b-e are fits to Eq. (1) and the curves in a are fits to Eq. (1) but with the exponential relaxation function in the second term replaced by a LF
Gaussian Kubo-Toyabe function® to account for the relaxation by nuclear dipole fields. f Zero-field (ZF) signals in sample S2 at early times with the non-
relaxing background contribution removed. The solid curves are fits to Eq. (1) but with the first term multiplied by cos(yMBtJr ¢), where Yu is the muon
gyromagnetic ratio, ¢ is the phase shift and B is the magnitude of the average local magnetic field at the muon site. The oscillatory component is indicative

of short-range magnetic order.

at low temperatures, indicating the existence of magnetically
ordered regions in the sample. The frequency of the oscillation
corresponds to a local field of ~310 G. A similar oscillatory signal
is not observed in samples S1 or S3 (see Supplementary Figure 3),
which suggests that the local field distribution is sufficiently broad
enough to prevent the development of a coherent precession
signal or there are fewer magnetically-ordered regions in these
samples.

Weak transverse field muon spin rotation. To gain further
insight on the nature of the magnetic environment in UTe,,
measurements were performed in a weak transverse field (wTF),
where the magnetic field is applied perpendicular to the initial
muon spin polarization P(0). In a paramagnetic state the muon
spin precesses around the wIF at the Larmor frequency
@ = y,B,;rp, where y, is the muon gyromagnetic ratio and B,y is
the magnitude of the wTF. In the magnetically ordered envir-
onment of UTe, the local magnetic field greatly exceeds the wTF
and the signal is rapidly depolarized. Figure 4a shows the time
evolution of the muon spin polarization in sample S2 after
cooling in a wI'F of 23 Oe applied in the a-b plane perpendicular

to P(0). There is a clear reduction in the amplitude of the wTF
signal at the lower temperature, which occurs due to muons
stopping in magnetic regions of the sample where they experience
a wide distribution of local fields. The wTF signals were fit to the
following two-component function

aypP,(t) = aexp(—oyt*) cos(wyt + ¢)

+ asexp(—o2t?)cos(wst + ¢). @

While fits to this function provide an accurate determination of
the total amplitude a,rp, the signals from the paramagnetic
volume fraction of the sample and muons stopping outside the
sample cannot be resolved at 23 Oe. Consequently, the ratio of
the amplitude of the wTF signal from muons stopping outside the
sample (a3) and the maximum amplitude of the wTF signal is
determined from the TF measurements at 20 kOe (see
Supplementary Note 1). Since the full amplitude of the ZF signal
in samples S2 and S3 is not completely recovered at 5 K, the
maximum amplitude of the wTF signal was determined in
separate calibration measurements on an Ag sample (a,,)

mounted on the same sample holder used for each UTe, sample.
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Fig. 4 Magnetic volume fraction in c-axis aligned UTe, single crystals
exhibiting a single-phase transition in the specific heat. a Time evolution
of the muon spin polarization for sample S2 recorded at 5 K and 0.04 K for
a weak magnetic field B,,; = 23 Oe applied in the a-b plane perpendicular to
the initial muon spin polarization P(0). A portion of the signal is completely
depolarized in the initial dead time of the spectrometer. The solid curves
represent fits to Eq. (2). b Temperature dependence of the volume fraction
of samples S2 and S3 responsible for the loss of asymmetry in the weak
transverse-field (TF) and zero-field (ZF) measurements. The error bars
represent the standard deviation of the fit parameters.

The magnetic volume fraction of the sample is then calculated as
Vi = (axg — ayrr) /(a ag — ap). For consistency, the magnetic
volume fraction of the sample associated with the missing
amplitude in the ZF signal is calculated assuming the same values
of a,, and ag. The calculated values of V; show good agreement

between the wTF and ZF data (Fig. 4b). Although the wTF data
for sample S3 is limited, it is clear this sample has a smaller
magnetic volume than sample S2. We speculate that this is the
reason it has a larger specific heat jump at T, (Fig. 1). The peak in
the ZF data for V near T for sample S3 is highly correlated with
the peak in A, (Fig. 2d) and does not necessarily imply a peak in
the magnetic volume fraction. Rather it is another indication of
an abrupt change in the evolution of the magnetic regions in the
sample. Similar wTF measurements were not carried out on
sample S1, although the ZF data indicate a slight loss of the signal

in the initial dead time (see Supplementary Figure 3), below ~0.3
K where A, decreases and C(T) increases with decreasing
temperature. We note that our previous measurementsZ! on an
unoriented single-crystal mosaic of UTe, with a similar value of
T. showed a larger reduction in the amplitude of the wTF signal
at 0.25 K compared to the signal at 2.5 K.

Discussion

Density functional theory (DFT) calculations suggest a single
crystallographic muon site at (0.44, 0, 0.5) in UTe, (Fig. 5a, b).
The DFT calculations do not consider local distortions of the
crystal lattice by the positive muon, which may change this site
slightly. For a single muon site in the absence of long-range
magnetic order, the presence of relaxing and non-relaxing com-
ponents in the ZF signal from the sample means that the mag-
netic properties of UTe, are spatially inhomogeneous. The non-
relaxing component suggests there are regions of the sample
where the U moments fluctuate so rapidly that they are com-
pletely decoupled from the muon spin, even at millikelvin tem-
peratures. Alternatively, if there are quasistatic magnetic
moments in these regions of the sample, the magnetic moments
must be very small. From the uncertainty in the fitted value of the
relaxation rate of the non-relaxing signal (0.001 us™!), we esti-
mate the width of the distribution of any quasistatic local fields of
nuclear or electronic origin in the non-relaxing regions of the
sample to be less than 1 mT.

Previously, we attributed the presence of two exponential
relaxing components in UTe, to two distinct crystallographic
muon sites?!. Since the DFT calculations suggest a single muon
site and it is evident that the ratio of the two relaxation rates
(A;/A,) is not independent of temperature, we consider other
possibilities. In the temperature range (0.3-2 K) where two
exponential relaxation rates are well resolved in sample S1, the
presence of fast and slow relaxation rates is reminiscent of
homogeneous spin freezing, albeit in a fraction of the sample
volume. However, the amplitude of the slow-relaxing exponential
“tail” of the ZF signal is greater than the amplitude of the fast-
relaxing component (a,>a, ), which is not possible for randomly
oriented local fields in a homogeneous spin freezing scenario and
instead would imply a preferred orientation of the local field at
the muon site in (a; + a,)/a, of the sample volume (see Sup-
plementary Note 3). Since no long-range magnetic order is
observed in any of the samples, we instead attribute A, and A, to
an inhomogeneous environment in which the fast-relaxing ZF
signal is due to magnetic regions where frozen or very slow
fluctuating spins generate a wide distribution of internal magnetic
field and the slow-relaxing signal to paramagnetic regions of the
sample where the electronic moments are fluctuating within the
uSR time window above ~ 0.2 K.

The fast relaxation in all three samples is presumably associated
with the development of extremely slow longitudinal magnetic
fluctuations along the a-axis, detected as an initial rapid growth of
the 125Te NMR spin-spin relaxation rate 1/T, below 30-40 K for a
magnetic field H || a-axis?. Recently these slow magnetic fluctua-
tions have been attributed to the growth of long-range FM correla-
tions within the U-ladder sublattice structure?’. In this same study, a
breakdown in scaling between the normal-state bulk magnetic sus-
ceptibility and 12°Te NMR Knight shift below ~ 10 K has been
attributed to the formation of magnetic clusters by disorder/defect
induced local disruptions of the long-range correlations, based on
analogous behavior of low-dimensional correlated magnets with
quenched disorder. Here we note that theoretically it has been shown
that disorder in quasi 2-D and 3-D geometrically frustrated systems
can also result in the formation of magnetic clusters of various sizes
containing locally ordered spins*®4°. In UTe, the combination of
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Fig. 5 Muon site in UTe,. a Contours of the total potential energy calculated by density functional theory, and b this same potential in the (O, O, 2) plane.
The energies in both figures are shaded according to the legend in b, although energies lower than 0.4 Ry (where Ry is the Rydberg unit of energy) are
unshaded in a for visual clarity. The calculated muon site at (0.44, 0, 0.5) is indicated and in b this is indicated along with the crystallographic equivalent
site at (0.56, 0, 0.5). ¢ The staggered two-leg ladder-type arrangement of the U atoms in UTe,. Note the 'ladder legs’ are parallel to the a-axis. For visual
clarity the Te atoms are not shown. The small orange sphere indicates the calculated muon site at (0.44, 0, 0.5).

potential strong magnetic frustration imposed by the staggered two-
leg ladder-type arrangement of the U atoms?° (see Fig. 5¢) and low-
levels of disorder may induce the development of magnetic clusters.

A non-oscillating component in the wIF uSR signal is consistent
with muons stopping in or near magnetic clusters where they
experience strong internal magnetic fields along the muon spin
polarization direction, much larger than the applied field. The
observation of a spontaneous spin precession signal in sample S2
below ~0.2 K (Fig. 3f) provides further evidence of locally ordered
spins and the more rapid depolarization of the ZF signal in the c-axis
aligned single crystals is presumably caused by the anisotropic
internal magnetic field distribution generated by the magnetic clus-
ters. The non-relaxing component in the ZF signal indicates that
correlations of electronic moments are either absent or undisturbed
in a significant volume of all three samples. In the non-relaxing
regions of the sample, FM or AFM fluctuations may be present that
are simply too fast to be detectable in the pSR time window.

In contrast to NMR 1/T, studies, our pSR measurements of
the magnetic properties of UTe, extend well below T.. The
comprehensive wIF data for sample S2 (Fig. 4b) indicates a
growth in the volume of magnetic clusters with decreasing tem-
perature, which is halted within the superconducting state. The
temperature dependence of A, in samples S2 and S3 (Fig. 2d)
appears correlated with the saturation of the magnetic volume
fraction at T.. While this behaviour is more subtle in sample S1,
there is some initial saturation of A, below T_ (Fig. 2c) that
suggests the fast and slow relaxing signals are not completely
resolved near T_ where A, is quite small. Above ~0.5 K the
temperature dependence of A, in samples S2 and S3 closely
resembles that of the relaxation rate of the wTF signal from
muons stopping in paramagnetic regions of the FM cluster-phase
of (Fe,_,Ni,);GeTe,0. In the latter compound the relaxation rate
of the paramagnetic regions increases as the temperature is
lowered, peaks at a magnetic transition temperature where the
growth in the volume of magnetic clusters ceases and saturates
below the transition. Hence, we attribute A, in UTe, to the width
of the motionally-narrowed field distribution of independent
spins outside the magnetic clusters that mediate interactions
between them. The quantity V; is a measure of the volume
fraction of the sample occupied by the magnetic clusters. The data
presented in Fig. 4b shows that V; is smaller in sample S3, which
exhibits the sharpest superconducting transition in the specific

heat. However, we do not see evidence in the existing data that
the saturation of V; or slowing down of the fluctuation rate of the
magnetic clusters is responsible for the double transition observed
in the specific heat of sample S1.

While our previous experiment?! was consistent with the
variation A, /T o T~*/* predicted for a 3-D metal in proximity to
a FM instability, which is quite different from the prediction
A,/T o< T™>* near an AFM instability*>, the critical exponent
determined in the present study is somewhat higher than 4/3. As
mentioned earlier, this may be a consequence of a reduced sen-
sitivity to A, due to a smaller fast-relaxing ZF component.
However, since A, is apparently associated with slow longitudinal
magnetic fluctuations along the a-axis, the predictions for a 3-D
metallic system are probably not relevant. Furthermore, the
dynamics of magnetic clusters near a quantum phase transition
can be quite different and in an itinerant spin system differ from
power-law behavior®!. Hence, we cannot tell from the current
data whether the clusters are FM or AFM.

The low-temperature upturn in C/T vs. T has been attributed
to a nuclear Schottky anomaly associated with a crystal electric
field (CEF) level splitting AE ~50 mK of the 23°U nuclear energy
levels’”. However, as argued previously’® and shown here for
sample S1, the upturn in some samples is far too broad for this
explanation. In sample S1, the value AE ~ 317 mK determined
from a fit of the low-T upturn to the analytical expression for a
two-level Schottky anomaly (see Supplementary Note 4) is six
times larger than the splitting expected due to the CEF. In some
compounds the Schottky anomaly is attributable to Zeeman
splitting of the degenerate ground state energy levels of the
magnetic ion by the internal magnetic field generated by short-
range magnetic correlations®>>3. The non-universal Schottky
anomaly observed in UTe, is then likely due to the presence of
magnetic clusters that split the 2F; , ground state of the U ions. In
sample S2 where a local internal field of ~310 G occurs at the
muon site due to magnetically ordered regions (Fig. 3f), a level
splitting of AE ~50 mK due to the net magnetic moment
resulting from the magnetic clusters is y* = kyAE/2B<1.2u;.
While a larger value of y* may be required to explain the deduced
value of AE ~ 317 mK in sample S1, the analysis of the low-
temperature upturn in C/T vs. T does not account for broadening
effects caused by the inhomogeneous nature of the cluster freezing.
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Lastly, we consider the origin of the large residual T-linear
term in the specific heat of UTe, below T_. Initially this was
considered intrinsic and due to a large residual density of states at
the Fermi level, suggestive of a non-unitary spin-triplet pairing
statel:2, Yet there is no residual fermionic heat transport observed
in thermal conductivity measurements that could be attributed to
a lingering density of states of itinerant quasiparticles in the
superconducting state3°. Furthermore, the value of y*/y varies
significantly between samples. Here y*/yy is significantly smaller
in sample S3 compared to samples S1 and S2, and the ratio
" /vn)s3/ (V" /¥n)s, is similar to the ratio of the magnetic volume
fractions (V) s/ (Vf)s2 in samples S2 and S3 (Table 1). Hence,
the detection of disorder-induced slowly fluctuating magnetic
clusters that ultimately freeze suggest that the residual T-linear
term is at least in part magnetic in origin. A low-temperature T-
linear term in C(T) is a general property of spin glasses®*. The
broad internal field distribution sensed in our experiments is
suggestive of clusters of locally ordered spins in UTe, behaving as
spin-glass-like magnetic moments. When spin clusters are the
basic entity, a T-linear term arises from inter-cluster
interactions®® and disordered spins between clusters®®. The T-
linear term observed in a spin-glass system normally occurs well
below the freezing temperature. In UTe, the freezing of magnetic
clusters is an inhomogeneous process that begins well above T,
(Fig. 4b). Consequently, a T-linear term in C(T') associated with
spin freezing may occur well above the upturn in C/T vs. T.

The gradual freezing of magnetic clusters in the superconducting
state has potential implications for other experimental findings in
UTe, at low temperatures. These include (i) the finite magnetiza-
tion detected via a magnetic-field-trained polar Kerr effect!8:22,
(ii) an unexplained reduction in the intensity of the 1 meV reso-
nance observed by INS below ~0.4 K23, (iii) evidence of two-gap
superconductivity from a low-temperature downturn in 1/T,T
measured by NMR!3 and (iv) additional peaks that appear in the
125Te NMR spectrum at low temperatures for H || b axis®’. Our
findings suggest that the intrinsic properties of UTe, will be more
accessible in samples that display a negligible residual T-linear term
and a modest Schottky anomaly in the specific heat below T..

Methods

Single crystal growth. The UTe, single crystals were grown at the University of
Maryland (samples S1 and S5) and Los Alamos National Laboratory (samples S2,
S3 and S4) by a chemical vapor transport method. Solid pieces of depleted uranium
(99.99%) and tellurium (Alfa Aesar, 99.9999%) were weighed in a 2:3 ratio with
total mass of ~1 g. The elements were sealed under vacuum using a hydrogen torch
in a quartz tube along with ~0.02 g of iodine (J.T. Baker Inc., 99.99%) in the case of
sample S1 and ~0.2 g of iodine (Alfa Aesar, 99.99%) for samples S2 and S3. A
temperature gradient was maintained in a multi-zone furnace for 28 days (sample
S1) and 11 days (samples S2, S3 and S4). The elements were placed in the hot end
of the gradient at T, whereas single crystals of UTe, were obtained at Tf, the cold
end of the gradient. For sample S1: T; = 1060 °C and T¢ = 1000 °C, sample S2: T; =
800 °C and T¢ =720 °C, sample S3: T; = 790 °C and T¢ =725 °C, and sample S4: T;
= 800 °C and Ty =725 °C. A modified method was used for the growth of sample
S5 that will be reported elsewhere.

Specific heat measurements. The specific heat measurements of samples S1 and
S4 were performed with an adiabatic heat pulse method. Due to a very short
internal relaxation time constant the data for each temperature decay curve were
fitted well with a single exponential expression. The specific heat measurements of
samples S2 and S3 were performed to 3He temperatures using a Quantum Design
calorimeter that utilizes a quasi-adiabatic thermal relaxation technique.

Muon spin relaxation/rotation (uSR). The pSR measurements were performed
by implanting nearly 100% spin-polarized positive muons (u™) into the sample and
detecting the time evolution of the muon spin polarization P;(t) (i = x, y, z) via the
muon decay positrons*®. The zero-field (ZF) measurements were performed with
the direction of the initial muon spin polarization P(0) anti-parallel to the muon
beam momentum p,, (defined to be in the +z-direction), and P,(t) measured by
way of a pair of positron detectors arranged in a forward-backward ( + z) geometry
about the sample. The same experimental arrangement was used for the

longitudinal-field (LF) measurements in which an external magnetic field was
applied parallel to P(0) along the z-axis. The weak transverse-field (WTF) mea-
surements of P,(t) were performed with an external magnetic field applied per-
pendicular (along the x-axis) to P(0). The high-TF measurements at H = 20 kOe
were performed with the external magnetic field applied parallel to the z-axis but
with P(0) rotated to be along the x-axis perpendicular to the field. In the high-TF
experiments, P, (t) was measured by way of a pair of positron detectors arranged in
a left-right (+x) geometry about the sample.

The uSR measurements on all three UTe, samples were carried out using an
Oxford Instruments top-loading dilution refrigerator on the M15 beamline at
TRIUMEF, Vancouver, Canada. The air-sensitive single crystals were first mounted
on a pure Ag backing plate using a 50/50 mixture of Apiezon N and Cryocon
grease in a glove box with an Argon overpressure. The backing plate was
subsequently thermally anchored to the Ag sample holder of the dilution
refrigerator. A 12.5 x 23 mm sample holder was used for the measurements on
samples S1 and S2, while a smaller 5 x 17 mm sample holder was used for the
S3 single crystal. The 22 irregular -shaped single crystals of sample S1 formed an
unaligned mosaic, whereas the three single crystals of S2 and the lone single crystal
of 3 were mounted with the c-axis aligned parallel to the initial muon spin
polarization P(0) in the ZF, LF and wTF experiments, and perpendicular to P(0)
(but parallel to the applied field) in the high-TF experiments.

Density functional theory (DFT) calculations. To find the muon site in UTe,,
DFT calculations were performed with the QUANTUM ESPRESSO package?S.
These calculations were performed using a 9 x 6 x 3 Monkhorst-Pack grid, and
ultrasoft pseudopotentials were used to model the electronic wavefunctions of the
atoms. Specifically, the 5s and 5p electrons were treated as valence electrons for Te,
and the 6s, 7s, 6p, 6d and 5f electrons were treated as valence for U. The strong
spin-orbit coupling in U was also included in the calculation, as was 0.01 Ry of
Gaussian smearing. The kinetic energy cutoff used was 85 Ry, and the charge
density cutoff was set to 850 Ry.

The total potential, consisting of the sum of the bare ionic, the exchange and
correlation, and the Hartree potentials, is shown in Fig. 5a, b. The sign of the
potential is chosen so that the positively charged muon is most likely to go to the
position of the maximum of this potential, and as such these results show that the
most likely muon stopping site is (0.44, 0, 0.5). Muons are known to distort their
local environment, which may result in the actual muon site being slightly
displaced from this>*-¢!. Evaluating the extent of these distortions via a DFT
relaxation calculation has proven difficult due to the larger number of electrons of
the U atom and is an ongoing effort.

Data availability
All data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Supplementary Note 1: High transverse-field (TF) measurements

Transverse-field (TF) uSR asymmetry spectra for the three UTe> samples in an applied magnetic

field of H =20 kOe and at a temperature above T are presented in Supplementary Figure 1a.
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Supplementary Figure 1. a, TF-uSR asymmetry spectra for an applied magnetic field of H = 20
kOe recorded at temperatures above T. displayed in a rotating reference frame (RRF) frequency
of271.3 MHz. The solid curves represent fits of the asymmetry spectra to Supplementary Equation
(1) displayed in the same RRF. b, Fourier transforms (with Gaussian apodization) of the TF-uSR
asymmetry spectra, which provide visual depictions of the internal magnetic field distribution n(B)
sensed by the muon ensemble. The frequency (horizontal axis) is related to the local internal
magnetic field via the relation f = (y,/2m)B, where y, = 8.5162 x 10 s™! T™! is the gyromagnetic
ratio of the muon. The vertical black lines denote the average frequencies of the multiple
components that describe the TF-uSR spectra.

The solid curves through the data points in Supplementary Figure 1a are fits to

A(t) = agexp(—A3t?) cos(2mfzt + ¢) + Y, a;exp(—AZt?) cos (2nfit + @) . (1)

The first term is a background component due to muons that missed the sample and stopped in the

Ag sample holder. Here ap is the amplitude of the background signal, ¢ is the angle between the



axis of the positron detector and the initial muon-spin polarization P(0), and f5 is the precession
frequency of the muon spin in the magnetic field B. The Gaussian relaxation function exp(—A%t?2)
is intended to account for the distribution of internal magnetic field, associated with randomly
oriented nuclear moments in the sample holder, although the value of Ap is influenced somewhat
by dipolar fields emanating from the sample associated with the field-induced polarization of the
local U electronic moments. The second term, which is a sum of n similar Gaussian damped cosine
functions, describes the TF-uSR signal from muons stopping in the sample. The sample
component of the signal for UTe, samples S1, S2 and S3 is comprised of n = 3, 2, and 2

components, respectively. The fitted parameters are listed in Supplementary Table 1.

Sample Frequencies (MHz) | Amplitudes (%) | Relaxation Rates (us™)

S1 f,=272.255(2) a, = 34(1) Ay = 0.44(1)
f,=272.5103) a, =31(1) A, =22(1)
f,=275.55(4) a, = 13.0(1) A, =1.8(2)
f,=276.78(2) a, =22(1) A, =1.57(8)

2 f,=272.22102) a, = 30(1) Ay = 0.05(1)
f, =271.92(5) a, =21(1) A =3.6(2)
f,=272.261(5) a, = 49(1) A, = 0.50(4)

s3 f.=272.1558Q2) | a,=4002) Ay =0.20(1)
f, = 270.82(6) a, = 13(2) A, =2.003)
f,=272.21(1) a, = 47(2) A, =0.80(3)

Supplementary Table 1. Parameters from fits of the TF-uSR asymmetry spectra in
Supplementary Figure 1a to Supplementary Equation (1).

Fourier transforms of the TF-uSR signals, which provide an approximate visual representation of
the internal magnetic field distribution sensed by the muon ensemble, are shown in Supplementary
Figure 1b. The additional broad higher-frequency peaks for sample S1 are presumably due to the
misalignment of the single crystals in the mosaic, which results in different orientations of the

magnetic dipole field from the local U moments in the individual crystals.



Supplementary Note 2: Zero-field (ZF) measurements

Fits of A, /T versus T for sample S1
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Supplementary Figure 2. a, Fit of 1, /T versus T above 0.4 K to the relation A4, /T < T~" from
Supplementary Reference 1. b, Comparison of A;/T versus T for sample S1 to data from
Supplementary Reference 1. ¢, Fit of 1, /T versus T for sample S1 above 0.75 K to the relation
)T < T7™.

Supplementary Figure 2a shows the fit of 4, /T versus T above 0.4 K to the relation 4, /T <« T™"
from our previous ZF-uSR study of UTe,. Supplementary Figure 2b shows a comparison of A, /T



versus T between the current results for sample S1 and the previous study of a different sample.
There is good agreement between the two data sets above 0.75 K. The divergence of the two data
sets below 0.75 K signifies a difference in the range of temperature over which the spins (magnetic
clusters) freeze. Supplementary Figure 2c shows a fit of A, /T versus T for sample S1 above 0.75

K to the relation A4, /T < T™™.

ZF signals at early times

Supplementary Figure 3 shows a comparison of the sample contribution to the low-temperature
ZF-uSR spectra of samples S1, S2 and S3 at early times. All three samples display some loss of
amplitude in the dead time of the spectrometer, such that P,(0) < 1. A remnant oscillating

component is evident only in sample S2.

Supplementary Figure 3. ZF-uSR spectra of
samples S3, S2 and S1 at early times and low
temperatures after subtracting the non-
relaxing background contribution from the
signals. The solid curves are fits to equation
(1) in the main text, but with the first term
multiplied by cos(yﬂBt + qb), where y,, is the
muon gyromagnetic ratio, ¢ is the phase shift
and B is the magnitude of the average local
magnetic field at the muon site. The fits yield
B = 311.8 £ 74 G for sample S2, and B =

0 G for samples S1 and S3.

P,(t)




Supplementary Note 3: Interpretation of a, > a, inthe case of homogeneous spin
freezing

The amplitude of the slow-relaxing component in the ZF signal (a,) is larger than the amplitude
of the fast-relaxing component (a, ). In the case of homogeneous spin freezing and a single muon
stopping site, the time evolution of the muon spin polarization in a single crystal at zero field is

given by*
P,(t) = Gy(t)sin?dcos (y,Bt) + G,(t)cos?, )

where 6 is the angle between the initial muon spin direction, G,(t) is a longitudinal relaxation
function associated with the local field component parallel to the z-direction and G, (t) is a
transverse relaxation function associated with the local field components perpendicular to the z-
direction. While G,(t) is sensitive only to dynamic depolarization, G, (t) is sensitive to both static
and dynamic effects. Consequently, G, (t) usually relaxes much faster with time than G,(t) and
the static depolarization can be so strong that all or some of the G, (t) component can be lost in
the initial deadtime of the spectrometer. For these reasons, if the relaxing part of the ZF signal in
UTe: is due to homogeneous spin freezing, 1, (and hence a,) is associated with G, (t) and A, (and
hence a,) is associated with the more slowly decaying function G,(t). For randomly oriented local
fields, a; = 2/3 and a, = 1/3, which is contrary to the experimental result a, > a;. If on the
other hand there is a preferred orientation of the local field (i.e., such that 6 is the same throughout

the sample), then a, > a, if cos?8 > sin?4.

Supplementary Note 4: Specific Heat Measurements

Fits of the low-temperature specific heat data of samples S1 and S4

Supplementary Figure 4 shows fits of C/T versus T of samples S1 and S4 below 1 K, and
Supplementary Tables 2 and 3 list the fit results. The fit to the high-temperature tail of a Schottky
anomaly for a two-level system does not adequately describe the data for sample S1, whereas the
fit assuming the full analytical expression for the Schottky anomaly adequately describes the

specific heat data of both samples.
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Supplementary Figure 4. Fits of C/T versus T for samples a, S1 and b, S4 assuming the high-
temperature tail Ag.,/T3(black dashed curves) and the full analytical relation for the Schottky
anomaly of a two-level system (green solid curves).

Sample y*(mJ/mol ! K?) B (mJ/mol™! K% Agen, (W/mol! K)
S1 56.6 + 0.7 85+ 2 44 1+ 2
S4 11.6 £ 0.2 81.2 +£0.7 5.0+0.2

Supplementary Table 2. Results of fits of the specific heat data in Supplementary Figure 4 to
the high-temperature tail of the Schottky anomaly for a two-level system: C = y*T + BT3 +
Agen/T?, where y*, B and Agy, are temperature-independent coefficients.



Sample y*(mJ/mol™! K?) £ (mJ/mol! K*#) AE/kg(mK)
S1 50.5+0.5 9%5+t1 317 +9
S4 114+ 0.3 81.6+0.8 59 + 24

Supplementary Table 3. Results of fits of the specific heat data in Supplementary Figure 4 to
the full analytical relation for the Schottky anomaly of a two-level system: C = y*T + SBT3 +
a(AE /kgT)?exp(AE /kgT)[1 + exp(AE /kgT)] ™2, where y*, § and a are temperature-
independent coefficients, AE is the energy gap between the two levels and kg is Boltzmann’s
constant.
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