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Reaching a consensus on the superconducting order parameter of unconventional superconductors
remains a central challenge in the field of magnetically-mediated superconductivity. Though UTes
is largely accepted as a rare example of an odd-parity superconductor, its precise order parameter
remains highly debated, even at ambient conditions. A key underlying issue is the large sample-to-
sample variation in superconducting properties at zero applied pressure and magnetic field. Here,
we investigate the origin of the observed variation by means of single crystal x-ray diffraction (SC-
XRD) and scanning transmission electron microscopy (STEM) measurements. Our results reveal
highly ordered crystalline lattices, in agreement with the expected Immm structure, and no signs of
uranium vacancies. Tiny amounts of interstitial defects, however, are observed on the Te2 layers that
host Te chains along the b axis. We argue that these defects give rise to slightly enhanced atomic
displacement parameters observed in SC-XRD data and are enough to disrupt the unconventional
superconducting state in UTez. Our findings highlight the need to focus future order parameter

determination efforts on single crystals of UTes with minimal amounts of structural disorder.

I. INTRODUCTION

In phonon-mediated superconductors, the fully-gapped
superconducting (SC) order parameter (¢) is well de-
scribed by the Bardeen-Cooper-Schrieffer (BCS) theory
wherein v displays even s-wave symmetry with a spin-
singlet configuration and vanishing orbital angular mo-
mentum [1, 2]. In magnetically-mediated unconventional
superconductors, however, strong on-site repulsion drives
electrons to pair in less symmetric channels with higher
angular momentum (e.g., odd-parity p-wave or even-
parity d-wave), and nodal SC gaps are typically favored
[3, 4]. The precise determination of the SC order pa-
rameter in unconventional superconductors is not only
crucial for understanding materials behavior as a func-
tion of external tuning parameters (e.g., magnetic fields,
disorder), but it is also a prerequisite for applications
based on exotic quasiparticle excitations [5].

Depending on the crystal lattice, many different or-
der parameters may be allowed by symmetry [6], which
poses a challenge to experimental investigations [7]. For
example, the orthorhombic lattice of unconventional su-
perconductor UTey (space group 71, Immm) gives rise to
four possible even-parity irreducible representations, A,
and Bjg (i = 1,2,3), and four odd-parity representations,
A, and By, (i = 1,2,3) [8]. In addition, different rep-
resentations can be paired into various multi-component
states. Two features strongly point to an odd-parity SC
state in UTes: the remarkably large upper critical field in
UTey [9], well above the Pauli limit expected for an even-
parity configuration, and the small Knight shift drop at
the SC transition temperature, 7., in nuclear magnetic
resonance measurements [10]. Though this result con-
strains the allowed representations A,, By,, Bay, and
B3, dozens of different single and multi-component pro-
posals have been put forward to explain the SC state of
UTe, at ambient conditions [11-27].

A key long-standing issue is whether UTe, intrinsically
displays one or two SC transitions at ambient conditions.
Because all irreducible representations are one dimen-
sional in the orthorhombic Dy, space group, the initial
observation of a double T, in specific heat measurements
implied a multicomponent state [13]. However, most re-
cent experiments on high-quality single crystals, grown
through either the chemical vapor transport (CVT) or
the molten-salt flux (MSF) techniques, reveal a resid-
ual resistivity ratio (RRR) higher than 40 and single-
component superconductivity in the bulk of UTey at am-
bient conditions [8]. The experimental probes that ar-
gue for a single transition include specific heat, uniaxial
strain, ultrasound, polar Kerr, scanning SQUID, muon
spin resonance, nuclear magnetic resonance, thermal con-
ductivity, and scanning tunneling microscopy measure-
ments [10, 27-38]. These different techniques, however,
do not agree on the exact irreducible representation at
play, and reports exist that argue for either a fully-
gapped A, state or different nodal Bj;, configurations.
In addition, a few experimental techniques argue for a
multi-component superconducting state, including pene-
tration depth (Bs, +14,), angle-dependent specific heat,
and microwave surface impedance measurements [18-20].

An outstanding question is therefore the origin of the
variation in SC properties in UTe; and whether un-
derlying structural disorder could be causing the dis-
crepancy between different experimental results. Here
we present an investigation of representative supercon-
ducting UTes single crystals through single crystal x-ray
diffraction (SC-XRD) and scanning transmission electron
microscopy (STEM) measurements. Overall, our results
are consistent with a highly ordered lattice crystalliz-
ing in the expected orthorhombic Immm space group,
and we observe no signs of uranium vacancies, which
are known to exist in nonsuperconducting samples. Tiny
amounts of interstitial defects, however, become evident



in both STEM maps and as additional charge density
in SC-XRD refinements. These interstitials are observed
primarily on the Te2 layers, which host Te chains along
the b axis. We argue that these defects give rise to slightly
enhanced atomic displacement parameters observed in
SC-XRD data and are enough to disrupt the unconven-
tional SC state in UTey because Te2 p bands are the
primary contribution to the band structure at the Fermi
level [39, 40]. Our findings highlight the need to focus
future order parameter determination efforts on crystals
of UTey with minimal amounts of structural disorder.

II. RESULTS

We start by discussing potential crystallographic de-
fects in the orthorhombic crystal structure of UTey. The
most obvious defect is the presence of uranium vacan-
cies (see Fig. 1a), and nonsuperconducting crystals (RRR
< 2) clearly hold vacancy concentrations up to 5% ac-
cording to two independent SC-XRD analyses [29, 41].
One report also argued for the presence of Te vacancies
based on energy dispersive x-ray measurements [28]; how-
ever, SC-XRD measurements have not confirmed this as-
sessment. As detailed below, the present work reveals
an important additional structural defect in SC samples:
interstitials around Te2 atoms (see X; and X5 in Fig. 1a).

Importantly, the effects of crystallographic disorder
can be also detected in the atomic displacement param-
eters (ADPs) [29, 30], which reflect the mean-square dis-
placement of atoms about their equilibrium positions and
encompass information about both vibrations and static
disorder. The ADPs for both CVT- and MSF-grown
crystals at room temperature are illustrated in Fig. 1b
and reveal larger magnitudes in CVT-grown samples,
which indicate enhanced static disorder.
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FIG. 1. (a) Orthorhombic crystal structure of UTe, and its
possible crystallographic defects. (b) Illustration of atomic
displacement parameter for each atom, which is represented
by its 99% probability ellipsoid.

In the following, we will discuss three representative
UTe, single crystals: a CVT-grown sample with two SC
transitions at 7.7 = 1.6 K and T, = 1.5 K (s1, RRR
= 30 — 40); a CVT-grown sample with a single SC tran-

sition at 7. = 2.0 K (s2, RRR = 90); and an MSF-
grown sample with a single SC transition at 7, = 2.1 K
(s3, RRR = 270). Figure 2 shows the specific heat,
C/T, as a function of temperature for all three sam-
ples. The MSF-grown sample displays the lowest resid-
ual specific heat coefficient, 3 = 5.5 mJ/ mol.Kz, com-
pared to CVT-grown samples, 752 = 24.2 mJ /mol.K2
and 751 = 61.1 mJ /mol.KQ, in agreement with previous
reports [8]. For the most recent discussion on UTe; crys-
tal growth techniques, we refer the reader to [32].
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FIG. 2. Specific heat, C/T, as a function of temperature for
three representative UTe; crystals investigated in this work.

We now turn to high-angle annular dark-field STEM
(HAADF-STEM) imaging of samples sl and s2. Fig-
ures 3a-b show HAADF-STEM images of sl and s2, re-
spectively, on the [010] zone axis, which directly visualize
the atomic positions in the ac plane of UTes. The crys-
talline structures of both samples are very similar and
match closely the expected I'mmm structure. On this
axis, uranium vacancies, line defects, and grain bound-
aries are not observed in our STEM images, which con-
firms the high degree of crystallinity of both samples.

HAADF-STEM images on the [100] zone axis, how-
ever, reveal subtle deviations from the ideal Immm struc-
ture. Figures 3c-d show HAADF-STEM images of sl
and s2, respectively, on the [100] zone axis, which di-
rectly visualize the atomic positions in the bc plane of
UTes. In both samples, two interstitials are found pri-
marily on the Te2 layer: X; (blue circles) and X5 (pink
circles). The inset of Figure 3 shows a zoomed-in view of
X5, whereas Fig. 1 shows a schematic illustration of the
different locations. Because HAADF-STEM images on
the ac plane did not detect an obvious contribution from
point defects, our resuts suggest that the interstitials are
predominantly located between Te2 atoms along the b
axis. Our data, however, cannot rule out small shifts
along either a or ¢ axes. The seemingly random spatial
distribution of defects suggest that these interstitials are
just point defects, rather than evidence of a planar de-
fect along the projection axis. We note that the defect
density is similar in both samples, and the detection of
any systematic differences between samples is hindered
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FIG. 3. (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image on the [010] zone
axis of sample sl. Inset in the bottom left shows the unit cell confirmed by single crystal x-ray diffraction measurements. (b)
HAADF-STEM image on the [010] zone axis of sample s2. (c) HAADF-STEM image on the [100] zone axis of sample sl.
Circles mark two types of interstitials on the Te2 layer: X1 (blue) and X2 (pink). Inset in the bottom left expands a unit cell
with the position of the X2 interstitial marked by an arrow. (d) HAADF-STEM image on the [100] zone axis of sample s2,
which shows a similar distribution of occupied interstitial sites.

by the lack of statistics: the interstitials are very sparse information about the lattice parameters, atomic posi-
and their intensities very low. tions, and charge density of a material. Remarkably, the
lattice parameters of samples sl, s2, and s3 are iden-

To shed further light on the role of static disorder in tical within experimental uncertainty (see Table I). In

UTes, we turn to SC-XRD measurements, which provide
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FIG. 4. Anisotropic displacement parameters for samples s1 (empty circles), s2 (shaded circles), and s3 (solid squares) for each
of the three unique atomic positions. (a-c) The displacement along the a axis, U11, for Tel, Te2, and U, respectively. (d-f) The
displacement along the b axis, Usz, for Tel, Te2, and U, respectively. (g-i) The displacement along the ¢ axis, Uss, for Tel,

Te2, and U, respectively. All axes have the same scale.

Sample a b c Vv

A A A A®
sl, CVT 4.1612(7) 6.1315(19) 13.970(5) 356.45(18)
s2, CVT 4.1625(11) 6.1342(11) 13.978(2) 356.91(13)
s3, MSF 4.1623(11) 6.1347(11) 13.979(3) 356.96(13)

TABLE I. Lattice parameters of UTe; at 300 K.

addition, the fractional atomic coordinates are also in-
distinguishable, and all three sites (U, Tel, and Te2) are
fully occupied. A comparison between the isotropic dis-
placement parameters, Uiso, between samples s1 and s3,
however, shows hints of a trend (see Table II). For ex-
ample, Uiy, for the Te2 atom is 30 % larger in sample sl
than that in sample s3, which indicates an enhancement
in static disorder in sample sl.

Figure 4 shows the complete set of anisotropic dis-
placement parameters for U, Tel, and Te2 as a function
of temperature. On cooling, all ADPs tend to decrease

Sample Tel Ujso Te2 Ujso U Uiso
A? A? A?
s1, CVT 0.0089(3) 0.0079(3) 0.0081(2)

s3, MSF 0.00656(12) 0.00610(13) 0.00575(11)

TABLE II. Isotropic displacement parameters of UTes at
300 K.

monotonically, as expected from reduced thermal vibra-
tions. Notably, a trend emerges independent of temper-
ature: the magnitude of most ADPs increases systemat-
ically from sample s3 (MSF, 7. = 2.1 K) to sample s2
(CVT, T, = 2.0 K) to sample s1 (CVT, lower split T).
More importantly, our results clearly indicate that the
MSF-grown crystal has the lowest amount of static dis-
order, in agreement with its high RRR and low residual
specific heat. Remarkably, the a-axis ADP, Ujy, displays
the clearest difference between samples: Uj; in sample
sl is about 60% larger than Uy in sample s3. Given our



STEM findings of interstitials primarily along the Te2
chains along b, one would naively expect larger ADPs
for the Te2 atoms and larger contributions along the b
axis. Our SC-XRD results, however, do not agree with
this naive expectation and therefore suggest a nontrivial
response of atomic motion to static disorder along b.

More information about the nature of the interstitials
can be obtained from SC-XRD refinements. Though the
refinement residuals are small (Ry ~ 2.5%), we observe
minute signs of additional charge density. In particu-
lar, the largest density peak that does not fit the ex-
pected I'mmm structure is located at X; = (0.3,0,0.54)
in sample sl and X; = (0,0,0.56) in samples s2 and
s3. Though there is a difference in the a-axis coordinate,
both X7 peaks are positioned around to the Te2 chains
(see X; region in Fig. 1a), akin to our STEM findings.
We note, however, that interstitials in SC-XRD appear
more strongly in the X; region, whereas STEM images
detect the majority of interstitials around the X5 region
(see Fig. 1a), a difference that we attribute to a combina-
tion of statistics and the nature of the different techniques
utilized here.

III. DISCUSSION

Though a one-to-one comparison between SC-XRD
and STEM is hindered by the inherent differences be-
tween these two techniques, our combined results point
to a subtle structural disorder primarily on the Te2 layers
of UTes. More specifically, interstitials are directly visu-
alized by STEM around the Te2 atoms. SC-XRD con-
currently observes additional charge density, also around
Te2 atoms, and a systematic decrease in atomic displace-
ment parameters with sample quality.

The next logical question is the nature of the observed
interstitials. Because the distance between the intersti-
tial atom (X) and the Te2 atom is very short (~ 2 A),
we first consider the possibility of light elements being
incorporated into the structure during the growth pro-
cess. In particular, carbon, nitrogen, and oxygen are
known impurities in depleted uranium that could give
rise to such short Te-X distances. HAADF-STEM imag-
ing, however, is only sensitive to high-Z elements, and
our observations thus indicate that the observed inter-
stitials are likely not C, N, or O, but rather a higher-Z
element. Though further investigations will be required
to precisely determine the nature of the interstitials in
UTey, we hypothesize that copper (a common impurity
in tellurium) is the most likely interstitial at play here.

More broadly, interstitial defects may play an impor-
tant role in other phenomena observed in UTey at am-
bient conditions. For example, the charge density wave
(CDW), which is observed in surface-sensitive scanning
tunneling microscopy (STM) measurements, is absent in
bulk measurements [42-47]. This discrepancy leads to
questions about differences between surface and bulk crit-
ical behavior [48]. Recent reports confirm the surface na-

ture of the CDW phase and find that the largest CDW
amplitudes tend to be pinned at defects [49]. Surface
pinning of a CDW via defects has been observed in, e.g.,
Cag_;Na, CuO2Cly [50] and used to argue for the pres-
ence of an extraordinary phase transition [51, 52].

We note that the presence of defects could also shed
light into other superconducting states as a function of
applied pressure or magnetic field. For example, the reen-
trant superconducting phase induced by fields applied
along the [011] direction is remarkably robust against dis-
order and survives even in samples that are not supercon-
ducting at ambient conditions [53, 54]. In addition, elec-
trical resistivity measurements under pressure indicate
that the pressure-induced superconducting phase above
0.3 GPa is also more robust against disorder compared
to the ambient-pressure superconducting state [55].

Finally, one might wonder how tiny amounts of inter-
stitials around Te2 atoms can have such dramatic effects
on the superconducting state of UTes, which is driven
by 5f physics. We argue that this is neither surprising
nor unprecedented. First, unconventional superconduc-
tors are known to be highly susceptible to nonmagnetic
disorder. In fact, small amounts of aluminum incorpo-
rated into the cubic structure of unconventional super-
conductor UBej3 have been shown to suppress the su-
perconducting transition temperature and even give rise
to an apparent double transition in some samples [56].
In addition, band structure calculations and photoemis-
sion measurements in UTey clearly show that the dom-
inant non-f contribution at the Fermi level (Er) comes
from highly-dispersive Te2 p bands [39, 40]. Even small
changes to these p bands are therefore expected to impact
the resulting hybridization with 5f bands at Ep.

Note added — During the development of this work,
we became aware that Svanidze et al. performed a sim-
ilar study of UTes single crystals by x-ray diffraction
and transmission electron microscopy. Our experimen-
tal findings are in general agreement; however, Svanidze
et al. argue for the presence of local deviations from the
translational symmetry of the main atomic arrangement
in UTeg, namely a superposition of similar lattices with
different orientations, that we do not seem to observe
here.

IV. CONCLUSIONS

We report a systematic structural investigation of
UTe, single crystals through scanning transmission elec-
tron microscopy and x-ray diffraction. We focus on three
representative samples: a CVT-grown sample with two
SC transitions at T.; = 1.6 K and T, = 1.5 K; a CVT-
grown sample with a single SC transition at T, = 2.0 K,
and an MSF-grown sample with a single SC transition at
T. = 2.1 K. Our results reveal highly ordered crystalline
lattices, in agreement with the expected I'mmm struc-
ture, and no signs of uranium vacancies, line defects, or
grain boundaries. Tiny amounts of interstitial defects,



however, are observed around the Te2 layers that host
Te chains along the b axis. We argue that these defects
give rise to slightly enhanced atomic displacement pa-
rameters observed in SC-XRD data, a strong indication
of static disorder, and are enough to disrupt the uncon-
ventional superconducting state in UTes. Our results
reveal that the molten-salt-grown crystal has the lowest
amount of static disorder, in agreement with its high-
est residual resistivity ratio and lowest residual specific
heat. We hypothesize that the most likely interstitial is
copper (a common impurity in tellurium). Our findings
highlight the need to focus future order parameter deter-
mination efforts on single crystals of UTes with minimal
amounts of structural disorder.
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A. Appendix
1. Experimental Methods

UTes single crystals were grown wvia both chemical
vapor transport and molten-salt-flux techniques, as de-
scribed previously (29, 31].

Specific heat was measured using the quasi-adiabatic
thermal relaxation technique in a ®He cryostat insert.
Both small-pulse and long-pulse methods were used to
verify whether the samples had one or two transitions.

Scanning transmission electron microscopy (STEM)
measurements were performed on cross-sectional lamel-
lae prepared via gallium focused ion beam (FIB) on a
Thermo Fisher Scientific Helios G4 UX FIB, with a 2 kV
final thinning step. HAADF STEM imaging was per-
formed on a Thermo Fisher Scientific Spectra 300 oper-
ating at 300 kV with a 30 mrad convergence semi-angle
and 75 pA probe current. Series of rapid-frame images

were acquired, aligned and averaged via a method of rigid
registration optimized to prevent lattice hops to recover
high signal-to-noise ratio, high fidelity atomic resolution
images [57]. Interstitial sites with high HAADF-STEM
signal, which arise from the presence of a high density of
interstitials in the projection along a given axis, were
first identified by successive filtering and thresholding
and then further refined with manual inspection.

Single crystal X-ray diffraction experiments on samples
sl and s3 were performed using a Bruker D8 Venture.
Single crystal X-ray diffraction experiments on sample s2
were performed using a Bruker D8 Quest. We note that
there might be small systematic differences between the
data collection of samples s1/s3 and the data collection
of sample s2 because they were performed in different
instruments. An Incoatec IS microfocus source (Mo K-
a radiation, A = 0.71073 A) was used as the radiation
source. Data were collected using a PHOTON II CPAD
area detector.

The sample temperature was controlled by a con-
stant flow of cold Ny gas via Oxford Cryosystems N-
Helix. Data were collected between room temperature
and 100 K. Each raw dataset was individually processed
with Bruker SAINT software, including multi-scan ab-
sorption correction. The unit cell of each dataset was
determined independently to quantify thermal contrac-
tion. The initial crystallographic model was obtained via
the intrinsic phasing method in SHELXT. Least-squares
refinements were performed using SHELXL2018 [58].

2. Oxide layer on STEM lamellas

We note that the STEM lamellas for both samples sl
and s2 displayed a thick (~ 100 — 200 nm) polycrys-
talline layer along their top edge, which was the only
edge exposed to air prior to lifout. Electron energy loss
spectrocopy shows that the polycrystalline layers con-
tain uranium, tellurium, and oxygen. The interface be-
tween polycrystalline layers and the single crystal bulk of
UTey are not sharp, but the polycrystalline layer thick-
ness is fairly consistent across the lamella. Thinner layers
(< 10 nm) were also detected on the side facets (i.e., on
the projection axis), which were only exposed to air after
the lamellas were lifted out from the bulk. Because the
lamellas were only exposed to air for a few hours between
lifout and imaging, our results point to a fast degradation
of UTes surfaces.

8. Data Availability

The scanning transmission electron microscopy data as
well as single crystal x-ray diffraction cif files are available
at the Platform for the Accelerated Realization, Anal-
ysis, and Discovery of Interface Materials (PARADIM)
database at https://doi.org/10.34863 /xxxxx.
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Structural investigation of superconducting UTe, single crystals through scanning
transmission electron microscopy and x-ray diffraction

Highly ordered lattices, and no signs of uranium vacancies, line defects, or grain
boundaries

Tiny amounts of interstitial defects around the Te, layers

Enhanced atomic displacement parameters disrupt the unconventional superconducting
state

Molten-salt-grown crystals have the lowest amount of static disorder
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