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ABSTRACT 

The recently discovered heavy-fermion superconductor, UTe2 , is an excellent candidate for spin-triplet 
superconductors in which electrons form spin-triplet Cooper pairs with spin S = 1 and odd parity. 
Unconventional superconductivity often hosts unconventional vortices. Yet, the vortex core and lattice in 
UTe2 have not been directly visualized and characterized. Here, by using ultralow-temperature scanning 
tunnelling microscopy and spectroscopy, we study the superconducting vortices on the (0 −11) surface 
termination of UTe2 with an out-of-plane external magnetic field. At the centre of the vortex core, we 
observe a robust zero-energy vortex-core state that exhibits a cigar-shaped spatial distribution and extends 
to ∼30 nm along the [100] direction (crystallographic a -axis) of UTe2 . Along the direction perpendicular 
to [100], the superconducting gap is deeper and the coherence peak on one side of the vortex core is 
stronger than on the opposite side, and they are even enhanced in comparison with those under zero field. 
Due to the anisotropy of magnetic susceptibility in UTe2 , the asymmetric d I /d V spectra on the two sides of 
the vortex core result from the interplay between the magnetization-induced bound current and 
supercurrent around the vortex core. Our work reveals the important role of magnetization in the vortex 
behaviours of UTe2 and provides essential microscopic information for understanding its superconducting 
properties in a magnetic field. 
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change in the temperature-dependent nuclear mag- 
netic resonance (NMR) shift cooling through a 
superconducting transition temperature (although 
the recent NMR measurements show a large re- 
duction in the a -axis Knight shift for higher-quality 
UTe2 ) [15 ,21 ], the coexistence of superconductivity 
and ferromagnetic fluctuations from muon-spin re- 
laxation measurements [16 ] and chiral in-gap states 
at step edges in the low-temperature scanning tun- 
nelling microscopy and spectroscopy (STM/STS) 
measurements [17 ]. All these observations pro- 
v ide strong ev idence in support of spin-triplet 
superconductivity in UTe2 . 

Superconductivity in UTe2 emerges upon cool- 
ing from a paramagnetic state and coexists with 
strong ferromagnetic fluctuations [11 ,16 ,22 ]. As 
a type-II superconductor, when a magnetic field 
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NTRODUCTION 

pin-triplet pairing is a fascinating phenomenon that
as been predicted to exhibit many novel electronic
roperties, including fractionalized electronic states
nd topological edge modes [1 –6 ]. Because of the
oexistence of magnetism and superconductivity,
-based heavy-fermion superconductors are partic-
larly promising for the realization of spin-triplet
airing [7 –10 ]. In this context, UTe2 has shown
trong evidence as a spin-triplet superconductor
11 –20 ]. Although the identity of the superconduct-
ng order parameter in UTe2 is sti l l under debate,
everal unusual superconducting properties have
een reported in UTe2 , including a large and highly
nisotropic upper critical field that exceeds the Pauli
imit [11 –13 ], multiple superconducting regimes

nder extreme magnetic fields [13 ], a negligible 
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Figure 1. Superconductivity in UTe2 . (a) Crystal structure of UTe2 with the cleavage plane shown by the grey rectangle. 
(b) Schematic for the structure of the (0 −11) plane, which shows the Te1 and Te2 rows with the underlying U atoms. 
(c) High-resolution STM topography on the (0 −11) surface where the Te1 and Te2 rows appear as alternating bright and 
dark atomic chains. (d) Typical STM topography on the (0 −11) surface of UTe2 . (e) Variable-temperature d I /d V spectra on 
the (0 −11) surface, showing the evolution of the superconducting gap with temperature. (f, g) d I /d V line-cut profile taken 
along the yellow arrow in (d) with an energy range of ±10 mV (g) (set point: Vs = −10 mV, I = 700 pA). d I /d V spectra in 
(f) are taken on the bright Te chain (blue) and between the bright Te chains (red), as marked by the blue and red dots in (d). 
(h, i) Similarly to (f) and (g), the d I /d V spectra are taken with an energy range of ±1 mV (set point: Vs = −3 mV, I = 700 pA). 
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larger than the lower critical field but lower than
he upper critical field) is applied to UTe2 , the
agnetic field penetrates into the UTe2 in the form
f vortices that consist of both magnetic fluxes and
irculating supercurrents [23 ]. The ferromagnetic
uctuations in the vortex of UTe2 can be influ-
nced by the magnetic field within the vortex. This
ould result in unique vor tex proper ties that are
bsent from conventional superconducting vortices.
s mentioned above, UTe2 indeed shows several
nusual behaviours in a magnetic field [11 –13 ]
nd their origins sti l l remain mysterious. Directly
robing the vortices in UTe2 is an important step
or understanding the unconventional supercon-
ucting properties of UTe2 in a magnetic field. The
ortex core and lattice in superconductors can be
irectly probed by using a low-temperature and
igh-magnetic-field STM/STS technique [24 –29 ].
espite its low superconducting transition temper-
ture and large residual density of states near zero
nergy [17 ,30 –32 ], direct observation of the vortex
ore and lattice in UTe2 sti l l remains elusive. 

ESULTS 

ere, we report an ultralow-temperature STM study
f a vortex lattice and vortex-core states on the
0 −11) surface of UTe2 single crystals. Bulk single
Page 2 of 8
crystals of UTe2 have an orthorhombic crystal struc- 
ture and the superconducting transition temperature 
( Tsc ) is ∼2 K ( Fig. S1). UTe2 single crystals typi- 
cally cleave to show the (0 −11) surface [17 ,30 –33 ].
Similarly to the previous STM measurements, the 
typical STM topographies on the (0 −11) surface 
(Fig. 1 b and c) exhibit a chain-like structure in which 
two rows of Te atoms orient along the [100] direc- 
tion (crystallographic a -axis) [17 ]. Differential tun- 
nelling conductance (d I /d V ) probes the local den-
sity of states and can measure the superconducting 
gap near the Fermi level. In the d I /d V spectrum
taken in an energy range of ±1 meV, we observe 
the superconducting gap with symmetric coherence 
peaks located at around ±0.25 meV. The supercon- 
ducting gap is gradually suppressed as the tempera- 
ture increases to Tsc ∼ 2 K (Fig. 1 e). 

Figure 1 g and i shows the line cuts of the d I /d V
spectra taken in different energy ranges and along 
the yellow arrow in Fig. 1 d. As shown in Fig. 1 g, in
addition to the superconducting gap at the Fermi 
level, there is a peak-like feature at around −4.5 mV, 
which may be related to the flat band derived from 

the f -electrons in UTe2 . Although the d I /d V signal
above the superconducting gap is more or less spa- 
tially uniform, the depth of the superconducting gap 
shows spatial dependence (Fig. 1 f and h). As shown 
in the d I /d V line-cut profile with an energy range of

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf267#supplementary-data
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Figure 2. Observation of vortex and vortex-core state. (a) Zero-energy d I /d V map taken in a magnetic field B = 0.5 T. 
(b) d I /d V map taken in the same area as in (a) with 0.5 T and −0.25 mV. (c) Zero-energy d I /d V signal along the red dashed 
arrow in (a). (d) d I /d V spectra taken at the centre of the vortex (purple), on the left (green) and right (red) sides of the vortex 
core with 0.5 T, and the positions for these spectra are marked by the coloured circles in (b). The spectra are vertically offset 
for clarity. The grey d I /d V spectrum taken with a zero magnetic field is shown for comparison. (e, f) d I /d V line-cut profiles 
taken along the (e) black and (f) red dashed arrows in (a), which shows the evolution of the zero-energy vortex-core state 
inside the superconducting gap. The d I /d V maps and d I /d V spectra in this figure are taken with set point Vs = −3 mV and 
I = 700 pA. 
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1 meV (Fig. 1 i), the depth of the superconducting
ap exhibits periodic spatial modulation and the
epth of the superconducting gap at the Te2 chain
s slightly larger than that at the Te1 chain (Fig. 1 h).
lthough the size of the superconducting gap is
imilar to that reported in previous STS measure-
ents [17 ,31 ], the depth of the superconducting
ap measured in this work is significantly larger
 Fig. S2), which could be due to the lower measure-
ent temperature ( ∼30 mK lattice temperature)
nd slightly higher Tsc for our UTe2 single crystal.
e note that, although some properties of UTe2 
ay depend on the quality of the samples [34 –38 ],
TM is a local probe technique and the previously
eported chiral edge states and charge density wave
n the (0 −11) surface of UTe2 can be repeated in
ur STM measurements ( Fig. S3) [17 ,30 –33 ]. 
Having confirmed the zero-field superconductiv-

ty in UTe2 , we next investigate the vortex lattice and
ortex-core states by performing d I /d V measure-
ents with an external magnetic field perpendicular
o the (0–11) surface. In this case, the magnetic
eld is along the direction with an angle offset ∼24°
rom the crystallographic b - to c -axes [39 ]. The
patial distribution of the vortex core reflects the
uasiparticle wave function and can be mapped out
y performing d I /d V map measurements. Figure
 a shows the zero-energy d I /d V map and a cigar-
haped vortex core appears elongated along the
100] direction. Figure 2 b is the d I /d V map taken
Page 3 of 8
at the coherence peak energy (–0.25 mV) and in the
same area as that shown in Fig. 2 a. In the d I /d V spec-
trum taken at the centre of the vortex, we observe
a zero-energy vortex-core state w ith the full w idth
at half maximum ∼0.2 mV (Fig. 2 d). Figure 2 e and
f shows the d I /d V line-cut spectra taken along the
[100] and [011] directions, respectively (denoted by 
the dashed arrows in Fig. 2 a). In the line cut of the
d I /d V spectra along the [011] direction, the zero-
energy conductance peak is located within a narrow 

spatial range (Fig. 2 f). However, the zero-energy 
peak extends to ∼30 nm along the [100] direction 
and does not split (Fig. 2 e). This indicates that the
zero-energy vortex-core state is highly anisotropic, 
which can be explained by the anisotropy of the 
Ginzburg–Landau coherence length ξ along the 
two directions. The cigar-shaped vortex should 
be attributed to the anisotropic Fermi surface and 
the superconducting gap structure in UTe2 [25 ]. 
By fitting the zero-energy conductance values as a 
function of the position with an exponential decay, 
the extracted coherence lengths along the two di- 
rections are ξ 1 ∼ 15 nm and ξ 2 ∼ 5 nm, respectively 
( Fig. S4). 

Another prominent feature shown in the d I /d V
maps is that the d I /d V signal on the right side of the
vortex core (along the [011] direction from the vor- 
tex centre) appears different from that on its left side
(Fig. 2 a–c). The zero-energy d I /d V signal on the
right side of the vortex core is significantly lower than 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf267#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf267#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf267#supplementary-data
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Figure 3. Evolution of vortex lattice as a function of external magnetic field. (a–e) Zero-energy d I /d V maps taken at magnetic fields of (a) 0.5, (b) 2.0, 
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on the same area within 48 hours. The red triangles indicate the relative positions of the vortex cores. The dashed ellipses mark the moved vortex cores 
during the d I /d V map measurements. Scale bar in (a–i): 25 nm. (j) Magnetic-field dependence of the d I /d V spectra taken at the centre of the vortex. 
(k) Magnetic-field dependence of the d I /d V spectra taken on the right side of the vortex and the d I /d V spectrum taken with a zero magnetic field. The 
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hat on the left side (Fig. 2 a and c) and the d I /d V
ignal at the coherence peak energy (–0.25 mV) has
igher intensity on the right side (Fig. 2 b). This indi-
ates that the right side of the vortex shows a deeper
uperconducting gap and a stronger coherence peak,
hich can be clearly seen in the d I /d V spectra taken
n the two sides of the vortex core (Fig. 2 d). More
urprisingly, the right-side superconducting gap and
he coherence peak are even more prominent than
hose taken in a zero magnetic field (Fig. 2 d). En-
ancement of the superconductivity appears within
n area of ∼20 × 20 nm2 on the right side of the
ortex core and it induces inversion symmetry break-
ng along the [011] direction. To exclude the possi-
ility that this inversion symmetry breaking near the
ortex core is induced by local defects, we perform
ine cuts of the d I /d V spectra measurement without
 magnetic field along the same red dashed arrow
n Fig. 2 a and no symmetry-breaking feature is ob-
erved ( Fig. S5). We also note that the symmetry-
Page 4 of 8
breaking feature only appears in the d I /d V spec-
tra within the superconducting gap energy range 
( Fig. S6). 

To reveal the evolution of the symmetry breaking 
near the vortex core with external magnetic fields, 
we perform the magnetic-field-dependent measure- 
ments for the vortices in UTe2 . Figure 3 a–e shows 
the zero-energy d I /d V maps taken with different 
magnetic fields perpendicular to the (0 −11) surface 
and the density of the vortices is proportional to 
the strength of the magnetic field. Figure 3 f shows 
the number of vortices as a function of the external 
magnetic fields in an area of 100 × 100 nm2 , which 
indicates that each vortex carries one magnetic flux 
quanta ( φ0 ∼ 2.07 × 10−15 Wb). In low magnetic 
fields, such as 0.5 T, the symmetry breaking near 
each vortex core can be clearly seen (Fig. 3 a). As
the magnetic fields increases to above ∼2 T, the 
vortices form a triangular lattice and the right side 
of a vortex often overlaps with the left side of the

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf267#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf267#supplementary-data
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eighbouring vortex. This makes the asymme-
ry near the vortex cores difficult to distinguish
Fig. 3 b–e). As the magnetic field increases to ∼2 T,
he depth of the superconducting gap in the d I /d V
pectra measured on the right side of the vortex
radual ly gets smal ler (Fig. 3 k). At the same time,
he intensity of the zero-energy vortex-core state
ecreases, which could be due to the vor tex–vor tex
nteraction (Fig. 3 j). Similar behaviour has also been
bserved for the zero-energy vortex-core state in an
ron-based superconductor (LiFeAs) [40 ]. 
During the d I /d V map measurements, we find

hat the vortices in UTe2 are weakly pinned and easy
o move. Figure 3 g–i shows three typical zero-energy
 I /d V maps taken in the same area and within 48
ours. We can see that, although the vortices can
e stable for a few hours to allow the d I /d V map
easurements, the vortex lattice keeps changing for

 longer time. The dashed ellipses shown in Fig. 3 g
nd h mark the moved vortex cores captured in the
 I /d V map measurements and the vortex motion
esults in a break on a certain line of the d I /d V
ap. Interestingly, no matter where the vortices are

ocated, the symmetry breaking is associated with all
he vortex cores. This also rules out the possibility
hat the symmetry breaking is due to the local defects
ear the vortex core. The weakly pinning effect of the
ortices in UTe2 is consistent with the recent direct
urrent resistivity measurements [41 ]. Furthermore,
e find that this kind of symmetry breaking near the
ortex core is independent of the direction of the
Page 5 of 8
out-of-plane magnetic field. Figure 4 a and b shows 
the zero-energy d I /d V maps taken on the same area
with magnetic fields of + 1 and −1 T, and they show
the same asymmetry. This demonstrates that the 
symmetry breaking near the elongated vortex core 
is not due to the possible misalignment between 
the direction of the magnetic field and the surface 
normal. Otherwise, when the out-of-plane direction 
of the magnetic field is reversed, the asymmetry near 
the vortex core should also reverse. 

DISCUSSION 

Finally, we discuss the possible origin of the sym- 
metry breaking near the vortex core of UTe2 . First, 
the maximum magnetic field that we applied is ∼5 T 

and perpendicular to the (0 −11) surface. It is above
the Pauli limit for UTe2 ( ∼3.7 T for Tsc ∼ 2 K),
but below the strength of the magnetic field for in-
ducing the re-entrant superconducting phases [13 ], 
which indicates that the STM measurements in this 
work are within a single superconducting phase of 
UTe2 (SC1 phase). The SC1 phase in UTe2 emerges 
upon cooling from a nearly ferromagnetic state with 
the crystallographic b -axis as the magnetic hard axis 
[11 ,42 ]. When an out-of-plane external magnetic 
field is applied, the magnetic fields enter in the form
of vortices consisting of magnetic fluxes and a circu- 
lating supercurrent. The STM measures the vortex- 
core states that are distributed on the length scale of
the coherence length ( ξ). The magnetic fields decay 
from the vortex core on the length scale of the Lon-
don penetration depth ( λ) (Fig. 4 c and e) [23 ]. For
the U-based superconductors, the London penetra- 
tion depth can be several hundreds of nanometres or 
even larger [43 ]. 

Around the vortex-core region, the magnetic mo- 
ments from the U f -electrons can be polarized by
the magnetic fields within the vortex, which induces 
magnetization ( M ). Since the b -axis is the magnetic
hard axis of UTe2 , when the magnetic field is applied 
perpendicular to the (0 −11) surface, the magnetiza- 
tion would rotate toward the c -axis from the mag-
netic field direction (Fig. 4 c and e). This would in-
duce a surface-bound current ( K ) that is calculated
by using M × n (where n is the surface normal vec-
tor). In this situation, on the left side of the vortex
core, the direction of the bound current is along the
same direction of the supercurrent (Fig. 4 d). How- 
ever, on the right side of the vortex, their flow di-
rections are opposite (Fig. 4 d). This phenomenon 
would result in a smaller net supercurrent on the 
right side of the vortex core than on the left side.
The following question is: how does this induce 
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he asymmetric superconducting quasiparticle spec-
rum? 
Due to the Doppler shift, the current in the su-

erconductors weakens pair correlations and shifts
he energy of the Bogoliubov quasiparticle excita-
ions [44 ,45 ]. In our case, one possible scenario is
hat the superfluid velocity on the right side of the
ortex core ( vR = vs – vK ) is smaller than that on
he left side ( vL = vs + vK ), where vs and vK are
he superfluid velocities related to the supercurrent
nd surface-bound current, respectively. Therefore,
he Doppler shift effect on the right side of the vortex
ore is weaker than on the left side, which gives rise
o the asymmetric d I /d V spectra. When the direc-
ion of the out-of-plane magnetic fields is reversed,
he magnetization direction within the vortex also
hanges (Fig. 4 e and f). In this case, both the di-
ection of the bound current and the circulation di-
ection of the supercurrent reverse, which keeps the
symmetry unchanged. This is also consistent with
he magnetic-field-direction-dependent d I /d V maps
hown in Fig. 4 a and b. 
The coexistence of magnetization and the su-

erconducting gap near the vortex core supports
he spin-triplet superconductivity in UTe2 . General
ymmetry analysis for the odd-parity spin-triplet
uperconducting gap function of UTe2 can be di-
ided into two classes: chiral and non-chiral [46 ].
o far, the experimental identification of the su-
erconducting gap symmetry of UTe2 remains sti l l
nder debate [17 ,18 ,21 ,47 ,48 ]. It can be regarded
hat the spatial configuration around a supercon-
ucting vortex, separating the superconducting
ulk from the non-superconducting vortex core, is
opologically equivalent to a superconductor with
eft and right boundaries. The symmetry break-
ng observed here is analogous to the previously
eported chiral boundary states at the step edges
f UTe2 [17 ] and our proposed explanation for
he magnetization-induced asymmetry around the
ortex core indicates that the magnetic properties at
he step edges of UTe2 may play an important role
n the chiral boundary modes in UTe2 . 

ONCLUSION 

ur STM data reveal many intriguing features for
he vortex-core states and vortex lattice in UTe2 .
he elongation behaviour of the robust zero-energy
ortex-core state should be a combined effect of the
ermi surface anisotropy and the superconducting
ap structure of UTe2 . However, whether this zero-
nergy vortex-core state is the Majorana zero mode
n a spin-triplet superconductor needs further ex-
erimental investigation. We detect the asymmetric
Page 6 of 8
d I /d V spectra on the two sides of the elongated vor-
tex core, which are induced by the magnetization- 
induced bound current. Our findings also provide 
a new clue for understanding the chiral boundary 
modes in UTe2 . The enhanced depth of the super- 
conducting gap and coherence peak on one side of 
the vortex core is extremely special and further the- 
oretical modelling is needed to reveal its origins and 
implications. We also expect that this kind of sym- 
metry breaking in the vortex should be a general 
phenomenon for superconductors with strong and 
anisotropic paramagnetism. 

Note added. After submitting the manuscript, we 
became aware of the other two STM studies about 
the superconducting vortices in UTe2 [49 ,50 ]. 

METHODS 

Single-crystal growth 

High-quality UTe2 crystals were successf ully sy nthe- 
sized by using the molten salt flux method [51 ]. Prior 
to the preparation, natural uranium metal (3 N) was 
polished by using an electric sander to eliminate sur- 
face oxides and then cleaned with alcohol and ace- 
tone. High-purity NaCl (4 N) and KCl (4 N) were 
finely ground and then baked in an oven at 120°C 

for 24 hours to remove moisture. Initially, precise 
amounts of high-purity uranium, tellurium powder 
(5 N), NaCl and KCl were weighed and mixed at a
molar ratio of 1:1.71:20:20. This mixture was placed 
into a small Al2 O3 crucible and subsequently loaded 
into a 13-cm-long quartz ampoule with an inner di- 
ameter of 20 mm, which was then sealed under a 
pressure of ∼10−3 Pa. The sealed ampoule was in- 
troduced into a shaft furnace, in which the tempera- 
ture was gradually increased to 950°C over 24 hours 
and maintained for another 24 hours. Afterwards, 
the temperature was adjusted to 650°C over a period 
of 2–3 weeks to promote crystal growth. After cool- 
ing to room temperature, the content in the Al2 O3 
crucible was soaked in deionized water for 24 hours 
to remove NaCl and KCl, resulting in the success- 
ful production of the rod-like UTe2 single crystals 
(Fig. S1). 

STM/STS measurements 
STM experiments were conducted by using an 
ultralow-temperature STM system at a base temper- 
ature of 30 mK with an effective electronic tem- 
perature of ∼200 mK (Unisoku 1600) [52 ]. STM 

measurements were performed by using chemically 
etched tungsten tips. The tungsten tips were flashed 
by using electron-beam bombardment for 2 min- 
utes before use. The UTe2 single-crystal sample was 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwaf267#supplementary-data
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332 : 1410–3. 
leaved at 77 K and then transferred immediately
nto the STM head for measurement. The d I /d V
pectra were acquired by using a standard lock-in
echnique at a modulation frequency of 910 Hz. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
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