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The Kondo lattice model, as one of the most fundamental models in con-
densed matter physics, has been employed to describe a wide range of
quantum materials. Discovering new phases on the Kondo lattice and unveiling
their mechanisms are crucial to the understanding of strongly correlated
systems. Here, in a layered Kondo magnet USbTe, we observe a spin-textured
nematic state and visualize a heavy electronic liquid-crystal phase. Employing
scanning tunneling microscopy and spectroscopy (STM/STS), we visualize a
tetragonal symmetry breaking of heavy electronic states around the Fermi
level, which coincides with the formation of heavy quasi-particles driven by
band hybridization. Remarkably, using spin-polarized STM, we demonstrate
that the nematic state is spin-polarized, which not only suggests its intrinsically
electronic nature but also represents the unique magnetic texture of nematic
heavy fermions. Our findings unveil a novel correlation-mediated order whose
mechanism is inherently tied to Kondo-lattice physics. The observation of
heavy nematic states enriches the phase diagram of correlated systems and

provides a rare platform to explore the interplay of Kondo physics, sponta-
neous symmetry breaking, and quantum criticality.

In a Kondo lattice, the interaction between local moments and itiner-
ant electrons is essential to the emergence of exotic states of matter'™",
As the temperature cools down, the f-orbital electrons, which are
usually localized in real-space, interact with conventional nearly free
electrons and hybridize with them, becoming part of the Fermi Sea and
endowing it with heavy effective masses. Over the past decades, a
tremendous number of quantum phenomena have been observed in
heavy fermion systems such as unconventional superconductivity'®,
non-Fermi liquid™*** and exotic orders®. On the other hand, the
nematic electronic liquid-crystal phase is an intriguing order often

observed in high-temperature superconductors and, in some cases,
associated with non-Fermi liquid behavior®. Although evidence of
rotational symmetry-breaking states has been observed in heavy fer-
mion materials via macroscopic probes® ™, its microscopic connec-
tion to heavy fermions and Kondo physics is largely unknown.

Results

In this work, we report the observation of a heavy electronic liquid-
crystal phase in a Kondo magnet USbTe. Combining STM, ARPES, and
theoretical analysis, we show that the heavy electronic liquid-crystal
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Fig. 1| Visualization of the Kondo lattice in USbTe. a Crystal structure of USbTe.
The right panel shows the top view of the Sb and U planes with the underlying

atoms. b, ¢ Topography of Sb termination (left) and U termination (right). Atomic
arrangements are labeled as a guide. Bias voltage: 100 mV. Set point current: 50 pA.
d Topography of the U termination showing atomic defects. e dI/dV spectra on the
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U termination. Data is collected at 20K and fitted to a Fano spectrum with fitting
parameters given in the main text. f Temperature dependence of dl/dV spectra on
the U termination. A constant offset is applied to each dI/dV spectra. At 15K, there is
a peak-dip feature near the Fermi level, marked by the black arrow. Bias voltage:
50 mV. Set point current: 400 pA.

phase: (1) breaks four-fold rotational symmetry, (2) consists of heavy
quasi-particles, (3) is spin polarized and therefore distinct from exist-
ing phases of matter® .

USbTe is a heavy fermion ferromagnet with Curie temperature
T. = 125K*>*, It has a layered structure, consisting of planes of
Uranium (U) and Tellurium (Te) atoms sandwiched by Antimony (Sb)
planes. Within each plane, the corresponding atoms form a square
net preserving the mirror symmetry and the C4 rotational symmetry
of the crystal lattice (corresponding to a 90-degree rotation with
respect to the c-axis). In our STM experiments, crystals typically
cleave between the U and Sb planes due to their relatively weak
chemical bonding and show the (001) surface, as shown in Fig. 1a.
After extensive searches in 4 samples, we have found two kinds of
terminations, A and B, as shown in Fig. 1b, c. The arrangement of
individual atoms is marked in the two terminations, each forming a
square lattice. Since the distance between the U-U atom is +/2 larger
than the Sb-Sb atom, we attribute termination A to the Sb plane and
termination B to the U plane. The identification of U termination is
further supported by spectroscopic data and spin-polarized mea-
surements, which we will present in the following. Figure 1d
demonstrates a typical topography taken on the U plane (termina-
tion B), featuring a flat surface with random atomic defects. The
atomically resolved topography shows the high quality of the sur-
face. The exposure of U atoms allows us to directly probe the heavy
fermion behavior. In the remainder of this paper, the data are all
taken on the U termination unless otherwise noted.

In a heavy fermion lattice, the localized moments from the f
orbitals (which here come from the U atoms) are immersed in the
itinerant electron sea (which here can come from d-orbitals of the U
atoms or p-orbitals of the Sb atoms). When electrons tunnel into the
system, the tunneling conductance resembles the shape of a Fano
spectrum, known as Kondo resonance**"’. In STM experiments, the
tunneling junction is built up between the STM tip and the sample,
allowing us to access the local differential tunneling conductance dl/
dV(V). Figure 1e shows a spatially averaged tunneling spectrum taken
at 20 K, exhibiting features of Kondo resonance. The conductance can
be fitted by a Fano spectrum parameterized by dI/dV(V) %

h . . (V—Eg)/T
where E, is the resonance energy, I' is the resonance width anc¥ gisthe
Fano parameter. Upon cooling the sample below 15 K, an asymmetric
peak-dip feature develops near the Fermi level (marked by the black
arrows). The peak-dip feature of the dI/dV curves has been observed
on U terminations of other heavy fermion compounds**™. It has been
suggested that the enhanced spectral weight near the Fermi level can
come from the heavy f-electrons, and the spectrum dip is related to the
partially opened hybridization gap. Remarkably, transport measure-
ment of the bulk sample shows a resistivity upturn below 15K***?,
concurrent with the peak-dip feature we observed.

We present the main finding of the work, a nematic Kondo lattice,
in Fig. 2. The STM differential conductance map dI/dV(V, x) provides
the energy-resolved electronic density of states distribution. Figure 2a
shows the real space dI/dV conductance map at the Fermi energy (Eg),
i.e, V=0mV, taken at 4.2K. The conductance map exhibits a stripe-
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Fig. 2 | Observation of a nematic Kondo lattice. a dI/dV map at 0 mV. Dashed line
tracks a nematic domain wall. Yellow arrows mark the orientation of the anisotropic
feature of the nematic state. b dI/dV spectra on U termination. ¢ Energy-resolved dI/
dV maps. Nematic order appears at +£2 mV. STM tunneling condition: V=30 mV,
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1=120 pA. The data in figure a-c are taken at 4.2 K. d dl/dV maps at 10 mV, taken at
4.2K, 10K, and 15K (left to right). e Symmetry factor a, which quantifies the four-
fold rotational symmetry breaking. a peaks around the Fermi-level at 4.2 K. Details
on how the factor «a is extracted are provided in the main text and Methods.

like pattern, whose direction is oriented 45 degrees with respect to
both a and b axis, as marked by the yellow arrow in Fig. 2a. The stripe
pattern is reminiscent of the fingerprints of electronic nematicity seen
in iron-based superconductors®?****, breaking the C, rotational sym-
metry of the crystal lattice, and we thus attribute it to a nematic state.
Notably, the dashed line in Fig.2a tracks a boundary between two
domains, where the unidirectional patterns are rotated by 90 degrees.
The observation of multiple domains in the same field of view can rule
out anisotropic STM tip effects. Supplementary Fig. 1a, b shows a large-
area topographic image and its Fourier transform. The flat surface and
isotropic Bragg peaks demonstrate the lack of structural disorder.
Figure 2c displays representative energy-resolved dI/dV maps focusing
on the same region. While the stripe pattern is prominent at E+ 2 meV,
it almost disappears at E¢+ 25 meV. The energy dependence of the dI/
dV maps illustrates that the nematic state mainly emerges at energies

close to the Fermi level. The anisotropy direction of the nematic state
is pinned in each domain regardless of atomic defects, suggesting it
does not arise from an anisotropic scattering potential.

We further investigate the temperature dependence of the
nematic state. Figure 2d shows a series of spectroscopic maps dl/dV(x)
at E=10 meV, close to the Fermi surface. The real space stripe pattern,
evident at 4.2K, is substantially weakened at 15K. By examining the
Fourier-transformed (FT) dI/dV maps at different temperatures (sup-
plementary Fig.10), we observe that the C, symmetry is broken at 4.2 K
and restored as temperature rises above 15 K. To quantitatively extract
the anisotropy of the_electronic state, we define a factor
o =Tr(M — MRYM — MR)'], where M is the matrix for normalized FT
images and M® is the same matrix but rotated by 90 degrees (details
provided in Methods). For a perfectly C, symmetric FT image, o should
be 0, while the breaking of C, symmetry will lead to a non-zero a value.
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Fig. 3 | Spectroscopic evidence of rotational symmetry breaking and heavy
band formation. a, Quasiparticle interference (QPI) maps taken at 4.2 K. Q, , labels
the Bragg peaks. The white dashed line corresponds to the first Brillouin zone,
drawn for reference. The green arrow points to the scattering vector g. QPI patterns
are two-fold symmetrized. b Energy-momentum dispersion of QPI bands at 4.2K
extracted along the OM (left) and OM (right) directions. The white markers track

the intensity bump at each energy cut. STM tunneling condition: Vp;as =50 mV.
1=120 pA. Vinoq =2.5mV. ¢ Energy-momentum dispersion of QPI bands at 22K
along OM and OM. d ARPES-measured band dispersion along the M — T — M
direction at 6 K. The white arrow points to a light band. e Energy-momentum cut at
130 K. f ARPES-measured Fermi surface at k, =0 at 6 K. Data is two-fold symme-
trized. ARPES measurement parameters are provided in Methods.

In practice, however, due to noise inevitably present in the experi-
ments, « is not identically zero even in a nominally tetragonal sample.
We calculate o for the FT dI/dV maps at different energy cuts and
temperature, and the results are presented in Fig. 2e. We make two
important observations: First, at 4.2 K, a peaks around the Fermi level,
decreases as the energy becomes higher (or lower), and eventually
fluctuates at the noise background level at 20 meV away from the
Fermi level. Second, at 15K, the peak around the Fermi level is gone
and the energy dependence of o becomes essentially featureless.
Remarkably, the nematic state exhibits similar energy and temperature
scales as the dl/dV feature. Below 15K, the nematicity occurs at low
energy, where the di/dV peak-dip is located.

We now show the rotational symmetry breaking of heavy quasi-
particles using spectroscopic tools. In STM measurements, the scat-
tering process between quasi-particles and defects can produce sig-
nals in the FT dI/dV maps, enabling us to infer the energy and
momentum structure of the electronic bands, known as quasi-particle
interference (QPI) maps. Figure 3a shows a series of QPI maps at

selected energies, which are two-fold symmetrized to enhance the
signal-to-noise ratio (raw data in supplementary Fig.2). The Bragg
vectors Q, , and other reference points are labeled. Moving toward the
Fermi level, the QPI map evolves from a C, to a C, symmetric pattern,
as a manifestation of nematic order. Along OM/, we observe sets of
scattering vectors g, marked by the green arrow at -5 meV. The cor-
responding scattering intensity surrounds the origin and roughly
forms a square shape. The QPI band dispersion suggests that g comes
from scattering of a light conduction band. Figure 3b shows the line
cut of the QPI intensity along the OM and OM: directions with finer
energy resolution. In the QPI dispersion along OM, the vector g shows
light band behavior with a steep slope, marked by the white dot in
Fig. 3b. However, along the 90-degree rotated direction (OM), the QPI
band changes dramatically: the slope of the QPI band becomes
strongly energy dependent, and a flat intensity appears around 5 meV,
indicating the formation of heavy quasi-particles**™". Importantly, the
flat intensity breaks the four-fold rotational symmetry and only
appears along one of the two orthogonal cuts (OM and OM/). By
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contrast, at 22K, the light band persists through the whole energy
window along the two orthogonal cuts (Fig. 3¢c). To validate the exis-
tence of a flat band at the Fermi level, we have also conducted ARPES
measurements. Figure 3d, e shows the ARPES intensity cut along M —
I — M at 6 K and 130 K. The white arrow points to a steep light band. At
6 K, we observe intensity (purple) forming a flat shape at the Fermi
level and hybridizing with the conduction band. Figure 3f shows the
Fermi surface, where the Brillouin zone and high-symmetry momen-
tum points are labeled. The flat band feature exhibits intensity (the
blue region) dominantly along 'M (compared to "X), consistent with
the QPI signal. However, we note that our ARPES data locates the flat
band along I'M, the pattern in Fig. 3f cannot show the real symmetry of
the Fermi surface. The asymmetry in the ARPES Fermi surface map
typically comes from the photoemission matrix element effects and
experimental setup. The QPI and ARPES measurements demonstrate
that, around the Fermi level, the conduction band is hybridized with
the flat band from the f-orbitals, leading to heavy quasiparticles.
Concurrently, the QPI signals exhibit prominent C,-symmetric fea-
tures, providing crucial evidence for the rotational symmetry breaking
of the quasiparticle mass enhancement.

In the context of Kondo hybridization, heavy electrons carrying a
magnetic moment can interact with and spin-polarize the conduction
electrons. To gain magnetic information of the nematic order, we have
conducted spin-polarized STM. In the experiment, we used a Nickel tip
to probe the sample®*>°. For tunneling junctions between magnetic
materials, due to matrix element effects, the tunneling current and
conductance is enhanced when the spin polarizations of the tip and
sample are aligned and suppressed when they are anti-aligned. Nickel
is a soft ferromagnet whose spin polarization can be tuned by applying
a small magnetic field***°, whereas the bulk USbTe crystal has a
coercive field B-1.3T at 5K (see supplementary Fig. 8). Thus, by
applying fields along the c-axis of +0.5 T and —-0.5 T, we can change the
tip polarization without affecting the sample magnetization (shown
schematically in Fig. 4c), allowing us to probe the sample’s spin-
polarized states. Figure 4a shows the area of our focus taken on the U
termination, where individual U atoms are marked. We first applied a
magnetic field of +4 T (up) to polarize the sample and tip and ramped it
down to OT. Then, we measured the tunneling conductance under
+0.5 T (up) and -0.5 T (down) on the same linecut as marked, i.e., along
the diagonal direction of the U lattice. To make sure the data are taken
at the same location, we find a reference impurity across the line cut
(black marker). While the magnetic field is reversed from +0.5T to
-0.5T, the topographic height, representing the atomic corrugation of
the U atoms, stays the same (Fig. 4b). However, the tunneling con-
ductance dI/dV at the Fermi level exhibits a contrast reversal (Fig. 4b):
while at +0.5T the tunneling conductance peaks at the U site (red
curve), at —0.5 T the signal turns to a local minimum at the same atomic
location (blue curve). The contrast reversal is quite robust near the
Fermi level and can be well reproduced with different Ni tips and
samples (supplementary Fig.5). To rule out accidental tip change, we
have applied a sequence of magnetic fields +0.5T - -0.5T - +0.5T
— —0.5T. The contrast reversal appears as long as the field is flipped,
as shown in Fig. 4d. To confirm that the signal reversal comes from spin
channels, we repeat the measurement with a non-polarized Pt-Ir tip
and show the results in supplementary Fig.3. With the Pt-Ir tip, we do
not observe any contrast reversal under +0.5 T. The result shows that
during the field flipping, the sample does not experience noticeable
changes of electronic states, further supporting the conclusion that
the observed contrast reversal comes from the spin sensitivity of the
tip. The results indicate a spin polarization of the heavy fermion lattice:
Local moments from f-electrons sit at the U sites and have the same
polarization as the sample (up). At +0.5 T, the states at the U sites (up)
have the same spin polarization as the tip (up), which enhances the
tunneling process. At —0.5 T, the states at the U sites (up) have oppo-
site spin polarization from the tip (down), suppressing the tunneling

process. Importantly, between the U sites, the tunneling signal at
-0.5T surpasses that at 0.5T, providing signatures of an anti-
ferromagnetic type of spin density wave.

We move to investigate the nematic state using the spin-polarized
tip by performing zoomed-in dl/dV maps under +0.5T. Figure 4e
shows the topographic images and the corresponding dl/dV maps. The
marked impurity is referenced to ensure that the two maps are taken in
the same area. Under +0.5 T, the tip with up polarization (aligned with
the sample) visualizes nematic stripes along the vertical direction (45
degrees to a and b axes). However, under -0.5T, the tip with down
polarization (anti-aligned with the sample) does not yield a nematic
pattern. To quantitatively validate our results, we have conducted a set
of FT-dl/dV maps (see Supplementary Fig.6) and calculated the energy-
dependent « values. Figure 4f plots the a value for the FT-dl/dV maps
under +0.5T. At +0.5 T, o peaks near O meV, similarly to the non-spin-
polarized result, indicative of the dominant symmetry-broken states at
the Fermi level. In contrast, at —0.5 T (tip polarization is flipped), the
peak is substantially weakened. To rule out that the applied magnetic
field changes the nematic state, we have conducted field-dependent
maps with non-polarized Pt-Ir tips. As shown in the Supplementary
Fig.5, focusing on the same area, the stripe pattern does not exhibit
field dependence. Therefore, the sensitivity of « to the tip’s polariza-
tion reveals that the symmetry-broken states tend to tunnel through a
particular spin channel. The qualitative spectroscopic patterns and
quantitative o values provide direct evidence that the nematic state
has spin polarization aligned with the local moment. Whether the
nematic state would break time-reversal symmetry on its own or
whether the spin-polarization is a by-product of the ferromagnetic
transition at much higher temperatures cannot be distinguished from
our data.

We now discuss the interpretation of the experimental data.
USbTe has a tetragonal structure with P4/nmm space group and the
Dy, point group. In the nematic phase, the tetragonal symmetry is
broken, and the diagonals on the (a,b) plane become inequivalent. This
is indicative of a nematic order parameter that transforms as the B,
irreducible representation (irrep) of the tetragonal group (i.e., dy,
form-factor symmetry); incidentally, this is analogous to the nematic
order observed in iron pnictides, which also have the same space
group P4/nmm®. In our work, we observe that the nematic order is
substantially suppressed above 15K. Importantly, at a similar tem-
perature range, we observe a peak-dip feature in the dl/dV spectra, as
well as the formation of a heavy band in QPI below 15 K. Similar STM
features, but without tetragonal symmetry breaking, were also
observed in the heavy-fermion URu,Si, around 17 K, where they were
attributed to band hybridization and the onset of a hidden order
state’®”. Interestingly, in both systems, electrical transport measure-
ments suggest a higher Kondo temperature®®*°, at which Kondo
hybridization is generally believed to take effect. The reason why STM
observes the formation of heavy quasi-particles at a lower temperature
deserves further study. Notwithstanding this caveat, our data clearly
reveal tetragonal symmetry breaking, and thus nematic order,
accompanied by the formation of heavy quasiparticles. The electronic
nature of nematicity is supported by several observations. First, the
topographic images reveal the lack of significant structural disorder in
the temperature range where nematicity is seen (Supplementary
Fig.1d), and no detectable lattice distortion. By examining the topo-
graphy across a nematic domain (Supplementary Fig. 1c), we do not
observe structural changes. Second, we observe nematic domains,
which are characteristic of long-range order rather than local order
induced by extrinsic global strain, similarly to what was observed
previously in nematic iron pnictides®. Third, the spin-polarized STM
data show that the nematic order occurs predominantly on a particular
spin channel, which supports an inherently electronic origin for this
phenomenon. Another important question about the observed
nematicity is whether it is a bulk feature or comes from surface
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sequence of fields +0.5T — -0.5T — +0.5T — —0.5 T. An offset is applied, refer-
enced by the dashed grey line. Topography images of region Il are provided in
Supplementary Fig. 4. e Comparison of the topography and dI/dV (E =3 meV) maps
in the same area. The reference impurity is marked. Upper and lower images are
taken at +0.5 T and —0.5 T, respectively. The white arrow guides the nematic stripe
along 45 degrees to lattice vectors a and b, consistent with nematic modulations in
Fig.2a. f, Symmetry factor a acquired with different tip polarizations.
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reconstruction. We note that the nematic order is observed on both
Uranium and Antimony terminations and does not adhere to a specific
kind of surface (see supplementary). While simultaneously mapping
the topography and conductance maps, no structural changes are
detected across the nematic domain. Therefore, we conclude that
nematicity does not come from structural surface effects. Moreover,
below 15K, bulk electrical transport measurement on USbTe reports a
resistivity upturn®’. This is consistent with our STM measurements: (a)
Below 15K, we observe a dip in dl/dV spectra near the Fermi level,
signaling a suppression of the density of states. (b) The concurrent
emergence of a nematic stripe order can cause additional scattering.

Since nematic order concurs with the formation of heavy quasi-
particles, it is natural to consider a scenario in which the Kondo
hybridization spontaneously breaks the tetragonal symmetry of the
system. To further explore this scenario, we consider the hybridiza-
tion order parameter A = Zf;mc,w +h.c.) where ¢, is the fermio-
nic operator for the itinerant electrons (which can be the d-orbitals of
U or the p-orbitals of Sb) and f, refers to the local f~orbitals of the U
atom. As discussed above, the symmetry of the nematic state
extracted from QPI is that of a nematic order parameter transforming
as the B, irrep of the point group Dy, A straightforward group-
theory classification of the possible hybridization order parameters
involving the p,d f-orbitals (Supplementary Table 1,2) reveals that the
pf hybridization provides two routes to realize B,; nematic order:
either as a hybridization between f,,, and p, or as a hybridization
between (f2,fy,2) OF (fype_3p2),fyaxe_y2) and (py,py). In contrast,
since the d and f orbitals have opposite parities, their combination is
always odd under inversion and thus cannot give a pure nematic
order. We note, however, that d-f hybridization can result in an order
parameter that transforms as the E, irrep, which, besides breaking
inversion symmetry, can also break the tetragonal symmetry via a
secondary composite order. Since the QPI map is always cen-
trosymmetric, it has limitations to fully capture the symmetry
properties of the Fermi surface under inversion. Additional work is
thus needed to completely rule out such a scenario. Interestingly, the
mechanism in which the p-f hybridization is responsible for the
nematic order is consistent with the fact that the conduction band
seen in the ARPES measurement disperses steeply at a large energy
range (Fig.3). Such a steep dispersion is indicative of a weak mass
renormalization, which in turn is consistent with a p-orbital origin. It
is important to emphasize that a non-zero symmetry-breaking
hybridization order parameter will only result in an anisotropic
electronic spectrum in the presence of a symmetry-preserving
hybridization, as discussed in Methods. In this regard, it is interest-
ing to note the higher Kondo temperature estimated from transport,
which may be related to the onset of such a symmetry-preserving
hybridization.

Our work therefore, reveals a direct relationship between Kondo
hybridization and nematic order in USbTe. While the phenomen-
ological scenario proposed here is consistent with several experi-
mental observations, further work is needed to develop a microscopic
model for the interplay between different types of symmetry-breaking
and symmetry-preserving hybridization order parameters. Our find-
ings also raise the question of whether a similar effect could address
the in-plane anisotropic responses previously seen in other heavy
fermions, such as CeRhins® and URu,Si;*>. More broadly, the
mechanism of hybridization-driven nematicity might also be applic-
able to other quantum materials, such as nematic order in twisted
bilayer graphene®*’.

Methods

Crystal growth

Single crystals of USbTe were synthesized by the chemical vapor
transport method using iodine as the transport agent. Elements of U,

Sb, and Te with atomic ratio 1:0.8:0.8 were sealed in an evacuated
quartz tube, together with 1 mg/cm3 iodine. The ampoule was gradu-
ally heated up and held in the temperature gradient of 1030/970 -C for
7 days, after which it was furnace cooled to room temperature.

STM experiments

USbTe single crystals were cleaved at 78 K under ultrahigh vacuum
(UHV) conditions (<5x107° mbar), and then immediately inserted
into the microscope head, which is at the *He base temperature (4.2 K).
The cleaved sample shows a [001] surface with atomic flatness. Com-
mercial STM Pt-Ir tip (nonmagnetic) and STM Nickel tip (soft magnet)
were used in this study. Tunneling conductance maps were obtained
using standard lock-in amplifier techniques with a lock-in frequency of
974 Hz and tunneling junction set-ups as indicated in the corre-
sponding figure captions. In temperature-dependent measurement,
the STM tip was first retracted by several steps from the sample before
the heat source was applied. Data was taken after the temperature was
stabilized and the STM system was relaxed, which usually takes hours.
QPI maps in Fig.3 are two-fold symmetrized and smoothed using
Gaussian window functions, and raw data is provided in the supple-
mentary. In this study, we have successfully measured 5 samples and
observed nematicity on all the cleaved samples.

For magnetic field-dependent measurements, data were taken
while the superconducting magnet was in persistent mode. While
ramping the field, we carefully retracted the STM tip from the sample
to avoid tip crashing. We have used the reference defect to make sure
the dl/dV maps at different fields are taken in the same area. Compared
to dI/dV maps, it is more difficult to make sure the dI/dV linecuts are
taken in the same area. To make sure the line cuts are taken at the same
position, we have taken the following procedure: After changing the
magnetic field, we first find the same region using the reference defect.
Then the tip is relaxed to avoid drifting. The relaxation can take hours.
During the relaxation, we repeatedly scan a zoom-in topography image
to correct the drift. After the procedure, we take the line cut at the
desired position. After the line cut, we scan the topography again to
make sure the drift is negligible.

Calculating symmetry factor «

In the work, we have introduced the symmetry factor o to quantitatively
compare the rotational symmetry breaking of FFT images. The proce-
dure for calculating « is as follows: We first apply a discrete Fourier
transform to real-space dI/dV maps and get a set of FFT images. We then
apply a constant window to screen out Bragg peaks, the area outside the
Bragg peaks, and the noise at the FFT image center. The FFT image is
then coded by a 2D matrix. We then renormalized the matrix to get M

and MR, Finally, we calculate o = Tr {(M - MR> (M - MR) T} .

To accurately reflect the symmetry of the raw data, we did not
apply any symmetrization to the FFT images for calculating o. For a
perfect four-fold rotational symmetric matrix, a=0. In the experi-
ment, due to unavoidable noise, o always has a finite value. Therefore,
we focus on the trend of a as a function of energy, temperature, and
spin-sensitivity, rather than its absolute value.

ARPES measurement

Angle-resolved photoemission spectroscopy experiments were per-
formed at the beamline 5-2, Stanford Synchrotron Radiation Light-
source in Menlo Park, USA. Samples were cleaved in the ultra-high
vacuum (<1011 mbar) at 130 K and gradually cooled down to the base
temperature. Unless otherwise stated, the impinging light is
p-polarized with an energy of 98 eV. The Fermi levels of the energy-
momentum cuts were determined by measuring polycrystalline gold
under the same conditions. The energy resolution of cuts is better
than 10 meV.
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Data availability
The datasets supporting the results of this study are available from the
corresponding authors upon request.
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