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Charge, spin and Cooper-pair density waves have now been widely detected in
exotic superconductors. Understanding how these density waves emerge —
and become suppressed by external parameters — is a key research direction in
condensed matter physics. Here we study the temperature and magnetic-field
evolution of charge density waves in the rare spin-triplet superconductor
candidate UTe, using scanning tunneling microscopy/spectroscopy. We reveal
that charge modulations composed of three different wave vectors gradually
weaken in a spatially inhomogeneous manner, while persisting to surprisingly
high temperatures of 10-12 K. We also reveal an unexpected decoupling of the
three-component charge density wave state. Our observations match closely
to the temperature scale potentially related to short-range magnetic correla-
tions, providing a possible connection between density waves observed by
surface probes and intrinsic bulk features. Importantly, charge density wave
modulations become suppressed with magnetic field both below and above
superconducting 7. in a comparable manner. Our work points towards an
intimate connection between hidden magnetic correlations and the origin of

the unusual charge density waves in UTe,.

Unconventional superconductivity often occurs in close proximity to
other symmetry-breaking phases. In the canonical example of cuprate
superconductors, superconductivity is found to co-exist with electro-
nic nematic phase, which breaks the rotation symmetry of the system,
and the periodic modulations, or waves, of the charge density and the
superfluid density throughout much of the phase diagram'. The
Cooper pair density waves (PDWSs), either as the primary drivers or as
secondary states accompanying charge density waves (CDWs), have
now been seen in a range of unconventional superconductors,
including cuprate high-temperature superconductors®*, Fe-based
superconductors™ and kagome superconductors’™’.

Out of the array of density wave superconductors, heavy fermion
superconductor UTe, is an intriguing example of a system that also
shows strong evidence for spin-triplet superconductivity in proximity

to an underlying magnetic instability’®" and strong fluctuations™.
Unconventional pairing is supported by the very small Knight shift
change across the bulk superconducting transition temperature 7.°',
large and highly anisotropic critical magnetic fields'’, peculiar phase
diagram with multiple superconducting regimes"” and the non-zero
polar Kerr effect below 7. signaling time-reversal symmetry breaking
despite the absence of long-range magnetic order'®. Within this
superconducting state, the system is also reported to host intertwined
Cooper pair and charge density wave modulations®”, further high-
lighting the unusual nature of this superconductor. Revealing how
these phases emerge as the temperature is lowered, or how they are
suppressed by perturbations such as magnetic field or chemical dop-
ing can provide an essential insight into their nature. In particular,
understanding the CDW transition and how large the CDW onset
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temperature is, can be crucial for unveiling the nature of the PDW and
whether it is a primary PDW.

Here we use spectroscopic imaging scanning tunneling micro-
scopy (SI-STM) to discover an unusual nature of the CDW in UTe,. By
investigating the evolution of charge modulations in UTe; as a function
of temperature and magnetic field, we find that the CDW phase
emerges substantially above the superconducting transition, at about
10-12 K. SI-STM spatial mapping reveals that the CDW phase is sup-
pressed by forming short-range CDW regions that shrink in size as the
CDW approaches global suppression by increasing the temperature.
The arrangement of CDW puddles is reproducible with repeated
thermal or field cycles, pointing towards the role of local disorder.
Interestingly, based on the temperature and energy-dependence, we
discover one of the density wave vectors along the mirror symmetry
direction is distinct compared to the other two. This reveals an unex-
pected decoupling of the three-component CDW state. Importantly,
the onset temperature of charge modulations observed here closely
matches the temperature scale in transport measurements believed to
be associated with magnetic correlations, providing a possible con-
nection relating the density waves observed by surface sensitive
experiments and bulk measurements. Importantly, we discover that
magnetic field gradually suppresses the charge density wave even at
temperatures several times higher than the superconducting T.. Such

primary CDWs tunable by magnetic field are very rare. Given UTe; as a
spin-triplet superconductor, our work suggests that spin-triplet
superconductivity in UTe, emerges from an unusual charge density
wave state connected to “hidden” magnetic correlations as its origin.

Results
We study bulk single crystals of UTe, with bulk superconducting
Tsc = 1.6 K (Methods). We cleave the crystals in ultra-high-vacuum at
liquid nitrogen temperature, and immediately insert them into the
microscope head. The crystal structure of UTe;, is orthorhombic and
UTe, crystals tends to cleave along the [0 — 11] direction®. Typical STM
topographs of the (0 -11) plane show a chain-like surface, with two
rows of Te atoms oriented along the [100] direction (Fig. 1a), similarly
to what has been observed in other STM studies' . In addition to the
atomic Bragg peaks Qgragg and Te chain Bragg peaks Qchain (Fig. 1b),
Fourier transforms (FTs) of differential conductance d//dV maps show
three other pairs of peaks (Fig. 1c, d). These peaks are non-dispersive
with energy (Fig. 1e-g) and correspond to an emergent charge density
wave (CDW) intertwined with a PDW at the same wave vectors'®",
Previous STM experiments primarily focused on studying these
density waves in the superconducting state, and reported their exis-
tence up to at least 4.2 K'*°, Consistent with these, CDW peaks in our
data are also clearly detectable at 4.2K (Fig. 1d). We proceed to
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Fig. 1| Characterization of the UTe, surface and the non-dispersive charge
modulation peaks. a Atomically-resolved scanning tunneling microscopy (STM)
topograph of UTe, (0 - 11) surface with bright rows of Te atoms positioned along
the crystal g-axis. Inset in (a) shows the zoomed-in topograph over the small white
square. b Fourier transform (FT) of the STM topograph in (a). Te Bragg peaks
(Qgragg) and the unidirectional chain peaks (Qcnain) are circled. ¢ Fourier filtered
single-layer d//dV map on the same UTe, (0-11) surface showing the characteristic

Intensity (arb. units)

charge density wave (CDW) pattern, and (d) its associated FT. Three different CDW
peaks q'cow, G%cows and @’cpw are circled in the FT in (d) in blue, red and green,
respectively. e-g FT linecuts, starting from the center of the FT through each of the
three CDW peaks, as a function of energy. It can be seen that the position of the
three CDW peaks is not dependent on energy. STM setup condition: Vsampie =
—20mV, /se =100 pA (a); Vsample =20 MV, lse; =40 PA, Vexc =3 mV (€); Vsample =
=20 mV, lse =40 pA, Vexc =3 mV (e-g).
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Fig. 2 | Temperature dependence of the charge density wave modulations.
a-c Fourier transform (FT) linecuts of the d//dV map acquired at 40 mV, starting
from the center of the FT, through the three CDW peaks: (a) q'cpw, (b) ¢*cow, and
(¢) ¢*cow on sample 1. Suppression of the CDW peaks is apparent with increasing
temperature. Insets in (a-c) show the relevant portion of the FT, with the corre-
sponding wave vector that is plotted circled. d Plot of the background-subtracted
height (FT amplitude) of the Gaussian fits to each peak in the temperature-
dependent linecuts in (a-c). Blue, red and green lines represent linear visual guides
for each of the three CDW peak amplitude dispersions, which seem to approach
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zero amplitude at about 10 K. e, fFT of d//dV map acquired at 50 mV on sample 2 at
(e) 4.8 K and (f) 10 K (same scale used for both). The positions of three CDW peaks
are circled. g-i FT linecuts, starting from the center of the FT through each of the
three CDW peaks, as a function of energy at 4.8 K. j Linear fit of FT peak height of
q%cow as a function of temperature extracted from (e, f). k-m FT linecuts, starting
from the center of the FT through each of the three CDW peaks, as a function of
energy at 10 K. g'cpw and @’cpw cannot be resolved at 10 K, while gq’cpw still shows
up with weakened magnitude. Scale bar is the same for (g-i, k-m). STM setup
condition: Vsample = =50 MV, /ser = 300 pA, Veyec =10 mV (e-m).

investigate how the CDW state disappears, first exploring the effect of
increasing the temperature. We measure and compare d//dV maps as a
function of temperature over an identical area of the sample, acquired
under the same experimental conditions (Fig. 2a-d). To quantitatively
evaluate the evolution of the CDW phase, we extract FT linecuts from
the center of the FT through each of the three CDW peaks at every
temperature measured (Fig. 2a-c). It can be seen that peaks get pro-
gressively suppressed with temperature. At maximum temperature
used in this experiment sequence of 7.4 K, which is about five times
higher than the superconducting Tsc, the peaks are still easily dis-
cernable above the background. By plotting the heights of the peaks as
a function of temperature, normalized by the FT background signal
(Fig. 2d), we estimate the CDW onset temperature Tcpw to be about
10K. This is further confirmed by the data on the second sample,
where we can see that CDW peaks are largely suppressed at 10 K, with
only g’cpw still visible (Fig. 2e-m), which we will discuss in more detail
in subsequent paragraphs.

Spatial information can provide another important clue on the
nature of the CDW suppression. We start by noting that FT of the d//dV
maps acquired at about 5K show diffuse CDW peaks that span several
reciprocal-space pixels even after Lawler-Fujita drift-correction algo-
rithm (insets in Fig. 2a-c and e, inset in Fig. 3b), which generally points
towards a spatially inhomogeneous order parameter. To visualize this,
we Fourier-filter an integrated d//dV map, using a process that removes

all wave vectors except a narrow window around each CDW peak that
is exactly 9 pixels in diameter (Fig. 3b). Nanoscale regions with periodic
electronic ripples, which correspond to the CDW modulations, and
regions where those modulations appear absent can be clearly
observed (Fig. 3b), further supporting the notion of an inhomoge-
neous electronic order approaching the transition.

To gain further insight, we examine Fourier-filtered d//dV maps
of each individual CDW peak separately: q'cpw (Fig. 3d), q’cow
(Fig. 3e) and ¢*cpw (Fig. 3f). In the filtering process, we again select a
small FT window that encompasses each individual CDW peak. We
note that the overall distribution of regions where CDW is strong vs
weak in our data appears comparable regardless of small variations
of the filtering window size (more details on the validity of the win-
dow size can be found in Supplementary Fig. 1). To quantify its local
strength, we plot the intensity of each CDW peak |q'cpw | (Where i =1,
2 or 3) as a function of position to create CDW amplitude maps
(Fig. 3g-i). Our first observation is that all amplitude maps show a
high level of spatial inhomogeneity, with local regions showing
strong modulations dispersed within the larger matrix in which the
modulations are substantially weaker. The amplitude maps of the
two wave vectors related by the mirror symmetry along the y-axis,
q'cpw and @Pcpw, exhibit a remarkable similarity with a very high
cross-correlation coefficient «=0.7 (Fig. 3c). Similar cross-
correlation coefficients are observed between maps obtained using
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Fig. 3 | Spatial inhomogeneity and local decoupling of the CDW modulations.
a STM topograph and (b) filtered integrated d//dV map (adding 4 layers acquired at
35mV, 40 mV, 45mV and 50 mV) over the (0-11) surface of UTe,. Fourier filtering is
done by removing all wave vectors except 9 pixel diameter centered at each q'cpw,
Q*cow and @ cpw. Inset in (b) is the relevant portion of the Fourier transform of the
integrated d//dV map, with CDW peaks circled in blue, red and green. ¢ Cross-
correlation coefficients between the three CDW amplitude maps shown in (g-i).
d-f Fourier filtered maps extracted from (a) by selectively keeping only a narrow

circular FT window centered at (d) q'cpw, (€) g’cow and (F) g*cpw. Two arrows in (d)
point to apparent dislocations that routinely appear in the areas of low CDW
amplitude. g-i CDW amplitude maps extracted from corresponding images in
(d-f), showing the local height of each CDW wave vector. Black squares in (d-i)
mark the same position on the sample with strong (solid line) and weak (dashed
line) modulations. STM setup conditions: Veampie =50 mV, /e =300 pA,
Vexe=10mV.

different sizes of the Fourier filter window (Supplementary Fig. 1).
Cross-correlation between the amplitude map of the remaining wave
vector, |q*cow |, and |q'cow | (or |cpw | ) is also significant, although
somewhat lower (Fig. 3¢), suggesting a slightly different morphology
of domains. This can be visualized by examining the maps in real
space, where we can for example find regions of high |q’cow |, but
low |q'cowl and |qPcpw | (black squares in Fig. 3d-i). This observation
suggests a surprising local decoupling of individual density waves,
where ¢’cpw becomes decoupled from mirror-symmetric q'cpw and
Q*cow- This decoupling is further supported by examining the FTs of
dI/dV maps at 10 K - g’ cpw Wave vector is still present while the other
two, which were prominent at 4.8 K, are now completely suppressed
(Fig. 2e-m).

To evaluate the spatial evolution of the CDW order towards Tcpw,
we turn to the temperature dependence of the CDW amplitude maps
(Fig. 4). For ease of comparison, we apply the Lawler-Fujita drift cor-
rection algorithm?® to all d//dV maps, which enables us to align data
acquired at different temperatures with atomic precision. This process
also allows us to systematically apply an identical g-space Fourier filter
across all maps examined. For simplicity, we first focus on the q'cpw
peak. Visual comparison of the data sequence from 4.9K to 6.5K
(Fig. 4a-c) reveals that nanoscale regions where CDW is the most
prominent at 4.9 K remain generally the same at the higher tempera-
ture. However, amplitude within these nanoscale regions has
decreased leading to the appearance that they have shrunk (Fig. 4d-f),
consistent with the global suppression of CDW in Fig. 2. Cooling the
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Fig. 4 | Temperature dependence of the CDW spatial inhomogeneity and
robustness to thermal cycles. a-c Fourier filtered dI/dV maps showing the tem-
perature dependence of the inhomogeneity of g'cpw, and (d-f) associated ampli-
tude maps. g Radially-averaged cross-correlation coefficient a between pairs of
different amplitude maps: a(4.9 K, 6.5K) (red, top curve), a(4.9K, 7.5K) (brown,

middle curve), and a(4.9 K, 4.9 K”) (blue, bottom curve). Here, 4.9 K” indicates the
second cooling to 4.9 K after warming up to 6.5 K. h Thermal cycling sequence of
amplitude maps associated with q'cpw taken at the same STM setup conditions. The
scale bar in all images is 3 nm. STM setup condition: Vsample =40 mV, Ve, =100mV,
lsec=160 pA.

system back down to the starting temperature of 4.9 K yields the CDW
amplitude maps that are virtually indistinguishable from those before
the thermal cycle (Fig. 4h). Multiple consecutive thermal cycles paint
the same picture of static CDW patches that get suppressed with
temperature and expand again upon cooling down (Fig. 4h). The
striking similarity of the locations of CDW patches at different tem-
perature is confirmed by the high cross-correlation coeffi-
cient (Fig. 4g).

Complementary to temperature dependence, we study if CDW
can be suppressed by magnetic field. Previous experiments revealed
an intriguing suppression of the CDW in the superconducting state
coinciding with the suppression of superconductivity, suggesting an
intimate connection between the two'®. Here we apply magnetic field
at 4.8 K, well above the superconducting transition of UTe,. The field is
applied at 3 degrees with respect to the direction perpendicular to the
sample surface (Fig. 5a, b). We find that the height of CDW peaks slowly
decreases with applied magnetic field (Fig. 5c—f). For example, q'cpw
lowers by about 35% from OT to 11T, but remains well above the
background (Fig. 5c, e). This suggests a critical field substantially

higher than 11 T. The trend is remarkably consistent with the CDW
evolution in the superconducting state’®, although we are in the tem-
perature regime that is three times higher than superconducting Tsc.
To gain spatial information, we extract CDW amplitude maps as a
function of magnetic field similarly to our analysis in Figs. 3 and 4. This
analysis leads us to two main conclusions. First, CDW patches are again
suppressed by the shrinkage of local regions (Fig. 5g, h). Second, CDW
puddles revert back to the original morphology after the field is
removed (Fig. 5g, h).

Discussion

Our work reveals how intertwined density waves in a rare spin-triplet
superconductor UTe, get suppressed with temperature, by first
forming short-range nanoscale regions with charge modulations
embedded within areas where modulations can no longer be observed.
Interestingly, we find that the three CDW wave vectors locally decou-
ple. Based on the energy-dependence and the temperature-suppres-
sion, we conclude that g’cpw along the mirror symmetry axis is distinct
compared to the other two wave vectors. This in turn suggests a
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Article

https://doi.org/10.1038/s41467-024-48844-7

a 1304 B
I
b c q'cow oT 4T
|
‘ c 2 10
=
> 08
el
s
> 06
2
Q
£ 04
i
w
0.2

M"T

s) ®
S

o -
® o
[ J

1
9 cow

Peak Intensity (arb. units
o o o
o N A O

0 2 4 6 8 10

0.3 0.5 0.3 0.5 0.3

0.5 0.3 0.5 0.3 0.5 Magnetic field (T)

q (fraction of Q. )

d o f
» [2)
2 06} 0%y 0T 47 8T 10T M"T 2 06
z Fel ® [ o
£ s L)
> 04 204
2 s
5 <02

[
E o2 d‘f q3CDW

0
Low S JHigh 03 05 03 05 03 05 03 05 03 05 0 2 4 6 8 10

Topographic Height (arb. units)

Low T High
Intensity (arb. units)

q (fraction of Q

Magnetic field (T)

arags)

8T .
.

.
.1m.
=

114
124
<104
° stripe CDW
5
T 8+
[}
Q
5
[ 6
to 44 3acow
2
. °
. o |.PDW + cOW
. 5 10 15
%o g H(T)

Low [ High

Intensity (arb. units)
Fig. 5| CDW suppression by magnetic field in the normal state of UTe, and field
sensitivity of spatial inhomogeneity. a Schematic of the magnetic field direction
applied at 3 degrees with respect to the direction perpendicular to the sample
surface imaged by STM. This small misalignment is due to accidental sample tilt
during the gluing process, and it is determined from the background slope in raw
STM topographs. b STM topograph of the region of the sample where the data were
taken. ¢, d Fourier transform (FT) linecuts from the center of the dl/dV map FT
through (¢) q'cpw and (d) g’cpw peaks as a function of magnetic field. Sensitivity of

the peak heights to large magnetic fields is observed. (e, f) Peak heights extracted
from (c, d) plotted as a function of magnetic field. g Fourier filtered d//dV maps
including only the q'cpw peak (encompassing a 9 pixel diameter around the peak
center), and (h) associated amplitude maps. i Approximate temperature vs mag-
netic field schematic phase diagram of density waves in UTe,. Here, “3Q CDW”
refers to the charge density wave phase which includes all 3 directions: g'cpw,
G*cow, and @ cpw- “PDW” refers to the pair density wave phase. STM setup condi-
tion: Veample = =50 MV, fsec =300 pA, Ve =10 mV. Data were taken at 4.8 K.

superposition of at least two independent density waves: unidirec-
tional, or “smectic”, density wave associated with q’cpw and a bi-
directional combination of mirror-symmetric q'cpw and q*cpw. It is
possible that q'cpw and q°cpw would also behave as individual smectic
density waves given the different magnetic field dependence reported
in ref. 18, although as we discover in Fig. 3, they appear to be spatially
intertwined. We note that vortex-like discontinuities seen between
regions with strong modulations in Fourier filtered data, also recently
reported in ref. 22 (examples of two such features rotated by m with
respect to each other are denoted by arrows in Fig. 3d) can dramati-
cally change depending on the size of the filtering window as CDW
peaks become less prominent. Moreover, these features routinely
appear in the Fourier-filtered data of spatially inhomogeneous orders
in other systems (Supplementary Fig. 2). Lastly, as these discontinuities
always appear in regions with near-zero amplitude of the order para-
meter, which is generally below the FT noise threshold, we disregard
them in our analysis.

Our experiments also reveal a remarkable repeatability of the
morphology of nanoscale CDW regions by magnetic field or tem-
perature cycling. In many materials, atomic-scale crystal imperfections

are often responsible for electronic inhomogeneity” . Future
experiments should explore to what extent accidental impurities or
defects could account for the fragmentation or pinning of the charge
modulations. This would be especially important to determine given
the variation in the properties of nominally stoichiometric crystals of
UTe,, where chemical inhomogeneity could be the natural culprit but
defects responsible for this are yet to be identified.

Magnetic field and temperature suppression of the density waves
provides narrow constraints on their origin. One possibility could
come from a primary PDW. PDWs have now been observed in various
materials as periodic modulations of the superconducting gap mag-
nitude and coherence peak heights>**’"’; these density waves naturally
get suppressed with temperature as superconductivity is destroyed,
possibly leaving a CDW slightly above the superconducting transition.
We however find that the CDW persists to a temperature that is almost
an order of magnitude higher than the superconducting Tsc, which
would be surprising for a “remnant” CDW phase. The possibility of a
primary PDW in UTe,, which melts into a CDW above T, was largely
supported by the critical magnetic field of the CDW comparable to that
of the superconducting critical fields'®. In our experiments, we find that
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similarly high magnetic fields are necessary and can be used to sup-
press CDW well above Ty (Fig. 5), thus making the immediate con-
nection to superconductivity less obvious. So while a secondary PDW
state can still emerge in the superconducting phase, our experiments
point towards an unusual primary CDW phase forming well outside the
superconducting state.

In general, magnetic field tunable CDWs reported in literature are
extremely rare. Prominent examples include field-tunable CDWs in
high-temperature  superconductor  YBa,Cus0,,*° and moiré
graphene?, but both of these are phenomenologically different from
that in UTe,. In YBa,Cu305., CDW can only be modified by magnetic
field in the superconducting state’, signaling a direct competition
between the two; in contrast in UTe,, CDW is suppressed seemingly
unrelated if the material is superconducting or not. In moiré graphene,
CDW tunability can be directly tied to the gradual crossing of a Landau
level through the Fermi level”, a physical regime entirely different
from UTe,. This points towards a different mechanism of the CDW in
UTe,, distinct from the select few other field-tunable CDWs in quan-
tum materials.

Our SI-STM data, which reveal a new 10-12K temperature scale
associated with density waves, provide a fresh clue. Both thermal
expansion coefficient data® and resistivity measurements” reveal
features in their data near the same temperature. In particular, a recent
pressure study demonstrates that this resistivity feature coincides with
the eventual stabilization of the long-range magnetic order; as such, it
is attributed to a magnetic energy scale indicative of magnetic fluc-
tuations or a short-range magnetic order”. This could provide a
plausible link between surface detection of density waves and bulk
experiments. This connection, combined with magnetic-field sensi-
tivity of the charge modulations in both superconducting'® and non-
superconducting states (Fig. 5), could point towards the origin of
charge modulations in an underlying spin mechanism, without long-
range magnetic ordering, which should be tested more directly in
future spin-sensitive experiments.

Methods

Bulk single crystals of UTe; are grown by the chemical vapor transport
method using iodine as the transport agent, with elements of U and Te
(atomic ratio 2:3) sealed in an evacuated quartz tube, together with
iodine. More details can be found in ref. 10. UTe, crystals are trans-
ported from NIST to BC in a sealed glass vile filled with inert gas to
prevent air degradation. The vile is opened in an argon glove box at BC,
where the sample is glued to an STM sample holder, and a cleave bar is
then attached to the sample using silver epoxy. We transfer the pre-
pared sample from the glove box to an ultra-high vacuum load lock
within seconds, and cold-cleave it before putting it into the micro-
scope. STM data were acquired using a customized Unisoku USM1300.
Spectroscopic measurements were performed using a standard lock-in
technique with 910 Hz frequency. The STM tips used were home-made
chemically etched tungsten tips. For the ease of comparison of data
acquired at different temperatures and to standardize the Fourier filter
windows applied in the analysis, we apply the Lawler-Fujita drift-
correction algorithm® to our data. This process shifts and aligns the
atomic Bragg peaks to be confined to the same individual pixels.
Identification of commercial equipment does not imply endorsement
by NIST.

Code availability
The computer code used for data analysis is available upon request
from the corresponding authors.

Data availability
The STM data generated in this study have been deposited in the
Zenodo database under accession code 11176886.
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