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Theintenseinterestin triplet superconductivity partly stems from theoretical
predictions of exotic excitations such as non-Abelian Majorana modes, chiral
supercurrents and half-quantum vortices' . However, fundamentally new and
unexpected states may emerge when triplet superconductivity appearsin astrongly
correlated system. Here we use scanning tunnelling microscopy to reveal an unusual
charge-density-wave (CDW) order in the heavy-fermion triplet superconductor UTe,
(refs. 5-8). Our high-resolution maps reveal amulti-component incommensurate
CDW whose intensity gets weaker with increasing field, with the CDW eventually
disappearing at the superconducting critical field H,,. To understand the phenomenology
of this unusual CDW, we construct a Ginzburg-Landau theory for a uniform triplet
superconductor coexisting with three triplet pair-density-wave states. This theory
givesrise to daughter CDWs that would be sensitive to magnetic field owing to their
originin a pair-density-wave state and provides a possible explanation for our data.
Our discovery of aCDW state that is sensitive to magnetic fields and strongly intertwined
with superconductivity providesimportantinformation for understanding the order
parameters of UTe,.

In the ongoing search for new phases of matter, the heavy-fermion
superconductor uranium ditelluride (UTe,), which combines strong
correlations and triplet superconductivity® ® with possible non-trivial
topology®™, isan extremely promising system. UTe, is paramagnetic,
exhibiting no magnetic ordering down to the lowest temperatures®?,
and superconducts below the critical temperature (7)) of about 2K
(refs. 5,8). The unusually high upper critical field (H,)°, multiple
field-reentrant superconducting phases’, minimal change in the Knight
shift>?and exceptionally large Sommerfeld coefficient below T, (ref. 5)
all provide strong evidence in support of unconventional triplet super-
conductivity. Recent measurements of a non-zero polar Kerr effect
below T, (ref. 10) show that the superconducting state may have broken
time-reversal symmetry. Theoretical studies suggest that UTe, might
be a topologically non-trivial Weyl superconductor™** and harbour
achiral triplet state with Majorana arcs'>*®. These phenomena com-
bined with indications of non-trivial topology make UTe, an exciting
and unique platform for the realization of fundamentally new states.

In this work, we use scanning tunnelling microscopy and scanning
tunnelling spectroscopy to study single crystals of UTe, below T.. UTe,
crystallizesinto abody-centred orthorhombic structure with two ura-
nium atoms per unit cell”. The unit cell consists of bi-trigonal prisms
of Uand TeinwhichaU-Udimeris surrounded by two inequivalent Te
atoms (based on U-Te bond lengths) labelled Teland Te2 in Fig. 1a (dark
and lightblue colours). The chains of bi-trigonal prisms run parallel to
the a direction and are offset by ¢/2 inthe ¢ direction (Fig.1b), in which

cisthe height of the unit cell. The lattice may also be visualized as slabs
of bi-trigonal prisms oriented along the (011) direction (Fig. 1b). The
UTe,samples in this study were cleaved at temperatures of about 90 K
and immediately inserted into the head of the scanning tunnelling
microscope (see Methods and Extended Data Fig. 1 for details). Previ-
ous studies® have shown that (011) is the easy-cleave plane and the
atoms readily visible in the topography are the Tel and Te2 atoms,
whichappear as chains (Fig.1c,d). A fast Fourier transform (FFT) of the
topography isshownin Fig. 1g, in which the Te Bragg peaks are shown
by cyan dashed arrows. We denote the Te Bragg peaks asqlT; = (J_rqox, qoy) ,
inwhich Do, and qoy represent coordinates in the x and y directions
inthe FFT aslabelled. Note that thex and y directions used here are for
ease of notation and do not indicate the crystallographic directions.
To complete the picture, we identify the (011) projection plane of the
three-dimensional orthorhombic Brillouin zone (BZ) in momentum
space asshowninFig. le. Constructing the BZ for the surface fromthe
primitive lattice vectors gives rise to an elongated, hexagonal BZ as
shown in Fig. 1g. The centre of this BZ is labelled as S and the vertices
arelabelledas L, L,and W by convention®,

Incommensurate CDWs in the superconducting state

Asisevident fromFig.1g, apart from the Te Bragg peaks, there are three
additional peaks (outlined by two squares and a triangle), near the L;,
L,and W points of the BZin the FFT. To understand the origin of these
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(011)

Fig.1|Crystal structure and the (011) cleave surface inreal spaceand
Fourier space. a, Unit cell of UTe,, consisting of U-U dimers and two
inequivalent Te sites labelled as Teland Te2 depicted here by two different
shades ofblue.b, (011) easy-cleave planeindicated by the yellow lattice plane.
Cleavingalong (011) exposes a plane of Tel and Te2 atoms, with the U directly
underneath.c, Alarge area, atomically resolved topography obtained at
T=300 mKshowingthe Teland Te2atoms (V=-60 mV, /=200 pA) with the Tel
chains being more prominent. Scale bar, 50 A.d, A high-resolution, zoomed-in
view of the atomic lattice (V=-60 mV,/=200 pA). Aschematic of the lattice has
been overlaid on top to show the relative positions of the atoms. Scale bar, 10 A.
The dashed arrows indicate the primitive lattice vectors. e, Schematic of the

extrapeaks, we carry out spectroscoplc lmagmg (thatis, we obtain the
differential tunnelllng conductance (r E) maps as afunction of
energy (E)). A (r E) mapisdirectly proportlonal tothelocal density
of states (LDOS) and can provideinformation about the band structure
through quasiparticle interference as well as Fermi surface instabilities
such as CDWs. In addition to the atomic corrugation of the Te lattice,
the LDOS maps (Fig. 2a-c and Extended DataFig. 2) show modulations
both above and below the Fermi energy (E;) that are distinct from the
lattice. This additional modulationis also captured in the FFTs shown
in Fig. 2d-f (full dataset in Extended Data Fig. 3) and gives rise to the
sameadditional peak structure seeninthe FFT of the topography shown
inFig.1g.

Todistinguish between signals from quasiparticle interference and
CDWs, we study the energy dependence of the g vectors associated
with the peaks in the FFT. To do this, we obtain linecuts of the FFTs of
the LDOS maps in the three important momentum space directions,
S-L,,S-L,and S-W (henceforthlabelled asline1,2 and 3, respectively)
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first BZ of an orthorhombic crystal with k,, k,and k, directionsindicated by
greyarrows. Therelevant pointsinthe BZ are labelled inred. The orange
hexagonisthe (011) planeinreciprocal space. f,Schematic of the BZ with the
momentumspace pointsL,,L,and Wlabelledinred. g, Fourier transform of the
topography showninc. The Bragg peakindicated by the cyan circle comes
fromthe Tel-Telspacing (inthe y direction) along the chains (whichis the same
asthe Te2-Te2 and and U-U distances along the chain). The Bragg peak within
the cyansquare comes from theinter-chainspacing (inthe x direction). The
reciprocal lattice vectors are shown by the dashed arrows. The schematic of the
BZisoverlaid onthe FFT. The orange and red squares and the purple triangle
indicate the positions where the CDW peaks are observed. H, high; L, low.

and plot this as a function of energy. This information is presented as
an intensity map in Fig. 2g-i. Contrary to energy-dispersive features
such as quasiparticle interference, we find that the magnitude of the
three g vectors shows no energy dependence. This indicates that the
observed modulations arise from a multi-component CDW order in
this material. We have verified the existence of these CDWs across
11 different samples and tips from three different growth batches.
We label the CDWs that are shown by the orange square, red square
and purple triangle as "%, in which i=1, 2, 3, respectively. The
CDW g vectorsareg®V=(-q, , 0.43q, ),q5""= (q,.. 0.43q, ) and
q5""=(0,0.57q, ) inwhichg, xxandq atethe coordinates associated
with qTe We note that all three CDWS are incommensurate with the
underlylng lattice.¢->" and 5" are related by mirror symmetry and
g% canbe connectedto qCDWand g5V byalattice vector. These may
therefore in principle correspond to asingle CDW order, but for the
purposes of this paper (the reason will be clear when we look at the
field dependence), we treat them as independent order parameters.
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Fig.2|Spectroscopicimaging of the three distinct CDW orders.a-c,LDOS
maps obtainedona30 nm x 30 nmareaat various energies (see Extended
DataFigs.2and 3 for the complete set). The energies are shown above each
map. Scalebars, 50 A (T=300 mK, tunnelling setpoint: V=50 mV, /=250 pA).
Insets of b,c show atomically resolved LDOS maps at similar energies. The
corresponding topographyisshownasaninsettoa.Scalebars,10 A. AU,
arbitrary units. d-f, FFTs of the LDOS maps shownina-c. The cyan circlesand
squaresindicate thelattice Bragg peaks. The orange dashed hexagonindicates
the BZ. The orange and red squares and the purple triangle indicate the

The observation of a CDW in a superconductor immediately leads
to the question of its relationship with superconductivity. In most
instances when a CDW is found in the superconducting phase, it is
anindependent order parameter, which could coexist and/or com-
pete with superconductivity”. There is however a more interesting
scenario in which a CDW is a direct consequence of a periodically
modulated superconducting order parameter or a pair-density-wave
(PDW) phase? . APDW is a new phase of matter for which the super-
conducting order parameter shows periodic spatial oscillations. A
unidirectional PDW state can coexist with a uniform superconductor.
In this scenario, a PDW with wavevector Q is expected to generate a
CDW atboth Qand2Q (ref. 22).Inascenario with three CDWs, we would
invoke PDWs with three primary ordering wavevectors Q; (i=1, 2, 3),
which coexist with the uniform superconducting state. The associated
CDWs should then show the same primary ordering wavevectors as
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positions where the extra CDW peaks are observed. The momentum pointsL,,
L,and W (showninFig.1) are close to the orange square, red square and purple
triangle, respectively (thatis, the ql.cDW pointsarevery close to the BZ vertices).
g-i, LinecutsinFourier space plotted asanintensity map along the three
directions shownby thegrey arrowsind. The positions of the peaksinthe FFT
(thatis, the g vectors) do not change with energy, consistent witha CDW. The
magnitudes of ¢*°" and ¢SV are close to half of g (that s, 2ar, . or 2ay_yin
real space). The magnitude of g5”Vis about 0.55¢ ., (about 1.78ay, 1. or about

3
1.78ay_yinreal space).

wellas their linear combinations (‘higher harmonics’) playing therole
ofthe above-mentioned 2Q component. PDWs have been proposed to
existin superconductors withan in-plane field**%, but zero-field PDWs
require strong interactions. Experimental data showing evidence for
this exotic state have been limited to cuprates®* and more recently
to kagome superconductors®>,

Magnetic field response of the CDWs

Toinvestigate the relationship between the CDWs and superconductiv-
ity, we study the effect of magnetic fields on the CDW. As the magnetic
fieldis perpendicularto the (011) cleave plane and to the a axis, it makes
anangle of23.7° with the b axis (Fig. 3a). Extremely high magnetic fields
(about 40 T) oriented along this direction give rise to the mysterious
Lazarus superconducting phase or the field-polarized superconducting
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Fig.3|Suppressionand mirror-symmetry breaking ofthe CDWsina
perpendicular magnetic field. a, Schematic showing the direction of the
applied magnetic field with respectto the (011) plane.b,c, FFTs of LDOS maps
at0Tand10.5 Twith the CDWs marked. The datawere obtained onthe same
areaasthe O T datashowninFig.2and obtained at-10 meV (T=300 mK,
tunnelling setpoint: V=50 mV,/=250 pA). The colour scale hasbeen kept
identical for b,c. d-f, Linecuts of the Fourier transforms of the LDOS maps ata
single energy (-10 meV), along the three different CDW directions and of
(indicated by the dashed arrowsinc) forthe FFTat 0 Tand 10.5 T, respectively.

phase’. Remarkably, at our much smaller fields, we see a peculiar
response of the CDWs to the magnetic field. Figure 3b,c shows FFTs at
0Tand10.5T. The datain Fig.3 (at 10.5 T) were obtained on the same
sample with the same tip, with identical setpoint and tunnel current as
the datain Fig. 2 (that s, at O T). First, we find that all three CDWs are
substantially suppressed in field. This can be seen by comparing the
FFTat10.5 Twiththe FFTat O T, asillustrated by linecuts obtained along
the three directions (Fig. 3d-f). We also find that the CDWs in field are
notequally suppressed (that is,quWis suppressed much more strongly
thangt°%), breaking mirror symmetry. The mirror-symmetry breaking
is not confined to just one energy, as shown by the energy-dependent
plot of the CDW intensity (Fig. 3g-i and Extended Data Figs. 5-7). This
phenomenology was confirmed with two separate tip and sample com-
binations (Extended Data Fig. 8).

Notably, the suppression of the CDW with field is further enhanced
when the magnetic field is tilted slightly with respect to the [011]

q/ qBragg

The CDWs are marked by the orange and red squares and purple triangle.
Althoughall of the CDW peaks are substantially suppressed, the CDW along line
2asshownineshowsamuchstronger suppressionincomparisontod. This
reveals a putative breaking of the mirror symmetry in the presence ofa
magnetic field. g-i, Linecuts of FFTs at10.5 T at different energies along the
threedirectionsindicated by the dashed arrowsinc, plotted as anintensity
map. One canvisually see that the Fourieramplitude atin his highly suppressed
comparedtothe O T datainFig.2h.

direction. We can generate such atiltin the sample while mounting the
sample onthe sample holder. Although these angles at present cannot
be tuned controllably, they can provide valuable insights for a crystal
such as UTe, whose superconducting properties are highly sensitive to
magnetic field orientation’. Figure 4 shows magnetic-field-dependent
measurements obtained on one such fortuitous sample with a11° tilt.
Figure4b-dshowsaseries of FFTs of topographies obtained at selected
magnetic fields, and Fig. 4f-h shows FFT linecuts obtained along the
three different momentum space directions. The intensities of the
CDW peaks are once again suppressed with magnetic field, with the
CDWseventually disappearingataround 10 T. Thisis capturedin Fig. 4e,
which plots the intensity of the different CDW peaks normalized to
the Te Bragg peak as a function of field. We find that the CDW order
parameter is concomitantly suppressed with superconductivity. This
phenomenology was confirmed with other tip—sample combinations
(see Extended DataFig.10). The complete disappearance of the CDW at

Nature | Vol 618 | 29 June 2023 | 931



Article

FFT(@,0T)

c FFT(g,5T) d

FFT(g, 10.5T)

/\ Line 3

a FFT amp. (AU)
LI H
e
2.0 0.50
@
s 8,
D =
2 8 2
Y <
O 1.0 1 o)
z o S
3 09 0.25 8
@ 05 d
(@) ‘QO
5 [}
Ok - ® I
0 5 10
B M
T =300 mK .
1 1 1
0 0.25 0.50
q/qBragg

Fig.4 |Disappearance of the CDWs above H,, for magneticfield tilted at11° to
the[011] direction. a, Schematic of the direction of the applied magnetic field
withrespecttothe (011) plane. The magnetic field is tilted 11° with respect to the
[011] direction.b-d, FFTsobtainedat O T (b),5 T (c) and10.5 T (d) onthe same
areawithidentical settingsat 7=300 mK (V=-40mV, /=120 pA). The CDWs are
marked by the orange and red squares and purple triangle. The colour scale has
beenkept constant for b-d. e, Plot of the strength of the CDW order parameter
(OP;Fourier amplitude of the CDW peak normalized withrespecttog,,)asa

thel1°-tilted field is consistent with the lower H,, value when the field
is applied in this direction’.

Ginzburg-Landau theory

Conventionally, a CDW order is a periodic modulation of the local
charge density, and as such is not expected to couple substantially to
an external magnetic field except in unconventional cases such as in
the kagome system, for which there are preliminary indications of an
exotic chiral CDW state (presumably carrying local orbital currents)
thatreverses chirality in field*** -, This leaves us with two unexplained
phenomena: the suppression of the CDWs with magnetic field; and
the asymmetric behaviour of the two mirror-symmetry-related CDWs
with field. To provide a possible explanation for our data, we construct
a Ginzburg-Landau theory that considers a triplet superconduc-
tor suggested by the symmetries of UTe,. We construct a model for
multi-component triplet PDW order that coexists with auniformtriplet
superconductor order. In this scenario, the multi-component CDW
occurs as a ‘daughter’ order of the superconducting orders:

P cow °<A+q_CDW‘ A(*)‘FAO‘ A* cow h.c.,
gi i qi

inwhich A, cow is the PDW order parameter with wavevector +g>",

and A, is the uniform triplet superconductivity order parameter.
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function of magnetic field. The markers are colour-coded to represent the
respective CDWs. Blue dashed regionisaguide tothe eye. The H,, isindicated by
thegrey region.f-h, Fourier transformlinecuts obtained along three different
directions of the CDWs as afunction of magnetic field, showing clear
suppression of the peakamplitudes above 9 T. The y-axis scale for fand that for
gareidentical. Thelinecuts for hwere obtained from FFTs of topographies at
positive energies (refer to Extended Data Fig. 9) for which quW hasastronger
signal. FFTs at positive and negative energies both show the same behaviour.

AGinzburg-Landautheory analysis of these ordersleads to the follow-
ing conclusions: above the upper critical field of the superconducting
orders, the PDW and uniform superconducting orders are suppressed,
asarethe daughter CDWs; owingto the triplet nature of the supercon-
ducting order parameter, the critical magnetic field is directiondepend-
ent; and as A oo and A, jeoware related by mirror symmetry, one of
the two corresponding mirror-related CDWs may be more suppressed
thanthe other when mirror symmetry is broken by an external magnetic
field. A coexisting triplet PDW order is therefore a possible explanation
for the unusual magnetic field response of the CDWs as seen in our
experiments.

Discussion

Itisimportant to consider whether there might be other explanations
for our data. There are in fact very few alternative explanations for a
CDW thatis sensitive to magnetic fields. Two other possibilities are that
the CDW is a daughter order of a spin density wave, or that the CDW
itself has afinite angular momentum, similar to what hasbeen observed
inkagome superconductors. Although both of these scenarios might
explainthe dependence of the CDW onamagneticfield, they each have
limitations. First, no static magnetic order has been observed in UTe,
by other experimental probes>”*2, which makes the spin density wave
explanation unlikely. Second, the fact that the critical field for the CDW



suppression is close to the critical field of the superconductor is dif-
ficult to explain with either the spin density wave or the finite angular
momentum CDW possibility. In a nutshell, although our data are most
consistent with the existence of atriplet PDW state in UTe,, additional
theory as well as experimental tests are important to unequivocally
establish this scenario. We note here that as scanning tunnelling micros-
copy probes the surface, the natural questionis whether these orders
are also observed in the bulk. This calls for bulk measurements such
as low-temperature X-ray scattering measurements.
Therearetwofurther pointstomention. Our preliminary temperature-
dependent measurements indicate that the CDW (as seen in the FFT)
survives to 4 K and disappears somewhere between 4 K and 10 K
(Extended Data Fig. 11). This is not inconsistent with the PDW sce-
nario, asthe PDW can melt to a CDW phase, which can survive at higher
temperatures. A more detailed discussion of this question is presented
inthe Methods. The other question concerns the identification of the
observed peaks with the primary ordering peaks (1Q) or their linear
combinations (2Q). The peaks we observe may represent the primary
1Q peaks as we do not see any peaks at smaller g vectors in the FFT.
Consistentwith this, all linear combinations of the primary peaks and
Bragg peaks are also observed in our data (see Extended Data Fig. 4).
To conclude, we report the observation of multi-component, incom-
mensurate CDW order coexisting with superconductivity in UTe,. Strik-
ingly, we observe that the CDWs are strongly affected by an external
magnetic field and vanishat the H,, of the superconducting order. This
last observation clearly implies that the CDW and superconducting
order parameters are not merely coexisting but are in fact strongly
coupled. This, combined with the established presence of a uniform
triplet order, may indicate that the superconducting state of UTe, has
atriplet PDW component, which necessitates strong interactions.
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Methods

Scanning tunnelling microscopy experiments

Single crystals of UTe, were used. The growth and characterization
arementioned in detail elsewhere’. The crystal orientation was deter-
mined by Laue diffraction (Extended DataFig.1). Samples were cleaved
insituatabout 90 Kand inan ultrahigh-vacuum chamber. After cleav-
ing, the samples were directly transferred to the scanning tunnelling
microscope (STM) head. STM measurements were carried out using a
Unisoku STM at an instrument temperature of 300 mK (unless other-
wise specified) using chemically etched and annealed tungsten tips.
The temperature values reported were measured at the *He pot; the
actual sample temperature could be slightly higher. d//dVspectra were
collected using astandard lock-in technique at a frequency of 913 Hz.

Ginzburg-Landau description of the triplet PDWs

In this section we consider a Ginzburg-Landau description of triplet
PDWs coexisting with a uniform triplet superconductor in a material
with the same symmetries as UTe,. Here we shall consider both the case
inwhichthe PDW and CDW are bulk orders and the case in whichthey are
surface orders. Our Ginzburg-Landau-based analysis applies equally
wellto bothsituations. Inboth cases, our theory predicts the existence
of ‘daughter’ CDWs that are suppressed in an external magnetic field.

Thetriplet PDW

Before considering the full Ginzburg-Landau theory, it will be useful
to give an overview of the triplet PDW state. In real space, we expand
thelocal triplet Cooper pair amplitude as

(Co(Neor ) =iltyTlog  [Ag(r=r)+ Y, Aglr=r)e @2, ()

inwhicht;(withi=x,),z) arethe three 2 x 2 Paulimatrices, rand r’label
the coordinates of the two electrons that form the Cooper pair, and
the poss_i)ble ordering wavevectors (and their harmonics) are given by
Q.Here A, is the uniform triplet superconductor, and Agis the triplet
PDW withwavevector Q. Equation (1) is applicable to both two-dimen-
sional and three-dimensional systems. In the context of UTe,, Ay and
A describesurfaceordersifr, r’and Qlabel positions and momentum
onthesurface of UTe,. Similarly, A, and A, correspond to bulk orders
ifr, r’and Qlabel bulk positions and momentum.

Owing to the fermion anti-commutation relationships, Agand A,
must be odd functions of r — r’. In momentum space, the above equa-
tionbecomes

c(q/2+Kk)c,(q/2- k)

2
=i[1,T]y0 - [Ao(K)6(q) + 2o Ag(K)6 (g~ Q)] @

inwhich kis the relative momentum of the two electrons, g is the total
momentum oftll)e Cooper pairs, and §is the Dirac deltafunction. The
vectors, Agand A ,, are both odd functions of k. In the limit ill)which
Q~>0, A, is equivalent to the uniform triplet superconductor A ,. The
PDW state has the same periodic modulation of a Larkin-Ovchinnikov
superconducting state” but in the absence of an external magnetic
field (that is, without explicit breaking of time reversal invariance),
and the period of the PDW is thus not tuned by an external magnetic
field (for areview see ref. 25).

Inareal material, Ajand A ;should form parity-oddirreducible rep-
resentations (irreps) of the crystal space group. If we take Apand A,
tobebulk orders of UTe,, then they should formirreps of D,, (the space
group of UTe,). D, is characterized by three mirror symmetries, M,, M,
and M, (it is also possible to equivalently characterize D,, in terms of
three G, rotations). There are four parity-odd irreps of D, (ref. 43),
which arereferredtoasA,, B, B,,and B,,. Their transformation prop-
erties of the triplet PDW, A, under M, are

M :Ag> Ay o for Ag€ By, By,

3
M :Ap>-Ay o for Ag€ Ay, By, @)

in which M,Qis the M,-mirror-transformed wavevector Q. The trans-
formation properties under M, are

My:Aq> Ay for Ag € By, By,

4)
My : AQ > _AM_VQ fOI‘ AQ € Au, Bzu.
The transformation properties under M, are
M,:Ay>Ay , for ApE€B,,B;, )
‘ 5

M,:Aq>~Ayq for Ag€A,, By,

_)

The transformation properties of the uniform component, A, are
related to those above by taking Q= M,Q = M,Q=M,Q=0. Ifand ZQare
surface orders of UTe,, their transformation properties can be under-
stood by projecting the bulk irreps onto the surface.

Ginzburg-Landau theory

In this section, we consider a Ginzburg-Landau theory of three tri-
plet PDWs coexisting with uniform triplet superconductivity in a
material with D,, symmetry (the same symmetry as UTe,). As we
shall show, this theory leads to daughter CDWs that are suppressed
in a magnetic field. Furthermore, when the triplet superconduct-
ing orders have finite angular momentum, the suppression is aniso-
tropic, and uneven for different CDWs. This theory is applicable to
the situation in which the superconducting, PDW and CDW orders
are bulk orders of UTe, as well as the situation in which they are
surface orders.

The Ginzburg-Landautheoryis constructed froma uniformtriplet
order parameter A, and triplet PDW order parameters A, with
wavevector +Q, and i=1, 2, 3. If we are considering the PDWs to bulk
orders, the wavevectors Q,are defined such that for the cleave surface
of the material (defined the same way as in the main text) the wave-
vectors Q; project onto . The PDW order parameters therefore
project onto surface PDW order parameters of the form Ao > A geom
on the cleave surface. If we are instead considering the PDWs to be
surface orders,Q,=g-"".

As M, mirror symmetry is the only symmetry preserved by the cleave
surface, we will primarily consider the transformation properties of
the order parameters under M,. On the cleave surface, mirror sym-
metry acts as M,: g™ > —¢S°" and M,: ¢°" > -g5PV. Therefore,
M,:Q,~>-Q,andM,: Q, > -Q;, regardless of whether we are consider-
ing surface orders or bulk orders.

The Landau free-energy density for Agand A,q isgiven by

F= ]:2"' .7:4,
Fy = molAol*+ ) mAyI*+18_o ),
i

Fu=AoolAol* + X Aoi(18g P80 +1A o, *IAo*) ©
i
+2 25180 P18 1% + 1A o 2IA o )
-

+ 25 (8018 o +18 o Ao )
ij

Here A; =A;, Aj; = Aj;. Owing to mirror symmetry, m, = my, Ao, = Aoy,
Aa=Apand A = A}, For stability, Ay, A; > 0. To favour coexistence of the
superconducting order parameters, A,; < O for all i, A;< O for i #jand
Aj;<Oforalliand,. In this section, we are interested only in the values
of the order parameters in different phases, and not, for example, in
the details of the phase transitions that connect different phases. As a



result, equation (6) can describe either bulk orders (if the Q;are bulk
wavevectors) or surface orders (H‘ the Q,are surface wavevectors).

Inthe ordered phase, for whichA,and Atoiall have expectation values
(mg, m;<0), there will be daughter CDW orders

Po, < Bq Bt Ao Ay,
in+Qj o AQ,_ . Ain + a,-inij. 7)

Po-q,*Bo, Bo* Db,

inwhich a;and b;are complex constants, and the CDW order parameters
poareacomplexscalar field that satisfies p*Q =p .Ifweareconsidering
bulk orders, then on the cleave surface, the CDW operators project
onto surface CDW operators Py, ez cow and Py, £, _)pqcuw+qcow If we
are considering surface orders, thenQ qCDwandQ +Q;= qCDW+qCDW
inequation (7).

Inthis Landau theory, the daughter orders arise from the following
terms

cow |, 2 cow 2 ,CDW 2
Feow= Zm P, | +Zm po+Q| +Zm 1Pg_q!
i

+Zg0in,[AQ,'A0+A0‘ A%l
I (8)
+2g Poro,Ba, Ag * 8Po- B A
v g

+ * + 4 * +
YiPasa,PaPo,* ViPo-o,PoPg,* NCo

in which mf®, mz®", m’°" > 0. On this basis, when A, and A, are

non-zero, the free energy is minimized when the CDWs are also
non-zero. For brevity, we have omitted the quartic terms from F¢py,
although such terms are allowed by symmetry. We should note that if
one considers the case of a system with CDW and uniform supercon-
ducting coexistent orders, then amodulated (‘PDW’) component would
be induced by the first of the cubic terms. Thus, the Landau theory
does not distinguish these two scenarios. This willbe discussed inmore
detail towards the end of this section.

We now add an external magnetic field Hto the Landau theory. If we
include agradient termin the free-energy expansion, the magnetic
field mmlmally couples tothe superconducting ordersas|D, AOI2 and
\D,A Ql in which D, =0, - i2eA,, A, is the electromagnetlc gauge
ﬁeld and ulabelsthe space time coordmates Asthe superconducting
ordersare spin-triplet orders, they can have afinite angular momentum
that also couples to the magnetic field. The angular momenta of the
superconductingordersareiA, x Ag, andiAth_ x Ay and they couple
to the external magnetic field through

Fitag=—€o H- (iAo x Ap) - Z e H- (iAo x Ap) - Z e/ H (iAo, x A%) )
J J

Here €, €;> 0 and mirror symmetry requires that €;=€,. For time-
reversal-invariant systems, the angular momenta all vanish'°. How-
ever, iftime-reversal symmetry is broken, the angular momentum can
be non-vanishing, (iAo x Ap) # 0, (iAo, x Aly) # 0. As €, €;> 0, itis
energetically favourable for the angular momentum to aligned with
the magnetic field. Here, non-vanishing angular momentum also
requires the order parameters to be sums of different irreps (for bulk
orders) or sums of different surface-projected irreps (for surface
orders)'°. When the superconducting order parameters are combina-
tions of different irreps, each irrep should correspond to a distinct
terminthe Ginzburg-Landautheory. Nevertheless, for simplicity, we
have assumed that the Ginzburg-Landau theory can be written in
terms of the superconducting orders AQ[and A, instead of the distinct
irreps. This simplification does notreflect the fact that differentirreps
will, in general, transition at different temperatures. However, as we
are interested in physics that is far away from any transitions, this

additional feature does not change the qualitative features of our
analysis.

Owing to the minimal coupling between the superconducting orders
and A, the superconducting ordersare suppressed inan external mag-
neticfield, and above anupper critical field the superconducting orders
(and by extension the daughter CDW orders) will vanish. The Ginzburg-
Landautheory therefore correctly predicts the suppression of the CDW
orders in an external magnetic field. Owing to the coupling between
the angular momentum and magnetic field, the upper critical field will
be higher when the magnetic field is aligned with the angular momen-
tumofasuperconducting order and lower when they are anti-aligned.

If M, mirror symmetry is preserved by the A, and A,,,PDWs, their
respective angular momenta are related through

Y- (iBig, ¥ Big) = =Y -(iBzq, X Alg), (10)
2 (i yq, x Alg) = —2(idq, % ALp),

Inthis case, for H,# 0,0r H,# 0, the _A)tQIPDW willbe more suppressed
thantheA,,, PDW or vice versa. Which of the two is more suppressed
depends on the sign and magnitude of H,and H,. This agrees with the
observed mirror-symmetry breaking.

Wenotethat the Ginzburg-Landau theory predicts existence of both
PgandPy, +q, daughter CDWs. Both types of CDW are observedin UTe,,
butthe P, .o CDWsareweaker thanthe p, CDWs. A possible explana-
tion for this is that the amplitudes ofthe PDW order parameters are
weaker than that of the uniform superconducting order parameter

KA o < KAQI 1)

Inthis case, the p, CDWs would be the dominantchargeorders,asp
islinearinthe PDW order parameters, whereas p . _ isquadraticin PDWs.
The Ginzburg-Landau theory presented here can also be adapted
to describe the situation in which the uniform superconductivity and
CDWs are primary orders and the PDWs occur as daughter orders. To
do this, let us first assume that the PDWs are not primary orders (that
is, the PDW masses m;are positive). We also need to include the follow-
ing quartic CDW terms
Fow= Zi A |in|4 (12)
inwhich...indicates various bi-quadratic terms between different CDW
ordersand the superconductingand PDW orders. We take the bi-quad-
ratic terms to be tuned such that they favour coexistence of the uniform
superconductivity and CDW orders. When m®" < 0and A°°" > 0, the
CDW order parameter P, acquires a non-vanishing expectation value.
Ifthe uniform superconductivity A, coexists with the CDWs, the PDW
order parameters A, will acquire expectation values because of the
tri-linear terms in equation (8). This leads to the correct intertwined
orders. However, this scenario does not explain why the CDWs are
suppressed in an external magnetic field, as the charge-neutral CDW
order parameters do not minimally coupleto A,.

Melting the PDWs and uniform superconductivity

Finally, we briefly discuss the potential role of vortices in the destruc-
tion of the PDWs and the uniform superconductivity. Let us consider
the situation in which the PDWs and the uniform superconductivity
host random vortices of the form

A, > e%A,,

13
CDw->e VA (13)

Ay

in which 6, is a U(1) phase that winds by a multiple of 2 around the
vortices**. Here all of the PDWs and the uniform superconductivity
share the same vortices. When these vortices proliferate, the expecta-
tion values of the PDWs and the uniform superconductivity all vanish.



Article

However, the vortex proliferation does not cause the expectation values
ofthe CDWstovanish,as p _,wdoesnotdepend onthevortex phase8,
(see equation (7)). Assuch, proliferation of the vortex in equation (13)
leads to a phase in which the daughter CDW orders persist in the
absence of the parent PDW and uniform superconducting orders. It is
not clear at this stage whether this vortex proliferation accurately
describes the destruction of superconductivity at 7. and the observa-
tion of CDWs at 4 K. However, our arguments do indicate that the obser-
vation of CDWs at 4 Kisnotinconsistent with the PDW scenario we have
presented in this work.
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Extended DataFig.1|Lauediffractionfromthe (011) aligned crystal. Laue diffraction of asingle UTe, crystal which was used for the STM study is shown. A few
specific (hkl) surfaces are marked.
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20.0mV

Extended DataFig.2|LDOSat300 mK.LDOS mapsobtained atseveral energies above and below E;.
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Extended DataFig.3|FFT of LDOS at 300 mK. FFTs of LDOS maps obtained at several energies above and below E;.



Article

a Topography

c FFT(q, E,, OT)

Extended DataFig. 4 |Inverse FFT ofthe CDW peaks, FFT showing primary
and secondary CDW peaks and low energy dI/dV spectra. a, Topography
obtained onthe (011) surface (same areaas that shownin Fig.1c of the
manuscript. Inset shows the corresponding FFT with the CDW peaks circled
inorange.b, Inverse FFT obtained from the circled CDW peaks (in orange)
allowingreal space visualization of the CDW modulations. ¢, FFT at the £,where

b Inverse FT
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the primary and secondary CDWs are shown using red circles and blue circles
respectively, d, Linecut of the d//dVspectra (showningrey) and the average d//dV
spectrum (showninred) obtained along the Te-chains. Apart from the Fano
lineshape associated with the Kondoresonance, theindividual spectraand the
average d//dVspectrum show an additional low energy feature (slope change
around -1meV to +2meV) shown by the blue shaded region.
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Extended DataFig.5|LDOSinpresence ofal0.5 T magneticfield. LDOS maps obtained at several energiesinaperpendicular magnetic field.
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Extended DataFig.6|FFT of LDOS in presence ofa10.5 Tmagneticfield. FFTs of LDOS maps obtained at several energies ina perpendicular magnetic field.
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Extended DataFig.7|Partial suppression and mirror symmetry breaking the FFT ofindividual energy slices. c-e, Linecuts obtained along 3 different
ofthe CDWsintheintegrated FFT signal. a-b, Comparison of FFTs of directions for the 3 CDWsillustrating the mirror symmetry breaking. d is

integrated signal obtained fromintegrating LDOS maps below E;fora O T field clearly more suppressed thanc.
and10.5Tfield. The FFT of the integrated signal also shows similar behavior as
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Dataset 2 with second sample-tip combination

a FFT(q,-10meV,0T)

Extended DataFig. 8|Second and third sample-tip combinations for
perpendicular magnetic field showing reproducibility of the partial
suppression and mirror symmetry breaking ofthe CDW at10.5T.

a-b, Second dataset obtained witha different tip-sample combination showing
the partial suppressionand mirror symmetry breaking of the CDWinaperpendicular

b FFT(q,-10 meV, 10.5T)

L 1 H
FFT amp. (a.u.)

magnetic field. The FFTs shown have the same intensity scale.c-g, Series of FFT
oftopographies asafunction of increasing magnetic field perpendicular to the
[011] surface witha third sample-tip combination. (V=20 mV,1=100 pA) The
intensity scale of all FFTs has been kept constant. The critical field for the

mirror-symmetry breakinging™®" and g$?"iscloseto10 T.
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scale of all FFTs has been kept constant. The surface tilt is measured using the
tiltcorrection functionin the Nanonis module. d-f, Fourier transform linecuts
obtained along 3 differentdirections of the CDWs as a function of magnetic
field, showing clear suppression of the peak amplitudes above 9 T.

Extended DataFig.9|FFTs showing the suppression of the CDWs at positive
biasinall-degreetilted magneticfield. a-c, Series of FFT of topographies
obtainedasafunctionofincreasing magneticfield at11degrees withrespect to
the [011] direction with adifferent tip. (V=40 mV,1=120 pA). The intensity
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Extended DataFig.10|Additional dataset with adifferent tipshowing the[011] direction with adifferenttip. (V=50 mV,1=150 pA). Theintensity scale
reproducibility of the suppression ofthe CDWsinall-degree tilted of all FFTs has been kept constant. The surface tilt is measured using the tilt
magneticfield. a-f, Additional dataset showing aseries of FFT of topographies  correction functioninthe Nanonis module.
obtainedasafunctionofincreasing magneticfield at11degrees withrespect to



a FFT(T=300mK) b FFT(T=45K) C FFT (T = 10 K)

Extended DataFig.11|Melting of the CDWs as afunction of temperature.a-c, FFTs of LDOS maps obtained as a function of temperature. The CDWs persist till
4 Kand have disappearedby 10 K.
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