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Spin-triplet topological superconductors should exhibit many unprecedented
electronic properties, including fractionalized electronic states relevant to quantum
information processing. Although UTe, may embody such bulk topological
superconductivity' ™, its superconductive order parameter A(k) remains unknown'.
Many diverse forms for A(K) are physically possible?in such heavy fermion materials'.
Moreover, intertwined'" density waves of spin (SDW), charge (CDW) and pair (PDW)
may interpose, with the latter exhibiting spatially modulating'** superconductive
order parameter A(r), electron-pair density'* ™ and pairing energy gap”?°*. Hence,
the newly discovered CDW state®* in UTe, motivates the prospect that a PDW state
may exist in this material**?. To search for it, we visualize the pairing energy gap with
peV-scale energy resolution using superconductive scanning tunnelling microscopy
(STM) tips®3!. We detect three PDWs, each with peak-to-peak gap modulations of
around 10 peV and atincommensurate wavevectors P, , ; thatare indistinguishable
from the wavevectors Q. , ; of the prevenient** CDW. Concurrent visualization of the
UTe, superconductive PDWs and the non-superconductive CDWs shows that every
P:Q; pair exhibits arelative spatial phase 6¢ = t. From these observations, and given
UTe, as aspin-triplet superconductor’?, this PDW state should be a spin-triplet PDW?*%,

Although such states do exist®? in superfluid *He, for superconductors, they are

unprecedented.

Bulk Cooper-pair condensates are definitely topological when their
superconductive or superfluid order parameters exhibit odd par-
ity**3* A(k) = -A(-K) with spin-triplet pairing. This situation is epito-
mized by liquid *He, the only known bulk topological Cooper-pair
condensate®*°, Although no bulk superconductor exhibits an
unambiguously topological A(k), attention has recently focused
on the compound UTe, as a promising candidate’ ™2, This material
is superconducting below the critical temperature 7.=1.65 K. Its
extremely high critical magnetic field and the minimal suppression
of the Knight shift® on entering the superconductive state both
imply spin-triplet superconductivity?. Temperature®*, magnetic
field*’ and angular dependence’ of the superconductive quasipar-
ticle thermal conductivity are all indicative of a superconducting
energy gap with point nodes*®. In the superconductive phase, evi-
dence for time-reversal symmetry breakingis provided by polar Kerr
rotation measurements’ but is absent in muon-spin-rotation stud-
ies®. Furthermore, the superconductive electronic structure when
visualized at opposite mesa edges at the UTe, (0-11) surface breaks
chiral symmetry®. Dynamically, UTe, seems to contain both strong
ferromagnetic and antiferromagnetic spin fluctuations®" relevant
to superconductivity. Together, these results are consistent with a
spin-triplet and, thus, odd-parity, nodal, time-reversal symmetry
breaking, chiral superconductor®. Figure 1a shows a schematic of
the crystal structure of this material, whereas Fig. 1c is a schematic

of the Fermisurfaceinthe (k,, k) plane at k,= O (dashed lines; ref. 37).
Anexemplary order parameter A(k) proposed? for UTe, is also shown
schematicallyin Fig. 1c (solid lines), but numerous others have been
proposed®?, including that of a PDW state?*%. In theory, this PDW, if
generated by time-reversal and surface-reflection symmetry break-
ing, isaspin-triplet PDW%. Such a state is unknown for superconduc-
tors but occurs in topological superfluid *He (ref. 32).

PDW visualization

Ingeneral,aPDW state is asuperconductor but with aspatially modu-
lating superconductive order parameter™*’, Absent flowing currents
or magnetic fields, a conventional spin-singlet superconductor has
anorder parameter

As(r) = Aoei¢s (1)

for which ¢ is the macroscopic quantum phase and A, the amplitude
of the many-body condensate wavefunction. A unidirectional PDW
modulates such an order parameter at wavevector P as

Ap(r) = A(r) e+ A (r)ePT ()
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Fig.1|Momentum-space and real-space characteristics of UTe,.

a, Schematic crystal-lattice structure of UTe, oriented to the primary unit cell
vectorsa,bandc. The (0-11) cleave plane of UTe, is indicated schematically

by the grey-shaded plane. b, Schematic of elemental identities and atomic

sites and unit cell of the (0-11) termination layer of cleaved UTe,. ¢, Schematic
Fermisurfaceinthe (k,, k,) planeat k,= 0 for UTe, is indicated by dashed curves.
Aschematic example of one possible superconductive order parameter
magnitudeisindicated by solid curves representing the magnitude of energy

meaningthat the electron-pairing potential varies spatially. By contrast,
aunidirectional CDW modulates the charge density at wavevector Q
such that

Po(1) =p (e ¥ +p* (e ®

The simplest interactions between these three orders can be ana-
lysed using a Ginzburg-Landau-Wilson free-energy density functional

F=AlpyhAshp +c.c.] 4)

representing the lowest-order coupling between superconductive
and density wave states.
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gap A(k). Here, for pedagogic purposes only, is presented a chiral, spin-triplet
superconductor withenergy gap nodes along the a axis or k, axis. d, Typical
topographicimage 7(r) of UTe, (0-11) surface measured with asuperconducting
tipat T=280 mK (/;=0.5nA, V,=30 mV).Inset, measured high-resolution 7(r)
atlowjunctionresistance (/=3 nA, V,=5mV), clarifying two types of Te atom.
Scalebars, 5 nm (main), 1 nm (inset). e, Measured T(q), the Fourier transform of
T(r)ind, with the surfacereciprocal-lattice points labelled as dashed orange
circles, which are consistent with simulated results (Extended Data Fig. 2).

There are two elementary possibilities: (1) if As(r) and Ax(r) are the
predominant orders, they generate charge modulations of forms
Pp(r) =< AZAp + AfpAg and p,, (1) = AiPAP, thatis, two induced CDWs
controlled by the wavevector of the PDW; (2) if Ag(r) and py(r) are pre-
dominant orders, they generate modulations Aq (r) « A3py thatis, a
PDW induced at the wavevector of the CDW. In either case, the PDW
state described by equation (2) subsists.

To explore UTe, for such physics, it is first necessary to simultane-
ously visualize any coexisting CDW and PDW states. Recent experimen-
taladvances have demonstrated two techniques for visualizing a PDW
state. In the first'**, the condensed electron-pair density at location
r, n(r), can be visualized by measuring the tip-sample Josephson
critical-current squared If(r), fromwhich

n(r) =I5 ()RY(r) )



in which Ry(r) is the normal-state junction resistance. In the second
PDW visualization technique'?° %, the magnitude of the energy gap
inthe sample, A(r), is defined as half the energy separation between
the two superconductive coherence peaksin the density of electronic
states N(E). These occurin tunnelling conductance at signed energies
A.(r) and A_(r) such that

A(r) =[A(r) -A_(1)]/2 (6)

This can be visualized using either normal-insulator-superconductor
(NIS) tunnelling?®* or superconductor-insulator-superconductor (SIS)
tunnelling from a superconductive STM tip""?>* whose superconduc-
tive gap energy, A, isknownapriori.

CDW yvisualizationin normal-state UTe,

UTe, crystals typically cleave to show the (0-11) surface®**, a schematic
view of which (Fig. 1b) identifies the key atomic periodicities by vec-
torsa*and b*. Attemperature T=4.2 K, this surfaceis visualized using
STM and a typical topographicimage T(r) is shown in Fig. 1d, whereas
Fig. 1e shows its power spectral density Fourier transform T(q), with
the surface reciprocal-lattice points identified by dashed orange cir-
cles. Pioneering STM studies of UTe, by Aishwarya et al.>* have recently
discovered a CDW state by visualizing the electronic density of states
g(r, E) of such surfaces. As well as the standard maxima at the surface
reciprocal-lattice points in g(q, E), the Fourier transform of g(r, E),
Aishwarya et al. detected three new maxima with incommensurate
wavevectors Q, , ;, signifying the existence of a CDW state occurring
at temperatures up to at least 7=10 K. To emulate this, we measure
g(r, V)for-25mV < V<25mVat T=4.2 Kusing anon-superconducting
tiponthe equivalent cleave surface toref. 24. Figure 2a shows atypical
topographicimage 7(r) of the (0-11) surface measured at 4.2K. The
Fourier transform 7(q) features the surface reciprocal-lattice points
labelled by dashed orange circles in Fig. 2a, inset. The simultaneous
image g(r, 10 mV) in Fig. 2b exhibits the typical modulations in g(r, V)
andits Fourier transformg(q, V) inFig. 2c shows the three CDW peaks?*
at Q,,;labelled by dashed blue circles. Inverse Fourier filtration of
these three maxima only shows the incommensurate CDW state of
UTe,. Overall, this state consists predominantly of incommensurate
charge-density modulations at three (0-11) in-plane wavevectors Q, , ;
that occur at temperatures up to at least 10 K (ref. 24) and with a char-
acteristic energy scale up to at least +25 meV (ref. 24; Methods and
Extended Data Fig.1).

Normal-tip PDW detection at NIS gap edge

Motivated by the discovery that this CDW exhibits an unusual depend-
ence on magnetic field and by the consequent hypothesis that a PDW
may exist in this material**?, we next consider direct PDW detectionin
UTe, by visualizing spatial modulations in its energy gap”'8?°2*, The
typical tunnelling conductance signature of the UTe, superconducting
energy gap is exemplified in Fig. 3a, showing a density-of-states spec-
trum N(E = eV) « dI /dV|y,s (V) measured using anon-superconducting
tip at 7=280 mK and junction resistance of R = 5 MQ. Under these cir-
cumstances, researchers find only a small drop in the tunnelling con-
ductanceatenergies |E| < |Ayre, | (ref. 9) and concomitantly weak energy
maximain NV(E) attheenergy-gap edges E = + A, (Fig.3a,inset). Hence,
itischallengingtoaccurately determine the precise value of the energy
gap Ayr., (Methods and Extended Data Fig. 3). Nevertheless, we fita
second-order polynomial to the two energy maximain measured N(E, r)
surrounding E= + Ayre, evaluate the images A,(r) of these energies
and then derive a gap map for UTe, as Ayre, () =[A,(r) - A_(1)]/2.1ts
Fourier transform Ay, (q) presented in Methods and Extended Data
Fig.3 shows threeincommensurate energy-gap modulations occurring

at wavevectors P, , ;, consistent with the wavevectors of the CDW
modulations discovered inref. 24. Although this evidence of three PDW
statesin UTe, is encouraging, its weak signal-to-noise ratio owing to the
shallowness of coherence peaks implies that conventional d//dV/| ¢
spectraareinadequate for precision application of equation (6) in this
material.

Superconductive-tip PDW detection

We turn to a well-known technique for improving the resolution of
energy maximain g(r, £) measurements. By using SIS tunnelling from
a tip exhibiting high sharp conductance peaks, one can profoundly
enhance energy resolution for quasiparticles?. Most recently, this has
been demonstrated in electronic fluid flow visualization® microscopy,
with effective energy resolution 6£ =10 peV. The SIS current /from a
superconducting tip is given by the convolution

1V) > [2 Nl E = €V)Negmpie E)IE @

Equation (7) demonstrates that using a superconductive tip with
high sharp coherence peaksat £, = A, in Ny, (E) will, through convolu-
tion, strongly enhance the resolution for measuring the energies A,
atwhich energy maxima occur in Ng,p,,(E); it will also shift the energy
of these features to £ = +[Ag, . + Ayl INFig. 3b, we show the d//d Vg
spectrum of a UTe, single crystal using a superconducting Nb tip at
T=280 mK. Because the tunnelling current is given by equation (7),
the clear maxima ind//dV|gs occur at energies (A, + Agmpre)- With
this technique, the energy maxima can be identified with resolution
better than £ <10 peV when T<300 mK (ref. 29). Here we use it to
improve the signal-to-noise ratio of the UTe, superconductive
energy-gap modulations that are already detectable by conventional
techniques (Methods and Extended Data Fig. 3).

The UTe,samplesare cooled to T=280 mK, with 7(r, V) of the (0-11)
cleave surface as measured by a superconductive Nb tip shown
in Fig. 3c. Here we see a powerful enhancement in the amplitude
and sharpness of maximaind//dV/|ssrelative toFig. 3a. Consequently,
to determine the spatial arrangements of the energy of the two
maxima E,(r) and £_(r) surrounding 1.6 meV exemplified in Fig. 3b,
we make two separate g(r, /) maps in the sample bias voltage ranges
-1.68mV<V<-1.48mVand1.5mV<V<17mV,andin the identical
field of view (FOV). The sharp peak of each di//d Vs is fit to a second-
order polynomial d//dV|qs = aV?+ bV + ¢, achieving typical quality of
fitR*=0.99 + 0.005. The energy of maximum intensity in E,(r) or E_(r)
is then identified analytically from the fit parameters (Methods and
Extended Data Fig. 4). The fine line across Fig. 3¢ specifies the trajec-
tory of an exemplary series of d//d Vs spectra, whereas Fig. 3d presents
the colour mapd//dV|gs spectrafor both positive and negative energy
coherence peaks along this line. Periodic variations in the energies at
which pairs of peaks occur are obvious, directly demonstrating that
E.(r)and E_(r) are modulating periodically butin energetically opposite
directions. Using this g(r, V) measurement and fitting procedure
(Methods and Extended Data Fig. 4) yields atomically resolved images
of E.(r) and E_(r). The magnitude of both positive and negative super-
conductive energy gaps of UTe,isthenA () = |E, (r)| — | Ayl inwhich
|Aqpl is constant. These two independently measured gap maps A, (r)
and A_(r) are spatially registered to each other at every location with
27-pm precision so that the cross-correlation coefficient between them
is X~ 0.92, meaning that the superconducting energy-gap modulations
areentirely particle-hole symmetric (Fig. 3e,f, Methods and Extended
DataFig.5).

Fromthese and equivalent data, the UTe, superconducting energy-
gap structure Ay, (r) = (A,(r) + A_(r))/2 can now be examined for
its spatial variations §A(r) by using
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Fig.2|Visualizing the normal-state CDW of UTe,. a, Typical topographic
image T(r) of (0-11) surface measured at 4.2 Kwith anon-superconducting STM
tip (/;=1nA, V,=-30 mV).Inset, measured 7(q), the Fourier transform of the
topographicimage obtained simultaneously asb. Reciprocal-lattice points
labelled in dashed orange circles. Scale bar, 4 nm. b, Differential conductance
image g(r,10 mV) measured at 4.2 K. Scale bar, 4 nm. ¢, Fourier transform

6A(r) = AUTez (r) - <AUT32 (l’)) (8)

inwhich (Ayre, (r)) is the spatial average over the whole FOV. Figure 4a
shows measured §A(r) in the same FOV as Fig. 3c. The Fourier transform
of 6A(r), 6A(q), is presented in Fig.4b,inwhichthe surface reciprocal-lattice
points are identified by dashed orange circles. The three further peaks
labelled by dashed red circles represent energy-gap modulations with
incommensurate wavevectors at P, , ; of the PDW state in UTe,. Focusing
onlyonthesethree wavevectorsP, ,;, we performaninverse Fourier trans-
formto show the spatial structure of the UTe, PDW state in Fig. 4c (Meth-
ods). This state seems to consist predominantly of incommensurate
superconductive energy-gap modulations at three (0-11) in-plane
wavevectors P, withacharacteristic energy scale 10 peV for peak-to-peak
modulations.

924 | Nature | Vol 618 | 29 June 2023

g(q,10 mV) fromg(r,10 mV) inb. Threeincommensurate CDW peaksatQ, , ;
labelled by dashed blue circles. d, Measured density-of-states modulations
8o(r,10 mV) only at the wavevectors Q, , ;. Thisis a highly typicalimage of the
incommensurate CDW state of UTe, (Methods and Extended DataFig.1). Te,
atomiclocations of UTe, (0-11) surface shown as overlay. The filter size of the
inverse Fourier transformis 14 A. Scale bar, 2 nm.

Energy modulations of Andreev resonances

There is an alternative modality of SIS tunnelling, namely, measuring
the effects of Andreev reflections. For two superconductors with very
different gap magnitudes, when the sample bias voltage shifts the
smaller gap edge (UTe, in this case) to the chemical potential of the
other superconductor, the Andreev process of electron (hole) trans-
missionand hole (electron) reflection plus electron-pair propagation
can produce an energy maximum in d//dV|ys (ref. 38), an effect well
attested by experiment®. Here, by imaging the signed energies of A, (r)
of two subgap d//dV|ys maxima detected throughout our studies and
identified by the green arrows in Fig. 3b, an Andreev-resonance meas-
ure of the UTe, energy gap is conjectured as A, (r) = [A, (r) —A_(r)]/2.
These data are presented in Methods and Extended Data Fig. 7 and



a ] c . TTRERRRO N e
200 THHIIINIHI
' 1383200 :.'2‘!
s 1 . 3 1 29
1111111 ':li:-
IfERLE 111 .‘
150 | i sl . '! g 41313
118 b‘."i"‘ 11
183 280 s 315 I
— L] L] nE s I 'l
2 1333821111001
= " - 1 1
g 100y !‘22 Z,E't 231 1.65
= . L] ' L] .
3 111 -:o.l:|=|- meV
3 55pm ;-;uil !
123182200000
50} & .'-"i‘z .
A1k 010)
‘ . |"ll"l.l.|
-0.5 0 0.5 2121225200
0 s PSRkt iNG
228120030
-1.0 -0.5 0 0.5 1.0 4 1311380011 1.53
Sample voltage (mV) 0pm S LSS SCSEFS meV
b x1072 A LA d f
251
20
@ g
= )
Q'1.5' 8
g‘”” % -1.53 |
) | ® meV
51'0 =)
05}
0 . . . . . .
-3 -2 -1 0 1 2 3 -1.65
Sample voltage (mV) meV

Sample voltage (mV)

Fig.3|Atomic-resolutionimaging of the superconductive energy gap.

a, Typical NIS spectrumd//dV |y from normal tip to UTe, (0-11) surface (/,=1nA,
V,=-5mV)at T=280 mK. Theinset focuses on the energy range in which the
coherence peaks canbe detected by conventional normal-tip tunnelling at
E=2Ar,. Visualizing the superconducting energy gap A, (r) fromsuch
di/dV|ysimaging at T=280 mKshows three sets of energy-gap modulations
occurring at PDW wavevectors P, , ; (Methods and Extended DataFig. 3). We
find no deterministicinfluence of the residual density-of-states modulations
onthese PDW energy-gap modulations (Methods and Extended Data Fig. 9).

b, Typical SISspectrumd//dV/|g;s from superconducting Nb tip to UTe, (0-11)
surface. Theblue arrows indicate the convoluted conductance peak located at

[Agip + Ayre,| (I,=3nA, V,=3mV).Theinset focusesonthe energy range in which

show a A,(r) modulating with amplitude approximately 10 peV at
wavevectors Py, state, further evidencing the UTe, PDW state.

Visualizing the interplay of PDW and CDW

Finally, one may consider the two cases of intertwining outlined earlier:
(1) As(r) and Ap(r) are predominant and generate charge modula-
tions p, (r) < A{Ap + A*pAgand Pop (K)o AfPAPor (2) Ag(r) and po(r) are
predominantand generate pair density modulations A (r) o AgpQ. For
case (1) to be correct here, a PDW with magnitude 10 peV coexisting
with a superconductor of gap maximum near 250 peV must generate
aCDW onthe energy scale 25 meV and exist up to at least 7=10 K. For
case (2) to be valid, anormal-state CDW with eigenstates at energies
up to 25 meV coexisting with a superconductor of gap magnitude
250 peVmust generate a PDW at the same wavevector and with ampli-
tude near 10 peV. Intuitively, the latter case seems the most plausible
for UTe,.

To explore this issue further, we visualize the CDW in the
non-superconductive state at 7=4.2 K, then cool to T=280 mK and
visualize the PDW in precisely the same FOV. Figure 4c,d shows the

subgap d//dVlgs(r, V) peaks canbe detected at energies E=A,(r). c, Typical SIS
tunnelling topograph 7(r) measured at T=280 mK. Scalebar,2 nm.d, Exemplary
normalized d//dV/|gs(r, V) focused onthe energy ranges near £, and £_along
thetrajectoryindicated as thelight blue arrowin c. The modulations of the
energies £,(r) and E_(r) of maximum conductance are clearly seen. The two sets
of spectraare calibrated such that the d//dV|s(V) peaks are particle-hole
symmetric. e, Measured energy E.(r) at which d//dVlgs(V,) maxima occurinc.
The UTe, empty-state superconductive energy gapisA, (r) = |E, (r)| - |Agp|, in
which|A ;,|isaconstant. Scale bar,2 nm. f, Measured energy E_(r) at which
difdV|gs(V.)maximaoccurinc. Thefilled-state energy gapis

A()=|E_(r)|- 1A gipl- Scalebar,2 nm.

result of such an experiment in the FOV of Fig. 3c. The CDW and PDW
images are registered to the underlying lattice and to each other with
27-pm precision. Comparing their coterminous images in Fig. 4c and
Fig. 4d shows that the CDW and PDW states of UTe, appear spatially
distinct. Yet, they are actually registered to each other in space, being
approximate negative images of each other (Fig. 4e) and with a meas-
uredrelative phase for all three P:Q; pairs of|6¢,| = it (Fig. 4f, Methods
and Extended Data Fig.10). A typical example of this effectisshownin
aline cutacross Fig. 4c,d along the Te chain direction, with the directly
measured values showninFig.4g. The directand comprehensive knowl-
edge of CDW and PDW characteristics and interactions presented in
Fig.4 now motivates search for a Ginzburg-Landau description capa-
ble of capturing this complex intertwined phenomenology and that
reported inref. 24.

Conclusions

Notwithstanding such theoretical challenges, in this study, we have
demonstrated that PDWs occur at three incommensurate wavevectors
P.,,;onthe (0-11) surface of UTe, (Fig. 4b,c). These wavevectors are
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Fig.4|Visualizing the PDW state of UTe,. a, Measured variationsinenergy
gap 6A(r) from Fig.3c.Scale bar,2 nm. b, Measured 6A(q) froma. The surface
reciprocal-lattice points are labelled by dashed orange circles and the PDW
peaksatP,,;arelabelled by dashedred circles. P, , ;arelinked by reciprocal-
lattice vectors (Extended Data Fig.10). 6A(r) and 6A(q) exhibit superior signal-to-
noise ratio as compared with the normal-tipgap map Ay, (r) (Extended Data
Fig.8).c, Inverse Fourier transform filtered 6A(q) of panelaatP, , ;shows the
first visualization of the PDW (filter sizeis 11.4 A). The PDW is repeatablein
experimental measurements (Extended DataFig. 6) and alsoindependently
evidencedin Methods and Extended DataFig.7.d, Image of go(r, -9 mV) of the
CDW, measured at T=4.2Kinthe same FOV as panel cfrominverse Fourier
transformfiltered g(r, -9 mV) at Q, , ; (filter sizeis 11.4 A).The precision of

indistinguishable from the wavevectors Q. , ; of the prevenient
normal-state CDW at the equivalent surface (Figs. 2c and 4d). All three
PDWs exhibit peak-to-peak gap energy modulationsin the range near
10 peV (Fig.4c,g). Whenthe P, , ; PDW states are visualized at 280 mK
in the identical FOV as the Q.,,; CDWs visualized above the

926 | Nature | Vol 618 | 29 June 2023

registration between the CDW and PDW imagesis 27 pm (Methods and Extended
DataFig.5). These coincident CDW and PDW images are measured in the energy
ranges10 meVand10 peV, respectively, and appear visually distinct, yet their
cross-correlation coefficient of ~0.68 shows their anticorrelation. The CDW
maxima exist at the PDW minima. e, Statistical relationship between 6Ax(r) and
8o(r,—9 mV). The 6A,(r) and go(r, -9 mV) are strongly anticorrelated spatially.
They are approximately negatives of each other.f, Statistics of therelative
spatial phase difference 6¢p,between the CDW phaseq)f(r) atQ;and the PDW
phase q)f(r) atP;inthe coterminousimages g,(r, ~9 mV) and 6A,(r). The spatial
phase difference, defined as|6¢, (r)| = |¢} (r) - ¢ (r) | between all three CDWs
and PDWs at Q;:P;is |6@)| s = 0.96T. g, Coterminous measurement of CDW
8o(r,~9 mV) and PDW 6A,(r) along atrajectory (arrowsin panelscand d).

superconductive T, every Q;:P;pairis spatially registered to each other
(Fig. 4c,d), but with a relative phase shift of |6¢| ~m throughout
(Fig. 4f). Given the premise that UTe, is a spin-triplet superconductor®,
the PDW phenomenology detected and described herein (Fig. 4) signi-
fies the entrée to spin-triplet PDW physics.
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Methods

CDW visualizationin non-superconductive UTe,

Differential conductance imaging of CDW at T=4.2K.At 7=4.2K
and using superconducting tips to study the UTe, (0-11) surface, we
measure differential tunnelling conductance spectrag(r, V) to visual-
ize the CDW in the normal state of UTe,. Extended Data Fig. 1a-d shows
g(r, V)images V=-7mV,-15mV,-23 mVand -29 mV with Fourier trans-
form g(q, V) shown as Extended Data Fig. 1e-h. Three CDW peaks at
Q,,;occurinallg(q, V), representingincommensurate charge-density
modulations with energy scale up to approximately 30 meV, consist-
ent withref. 24.

CDW visualization atincommensurate wavevectors Q, , ;. To calcu-
late the amplitude ng(r) of the CDW modulation represented by the

peaks at Q; (i=1, 2, 3), we apply a two-dimensional computational

lock-in technique. Here g(r) is multiplied by the term %" and inte-
grated over a Gaussian filter to obtain the lock-in signal
1 iQ;/R Ir R 9)
— iQ; 2
800" 5o [ drg(R)e@Re 202

inwhich g, is the cutofflengthin the real space. In q space, this lock-in
signal is

_a
e 209’

8o )= F 60 (@)= F | A = (10)

Q

inwhich gy is the cutofflengthin q space. Here o, = 1/a,. Next, gy(r, V),
the inverse Fourier transform of the combined Q; (i=1, 2, 3) CDWs, is
presented in Extended Data Fig. 1i-I.

To specify the effect of filter size on the inverse Fourier transform,
we show in Extended Data Fig. Im-t the real-space density of states
g(r,10 mV), its Fourier transform g(q, 10 mV) and the evolution of
inverse Fourier transform images as afunction of the real-space cutoff
lengtho,. The differential conductance map g,(r, 10 mV) isshownata
seriesof o, including 10 A,12 A, 14 A, 18 A, 24 A and 35 A. The distribu-
tions of the CDW domainsin the filtered g4(r, 10 mV) images with cutoff
lengthsof 10 A,12 A, 14 A, 18 A and 24 A are highly similar. The cutoff
length usedin Fig.2d is 14 A, such that the domains of the CDW modula-
tionsareresolved and theirrelevantimage distortions are excluded. The
same filter size of 14 A is chosen for all three Q, vectors. Formally, the
equivalentinverse Fourier transformanalysisis carried out for Fig. 4c,d
but with afilter size of 11.4 A to filter both the CDW and PDW peaks.

Simulated UTe, topography. Toidentify q-space peaks resulting from
the (0-11) cleave-plane structure of UTe,, we simulate the topography
ofthe UTe, cleave plane and Fourier transform. Subsequently, we can
distinguish clearly the CDW signal from the structural periodicity of
the surface. The simulationis calculated on the basis of theideal lattice
constant of the (0-11) plane of the UTe,, a* = 4.16 A and inter-Te-chain
distance b*=7.62 A. Extended Data Fig. 2ais asimulated 7(r) image in
the FOV of 14.5 nm. The simulated topography 7(r) isingood agreement
with experimental 7(r) images presented throughout. The Fourier
transform, 7(q), of the simulated 7(r) in Extended Data Fig. 2b shows
six sharp peaks, confirming that they are the primary peaks resulting
from the cleave-plane structure. Most notably, the CDW peaksin Fig.2c
are not seen in the simulation. They are therefore not caused by the
surface periodicity butinstead originate from the electronic structure,
asfirst demonstrated inref. 24.

Normal-tip PDW detection at the NIS gap edge of UTe,
Initial STM searches for aPDW on UTe, were carried out using a nor-
mal tip at 280 mK. Extended Data Fig. 3a shows a typical line cut of

the d//dV/|,, spectrum taken from the FOV in Extended Data Fig. 3b.
There is a large residual density of states near the Fermi level. The
gap depth His defined as the difference between the gap bottom
in the d//dV|, spectrum and the coherence peak height, that s,
H=di[dV | (V= AUTeZ) —dI/dV|y,s(V=0).Its modulation is extracted
fromthed//dV|ysline cut and presented in Extended Data Fig. 3¢; it
modulates perpendicular to the Te atom chains.

Conventional, NIStunnelling discloses superconducting energy-gap
modulations asshownin Extended DataFig.3a. The superconducting
energy gapis defined as half of the peak-to-peak distance inthe d//d V|
spectrum (Fig. 3a and Extended Data Fig. 3d). Its magnitude|Ayr, | is
foundto lieapproximately between 250 peVand 300 peV. We measure
variationsin the coherence peak position fromthed//dV|y,s spectrum
ateachlocationr. The two energy maximanear Ay, of eachd//dV| g
spectrum are fitted with a second-order polynomial function
(R3\is = 0.87). The energy gap is defined as the maxima of the fit, A, for
V>0and A_for V< 0. The total gap map AUTeZ(r) =[A,(r)-A_(r)]/2is
derivedfrom A, and A_(Extended DataFig. 3e). The Fourier transform
of Ayre, (), Ayre, (q) (Extended Data Fig. 3f), shows three peaks at
wavevectors P, , ;. They are the initial signatures of the energy-gap
modulations of the three coexisting PDW states in UTe,.

Superconductive-tip PDW visualization at the SIS gap edge of UTe,
Tip preparation. Atomic-resolution Nb superconducting tips are pre-
pared by field emission. To determine the tip gap value during our
experiments, we measure conductance spectrum on UTe, at 1.5K
(T.=1.65K), in which the UTe, superconducting gap is closed. The tip
gap|A,| =1.37 meV is the energy of the coherence peak (Extended
DataFig. 4a). The measured spectrum is fitted using a Dynes model*.
The typical d//d V|, measured at 280 mK on UTe, (Fig. 3b) shows the
total gap value £ = |Ap| + |Ayre,| # 1.62 meV. Therefore, we estimate
|Ayre,| = 0.25 meV, consistent with a previous report”and the d//d V|
showninFig.3aand Extended DataFig. 3.

SIS tunnelling amplification of energy-gap measurements. To deter-
mine the energy of £,(r) and E_(r) at which the maximum conductance
in d//dV|ss(V) occurs, we fit the peak of the measured d//d V|, (V)
spectra using asecond-order polynomial fit:

gWV)=aV*+bV+c (11)

This polynomial closely fits the experimental data. Extended Data
Fig.4b,cshows two typical d//dV|y (V) spectrameasured at +Vand -V

along the trajectory indicated in Fig. 3c. The evolution of fits g(V) in
Extended Data Fig. 4d,e shows a very clear energy-gap modulation.

Shear correction and Lawler-Fujita algorithm. To register several
imagesto precisely thesame FOV, the Lawler-Fujitaalgorithmis applied
to the experimental data. Then, to recover the arbitrary hexagon of
the Te lattice, shear correction is applied to correct any image distor-
tions caused by long-range scanning drift during days of continuous
measurement.

To correctagainst picometre-scale distortions of the lattice, we apply
the Lawler-Fujita algorithm. Let 7'(¥) represent a topograph of a perfect
UTe, lattice without any distortion. Three pairs of Bragg peaks Q,, Q,
and Q; can be obtained from Fourier transform of T(¥). Hence T() is
expected to take the form

3
T(H)=) Tcos(Q;-¥+6) (12)
i=1

The experimentally obtained topography 7(r) may suffer from a
slowly varying position-dependent spatial phase shift 8(r), which can
be given by



3
T(r)=) Tcos(Q r+6r) 13)
i=1

To get 0,(r), we use a computational two-dimensional lock-in tech-
nique to the topography
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_4ImAg(r)

6(r)=tan ReAq(r) (17)

forwhichois chosento capturethe lattice distortions. Inthe Lawler-Fujita
analysis, we use g, = 3.8 nm™. Mathematically, the relationship between
thedistorted and the perfect lattice for each Q;isQ; - r + (r) = Q;- ¥ + 0,
We define another global-position-dependent quantity, the displacement
fieldu(r) = r - ¥, which canbe obtained by solving equations

Q, b 6,—0,(r)

u(r)=|Q,| | 6,-6,(r) (18)
Q;) |65-65(r)
Finally, a drift-corrected topography, T (¥) is obtained by
T®=T@-um) (19)

By applying the same correction of u(r) to the simultaneously taken
differential conductance map g(r), we can get

g(® =gr-u) (20)

in which g (¥) is the drift-corrected differential conductance map.

Lattice registration of UTe, energy gap Aute,(")- We measure two
separated//d V| (r, V) maps separated by several days and in two over-
lapping FOVs, with energy ranges —1.68 meV < £ <-1.48 meV and
1.5 meV < E<1.7 meV. Therefore, we obtain two datasets, 7.(r) with the
simultaneous d//dVlgs, (r, V) at positive bias and T_(r) with the simul-
taneous d//dV|gs_(r, V) at negative bias.

After the shear and Lawler-Fujita corrections are applied, the lattice
inthe corrected topographs of T.(r) and T_(r) become nearly perfectly
periodic. Next, we perform rigid spatial translations to register the two
topographs to the exact same FOV with a lateral precision better than
27 pm.Extended DataFig. 5a,b shows two topographs of registered 7.(r)
and T_(r). Cross-correlation (XCORR) of twoimages/,and 1, X(r, I,, I,) atr
isobtained by sliding two images r apart and calculating the convolution,

J 1) L(r +1)dr
T () P, 1) Pdry

X(r, I, 1) = (21)

in which the denominator is a normalization factor such that, when /;
and /, are exactly the same image, we canget X(r =0, /;, I,) =1 with the
maximum centred at (0, O) cross-correlation vector. Extended Data
Fig. 5c shows that the maximum of XCORR between T.(r) and T_(r)
coincides with the (0, 0) cross-correlation vector. The offset of the two
registered images are within one pixel. The multiple-image registration

method is better than 0.5 pixels =27 pm in the whole FOV and the
maxima of the cross-correlation coefficient between the topographs
is 0.93. Alltransformation parameters applied to T.(r) and 7_(r) to yield
the corrected topographs are subsequently applied to the correspond-
ing d//dV|y(r, V) maps obtained at positive and negative voltages.

Particle-hole symmetry of the superconducting energy gap A ¢, z(r).
The cross-correlation map in Extended Data Fig. 5f provides a two-
dimensional measure of agreement between the positive and negative
di[dV| ¢ (V) energy-maxima mapsin Extended DataFig. 5d,e. The inset
of Extended Data Fig. 5f shows aline cut along the trajectory indicated
inExtended DataFig. 5f. It shows amaximum of 0.92 and coincides with
the (0, 0) cross-correlation vector. Thus, it shows that gap values
between positive bias and negative bias are highly correlated.

PDW visualization atincommensurate wavevectors P, , ;. Theinverse
Fourier transform analysis for PDW state in Fig. 4c is implemented
using the same technique described here in Methods. The filter size
chosento visualize the PDWis 11.4 A. The inverse Fourier transform of
the CDW in Fig. 4d is calculated using an identical filter size of 11.4 A.

Independent PDW visualization experiments. To confirm that the
PDW discovered is presentin several FOVs, we show a typical example
of the gap modulation A,(r) from one different FOV in Extended Data
Fig. 6. The d//dV|(r, V) map is measured in the voltage region sur-
rounding the positive Nb-UTe, energy maximanear 1.6 meV. The spec-
train this FOV are fitted with a second-order polynomial and shear
correctedas described herein Methods. The resulting gap map, §A.(r),
is presented in Extended Data Fig. 6b. The Fourier transform of this
map, 6A,(q), is presented in Extended DataFig. 6¢. 5A,(q) features the
same PDW wavevectors (P, P,, P;) reported in the main text.

Energy modulations of subgap Andreev resonances

Surface Andreev bound states must occur in p-wave topological super-
conductors*. Moreover, based on the phase-changing quasiparticle
reflections at the p-wave surface, finite-energy Andreev resonances
should also occurinthejunction betweenap-wave and an s-wave super-
conductor* and are observed in UTe,. Inside the SIS gap, we measure
thed//dV/| (r, V) mapinthe energy range from-500 peVto 500 peV.
The mapis measuredinthe FOVin Extended DataFig. 7a, the same FOV
asin Figs. 3 and 4. Three conductance peaks are resolved at approxi-
mately =300 peV, 0 and 300 peV, annotated with green arrows in the
typical subgap spectrum in Extended Data Fig. 7b. The energy maxi-
mum of the positive subgap states between 200 peV to 440 peV is
assigned as A,. The energy maximum of the negative subgap states
between-440 peVto—-200 peVisassigned asA_. The averaged energy
of the Andreev subgap states is defined as A, (r) = [4,(r) —A_(r)]1/2,
whichranges from300 peV to 335 peV (Extended Data Fig. 7c). Fourier
transform of the subgap energies A,(q) exhibit two sharp peaks at the
PDW wavevectors P, and P, (Extended Data Fig. 7d).

In the case of two superconductors with very different gap magni-
tude, when the sample bias voltage shifts the smaller gap edge to the
chemical potential, the Andreev process of electron (hole) transmis-
sion and hole (electron) reflectional plus electron-pair propagation
may produce an energy maximum in d//dV|ssat the voltage of smaller
gap energy. Hence, the observations in Extended Data Fig. 7d may be
expectedifthe UTe,superconducting energy gap is modulating at the
wavevectors P, and P,. Extended Data Fig. 7e shows that the energy of
the Andreev states modulate in space with a peak-to-peak amplitude
near 10 peV (see histogramin Extended Data Fig. 7f).

Enhancement of signal-to-noise ratio using superconductive tips
Superconducting STM tips provide an effective energy resolution
beyond the Fermi-Dirac limit. They have therefore been widely used
asamethod of enhancing the energy resolution of STM spectra,
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To better quantify the signal-to-noise ratio improvement of the
measured energy-gap modulations, we compare the fitting quality of
the superconducting gap maps obtained using anormaltip (Extended
Data Fig. 3) and a superconducting tip (Fig. 4). The fitting quality is
defined using the coefficient

Y g (e, V) -didv (r, )12
Yol 1) -gm P

R%(r)=1- (22)

inwhichd//dV (V) isthe measured spectrum, g(r, V) is the fitted spec-
trumand g (r) is the averaged fitted spectrum. Extended Data Fig. 8a
shows a typical spectrum measured using a superconductive tip,
di/dV|,, from the FOV in Fig. 3c. Extended Data Fig. 8d is a typical
d//dVlys spectrum measured using a normal tip from the FOV in
Extended Data Fig. 3. The energy-maximum noise level is decisively
lowerindi/dV/| ¢ spectrathanindi//d V|NIS spectraand the fitting qual-
ity R is substantially higher than R%s.

Extended Data Fig. 8b,c shows maps of the fitting parameter R? cal-
culated from fitting the d//d V| energy-maxima map obtained using
asuperconductivetip, thatis, the A, (r) images presented inFig. 3e,f.
Extended DataFig. 8e,fshows maps ofR2 calculated fromthe coherence
peakfitting of d//dV|ys obtained using anormal tip, thatis, theAUTe (r)
images presented in Extended Data Fig. 3e. Comparing these quuallty
of-fit parameter maps, we find that amuch larger fraction of normal-tip
coherence peak maps have poor correspondence with thefitting proce-
duresused. For superconducting tips, the root-mean-square values of
thefitting parameter, R3ys, are 0.98 and 0.99 for the positive and nega-
tive coherence peak fitting, respectively. The normal-tip RZy values are
0.87 and 0.86 for the positive and negative coherence peak fitting, respec-
tively. The superconducting tip therefore demonstrably achieves amarked
signal-to-noise ratio enhancement for evaluation of Ay, (r) images.

Asthesignal-to-noiseratioisincreased in the SIS-convoluted coher-
ence peaks measured using a superconductingtip, ithasbeen possible
to resolve the UTe, energy-gap modulations of order approximately
10 pV. Fundamentally, the energy resolution is associated with the
ability of the superconductive tip to resolve the energy at which the
d//dVlgs coherence peak reaches its maximum amplitude. Conse-
quently, we determine our energy resolution to be 10 pV.

Thus, the same superconductor energy-gap modulations in Ay, (r)
of UTe, canbe observed using either asuperconducting tip oranormal
tip. However, the former substantially increases the SIS conductance
at|E] = Ayre, + Agpandallows for considerably better imaging of these
energy maxima and thus Ayr,, (r).

Interplay of subgap quasiparticles and PDW

Here we show simultaneous normal-tip-measured modulations of the
UTe, subgapstatesand Ay, (r) at T =280 mK, tostudy theirinterplay.
Extended Data Fig. 9a shows the integrated differential conductance
from -250 pVto 250 pv, zzg‘;ol‘:\,g(r E).Inverse Fourier transform of
the three wavevectors Q, ,; from )~ gsouxvg(r, E) and P, fromthe
simultaneous Ayr,, () in Extended Data Fig. 3e are compared in
Extended DataFig. 9c¢,d. Clearly, from the highly distinct spatial struc-
ture of theseimages, there is no one-to-one correspondence between
the subgap density-of-states modulations and the simultaneously
measured PDW energy-gap modulations in UTe,. Overall, thereis avery
weak anticorrelation, with a cross-correlation value of -0.23 + 0.05
thatis notinconsistent with coincidence. Hence we demonstrate that
there is no deterministic influence of the subgap density-of-states
modulations onthe PDW energy-gap modulations insuperconducting
UTe,.

Visualizing the interplay of PDW and CDWin UTe,
The analysis of phase difference between PDW and CDW at three dif-
ferent wavevectors is shown in Extended Data Fig. 10. The inverse

Fourier transforms of each CDW and PDW wavevector demonstrate a
clear half-period shift between the two density waves (Extended Data
Fig.10a-f). This shift motivates the statistical analysis of the phase
difference. The phasemapong (r,-9mvV), ¢1 (r), and the phase map
ofAP (n), 4’1 (r), arecalculated. The phase difference between two cor-
respondlng maps is defined as |6¢,| —¢1 (r) - ¢1(r) for the P:Q,
wavevectors. Identical procedures are carried out for P,:Q, and P;:Q,.
The histograms resulting from this procedure show that the statistical
distributions of the phase shift |6¢, are centred around  (Extended
DataFig. 10j-1). Although the distribution varies, this 1t phase shift
reinforces the observation of the spatial anticorrelation between CDW
and PDW.

As shown in the inset of Extended Data Fig. 10g, the three PDW
wavevectors are related by reciprocal lattice vectors: P, =P, — G;and
P, =G, - P,.Nevertheless, the three UTe, PDWs seem to be independent
states when analysed in terms of the spatial modulations of the ampli-
tude of the P, , ; peaks from Fig. 4 using equation (16). The amplitude
of P;, has adomain width beyond 10 nm in the real space (Extended
DataFig.10g,h). The amplitude of P;is short-ranged, of which the aver-
aged domain width is approximately 5 nm (Extended Data Fig. 10i).
The one-pixel shift of P, from the central axis is within the error bar
of experimental measurements. The spatial distributions of the three
PDWs are negligibly correlated with cross-correlation values of their
amplitude of X(P,, P,) = -0.3, X(P,, P;) = 0.9 and X(P,, P;) = 0.28. The
weak cross-correlation relationshipsindicate that the three PDWs are
independent orders.
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Extended DataFig.1|CDW atdifferent voltagesin UTe,.a-d, Measured

g(r, V)images of UTe,at T=4.2 K and at four representative negative sample
voltages, -7 mV,-15mV,-23 mVand -29 mV,inthesame 12 nm x 12 nm FOV.
e-h, Fourier transform of the g(r, V) images, g(q, V), at different sample voltages,
showing the presence of the three wavevectors corresponding to the CDW
order (indashed blue circles). i-1, Inverse Fourier transform of the CDW peaks
(Q,, Q,, Qy) atdifferent sample voltages. The CDW patternisindependent from

r’q,,: o 7
L|v9 L | 4nm

© [g4(r, 10 mV) P [gy(r, 10 mV)

T
=

the sample voltages for 29 mV < V< -7 mV. A dashed white circle indicates o
ofthe Gaussianfilter used toisolate CDW peaksinreal space. m-t, Cutoff
dependence ofinverse Fourier transform. n—-p,r-t, Inverse Fourier transform
of CDW peaks g,(r, 10 mV) fromg(r,10 mV) inmand g(q, 10 mV) in q. Theimages
of go(r, 10 mV) are filtered at different cutofflengths, 10 A,12A,14 A, 18 A, 24 A
and35A. Thefiltersize isin the bottom-right corner. g, chosen for Fig. 2d is14 A.
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Extended DataFig.2|Simulated topography of UTe, and its Fourier transform. a, Simulated topograph, Ts(r) of the (0-11) cleave surface of UTe,. b, Fourier
transform of simulated topograph, T(q). The six primary peaks occur at the reciprocal-lattice wavevectors and are observed in the experimental STM data.
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1nA, V,=-5mV).

IS

0.5
f, Ayre,(q), the Fourier transform of Ay, (r). Three peaks are seen at the same

superconducting coherence peaks, thatis, the superconducting energy gap of
Ayre,(r), obtained in the same FOV as b, using conventional normal-tip imaging.
wavevector as the normal-state CDW and indicate the existence of three

Sample voltage (mV)
superconducting PDW states (

-0.5

0.5

0
Sample voltage (mV)

-0.5

-1

superconductinggap A, and A . e, Image of halfthe energy difference between

V,=-5mV).b, Topograph T(r) obtained using anormal tip.c, Gap depth H
distributionalongthe trajectoryinb.d, d//dV|ys spectrum showing the

Extended DataFig.3|PDW detectionusing anormaltip. a, Atypicalline cut
ofdl/dV|ysspectraobtained at 280 mK along the trajectoryshowninb (/,=1nA,



Article

Normalized dl/dV]s (a.u.)

Sample voltage (mV)

b1.8 T T T T c1.8 T T T T

171

-
(5]

N
»
T

difdVigs (a.u.)

-
w
T

121

110

d1.8 T T T T el8 T T T T

1 1 1 1 1 1 1 1

09 1 | 1 1 08 1 1 1 1
155 16 165 17 -1.65 -16 -155 -15

Sample voltage (mV) Sample voltage (mV)

Extended DataFig.4|Determinationof the tip gap A,;, and evolution of
dI/dV|ssspectrawith parabolicfitting. a, A typical spectrum measured on
UTe,using asuperconductingNbtipat1.5K (/,=100 pA, V,=4 mV). At this
temperature, the UTe, gapis closed, thus the coherence peak value shows the
pureNbtip gap of1.37 meV. The spectrumis clearly well fitted using the Dynes

0.8
155 16 165 17 -1.65 -16 -155 -15

Sample voltage (mV) Sample voltage (mV)

model. Thefitting parameters of the Dynesmodel are ' =0.01 meV,
A=1.37meV.b,c, Line cuts of d//[dV|gs (V) spectrameasured at both negative
biasand positive bias along the trajectory showninFig.3c.d,e, The evolution of
di[dV|gs (V) spectra (blue points) from the same datashowninband cand their
parabolic fits g(V).
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Extended DataFig.5|Spatial registration of topographs and gap maps.
a,b,12nm x 12 nmtopographs after registration. These topographs were
obtained concomitantly as d//dV/| (r, V) maps recording positive and negative
coherence peaks, respectively. c, XCORR map of the registered topographs.
The correlation coefficientis 0.93, indicating that the two topographs are
almostidentical. The maxima of the XCORR map isasingle pixel wide, which
suggests aregistration precision of 0.5 pixels, equivalent to registration
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precisionof27 pm.d, Positive coherence peak map E.(r) from a. e, Negative
coherence peak map £_(r) fromb. f, XCORR map providing a two-dimensional
measure of correlation between the positive gap map £,(r) and negative gap
map E_(r).Inset, aline cutalong the trajectory indicated in f. It shows that

the maximumis 0.92 and coincides with the (0, 0) cross-correlation vector.
The strong correlation demonstrates the particle-hole symmetry in
superconductive UTe,.
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Extended DataFig. 6 | PDW repeatability analysis. a, Atopographrecorded transformof 6A.(r) map, 5A,(q). (P, P,, P;) PDW peaks are highlighted with
inanew FOV away from thatseenin Fig.3c. Theimagessizeis15nm x15nm dashedred circlesand reciprocal lattice vectors are highlighted with dashed
(V;=3mV,l;=2.5nA).b, 5A,(r) map prepared using the same procedure orangecircles.

outlined in Methods shows the same gap modulations as Fig. 4a. ¢, The Fourier
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Extended DataFig.7|Imaging of subgap Andreevresonances.a, Topography  transformofthesubgap statesmodulations A,(q). P, , ; PDW peaksare
ofthesubgap statesimaginginthesameFOVasFigs.3and 4.b,Arepresentative  highlighted with dashed red circles. e, Inverse Fourier transform A, 5(r) of PDW

di[dV|gs (V) spectrum of the subgap states annotated by the green arrows. peaksP,,;.f, Histogram of A, ,(r) shows that the PDW modulates within 10 peV.
¢, Map of the energy scale of the subgap states modulations A(r). d, Fourier
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Extended DataFig. 8| Estimation of signal-to-noiseratio usingfitting
quality of spectrameasured withsuperconductive tips and normal tips.

a, Parabolicfitofatypicald//dV|ss spectrum measured using superconductive
tips.b,c, Measured R* maps used to estimate the fitting quality of d/d Vg
spectrafor positive energy (b) and negative energy (c). The R?image is from the
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FOV of Fig.3c.d, Parabolicfit of atypical d/d l/|NIS spectrum taken using normal
tips. e,f, Measured R maps used to estimate the fitting quality of d//d Vs
spectrafor positive energy (e) and negative energy (f). The R? image is from the
FOVinExtended DataFig.3b.
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Extended DataFig.9|Modulations of subgap states measured using
normal tips. a, Sumofall subgap states Y 304", g (r, ), measured at d, Inverse Fourier transform of P, , , from Extended Data Fig. 3e,f. The filter size
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Extended DataFig.10|Phase shift between CDW and PDW. a-c, Inverse
Fourier transforms of the three CDW wavevectorsidentified ng_:m(r, -9 mV)in
thesame 12 nm x 12 nm FOV as Fig. 3c. d-f, Inverse Fourier transforms of the
three PDW 6A,,H’u wavevectorsinthe same FOV asFig.3c.g-i, Amplitude for all
three PDW wavevectors P, , ;. Inset of gis the Fourier transform of the energy
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gap map, inwhich thereciprocallattice points G, , ;arelabelled. j-1, Distributions
of therelative spatial phase difference 6¢,(r) between ¢ic(r) and ¢f(r) from
threeindividual wavevectors. Each histogramis centred around m, reinforcing
the observation of a general phase difference|6¢,| = m between the CDW and

the PDW.
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