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Topological defects are singularities in an ordered phase that can have

aprofound effect on phase transitions and serve as awindow into the

order parameter. Examples of topological defects include dislocations

in charge density waves and vortices in a superconductor or pair

density wave, where the latter is a condensate of Cooper pairs with finite
momentum. Here we demonstrate the role of topological defectsin the
magnetic-field-induced disappearance of a charge density wave in the
heavy-fermion superconductor UTe,. We reveal pairs of topological defects
of the charge density wave with positive and negative phase winding. The
pairs are directly correlated with zeros in the charge density wave amplitude
and increase in number with increasing magnetic field. A magnetic field
generates vortices of the superconducting and pair density wave orders that
can create topological defects in the charge density wave and induce the
experimentally observed melting of this charge order at the upper critical
field. Our work reveals the important role of magnetic-field-generated
topological defects in the melting of the charge density wave order
parameter in UTe, and provides support for the existence of a pair density
wave order on the surface.

Ordered phases that break continuous symmetries, such as super-
conductors, magnets, liquid crystals and charge density wave (CDW)
systems, can host special topological defects' such as vortices*?,
skyrmions®®, disclinations' ®>and dislocations’ ™. In general, although
adefectis asimple phase slip in the order parameter, a topological
defectis one that cannot be repaired by a continuous order parameter
change. Such defects are associated with a phase winding of the order
parameter ininteger multiples of 21t (Fig. 1d), with the order parameter
goingto zero at the defect centre. The detailed behaviour of topological
defects can be used as a window into the nature of the ordered phase.

A famous example is the case of superfluid *He where the sub-phases
inthe superfluid state can be classified by the nature of the supercon-
ducting vortices'>". Additionally, in contrast to the usual melting of
an order parameter via a continuous suppression of amplitude, the
generation of topological defects can play a critical role in phase transi-
tions. The latter occursin the famous Berezinskii-Kosterlitz-Thouless
transition'*'® in two dimensions, where the long-range order of the
XY modelis destroyed by the thermal generation and proliferation of
pairs of topological defects with opposite winding. Similarly, applying
amagnetic field to a type-ll superconductor leads to the creation of
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Fig.1| Topological defects in the CDW in UTe, and their relationship to the
amplitude and phase of the CDW. a, Unit cell of UTe, with the (011) cleave plane
shown by the pink rectangle. b, Schematic of the (011) direction and the relative
orientation of the applied magnetic field with respect to the (011) direction used
inthis study. ¢, Atomically resolved topography of the surface of UTe,, showing
the Teland Te2 atoms, with an overlay of the atoms of the cleave plane as aguide
totheeye. Scale bar, 10 A. d, Schematic of a dislocation or a topological defect in
anordered phase where the phase winds by 2m. e, High-resolution topography on
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the (011) surface of UTe,, showing the Teland Te2 atoms (V=-40 mV, /=120 pA,
T=300 mK).Scalebar, 50 A.f, FT of the topography shown in e, with the lattice
Bragg peaks and CDW peaks marked. g-i, Amplitude (g), cos(q;.r + ¢,(r)) (h) and
relative phase maps (i) of the order parameter associated with q;“®W. Scale bars,
50 A.h,i, Position of anisolated topological defect in the CDW. The topography
and various maps shown here have been cropped and aligned from a larger field
of view for ease of visualization. Supplementary Figs. 2 and 3 provide the original
topography and relative phase maps for both components of the CDW.

vortices, the number of which increases as the magnetic field increases,
until the superconductivity is destroyed at the upper critical field H,,
(refs. 4,5). Phase transitions through the generation of topological
defects appear not only in condensed-matter physics but alsoinother
areas of physics like studies of the early Universe".

UTe, is aheavy-fermionsuperconductor that exhibits an extremely
rich phase diagram with pressure, temperature and magnetic field***
including alow-temperature, magnetic-field-sensitive charge order on
itssurface strongly intertwined with superconductivity?. In thiswork,
we employ high-resolution scanning tunnelling microscopy (STM) and
spectroscopicimaging to visualize the generation of pairs of topological
defects with opposite phase windings that are responsible for the
magnetic-field-induced melting of the unconventional CDW in UTe,
(ref.22). UTe, crystallizesinto abody-centred orthorhombic structure
with the space group Immm (Fig. 1a). The crystal has two types of Te
atombased on therelative U-Te bond lengths (Fig. 1a). UTe, isaKondo
metal below about 30.0 Kand superconducts below1.6 K (Supplemen-
tary Fig.1a shows the transport characterization). UTe, single crystals
used in this study were cleaved at ~90 K in an ultrahigh vacuum and
immediately inserted into the STM head. The (011) plane of the crystal
is the easy-cleave plane, and cleaving along this plane exposes chains
of Tel and Te2 atoms that align along the crystallographic a direction
(Fig.1b). Figure 1c shows atomically resolved STM topography with the

schematic of the atomic sites overlaid. Figure 1e shows the large-area
atomically resolved STM topography obtained at 300 mK. Figure 1f
shows the Fourier transform (FT) corresponding to the topography
showninFig.1e, where the Bragg peaks correspondingto the Te lattice
(ng) and the additional modulations corresponding to incommensu-
rate CDWs (qlc’g‘g’) arelabelled”. The CDW order parameter has an ampli-
tude and phase, both of which can vary as a function of positionin real
space. Thethreeincommensurate CDW ordersin UTe, canbe mathema-
tically expressed as p,(r) = pg, (r) cos (qi.r + ¢;(r),i =1,2,3, where
pg,(©istheamplitude of the ith CDW and cos(q;.r + (r)) captures the
periodic modulation of the CDW. We refer to ¢(r) as the relative phase
of the CDW to distinguish it from q;.r. The relative phase of the CDW
canvaryinreal space (duetodislocations, for example). Our goal in this
work is to use the information contained in the amplitude pj, (r) and
relative phase ¢,(r) to determine the mechanism of the
magnetic-field-induced melting of CDWsin UTe,.

Thetechnique to determine the spatial variations inthe amplitude
and relative phase of each CDW is as follows. We first perform inverse
Fourier filtering of the CDW peaksinthe FT toisolate the signal associ-
ated with the CDW modulation. To visualize the amplitude and modulat-
ing component for the CDW in real space, we take the modulus and
cosine of the argument of this signal and plot those as a function of
position r. Supplementary Information provides more details of this
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Fig.2|Generation of topological defects in the phase of CDW and decay of the
amplitude with increasing magneticfield. a-d, FT of topographies obtained
onthe samearea as afunction of increasing magnetic field at 7=300 mK. The
CDW peaks are marked by squares and triangle. The q, ¥ peak used to obtain
the maps of amplitude and modulating part is shown by the dashed square.

e-h, cos(q,.r +¢,(r)) maps of q,CDW as a function increasing magnetic field,
showing anincreasing number of dislocations and anti-dislocations (indicated by

black and white dashed circles, respectively). The CDW directions have been
marked in e as areference. i1, Suppression of amplitude shown by amplitude
maps of q,“PV as a function of increasing magnetic field in the same field of view.
The CDW directions have been marked ini as a reference. m-p, Histogram of the
amplitude maps of q,“PW as a function of increasing magnetic field, where the
mean amplitude isindicated by the red dashed line. Scale bars, 50 A.

process. Toillustrate the types of dataset and information contained in
them, we use this technique to obtain the three quantities pg (r),
cos(qy.r+ ¢,(r)) and ¢,(r) for q;“PY (labelled in the FT data in Fig. 1f).
Theresultingimages are showninFig.1g-i. Supplementary Fig. 3 shows
a similar analysis performed for q,“PV. At zero magnetic field, we
observe very few dislocations of the CDW consistent with long-range
CDW order. However, some regions have dislocations as those shown
inFig.1h (Supplementary Figs.3and 4). The dislocations are topological
defectsinthe CDW order and canbe seen asaphase windingintherela-
tive phase (¢,(r)) map shownin Fig. 1i (Supplementary Figs. 3 and 4).

Prior work has shown that the CDW order parameter is suppressed
with the magnetic field and disappears close to H,, (ref. 22), and our
goalistodetermine therole of topological defects in this phase transi-
tion. Figure 2a-d shows aseries of FTs of topographies withincreasing
field. As shown previously, the CDW peaks in the FTs are suppressed
and eventually disappear close to H.,. We first look at the evolution of
the modulating component of q,“®W. As the magneticfield increases,
we find anincreasing number of topological defects (Fig. 2e-h, circles).
This holds true for q;“®" and q;“P¥, too (Supplementary Figs. 5e-h
and 6e-h). The primary conclusion from these maps is thatanincreas-
ing magnetic field leads to an increase in the number of dislocations
inallthe components of the CDW. However, the positions of the disloca-
tionsin pg (r), p§,(r)and pg3 (r) are not necessarily the same, which is
discussed later.

We now turn our attention to the amplitude maps that show a
steady decreaseinthe overallamplitude for allthe components of CDW

as function of the field (Fig. 2i-I, where all the plots have the same
intensity scale; Supplementary Figs. 5a-d and 6a-d show the data for
q,°®Y and q;°PY, respectively). This is clearly reflected in the histo-
grams of the amplitude values (Fig. 2m-p), which show that the mean
value of the distribution (indicated by the red dashed line) decreases
with anincreasing field.

The natural next question is whether the amplitude suppression
with magnetic field is caused by the increasing number of topological
defects, orif they are independent. In fact, the CDW amplitude neces-
sarily goes to zero at the centre of the topological defect. Could the
generation of these topological defects be the mechanism by which the
CDW s destroyed? To answer this question, we create a ‘zero-amplitude’
map, thatis,amap of areas where the amplitude is within asmall range
ofzero (Fig.3a,b),and compare this with amap of thelocations of topo-
logical defects in same field of view (Fig. 3c,d). The ‘zero-amplitude’
map was created withabinary mask for the zero-amplitude region using
5% thresholding. ComparingFig.3b,d, we find that the zero-amplitude
areas and the sites of topological defects have a direct one-to-one cor-
respondence. Thisis borne out by the strong positive cross-correlation
between the two maps (value of 0.6, where +1/-1indicates very strong
positive/negative correlation (Fig. 3e)). A similar analysis performed
for q;“PYshows a cross-correlation value of 0.7 (Supplementary Fig. 7).
Our data indicate that the amplitude pj does not uniformly diminish
inreal space.Instead, the magnetic field generates topological defects
that punch holesin the amplitude field. These data provide compelling
evidence for the magnetic-field-induced melting of the CDW order
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Fig. 3| Strong positive cross-correlation between regions of zero-amplitude
and location of topological defects. a, Amplitude map of q,CDW obtained at
B=9T,T=300 mK.b, Zero-amplitude mask generated by 5% thresholding from
the amplitude map that shows regions of zero amplitude. Scale bars, 50 A.

¢, cos(qy.r + ¢,(r)) map of q,“°W on the same field of view as a. d, Binary mask

of the position of dislocations obtained from c. Each dislocation is represented
by acircular Gaussian function. e, Two-dimensional cross-correlation of the
normalized masks showninband d witha value 0.6 at the centre, indicative of a
positive cross-correlation. A similar cross-correlation value is obtained on
analysing q;“®Y (Supplementary Fig. 7).

parameter in UTe, through the generation of an increasing number of
topological defects.

The description above bears marked resemblance to the vortex
state of a type-Il superconductor where the superconducting order
parameter goes to zero inside vortex cores, whereas still being finite
outsideit. Vortices are topological defects where the phase of the order
parameter winds by multiples of 21, and can occurinany ordered phase.
Tovisualize this phase winding around a CDW dislocation, we plot the
relative phase as a function of angle for two different dislocations
(Fig.4). We find that in anon-zero magnetic field, the CDW hosts both
dislocations and anti-dislocations with opposite vorticities (where the
relative phase winds by +2mand -2m, as shownin Fig. 4e,f, respectively).
A polar plot far away from the dislocation shows a constant relative
phase, as expected (Fig. 4g). Both dislocations and anti-dislocations
are expected since there is no preferred orientation for Burger’s vec-
tors (provided they are parallel to the CDW wavevector). This is unlike
superconducting vortices generated by amagnetic field, which have a
preferred winding set by the direction of the magnetic field. Interest-
ingly, an examination of the phase maps with an increasing magnetic
field shows that the defects occur in dislocation-anti-dislocation
pairs (indicated by pairs of black and white circles in Fig. 4e-g), which
prefer toremain close to each other. This makes energetic sense, as net
vorticity costs extraenergy, and dislocations of opposite vorticity can
minimize energy by pairing up.

Previous work? has suggested that this unconventional CDW in
UTe, is strongly intertwined?®® with a pair density wave (PDW) and
uniform superconductivity. Additionally, Josephson STM measure-
ments have provided evidence for a PDW with same wavevectors as
the CDWs on the surface in UTe, (ref. 24), whichis also confirmed by
our spectroscopic measurements (Supplementary Fig. 8). APDW
state is an exotic phase of matter, a Larkin-Ovchinnikov-like state”*
with finite-momentum Cooper pairs. To further understand the con-
nectionbetweenthe three aforementioned orders and the mechanism
behind the magnetic-field-induced dislocations, we consider the
Ginzburg-Landau free energy for a system with coexisting uniform
triplet superconductivity and triplet PDWs. As previously established,
this combination of superconducting ordersleads to adaughter CDW
order, with the same wavevector as the PDW. Here we also show that

half-vortices of the PDW (elementary defects of the PDW where the
phase of A, winds by 2m or the phase of A_; winds by 2,
but not both”) can also lead to dislocations and anti-dislocations in
the CDW%,

We first show that half-vortices of the PDW caninduce dislocations
ofthe CDWs within the Ginzburg-Landau theory. Here we will rewrite
the real CDW order parameter pg, as two complex components with
opposite momenta, namely, p; =p,,, elar 4 p o e7l%r where
Pg = p .Within thlstheory,therelsatrlllnear coupllngterm linking

the three order parameters (p,4, A+g and Ag). The Landau theory
equations of motion for the CDW order parameter p,,,, are

Pigi < Bo. A%, +A)A. @

The equations of motion for p_, are found by complex conjuga-
tion. Dislocations and anti-dislocations are encoded as phase windings
of p,4.Asweshallnow show, ahalf-vortex of A, canlead toadisloca-
tionof p,,, (positive phase winding) and a half-vortex of A_,, canlead
to an anti-dislocation of p,,, (negative phase winding). Let us first
consider ahalf-vortexof A, ,, where A, ;. « ei%,6,winds by 2maround
the core of the half-vortex and A, and A_j are constant. If
|AG-Ayg,l > |Ag.AT |away from the half-vortex core, the half-vortex of
A+qul|| leadtoadislocationof p,,. However,if|Af.A, ;| < |Ay.A%, |
there will not be a dislocation. Similar reasoning indicates that a
half-vortex of A_, will lead to an anti-dislocation of p,,, if
|Ag-AZ,| > |AG.Ag | away from the half-vortex core. Itis also possible
thatavortex of the uniform superconducting order parameter Ay can
produce dislocations or anti-dislocations, but this is not expected, as
discussed in the Supplementary Information.

Let us now consider the effect of an external magnetic field. Since
both Aq or A, are charge 2e order parameters, a magnetic field will
induce vortices of Agand half-vortices of A, ;.. Two PDW half-vortices
must also accompany each vortex of the uniform component due to
the phase locking that arises from the quartic terms proportional to
Ag.ApA* 4 A" _gandAg.A*, 4 Ag.A%_g intheGinzburg-Landautheory.
If the cores of the vortex and accompanying half-vortices occupy the
same location, they will not induce any dislocations since the phase
windings ontheright-hand side of equation (1) cancel. However, if the
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Fig. 4 |Increasein pairs of dislocations of the CDW with opposite vorticities
as afunction of increasing magnetic field. a-d, Relative phase (¢,(r)) maps of
q,°PY as afunction of magnetic field, showing increasing numbers of pairs of
dislocations with opposite windings (indicated by black and white dashed circles,
respectively). e-g, Polar plots around a dislocation (e), anti-dislocation (f) and
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dislocation-free (g) area (indicated by 1,2 and 3, respectively, ina), showing the
phase winding of the CDW order parameter as a function of angle. The
dislocation and anti-dislocation (1and 2) have opposite windings of the phase,
whereas the phase is constant for 3. The phase winds by +2m for 1and 2. The plots
have been obtained at the same, fixed radius from the defects.

vortex and half-vortex cores occur at different locations (that s, if all
the vortices and half-vortices repel each other), then there will be local
regions where there is only a single half-vortex. On the basis of our
previous arguments, such isolated half-vortices may induce disloca-
tions and anti-dislocations of p,, since the half-vortices of different
PDW components repel each other and they can occur at different
locations. This would cause the dislocations of different CDW compo-
nents to occur at different locations, consistent with our data. The
number of these half-vortices will increase as the magnetic field
increases, which, in turn, increases the number of dislocations in the
CDW. This eventually leads to the full destruction of the CDW. We can
estimate the number of vorticesin our field of view fora900 nm?area,
assuming a triangular Abrikosov vortex lattice for a type-Il supercon-
ductor (Supplementary Fig. 9 shows a schematic). The trend in the
increase in the number of CDW dislocations in all the components of
the CDW qualitatively agrees withthe increasein the number of vortices
and the aforementioned Ginzburg-Landau theory for these inter-
twined orders.

In summary, we show that the sensitivity of the CDW to magnetic
fields in UTe, is caused by field-generated topological defects, that
is, dislocations that suppress the CDW order parameter. Although
the defects can generally have positive or negative phase winding, we
find that they occur in pairs with opposite windings due to energetic
considerations. Our analysis also provides important information on
the relationship of the CDW to a coexisting PDW state. There are two
kinds of PDW that may occur. In one case, the PDW is the daughter
phase arising from a combination of an existing CDW state and super-
conductivity”. Here, even if superconductivity is destroyed with the
field, the CDW will continue to survive. In the second scenario, the
PDW is the parent phase, with the CDW being the daughter order®.
In this case, the CDW will disappear when either the PDW or uniform
SC order are destroyed. Within the PDW scenario, on the basis of the
disappearance of CDW along with superconductivity, our data and
theoretical analysis suggest that the PDW is the parent phase. Given
the surmounting experimental evidence pointing towards an exotic
superconducting state in UTe,, this observation potentially makes
UTe, apromising candidate to explore the properties of a parent PDW
order onits surface.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-024-02429-9.
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Methods

STM measurements

Single crystals of UTe, were used for this measurement. The growth
and characterization are mentioned in detail elsewhere®. Samples
were cleavedinsituat-90 Kandin anultrahigh-vacuum chamber. The
samples wereimmediately transferred to the STM head after cleaving.
TheSTMis housed in a*He cryostat with a base temperature of 300 mK
and a superconducting magnet that can apply magnetic fields up to
11 T. The reported temperature values were measured at the *He pot;
the actual sample temperature could be slightly higher. The STM used
chemically etched and annealed tungsten tips.

Extraction of amplitude and phase maps from the topography

using Fourier decomposition

STM topographies in real space T(r) can be thought of as a sum of
various periodic signals pertaining to the atomic lattice and other
modulations (forexample, CDWin our case). To extract the amplitude
and phase of the periodic signal, it is more convenient to shift to the
Fourier space. The Fourier component of the CDW can be thought of
as pg,(n =p5 (NN (i=1, 2, 3), where p (r) is the amplitude
of the ith CDW, and q™*.r = (q;.r + ¢;(r)), where q,.r is the perfectly
modulating component of the CDW and ¢,(r) captures the phase
meandering due to topological defects like dislocations and
discommensurations.

We first perform aninverse Fourier filtering of the CDW peaks
inthe FT toisolate the signal associated with the CDW modulation.
Thissignalis p (r) %", To visualize the amplitude and modulating
component for CDW in real space, we take the modulus and
cosine of the argument of this complex signal and plot those as a
function of position. To plot the relative phase ¢,(r) of the CDW
signal, we multiply a modulating component e-'%-f to p, (r). Then,
Phase[ p,, (r) e~'%] = Phase[ p§, (r)e'?("] = ¢, (r)carries the information
about the phase slips in the CDW order. Therefore, we isolate the
argument of p,, (r)e~"%rand plotitas a function of position r. This
relative phase varies between —-ttand 1. This implies that the relative
phase stays largely constant in the field of view of the topography
and winds from -t to t (or vice versa) around topological defects.
This process is similar to what has been described elsewhere®.
To find the exact pixel coordinates of the CDW peaks in the FT, we
take the centre of mass of a window of size o= 0.17 nm™. We take
the smallest windowing size possible that captures only the CDW
signal and inverse Fourier filter the signal inside this window for
the above analysis. This process is similar to the standard lock-in
technique followed for the Fourier decomposition of CDWs and
PDWs in cuprates®-*,

Data availability

Therelevant datafor the plots are available viathe Illinois Databank at
https://doi.org/10.13012/B2IDB-6515700_V1.Source data are provided
with this paper.

Code availability
Data have been obtained using Nanonis software V5 and analysed fol-
lowing the procedure mentioned in the Methods section using standard
functionsin Python 3.9.
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