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Broken time-reversal symmetry in the absence of spin order indicates the presence
of unusual phases such as orbital magnetism and loop currents . The recently
discovered kagome superconductors AV,Sbs (where AisK,Rb or Cs)*¢ display an
exotic charge-density-wave (CDW) state and have emerged as a strong candidate for
materials hosting aloop current phase. The idea that the CDW breaks time-reversal
symmetry”*is, however, being intensely debated due to conflicting experimental
data® ", Here we use laser-coupled scanning tunnelling microscopy to study RbV,Sbs.
By applying linearly polarized light along high-symmetry directions, we show that the
relative intensities of the CDW peaks can be reversibly switched, implying a substantial

electro-striction response, indicative of strong nonlinear electron-phonon coupling.

Asimilar CDW intensity switching is observed with perpendicular magnetic fields,
whichimplies an unusual piezo-magnetic response that, in turn, requires time-
reversal symmetry breaking. We show that the simplest CDW that satisfies these
constraints is an out-of-phase combination of bond charge order and loop currents
that we dub a congruent CDW flux phase. Our laser scanning tunnelling microscopy
data open the door to the possibility of dynamic optical control of complex quantum
phenomenonin correlated materials.

Kagome lattice compounds provide an ideal platform to study novel
states resulting from the interplay between topology, geometric frus-
tration and electron correlations® 2., This class of materials includes
magnetic metals hosting massive Dirac fermions?*2*, Weyl points*?
and Chern magnetism?, as well as non-magnetic superconductors
AV,Sb, (where Ais K, Rb or Cs)>¢, which show correlated and topologi-
cal states®®*?, Besides superconductivity, the AV,Sbs compounds host
acharge-density-wave (CDW) phase that not only breaks additional
rotation® and mirror’ symmetries but also may break time-reversal sym-
metry” ™. The latter is particularly intriguing as broken time-reversal
symmetry not driven by spins suggests orbital magnetism with stag-
gered circulating orbital currents’, resembling loop-current phases
suggested for many decades'™. In the case of AV,Sbs, time-reversal
symmetry breaking (TRSB) has beenindicated by scanning tunnelling
microscopy (STM) measurements’, muon spin-rotation experiments® ™
and optical measurements''*", These observations have motivated
various theoretical studies of the so-called CDW flux phase, which
relies on electronic correlations as the driving force behind this exotic
instability®*~8, The scenario of broken time-reversal symmetry has,
however, been challenged by contradictory STM measurements® and
by negative Sagnac interferometer measurements of spontaneous
Kerr rotation'®".

In this work, we study the electric- and magnetic-field response of
the CDW phase of the kagome superconductor RbV,Sb; with a

laser-coupled STM. RbV,Sb; avoids the complexities associated with
the coexistence of different types of bond distortion that are seen in
the more commonly studied CsV,Sb;compound® *., The crystal struc-
ture consists of aV-Sb kagome layer sandwiched between two Sb hon-
eycomb layers and separated by an alkaline Rb hexagonal layer®
(Fig.1a,b). When cleavage occurs between the Rb and Sb planes, the
weakly bonded Rb adatoms can be ‘swept away’ with the STM tip (Sup-
plementary Fig. 1). The clean Sb surface*** (Fig. 1c,d) reveals the Sb
honeycomb lattice (Supplementary Fig. 2), consistent with the crystal
structure®**. The Fourier transform (FT) reveals a rich pattern of
charge order and Friedel oscillations (marked as Q;). The three Bragg
peaks in the three symmetry-related '-M directions are labelled Qg,,
Q;; and Qg; and the 2a, x 2a, CDW peaks (where a, is the lattice con-
stant) along these directions are labelled Q,, Q, and Q,, respectively.
Theunidirectional approximately 4a, CDW****along the Q, direction
is labelled Q-

Acloserlook at the FT shownin Fig. 1d reveals a few interesting fea-
tures. First, the intensity of the Q, peak (henceforth labelled 1,) is sig-
nificantly higher than the intensity of both Q, (/;) and Q, (/;). This canbe
seen by comparing theline profiles along three Bragg peak directions
asshowninFig.1le, and indicates the breaking of three-fold rotational
symmetry of the CDW, consistent with previous literature”>*#44¢ Theo-
retically, this rotation symmetry breaking has been attributed to either
astaggered stacking of the CDW along the caxis or to an admixture of
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Fig.1|Sbsurfaceidentification of RbV,;Sb,and CDW peakintensities. a, Unit
cell of RbV,Sbs. b, Top view of different terminations, showing the hexagonal
Rblayer, the honeycomb Sb layer and the kagome V-Sb layer. ¢, Topographic
image (25 nm x 25 nm) of the Sb layer (sample bias V,=-100 mV, tunnelling
current/, =175 pA).Scalebar,5nm.d, FTimage of the Sb surface, showing the
wavevectors Q,; associated with the 2a, x 2a, CDW, Q,,, associated with

the bond CDW with a flux phase®*%*+ Second, we find that/,and /; are
also different, which indicates that vertical and diagonal mirror sym-
metries are also broken such that all three CDW peaks have different
intensities. We will show later in the paper that the difference between /;
and /;is probably due to smallresidual strain. The lack of mirror planes
perpendicular to the kagome layer gives rise to two different senses
of handedness in the CDW peak intensities, which were referred to as
‘chiral’ in previous STM studies™*, when they appeared to be switch-
able by applying a c-axis magnetic field. To understand the origin of
this remarkable phenomenon, we study the response of the CDW to a
different type of electromagnetic probe, that is, light.

Response of the CDW to laser illumination

A schematic of our laser-STM set-up is shown in Fig. 2a with further
experimental details in Methods and Extended Data Fig. 1. Figure 2
showsthe FT of the topography and the 2a, x 2a, CDW peakintensities
before and after illumination. In this study, the laser electric field (E)
was oriented along the in-plane '-M directions pointing towards either
Q, or Q; (we henceforthlabel light with E || Q,asE,and E || Q; as E;). E,
and E; are along the honeycomb Sb-Sb nearest-neighbour direction
in Q space and therefore along the V-V nearest-neighbour directions
inreal space.Beforeillumination, /; > ;,as showninFig. 2c. Thisinten-
sity differenceisemphasized in the three-dimensional plot of just the
CDW peaks (Fig. 2d). Strikingly, we find that after illumination with E
(Fig.2e,f), I, <I,. Thislight-induced CDW intensity change is reversible.
Illuminating the sample with E, reverses the sequence of intensities
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(top), Q, (middle) and Q; (bottom) directions. Q 4, and its satellite Bragg peaks
areonly prominent along the Q,direction, while the 2a, x 2a, Q, ; CDW peaks
(labelled on top as Qcpy) show differentintensitiesin the three directions.

again, leading to /; > I; (Fig. 2g,h). This finding is independent of bias
voltage and can be seen in the differential conductance (d//dV) maps
(Extended DataFigs.2and 3). Owingto the inherent broken rotational
symmetry of the CDW, /, always remains the strongest, so for the rest
of this paper we do not discuss /..

Todemonstrate the robustness and repeatability of the light-induced
switching, we show the result of a series of laser illuminations with light
polarized alongeither E, or E; in Fig. 3a. Here we plot the relative inten-
sity .= (- @)/(% where positive and negative /. (marked in red
or blue) correspond to a stronger /, or /5, respectively (see Extended
DataFig. 4 for details on the method used to quantify the intensities).
Plotting /. rather than the absolute intensity values allows us to elimi-
nate arbitrary intensity changes in the overall FT between measure-
ments. Initially, before laser illumination, /, > I;, leading to a positive /..
Afterlaserillumination with E;, /,becomes negative (/, < I;). Aswe track
I throughasequence of light pulses, we find a one-to-one correspond-
ence between the sign of /, and the direction of the electric field, as
shown in Fig. 3a (also see Fig. 3b for the full statistics of 33 different
illuminationsin an arbitrary sequence). This means that shining light
alongE, or E; always makes the intensity of the corresponding CDW
peak stronger. There are three other important points to make. First,
the observed laser control unequivocally proves that the intensity
differences are afeature of the sample and not measurement artefacts.
Second, the switching is independent of the number of pulsesin an
illumination and occurs even at the two-pulse limit (Fig. 3f). Finally,
the laser-induced switching requires a critical fluence of about
0.2 m) cm? (Fig. 3e).
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Fig.2|Light-induced switching of the intensity orderin2a, x 2a, CDW.

a, Schematicillustration of light illumination and subsequent STM
measurement on RbV,Sbs. Aburst (2 x 10°shots at 100 kHz repetition rate) of
linearly polarized, ultrafast (250 fs), near-infrared (1,025 nm) laser pulses ata
fluence of 0.39 mj cm™ (unless otherwise mentioned) is used to illuminate the
samplesurface.b, Schematic FT image focusing onthe 2a, x 2a, CDW intensity
distribution. Thered and blue double arrows denote the polarization direction
ofthelaser beam.c, FT of topographicimage before light illumination
(V,=-100mV, /,=175pA).Scalebar,0.3 A™.d, Three-dimensional view of the

CDW order typically goes hand-in-hand with lattice distortions.
Remarkably, we are able to directly observe suchintertwining by track-
ing the positions of the Bragg and CDW peaks as the direction of the
electricfield is switched. To see this, we extract the ratio between the
magnitude of the Bragg vectors that is, Q, = |Qg,|/|Qgs| as an indicator
of the change in the relative lattice constants after laser illumination
(see Extended DataFig. 6 for further details on how Qg is determined).
Figure 3c shows that Q, displays the same pattern as the relative CDW
intensity /., shownin Fig. 3a. In particular, the ratio Q, increases whenillu-
minating with E; and decreases when illuminating with E;. This means
thatwhen /;increases, Qg increases and when /;increases, Qg; increases.
Thistrendis preserved with different peak identification methods, as
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2a,*2a,CDW intensity peaks of ¢, showing /, > /5. Toisolate the CDW peaks, the
circular quasiparticleinterference pattern at the centre is masked. e, FT of
topographicimage of the sameregion after light illumination with linear
polarization parallel to the E; direction, showing that the intensities have
changed uponlightillumination suchthat/;> /.. f, Three-dimensional view of e.
g, FT oftopographicimage of the same region after lightillumination with the
linear polarization parallel to E;. h, Three-dimensional view of g, showing that
theintensity order has now switchedbackto/, > /5.

shown in Extended Data Fig. 7. Concomitant with the change in the
Bragg momentum, the ratio between the CDW peak positions also
changes (Extended Data Fig. 8) such that the 2a, x 2a, CDW remains
commensurate after laser illumination (Fig. 3d). These combined obser-
vations suggest astrong electron-phonon couplingin this system*and
establish that the light-induced intensity changes can be attributed to
asizable electro-striction response of the CDW state.

Response of the CDW to magnetic fields

The surprising laser-induced switching of CDW intensities observed
here is similar to the previously reported magnetic-field switching of
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Fig.3|Characterization of thelight-induced switching of the relative CDW
intensity. a, Arbitrary illumination sequence with laser polarization along
either E, or E;. The colour of the solid bar shows the magnitude and sign of the
relative intensity (/,) asdefined in the inset. The colour of the background
indicates the direction of illumination. b, Statistics of /, for E; illuminations
(redcircles) and E;illuminations (blue circles). On the left side, 33 bin counts in
totalare shown. The bin counts for agivenintensity contrast range are shown
ontherightside. ¢, Plot of the Bragg peak ratio (Q,) for the arbitrary illumination
sequenceshownina. Theerrorbar represents the full range variation of Q,in

the relative CDW intensities’**. To obtain a comprehensive picture, it
isimportant to ascertain whether a similar magnetic-field-induced
switching occurs in our samples. Figure 4a,b shows the FT of the
topography under a magnetic field of -2 T. Comparing /, and /; under
-2 T (Fig.4a,b,e,f) and +2 T fields (Fig. 4c,d), we see that the relative
CDW intensities switch in a reversible manner. The robustness of this
magnetic-field-induced switching s illustrated by the CDW response
to a sequence of out-of-plane magnetic fields (Fig. 4g). Importantly,
the sign changein /. is accompanied by a change in the relative length
ofthe Bragg vector Q, (Fig. 4h) asin the case of light-induced intensity
changes. Our data thus not only provide independent confirmation
of the CDW intensity reversal in magnetic fields seen previously”**
but also uncover that the reversal is accompanied by field-induced
anisotropic strain.

Symmetry constraints on CDW order parameters

The ability to manipulate the relative intensities of the CDW peaks
with linearly polarized light and magnetic field gives us valuable
information on the CDW order parameter such as its relation to
time-reversal symmetry. To extract this information, we employ a

lllumination sequence

five sequential measurements of Q, with circularly polarized pulsed light,
which we have determined does notinfluence the sign of the CDW intensity
contrast. d, Qcpw/Qp,age Fatio along Q, (red dots) and Q; directions (blue

dots), showing thatthe 2a, x 2a, CDW remains commensurate during the
illuminationsequence.e, Laser pulse fluence dependence of the switching
behaviour, showing that the threshold fluence to trigger the switching isabout
0.2 mJ cm™.f, Dependence of the switching on the number of shots, showing
thatthe CDW intensity order can be switched even with two pulses. The boxes
withthecrossesineand frepresent thestate before laserillumination.

phenomenological analysis of the experimental results, which relies
only onsymmetry constraints and not on specific microscopic mech-
anisms. Specifically, we consider ageneral CDW flux phase described
by a three-component CDW order parameter L =(L,, L,, L;) with
wavevectorsQ, = (% 0,3 Q= (0, > %) andQ, = (—% +3, %),cor-
responding to distortions of the V bonds that increase the size of the
unitcellby2 x 2 x 2, Wealsoincludeinthe description of the flux CDW
phase a TRSB CDW order parameter @ = (®,, ®@,, ®,) with in-plane

wavevectors Q= (% 0, 0) Q= (0, 2 0) andQ,, = (—%,+ 3 0),
correspondingto Vorbital magnetism (‘loop currents’). Here, M,_; are
thein-plane projection of the CDW order parameters.,_;. Our STM data
givesdirectaccesstotheintensities/, /,and /;of the CDW peaks at Qy,
Q,,and Q,,, respectively.

Inthe absence of electromagnetic fields, X-ray data on RbV,Sb; reveal
an orthorhombic crystal structure, which is symmetric with respect
to a vertical mirror*°, As a result, two of the CDW peaks are expected
to have the same magnitude—more concretely, I, =I5 # I, if the mirror
planeis chosentoinclude the Q,wavevector. Interms of the CDW order
parameters, this implies |L,| = |L;| # |L,|. The fact that in our STM data
I, and I; are slightly different even in the absence of electromagnetic
fields is probably due to small residual strain. Our goal is to elucidate
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Fig.4 |Magnetic-field-induced switching of the relative CDW intensity.
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thefield direction. Scale bar, 0.3 A.b,d,f, Three-dimensional view of the
2a,x*2a,CDW peaksofa, cande, respectively. Theintensity of the Q, CDW

what further constraints areimposed on these CDW order parameters
by the response of the CDW intensities to the electromagnetic fields.

Let us consider the light-induced response first. Incident light with
polarizationE, or E;resultsinalattice distortionaccompanied by /, # I
(Fig.5a) such that the mirror plane along Q, is broken. This observation
suggests that the system has a non-zero electro-striction tensor ele-
ment Xi;x .Suchatensor elementis allowed for any CDW configuration
with |L,] =]VL3| #|L,|,and as such does notimpose additional constraints
on the type of CDW order, including on the possible emergence of
TRSB. It is noted that, although symmetry allows a non-zero Xifsxy’ it
saysnothingaboutits magnitude. The sizable effect of the 1.2-e\f¥)pti-
cal pulse onthe CDW peaks, which are associated with low-energy-zone
corner phononmodes, isindicative of a strong electron-phonon non-
linear coupling*®.

The response of the CDW peaks to the out-of-plane magnetic field
B,imposes even more severe constraints on the CDW order parameters
L and ®@. The fact that the relative peak intensities /, and the ratio of
Bragg vectors Q, switch with the direction of B, implies a non-zero
piezo-magnetic tensor element X)"(;for, in other words, that an
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peakratios (Q,) for the magnetic-field sequence showning.

out-of-plane magnetic fieldinduces anin-plane shear lattice distortion
(Fig.5b).First, this type of piezo-magnetic response necessarily implies
thatthe CDW must break time-reversal symmetry, thatis, thatnot only
|L,| = |L5| #|L,| but also |®,| = |@,| # |®,|. Moreover, as we show in the
group theoretical analysis in Methods, it implies a non-zero L, and a
vanishing @,, so that the system does not have amacroscopic magnetic
dipole, and, remarkably, a non-trivial relative phase of m between the
non-zero components of the two order parameters, sign(L,L,®,®,) = -1.
This relative phase has a simple interpretation in terms of the sym-
metries of thebond-order pattern, described by L, and the loop-current
pattern, described by ®. To illustrate this, consider the simpler case
of asingle kagome layer. Separately, the triple-Q bond-order pattern
and the double-Qloop-current pattern each have anin-plane two-fold
rotation axis (Extended Data Fig.10a-c). The key pointis that the rota-
tion axes do not match if the aforementioned relative phase is trivial
(Fig.5¢), but match whenitis non-trivial (Fig.5d).Itisonly inthe latter
case that the combined flux CDW phase has anin-plane two-fold rota-
tion axis. This is essential for the piezo-magnetic response observed
experimentally in the absence of macroscopic magnetization.



a EllQ,E)

Fig.5|The congruent CDW flux phase. a, Schematicillustration of the electro-
strictionresponse of the system. The wavy line denotes the optical pulse.

The wave amplitude direction denotes its polarization direction (here, the Q,
direction). The position of the red dots and purple arrows represents the
response of the Bragg momentum uponillumination. b, Schematicillustration
ofthe piezo-magnetic response. The grey three-dimensional arrow denotes the
direction of the external magnetic field (here, positive field). ¢,d, An overlay
view of the spatial pattern of Vbond order L (sky-blue and purple coloured
bonds) andloop-current order ® (greenarrows). The black and orange lines
represent the in-plane two-fold rotation axes of thebond orderand loop

Upon application of an out-of-plane magnetic field, the two-fold rota-
tionaxisis broken, resultingin a shear strain. We dub this unusual phase
where the rotation axes of both the bond-order pattern and the loop-
current pattern match a congruent CDW flux phase.

Discussion

Aschematicoftheresponse of the CDW, and the corresponding lattice
distortions, to electricand magnetic fields issummarized in Fig.5a,b,e.
Inthe absence of the fields and of residual strain, the peaks at the two
CDW wavevectors are equivalent (|L;| = |L;|). The application of light
with polarization along a particular direction (E, for instance, Fig. 5a)
changesthefree-energylandscapetothered curveinFig.5e and favours
the L, CDW order parameter. This resultsin anincreasein/, and a cor-
responding decrease in the lattice parameter in this direction. This
finite electro-striction responseis probably mediated by light-activated
phonons and nonlinear electron-phonon coupling. Similarly, a mag-
netic field towards the sample surface (Fig. 5b) decreases the lattice
parameter along the direction of the Bragg vector Qg;, resulting in an
increase in the CDW intensity at Q,. Taken together, via its non-trivial
and significant electro-striction and piezo-magnetic responses, the
system can switch from one local minimum to the other within the
free-energy landscape shown in Fig. Se.

Theresponse ofthe CDW to electromagnetic fields provides strong
constraints on the symmetry of the order parameter. The simplest
CDW configuration that satisfies these conditions is the congruent
fluxphaseL= (L |, L,, IL,))and ® = (|@,, 0, -|®,]), which has the magnetic
space group Cmmm (number 65.481) and which breaks time-reversal

L
Lyl > Ll Il

L4 < Il

current, respectively. Thered circle represents the closed currentloops. ¢, For
the case when the non-zerocomponents of ® and L have atrivial relative phase
(0), Land @ do not share the same two-fold rotation axis. d, For the case when
therelative phaseis non-trivial (), Land ® share the same rotation axis, resulting
inacongruent CDW flux phase. e, Cartoon free-energy landscape of the system
interms of the components of the CDW order parameter corresponding to
wavevectors Q, and Q; under external electromagnetic fields. It is noted that
the shape ofthe curvesisschematic and notexpected to be the same for electric
and magneticfields.

symmetry (see group theoretical analysisin Methods). Itis noted that
this CDW configuration can also address several other experimental
observations. First, itis consistent with one of the non-magnetic space
groups (Cmmm, number 65) that were found to possibly refine the
crystal structure of RbV,Sb, through X-ray data*’. Second, not only is
it consistent with TRSB seen by muon spin-rotation experiments but
also, it can reconcile the seemingly contradictory spontaneous Kerr
effect results reported in the literature. Although a pristine sample
would not show aspontaneous Kerr effect for this CDW configuration,
as it does not have a macroscopic magnetic dipole moment, the
non-zero piezo-magnetic tensor element Xz;"Z implies that uninten-
tional shear strainin the sample would generate an out-of-plane mag-
netic moment, which in turn would give rise to a spontaneous Kerr
effect. Lastly, our laser-STM study paves the way to in situ optical
manipulation of strain and symmetry breaking in quantum materials.
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Methods

Single-crystal growth of RbV,Sb,

Single crystals of RbV,Sbs were synthesized from rubidium (ingot, Alfa
99.75%), vanadium (powder, Sigma 99.9%, purified in a hydrochloric
acid and ethanol mixture) and antimony (shot, Alfa 99.999%) using a
modified self-flux method. Inside an argon glovebox with oxygen and
moisture levels <0.5 ppm, elemental reagents were weighed out to com-
position Rb,,V;;Sb,,,, andloaded into atungsten carbide vialtobe milled
for 60 minina SPEX8000D mill. The resulting powder was loaded into
2-mlalumina (Coorstek) crucibles and sealed inside steel tubes under
argon. Thesample was heated to1,000 °C at arate of 200 °C per hour,
soaked at that temperature for 12 h, then cooled to 900 °C at arate
of 5°C per hour, to finally be slow-cooled to 500 °C at arate of 1 °C
per hour. Single crystals of RbV,Sb; were obtained and mechanically
extracted, with typical dimensions of 2 mm x 2 mm x 200 pm.

Scanning tunnelling microscopy and spectroscopy

The RbV,Sb, samples used in the experiments were cleaved in situ at
about 90 K and immediately transferred to an STM chamber. All STM
experiments were performed in an ultrahigh vacuum (1 x 10° mbar).
Laser-coupled STM measurements were conducted under 4 K and per-
pendicular magnetic-field-coupled STM measurements were studied
under 1.7 K. All the scanning parameters (setpoint voltage and cur-
rent) of the STM topographic images are listed in the captions of the
figures. Unless otherwise noted, the differential conductance (d//dV)
spectrawere acquired by astandard lock-in amplifier atamodulation
frequency of 913.1 Hz. The STM tip made from tungsten was fabricated
by electrochemical etching.

Laser parameters, optics set-up and experimental procedure for
laser-STM

The optical excitation used in this experiment was 2 x 10°burst shots of
alaser pulse trainat 100 kHz repetition rate and at 0.39 mJ cmfluence
(otherwise mentioned), 1,025 nmwavelength (1.21eV) and 250 fs pulse
width. Thelaser beam was generated by a Yb:KGW regenerative ampli-
fier laser system (PHAROS PH2-10W, Light Conversion). The pulse-train
timing was controlled by an arbitrary function generator (ARB Rider
2182, Active Technologies), which directly triggers a pulse picker inside
the RA laser system. As seen from the detailed layout of the laser-STM
set-up in Extended Data Fig. 1a, the beam passes through a half-wave
plate for the polarization direction control. The half-wave plate rotates
the polarization to a direction of interest. Then the beamis guided to
the tip—sample junction area inside the USM1200LL STM (Unisoku)
througha CaF, viewport (MPF) and ZnSe aspheric lens (Avantier), which
actsasanobjective lens. The focal length of the ZnSe lensat1,025 nm
was 12.43 mm. The alignment of thebeam spot and the STM tip-sample
junctionwas monitored by an optical microscope setting, which con-
sists of another ZnSe lens, N-BK7 plano-convex lens and a comple-
mentary metal-oxide-semiconductor camera. During the alignment
check, the laser beam was switched to continuous pulse-train mode
and passed through a neutral density filter with optical density > 2.0
to prevent melting of the sample surface. The alignment was adjusted
by moving the lens piezo stages where ZnSe lenses are mounted.
The incident angle of the beam to the surface normal direction of
the sample was 55°. The beam was focused to an elliptic spot (due
to the incidence angle) with a size estimated to be 49 pm x 68 um
(1/€* diameter).

The procedure used for the laser-STM experiment is illustrated in
Extended DataFig.1b. Whenthe sampleisilluminated by the laser burst
shots, the tipis retracted along the surface normal by about 70 pumto
prevent changes to the tip duringillumination. After the burstillumina-
tion, the tip is reapproached. The lateral shift after this procedure is
less than 10 nm, so it is easy to locate the cleaned Sb surface area and
study the same area after every burst.

Group theoretical analysis on the response of CDW order
parameter under electric and magnetic fields

Our starting point tointerpret the STM dataisa‘real’ CDW order param-
eterL=(L, L, L;), correspondingtoin-plane and out-of-plane distor-
tions of the V-V bonds, and an ‘imaginary’ CDW order parameter
® = (@, ®,, ®;), which corresponds to in-plane orbital magnetic cur-
rents involving the V states. In terms of the P6/mmm space group
(number191) of AV,Sbs, L transforms as the L irreducible representa-
tion (irrep). Thus, eachcomponent.;is associated with eachwavevec-

torQ, = (1’ ) ;) Q- (0’ ;,l)andQL —( T 2),respectlvely,
note that the three dlfferent Q, are related by athree-fold rotation.

In contrast, ® transforms as the mM irrep (where mindicates that it
isodd under timereversal) and thus each component @;has wavevec-

torsQ,, = (% 0'0)’QM2= ( § 2,O) andQM -1 +%, 0).Notethat
mMis the simplest type of loop- currentorderthatcan be constructed
out of the low-energy Van Hove singularities, corresponding to
intra-orbital (orintra-Van Hove singularity) order®, As in density func-
tional theory both the phonon mode £; and the phonon mode M7 irrep
are unstable, we also consider the real CDW order parameter M =
(M, M,, M) for completeness*. Note that M transforms as the M,
irrepand, like ®, also haswavevectorsQM , 0 0) Q= (0, 3 0)
and Q= ( % +, 0) In the notation adopted here, the reciprocal
lattice vectors are given by:

62 Lo
G,= 2: [o % oj )
2 0,0,1)

Here, a and c are the lattice parameters in real space. We start by
writing down the full Landau free-energy for the coupled order param-
eters, F=F, + Fy+ Fy, +F, o+ F;, + Fp,. We have, for the free terms (see
alsoref. 38):

2
a u A
F=m D L3+ 4[[2 Lf] + QB3+ 13LY)
i i
2

a u A
Fo=— 2 O+ :’[Z mf] + 20103+ 00} 030))
i i

(2)
2
a )7 u
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i i
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For the coupled terms, we obtain:
Fo= K‘LT(D (LL, @, D5 + LI, 0,5 + L L;0,Ds)
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i i
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and

Fon= KDTM (@,0,M;+ O, OM, + O, O;M,)
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Here, the quantities a;, u;, y;, A;, and k; with subscriptsj =L, M,
and @ are the Landau coefficients of the model whose values are
material-specific. Rather than minimizing the free energy, we look
for order parameter configurations that can explain the STM data.
For concreteness, we will consider the instabilities driven by the Land
® channels, such that the accompanying M order parameter follows
trivially from the trilinear couplings y,,,and y,,,above.

The key quantity measured by STMis the relative intensity between
the three CDW peaks at wavevectorsQ,, = (1/2,0, 0)'QM2: (0,1/2,0)
and Q= (-1/2,+1/2, 0)whichcorrespond to Q,, Q,and Q;in the main
text. It can be conveniently described in terms of the following
two-component ‘vector’ (see, for example, ref. 47):

(MM ou
= [ =M ©

which transforms as theT{ irrep. Indeed, if all three peaks have the
same intensity, M?= M3=M3, ¢,,= (0, 0)". Here, T denotes transpose.
However, if one of the peaks is stronger or weaker than the other two,
say M3#M?= M3, then ¢M~ (10)". The other two possibilities, corre-
spondlng to MZ#M3=M? and M2+ M?=M3, give ¥,=(, J3) and

=(1,-+/3)". Any other non-zero value of ,,corresponds to three
dlfferent peak intensities. Importantly, the quantity ,, has the same
transformation properties as:

_[Li+L5-2L
h [ﬁ -1 ?

Therefore, hereafter, we will focus only on ¢,. The three values associ-
ated with the case where one peak is stronger or weaker than the other
two equivalent peaks correspond to:

el e

Clearly, ¢}, 2, and ¢, are related by a120° rotation. Therefore, if
one peak becomes different to the other two, three-fold rotational
symmetry is broken. Itis noted, however, that there remains a vertical
mirror plane—or, equivalently, an in-plane two-fold rotation axis C5.
These results can also be obtained by noticing that the in-plane strain
components &, - £,,and &, also transform as the same T irrep as ¢,

andy;:
_|ExTEy
s—[ “2e,, J 9)

whereg; = (Ou; + d;u;)/2 and uis the displacement vector. The coupling
tothe L order parameter is given by:

=l —g)) T +15-215) - 2.3, (13- 1})] (10)
where «a; is some coupling constant. Hence, if ¢, is in one of the
three configurations described by equation (8), the systemisin an
orthorhombic phase, whereas for any other non-zero ¢, values, the
system is in a monoclinic phase.

We start by analysing the STM results in the absence of electromag-
netic fields. Previous X-ray measurements have shown that the system
isinan orthorhombic phase*. For concreteness, we choose the con-
figuration corresponding to (/;1, thatis, |L,| =|L;| # L,. From equa-
tion (10), we see thatalthoughe,, # ¢,,, there is no shear strain, £,,= 0.
Moreover, in this case, the vertlcal mirror plane contains the recnpro
cal lattice vectors G, and G; and is thus perpendicular to the g,
axisin momentum space, g, = (1,-1/2,0). We note that, in the exper-
iments, the CDW peaks corresponding to L, and L, are slightly
different. We attribute this behaviour to residual shear strain €, pre-
sent in the sample which, via the coupling in equation (10), induces
12#12

Consider now theapplication of anin-planeelectricfield £, = (E,, E,).
Asittransforms as theTgirrep, its coupling to the L order parameter
has a similar form as equation (10):

Fie=[(E3—E2) (L} +13-213) - 23 EE, (15~ L])] (12)

Parameterizing £, =
tude, we have:

Ey(cos0, sinf) where E,denotes the field ampli-

Fr=0E3[cos20 (L2 + 1% - 212) - /35in20(L% - 12)] (12)

In the experiments, the electric field is applied along either the
Q= (1/2 0,0)= 5( T ) directionortheQ,, =(-1/2,+1/2,0)=

m

. ( , r i 0) direction. In terms of their polar angles 6, and 6;, these

two directions are related according to 6, =t - 6,. As aresult, cos26, =
€0s20;butsin26, = -sin26,. Consequently, according to equation (12),
application of an electric field along these two directions leads to a
splitting of the two CDW peaks, L3 — L2 = + 612, with opposite signs for
afield along 6, and a field along 8,. In terms of the strain tensor, the
coupling in equation (12) can be written as:
For=a5[(EF ~E3) (4~ €,)) +4EEe,)] (13)
From the definition of the electro-striction response tensor,
= ,k,E,Ek,We readily identify a y66(m Voigt notation) or, using the
main text notation for Vo &2 )( - . This tensor element is allowed
(thatis, notenforced to be zero by symmetry) for both orthorhombic
groups Fmmmand Cmmm, as well as for the hexagonal group P6/mmm.
Therefore, the STM observation of a switch in the relative intensity
of the CDW peaks at QM and QM when the electric-field direction is
switched between the two directions does not require that the CDW
breaks time-reversal symmetry.

Consider now the application of an out-of-plane magnetic field B,,
which transforms as the mI'; irrep. The STM data show that the CDW
peaks L?and L3 become different, and that the relative intensity flips
signwhen B, changes sign. According to equation (10), adifferencein
L}and L}triggers ashear distortion &, # 0, whose sign depends on the
sign of the magnetic field. Now, the piezo-magnetic response tensor
is defined as g; = A;; B,. Hence, this observation implies a non-zero
tensor element/A4; # 0 (in mixed Voigt notation) or, using the notation
of the main text for A, anon-zero Xf(”;

Clearly, A # O requires that time-reversal symmetry is broken, which
suggests that the CDW phase must contain anon-zero orbital magnetic
density-wave order parameter ®. To identify under which configura-
tions of Land @ anon-zeroAg;is allowed, we write down their coupling
toB,and ¢ (to leading order):

Eji

1
FL(D,Bs = a332|:ﬁ£xy1-2 ((D1L3 - (D3Ll) + 5 (gxx - gyy)
(14)
((DIL2L3 -2Q,L,L; + (1)3L1L2):|



We canreadily identify:

Ngz =05-/3L, (D5 - D5L;) (15)

Recallthatthe constraintsonLsofarare|L,| = |L;| # L,. Anon-zeroAg
further requires |®,| = |@;| and sign(L,L;®,®,) = -1, thatis itimposes con-
straints not only on the magnitude of the loop-current order parameter
but also onthe relative phase between the non-zero components of L
and ®@. The second term in equation (14) also imposes the constraint
@, =0, otherwise the CDW phase in the orthorhombic phase would
spontaneously induce anon-zero magnetic dipole moment (as¢,, #¢,)),
whichis not observed experimentally.

The result of this analysis is that the CDW order parameter configu-
ration consistent with the STM experimental observations is the one
withL=(Ly, Ly, Lo) and @ = (O, 0, — ). From theleading-order cou-
plings to the order parameter M in F,,,and F,,, we also find the sub-
sidiary order M = (Mg, M}, M), with My= LoL5 and My~ L3. We checked
that this configuration results in the magnetic space group Cmmm
(number 65.481), whichindeed allows for anon-zero A4;. We extended
this analysisin asystematic way to other configurations of Land ®, as
showninthe Extended Data Table1, as well as to cases in which ® trans-
forms as other irreps, but did not find any configurations that lead to
an orthorhombic magnetic space group that has A¢; # 0.

Thelarge number of Landau coefficients in the free energy of equa-
tions (2)-(5) makes it difficult to fully sample the ground states realized
in parameter space. Nevertheless, we can identify which terms have a
major rolein favouringtheL = (L,, Ly, L) and® = (@, 0, - @) order
viaaqualitative analysis. Specifically, while A, <0 and u, 4 < O favour
coexistence between L and ® orders, the sign of k, 4, selects between
the (Lo, Ly, Ly) and (@, 0, - @) combination (k, 4> 0), which shows
the desired piezo-magnetic properties, and the (L, Ly, L,) and
(®y, 0, ®,) combination (k;,< 0), which does not show the desired
piezo-magnetic properties. We also emphasize that the (L, L;, L,) and
(@, 0, - @) order is one of the unique ground states emerging from
arbitrary combinations of L and @, as we verified via the ISOTROPY

software. Finally, it is worth noting that, in ref. 40, where a simplified
free energy for only the real CDW order parameters was studied, arich
phase diagram with various non-trivial combinations of the compo-
nents of L and M was obtained.

Data availability

The datafor the main figures and the Extended datafiguresis available
atthelllinois Databank (https://doi.org/10.13012/B2IDB-4197245_V1).
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light-induced changes in CDW intensity.
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alongthesamearbitrary illumination sequence with the nearest averaging
methods (5 pixelsintotal). The trendsin the intensity contrast remain the same
while the absolute value of the intensity contrast is suppressed in most cases
suggesting that using the single pixel method provides better signal.
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Extended DataFig.5|Laserfluence dependence of the CDW intensity change depending onthe direction of illumination. b, Absolute value of the /,
contrast. a, Fig. 3ein maintext: /.= (I, - 1;)/2(/; + I;) ateachillumination with (I11) withrespectto the fluence onalinear scale. For fluence > F, the fluence

doubling the fluence. Beyond the critical fluence F.~ 8 Fy, thesign of /_starts to and |/,| starttoshowa proportional relation.
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Qss Qs

center of mass to identify the actual peak location (greencircles). b, Qg and
Qg; peaklocations duringlightillumination along either £, or E; directions,
showing noticeable extending/shrinking peak location. Thered dotinthe
middle of FT serves as reference for relative peak location change.

Extended DataFig. 6 | Identification of Bragg peak vector locations.

a, Typical FT of the Sb layer before light illumination. Bragg peaks are clearly
observed and highlighted with circles. Zoom-inimages of these peaks along
Qg and Qg directions reveal anisotropicintensity distributionina5-pixel x
5-pixel size in momentum space, thus enabling us to carry out the effective
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Extended DataFig.7|Bragg peakratio (Q,) alongthelaser polarization
sequence withdifferent grid sizes and peak positionidentification
methods. Differentgrid sizes (3 x3and 5 x 5) and peak positionidentification

methods (center of mass and 2D Gaussian) show similar results for the Bragg

peakratio Q,. This demonstrates the robustness of thetrends in the Bragg peak
ratio for the laser/field sequence.
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Extended DataFig. 8| CDW peak vector ratios of Q,and Q; for an arbitrary laser illumination sequence. During the laserillumination sequence used in Fig. 3a
and c, the CDW peak ratio shows the same patterntrend as the relative CDW intensity /, (Fig. 3a) and Qg4 ratio Q, (Fig. 3c).
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Extended DataFig.9|Dataonastrained region where the CDW intensity and Q; withrespectto the opposite directions of out-of-plane magnetic field.
contrastand Bragg vector ratio do not respond to the magneticfield. f, Intensity contrast plot (Q, in left panel) and Bragg vector ratio (Q, in right
a,Largescaletopographyimage (-87 nm x 87 nm) of the post-cleaned region. panel) fromthis region. The intensity contrast does not show asign change
Awrinkleis clearly observed, indicating the presence of the strong residual between+2and-2T field. The Bragg vector ratio shows amarginal change
in-planestraininthisregion.b,d, Zoom-in topography image (30 nm x 30 nm) (=0.0005) compared to the case (=0.01, Fig. 4h) where thereis aflipin the sign
ofthesameregionunder +2 Tand -2 T magnetic field perpendicular to the ofthe CDW intensity contrast (Fig. 4g).

samplesurface.c,e, FTs of (b) and (d) show arobust intensity order between Q;



Extended DataFig.10|Vanadium bond order and loop current pattern

and their rotation axis for different order parameter configurations.
a,Vanadiumbond-order pattern (colored bonds) for the 3Q “real” CDW order
parameter configurationL= (L, L’, L) onasingle kagomelayer. The blackline
denotes thein-plane 2-fold rotation axis. b, Loop-current pattern (greenarrows)
for the2Q “imaginary” CDW order parameter configuration® = (®, 0, @),
whoserelative phase between its non-zero componentsis trivial. The 2-fold
rotation axis is denoted as the orange lines. The closed current loops are
denoted as red circles. ¢, Loop-current pattern for the 2Q “imaginary” CDW
order parameter configuration® = (®, 0, - @). There exists arelative w phase

between the non-zero components, which changes the location of the 2-fold
rotationaxis.d, Anoverlay view of the L, =L, # [, and @, = @5 orderings. In this
case, bond-order and loop-current patterns have different rotation axis so
thatthe 2-fold rotationis brokeninthe system, which allows amacroscopic
out-of-plane magnetic dipole moment. e, Anoverlay viewof the L; =1, # L, and
@, =-@;orderings. Inthis case, bothbond-order and loop-current patterns
share the samerotation axis, so that the system possesses anin-plane 2-fold
rotation axis, which forbids amacroscopic magnetic dipole moment. This
configuration allows the system to have piezo-magnetic effect evenin the
absence of amacroscopic magnetic dipole moment.
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Extended Data Table 1| Magnetic space groups for different combinations of the bond-order CDW and the loop-current CDW
order parameters

Nonzero Components of

_ ¥ n . . . I
L; bond-order CDW mM; loop-current CDW Magnetic Space Group Macroscopic Magnetization Piezomagnetic Tensor
Cmmm yzZX = Zyx
Li=L, #L3 D =—D,,P3=0 none Xxzy = zxy
(#65.481) xyz = yxz
C,mmm
Ly=—L;,L3=0 D =Dy, P3=0 none none
(#65.490)
Caccm
Ly =-LyL3=0 D) =—P,,d3=0 none none
(#66.500)
XXZ
@, = &y * Bs Cm'm'm vz
Ly=L, #Lj M, zzz
(@3 may be zero) (#65.485) yzy = zyy
XZX = ZXX
yyz
ZZZ
XXZ
P2/m zxy
Li#L, #Ls D # D, # Dy M,

(#10.42) X%
yxXz
yzy
yzx

Of the possibilities considered, only the congruent CDW phase exhibits the required piezo-magnetism in the absence of macroscopic magnetization. Note that the combination of order
parameter Ly =L, # Lzand ®1=-®, # O3 with @3 # O reduces the symmetry down to monoclinic P2/m, where none of the order parameters components remain equal.
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