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SPECIAL TOPIC — Recent progress on kagome metals and superconductors
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The interplay between 2ag X 2aq charge density wave (CDW), nematicity and superconductivity in AV3Sbs (A = K,
Rb, Cs) compounds gives rise to a rich landscape of intriguing physical phenomena. In addition to the 2ag x 2ag CDW, a
unidirectional 4aq stripe CDW is also observed on the Sb surface of RbV3Sbs and CsV3Sbs. However, reports of stripe-like
CDWs in KV3Sbs have been limited. Here, we report the first observation of a long-range unidirectional stripe order with
a 6ag modulation period on the Sb surface of KV3Sbs, coexisting with the 2ag x 2ag CDW. Notably, the intensity of the
6ay stripes in STM topographies exhibits pronounced contrast reversal between opposite bias voltages. Additionally, the
wave vector of the 6ag modulation shows no energy-dependent dispersion, confirming its CDW origin. Furthermore, the
6ayg CDW is robust under a 7 T out-of-plane magnetic field and persists over a temperature range from 215 mK to 720 mK.
These results provide compelling evidence for the emergence of a long-range unidirectional CDW in KV;3Sbs.
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The kagome lattice, characterized by geometric frustra-

[1,2

tion and nontrivial band topology,l"? provides a fertile plat-

form for exploring novel low-energy excitations in crystalline

Unique band structures such as flat bands,*#

materials.
Dirac cones>’ and van Hove singularities!®! emerge from
the frustrated kagome network and intertwine with lattice
and spin degrees of freedom in magnetic kagome systems.
This interplay leads to intriguing phenomena, including the

101 magsive

anomalous Hall effect in Mn3Sn™! and CosSn,S,,
Dirac fermions in FeSn,[!!! and correlation-driven CDW in
FeGe.!!213] In contrast to magnetic kagome materials, the dis-
covery of the nonmagnetic kagome compound AV3Sbs (A =
K, Rb, Cs)!'*15] has opened new avenues for investigating
and manipulating complex electronic states that arise primar-
ily from charge degrees of freedom. In these systems, various
emergent charge-ordered phases coexist and compete with su-
perconductivity, garnering significant research attention.
Multiple symmetry-breaking charge orders have been
revealed in AV3Sbs compounds, including the ubiquitous
in-plane 2ayp x 2a9 CDW (Tp,, ~ 78-104 K),[16211 the
unidirectional 4ag stripe CDW in RbV3Sbs and CsV3Sbs
(Taay ~ 55 K),[172224 and charge-order-induced nematic-
ity in CsV3Sbs (Them ~ 35 K).[2728] Beyond these, a
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4ap/3 roton pair-density-wave (PDW) was initially identi-
fied in CsV3Sbs,?”! and more recently, a universal 2aq x
2aq chiral PDW has been reported across all three AV3Sbs

130311 indicating unconventional superconducting

compounds,
pairing and a universal rotational symmetry breaking from
Ce to C, within the CDW phase. Despite the close similari-
ties in crystal structures and phase transitions among AV3Sbs
members, a puzzling discrepancy remains: while the robust
4ag unidirectional stripe CDW has been consistently observed
on the Sb-terminated surfaces of RbV3Sbs and CsV3Sbs via
scanning tunneling microscopy/spectroscopy (STM/S), sim-
ilar stripe-like features have only been sparsely reported in
KV3 Sb5,[32] and those are limited to short-range modulations.
Notably, while STM experiments have directly confirmed the
4ap CDW signals in RbV3Sbs and CsV3Sbs,!17:22-25-33] thig
ordering remains elusive in bulk x-ray diffraction measure-

19.21.34] Ag a result, the for-

ments across all three materials.|
mation mechanism of the 4ay stripe CDW remains unresolved,
and its apparent absence in KV3Sbs is yet to be comprehen-
sively explained.

In this paper, we present systematic STM/S measure-
ments on the Sb-terminated surface of KV3Sbs single crystal.

We discover a robust unidirectional 6aq stripe order within a

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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single domain, whose CDW nature is confirmed by contrast
reversal in topographic images under opposite bias voltages
and by the absence of energy dispersion in its wave vector.
To probe its effect on the electronic structure, we performed
quasiparticle interference (QPI) measurements and observed
anisotropic QPI patterns originating from the V d orbitals.
Moreover, the 6ag order remains robust under an applied out-
of-plane magnetic field of 7 T and across a temperature range
of 215 mK-720 mK.

High-quality KV3Sbs single crystals were synthesized
using a self-flux method. STM/S measurements were carried
out in a customized STM system under an ultrahigh vacuum
of 1 x 1071 mbar, with a base temperature of 4.5 K. The
system was further cooled to 215 mK through *He—*He di-
lution refrigerator. Tungsten tips, prepared by chemical etch-
ing, were annealed in ultrahigh vacuum to remove surface ox-
ides and adsorbed contaminants, and subsequently calibrated
on a clean Au(111) surface prior to use. To suppress the diffu-
sion of exposed K atoms, the KV3Sbs crystals were mechan-
ically cleaved at approximately 12 K in an ultrahigh vacuum
environment and immediately transferred to the STM scanner,
yielding clean and extended Sb-terminated surfaces. Differ-

ential conductance maps, d//dV(r,V), were acquired using a
standard lock-in technique at a frequency of 931.77 Hz with
an excitation voltage of 0.02 mV.

KV3Sbs crystallizes in the space group P6/mmm
(No. 191) in its normal state. It features a typical layered
structure composed of alternating K—Sb,—VSb;—-Sb,—K stack-
ing layers (Fig. 1(a)). The VSb; slab consists of a V-based
kagome network interwoven with a hexagonal Sb; lattice. K
atoms are positioned directly above Sb; atoms along the c-
axis, while Sby atoms reside above the center of the corner-
sharing triangles in the V-based kagome lattice, forming a
honeycomb arrangement. Due to weak interlayer coupling,
KV3Sbs crystals can be readily cleaved between the Sb, and K
layers, typically exposing either Sb- or K-terminated surfaces.
On the Sb-terminated surface, a 2ag x 2ap CDW is commonly
observed (Fig. 1(b)). However, in a KV3Sbs sample cleaved
under low temperature (~ 12 K), we observe a new type of pe-
riodic stripe modulation, as highlighted by the yellow dashed
lines (Fig. 1(c)). These stripes are aligned along one crys-
tallographic direction, with a spacing of six times the lattice
constant, indicating a unidirectional 6ag modulation.

() Qlimg;
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~
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Fig. 1. The crystal structure and STM topography of the Sb surface of KV3Sbs. (a) Atomic models of the crystalline structure of KV3Sbs.
(b) A typical STM topography of a Sb-terminated surface, showing the 2ag x 2ag CDW pattern. (c) A 50 nmx50 nm STM topography, showing
the presence of uniaxial stripes. (d) FT image of (b), showing the coexistence of the 6a¢ and the 2ag x 2aq orders. The cyan circles label the
OBrage Peaks. The 2ag x 2ag CDW peaks of 04, Ozp and Q. are highlighted by red, purple and blue circles. The 6ag peaks Qg are outlined
by the orange circles. (e) Atomically-resolved STM image of the red square in (c). The 2ag X 2ap CDW and unidirectional 6ag stripe-like
modulations are both clearly resolved, with stripes highlighted by yellow dashed lines. (f) FT linecuts along q,, g and g. in (d). Scanning

conditions in (b), (¢) and (e): Vsampte = —10 mV, It = 100 pA.

These periodic stripe modulations are reminiscent of
the unidirectional 4aq stripe CDW previously observed in
RbV3Sbs and CsV3Sbs.
(Fig. 1(d)) reveals distinct wave vector peaks corresponding

Fourier transform (FT) analysis

to the stripe order (Qgq,), highlighted by orange circles. In
comparison, lattice-related Bragg peaks (Opagg) are marked
with cyan circles, while the FT peaks associated with the

2ag x 2ag CDW are denoted by red (Q,), purple (Q»p) and
blue (Q».) circles. By examining intensity profiles along the
three high-symmetry directions (q,, q» and q.) and plotting
the corresponding line cuts in Fig. 1(f), we observe that both
the fundamental and higher-order wave vector peaks associ-
ated with the stripe order appear exclusively along the q, di-
rection. These peaks are precisely located at integral multiples
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of £1/6 of gprage, indicating a real-space modulation period
of 6ayp — consistent with the uniform 6ag spacing between
adjacent stripes observed in the topographic image. Addition-
ally, occurrences of spacing larger than 6a( between stripes are
occasionally observed (Fig. 1(e)), likely resulting from dislo-
cations between two adjacent 6ay stripes, as indicated by yel-
low dashed lines (Fig. 1(c)). Based on these findings, the ob-
served superlattice is defined as a unidirectional 6ag stripe or-
der (Qgq,)- The discovery of Qg,, CDW marks the first obser-
vation of a long-range unidirectional stripe order in KV3Sbs,
filling the previously noted gap in the AV3Sbs family.

To investigate the electronic properties of the 6aq stripe
order, bias-dependent STM topographies were acquired at
420 mK in a different region exhibiting clear 6ag stripe mod-
ulation. The tunneling current (I;) was fixed at 100 pA,
while the sample bias voltage was varied from —100 mV to

4100 mV. Across this wide energy range, the 6ag stripe order
remains clearly visible in the topographies (Figs. 2(a)-2(f)).
The randomly distributed dark spots present in the images
are attributed to Sb vacancies located within the VSb; slab.
These defects exhibit nearly constant contrast regardless of
the applied bias voltage, thereby serving as convenient refer-
ence markers to track the relative position of the unidirectional
stripes. As indicated by yellow dashed lines (Figs. 2(a) and
2(d)), a stripe appearing dark at negative bias voltage becomes
bright at positive bias, demonstrating a pronounced contrast

reversal. Similar bias-dependent contrast phenomena have

s,13530] and are recognized

been reported in other CDW system
as an indication of charge density wave formation. This behav-
ior closely resembles that of the 4ag CDW in RbV3Sbs and

CsV3Sbs, reinforcing the conclusion that the 6ag stripe order

in KV3Sbs possesses CDW characteristics.

Fig. 2. Contrast reversal of the stripe features under the positive and the negative bias voltages. (a)—(f) STM topographies of the same region
under bias voltages of —100 mV, —50 mV, —10 mV, 10 mV, 50 mV, and 100 mV, respectively, showing stable 6ag stripe modulation. (g) Zoom-
in STM image of the solid squares in (b) (upper panel) and (e) (lower panel). Different Sb atoms are highlighted as A (yellow), B (brown), C
(silver). (h) Schematic of uniaxial strain applied to the atomic plane. The tunneling current is fixed at Iger = 100 pA for (a)—(g).

More intriguingly, within a single Sb honeycomb unit cell
along the 6ay stripe, we observe three nonequivalent Sb sites
(labeled A, B, and C) that exhibit distinct intensity changes
under opposite bias voltages (Fig. 2(g)). In contrast, Sb atoms
far from the stripe center show less variation. At —50 mV,
the strongest intensity appears close to the A sites, whereas
at +50 mV, it shifts between the B and C sites — closer to

the stripe center. This redistribution of local density of states
among different Sb sites under opposite bias voltages is di-
rectly responsible for the observed contrast reversal. A plau-
sible explanation for this effect involves local strain in the
atomic planes, potentially induced by low-temperature cleav-
age, as schematically illustrated in Fig. 2(h). This strain-driven
lattice distortion may play a key role in stabilizing the unidi-
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rectional CDW order on the Sb surface of KV3Sbs. RbV3Sbs
and CsV3Sbs have larger lattice constants and radii of alkali
atoms compared to KV3Sbs, which results in lower structural
stability and enhanced susceptibility to external perturbations.
This makes them more prone to structural phase transitions un-
der external pressure and temperature variations. 3’8 Form-
ing a long-range stripe CDW in the stable KV3Sbs crystal is
challenging, as the local strain must exceed a critical threshold
to induce appropriate periodic lattice distortions. As a result,
stripe CDW is generally observed in RbV3Sbs and CsV3Sbs
but is rare in KV3Sbs. Additionally, the local strain on the sur-
face is inhomogeneous, meaning that stripe CDW can only be
observed in certain regions. This is similar to previous studies

dI/dV (r, V=—5 mV)

dI/dV (r, V=45 mV)

on strain-induced stripe CDW in NbSe,. [3740]

We further carried out quasiparticle interference (QPI)
measurements in the same region. The real-space 6ag stripe
order exhibits clear contrast reversal under opposite bias volt-
ages, consistent with the bias-dependent topographies de-
scribed earlier (Figs. 3(a) and 3(b)). Notably, the correspond-
ing wave vector associated with the 6a¢ modulation (Qg,,) €X-
hibits no discernible energy dispersion within the energy range
of =5 mV (Fig. 3(c)). This non-dispersive behavior provides
additional strong evidence that the 6ag stripe modulation arises
from a static charge order, further confirming its identity as an

unidirectional charge density wave (CDW).!1°!

Linecuts along q,

(a) (c)
4
igh ?E 5 High
b>5 0
g
c—2
Sa|
—4
Low Low
-1 -2/3 -1/3 0 1/3 2/3 1
q (Fraction of gpragg)
FT image FT image Cs symmetrized FT image
(d) [ 5.0 mV Reitiion = © 5.0 m o ®)
High E -|High ;
High
" |Low : Low
qa Low

Fig. 3. Energy dependence of the stripe order. (a) and (b) Typical dI/dV (r,V) maps at —5 mV and +5 mV, showing the 6qy stripe modulation.
(c) Intensity plot of the FT linecuts along g, under different energies. The 6ag stripe order shows no energy dispersion. (d) and (e) The FT
images of (a) and (b), respectively. (f) C symmetrized FT image of (d). The three triangular contours represent the quasiparticle interference

pattern. Setup conditions for maps: Vsample = —5 mV, Lt = 1 nA.

To probe the band structure of KV3Sbs in the presence
of the 6ay CDW, we analyzed the coherent QPI patterns ex-
tracted from the FT images of the differential conductance
maps, dI/dV(r,V). Three sets of triangular QPI patterns are
clearly resolved (Figs. 3(d) and 3(e)). To enhance the signal-
to-noise ratio, the FT shown in Fig. 3(d) has been symmetrized
with a Cg rotation operation and is displayed in Fig. 3(f). In
line with previous studies,?>23-30:33] these triangular QPI fea-
tures originate from intra-valley scattering processes of elec-
trons from the V d orbitals. The triangles show varying inten-
sities along different directions, suggesting a rotational sym-
metry breaking from Cg to C>, which is indicative of electronic
nematicity.

Interestingly, we do not observe the one-dimensional QPI
feature (qip), which has previously been detected only in
CsV3Sbs hosting a unidirectional 4aq CDW.[2225:29-33] The
q1p pattern, generally interpreted as a fingerprint of charge

nematicity, is known to align with the direction of the stripe
CDW in CsV3Sbs.

measurements have shown that ¢;p and the 4ay9 CDW pos-
22
s’

However, temperature-dependent QPI
sess different onset temperatures,'??! implying that the unidi-
rectional stripe CDW is not the primary driver of nematicity in
CsV3Sbs. The absence of g1p in KV3Sbs, despite the presence
of unidirectional 6ag CDW, provides further evidence support-
ing this conclusion. These observations suggest that the rota-
tional symmetry breaking observed in the QPI patterns is un-
related to the unidirectional stripe CDW, and is instead likely
linked to the intrinsic formation of the 2ag X 2ao chiral CDW
phase.

We then performed temperature- and magnetic-field-
dependent investigations of the 6aq stripe CDW. In a continu-
ous temperature-dependent STM measurement from 215 mK
to 720 mK, the 6qa( stripe modulation remains clearly visi-
ble in topographies (Figs. 4(a)—4(f)) without any discernible
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changes in the topography. FT linecuts along the g, direction
confirm that the 6ag stripe CDW is robust, exhibiting no en-
ergy dispersion under either out-of-plane magnetic field (7 T)
or varying temperature (Fig. 4(i)). It is noteworthy that the
first-order peak of the 6ay stripe order appears near the center
of the low-frequency region in the FT, resulting in a relatively

215 mK, 0 T

(a) (b) &

Low

480 mK, 0 T

350 mK, 7 T

300 mK, 0 T

weak signal. However, the higher-order peaks, highlighted by
orange dashed lines, are clearly observed at 1/3 and 2/3 times
of gBrage, With negligible deviation due to slight dislocations
between neighboring stripes (Fig. 4(i)). These findings fur-
ther support the intrinsic robustness of the 6ag stripe CDW in
KV3Sbs.

420 mK , 0T

500 mK, 0 T

(h)

High

QBr(\gg
@.—w

L
A A,
At i
e A
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g e
w_}‘-", ‘J'..'_'v
—-1/2 0 1/2

q (Fraction of gpragg)
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Intensity
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ettt
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Fig. 4. Temperature and magnetic field dependence of the 6ay stripe CDW. (a)—(f) Temperature dependent STM topographies taken from 215 mK
to 720 mK. (g) STM topography of the 6ag stripe taken under a vertical magnetic field of 7 T. (h) FT image of (g) showing clear 6ay spot along
qq- (i) Waterfall plot of FT linecuts along g, under different temperatures and magnetic fields. From bottom to top, the experimental conditions
are 215 mK, 300 mK, 350 mK with 7 T field, 420 mK, 480 mK, 520 mK and 720 mK, respectively. The 6aq stripe CDW vector peaks and
its related high-order peak signals are indicated by orange dashed lines in (i). Setup conditions: (b) Vsample = —100 mV, It = 100 pA; (a) and

(©)—(2) Vsample = —10mV, L = 100 pA.

In summary, we have used STM to uncover a uniform
long-range stripe order with a 6ayp modulation period on the
Sb-terminated surface of KV3Sbs. This commensurate 6ag
stripe order is identified as a unidirectional charge density
wave, based on characteristic contrast reversal under oppo-
site bias voltages and the absence of energy dispersion. The
stripe CDW remains stable under a 7 T out-of-plane mag-
netic field and is found to persist across a broad temperature
range. We propose that this stripe CDW likely originates from
strain-induced lattice distortions of the Sb surface. Our find-
ings highlight the need for further theoretical and experimen-
tal studies to fully understand the emergence of stripe CDWs

in AV3Sbs compounds and their potential interplay with the
2ag % 2ag chiral CDW, electronic nematicity, and supercon-
ductivity.
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