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Owing to the unique electronic structure, kagome materials AV3Sbs (A = K, Rb, Cs) provide a fertile platform of
quantum phenomena such as the strongly correlated state and topological Dirac band. It is well known that RbV3Sbs
exhibits a 2 x 2 unconventional charge density wave (CDW) state at low temperature, and the mechanism is controversial.
Here, by using scanning tunneling microscopy/spectroscopy (STM/STS), we successfully manipulated the CDW state in the
Sb plane of RbV3Sbs, and realized a new \/§ X \/§ modulation together with the ubiquitous 2 x 2 period in the CDW state
of RbV3Sbs. This work provides a new understanding of the collective quantum ground states in the kagome materials.
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Kagome lattice is a corner-shared triangular network,
and has attracted great attentions due to the intriguing elec-
tronic features including flat bands, Dirac cones and van
Hove singularity (vHs). This model system exhibits vari-
ous exotic properties, such as quantum spin liquid,"-?! topo-
logical electronic states,!>~°! superconductivity (SC),I"~* and

charge density wave (CDW) states, 8111

etc. Recently, a
new family of kagome materials, namely AV3Sbs (A = K,
Rb, Cs), was discovered, in which rich quantum phases
have been revealed.!!>!3] AV;Sbs undergoes both of the
superconductivity transition (7T¢ =~ 0.9 K-2.5 K) and the
CDW (Tcpw =~ 78 K-103 K).U'>7'4l During the CDW
transition, an in-plane unit-cell doubling with the 2 x 2
periodicity[13-15-18]
dimensional 2 x 2 x 2/2 x 2 x 4 ordering!

occurs, as also accompanied by a three-
19.201 and a surface
1 x 4 superstructure.!'>?!1 It was considered that the CDW
phase exhibits some complicated entanglement with the su-
perconductivity transition.[?>->¥ The CDW electronic order
was initially manifested in the transport measurement as a
magnetic anomaly, and then explored through a myriad of
experimental and theoretical methods.!'%2>-3%1 Scanning tun-
neling microscopy/spectroscopy (STM/STS) studies reveled
a chiral charge order in the three compounds with the 2 x 2

r,133-33] and a rotational symmetry breaking of the elec-

5. [36,37]

orde
tronic ground state from Cg to C, at low temperature
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This anisotropy was considered as a chiral charge order
with broken time-reversal symmetry due to its magnetic
field switching effect, and possibly related with the observed
anomalous Hall effect without a magnetic order.*%*! To un-
veil the driving force for the CDW transition is no doubt essen-
tial to the understanding of its interplay with the superconduc-
tivity and the kagome physics in AV3Sbs materials. However,
the mechanism of the CDW transition remains still under de-
bate.

First-principle calculation and measurements indicated
that the CDW transition is driven by the van Hove singularity-
related Fermi surface (FS) nesting.[***°l Angle-resolved pho-
toelectron spectroscopy (ARPES) measurement demonstrated
a substantial reconstruction of Fermi surface and the dominant
role of the in-plane inter-saddle-point scattering to the CDW
transition.[*!] Optical characterization showed the importance
of the saddle point nesting, in favor of the theoretical calcu-
lations as well.[?62%4244] Hard x-ray scattering revealed an
unconventional CDW relevant to the kagome lattice nesting at
vHs.["8 However, neutron scattering studies and other ARPES
measurements indicated that the electron—phonon coupling
plays a dominant role in generating the CDW phase. 4341 In
contrast, polarized Raman spectroscopic measurement did not
show a phonon anomaly below and near the CDW transition
temperature.'*’! Even though quantum states with various pe-
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riodic orders, such as spin charge density wave and charge
bond wave, have been discussed in theoretical models, most
of experimental studies have only reported the 2 x 2 order to
date, [3248-511

In this study, by using scanning tunneling microscopy, we
have characterized both of the Rb and Sb terminated planes in
the RbV3Sbs material. Via carefully tuning the tunneling con-
dition and pulsing the surface, the surface Rb atoms were suc-
cessfully removed and the underneath Sb layer is then in-situ
exposed. We thus observed a new /3 x +/3 modulation over-
laid on the widely explored 2 x 2 CDW period. This v/3 x v/3
modulation is found to be less stable than the 2 x 2 one, and
can be triggered by applying an STM pulse during scan on the
2 x 2 modulation.

The RbV3Sbs single crystals were in-situ cleaved in ultra-
high vacuum (UHV) at room temperature, and then immedi-
ately transfered into the STM stage for measurement. Scan-
ning tunneling microscopy and spectroscopy (STM/STS) mea-
surements were carried out at low-temperature of ~ 4.2 K or
~ 77 K in UHV, with the base pressure of 1 x 10719 mbar
(1 bar=10° Pa).
under the constant current mode.

STM topographic images were acquired
Differential conductance
dI/dV spectra were obtained using the standard lock-in am-
plifier technique with an ac modulation of 10 mV at 1000 Hz.

RbV3Sbs crystallizes in a hexagonal kagome lattice with
the space group P6/mmm (ap = 5.47 A; cg =9.07 A), as
schematically illustrated in Fig. 1(a). The two-dimensional
(2D) kagome lattices are composed of V atoms coordinated
by Sb atoms, which form interlayer V3Sb lattices sandwiched
by two layers of alkali metal ions. The 2 x 2 CDW transition
occurs at ~ 103 K [14] and the superconductivity transition at
~0.9 K.l

Fig. 1. (a) Crystal structure of RbV3Sbs from top view (left) and 3D view
(right). (b) STM topographic image (12 nmx 12 nm) of the Rb-v/3 x /3
terminated surface. Vs = 4500 mV, [; = 50 pA. (c) STM topographic image
(12 nmx 12 nm) of the Rb-v/3 x 1 surface. Ve =+50mV, [; = 100 pA. (d) A
zoom-in STM image (5 nmx5 nm) of panel (c). Vs = +50 mV, [; = 100 pA.

Figures 1(b)-1(c) show the STM images collected on the
as-cleaved surface of the RbV3Sbs sample. Consistent with
the previous studies, 2] most of the as-cleaved surface is cov-
ered by Rb atoms forming various superstructures. The Rb-
/3 x v/3 is the dominant superstructure with the Rb coverage

of 1/3 monolayer (ML), as shown in Fig. 1(b). There also
exists another v/3 x 1 superstructure mixed with a 2 x 2 mod-
ulation with the Rb coverage of 1/2 ML, as shown in Figs. 1(c)
and 1(d). However, the 2 x 2 CDW period, that occurs in the
underneath Sb or Sb—V kagome plane, is invisible in the Rb-
V/3 x V/3 plane.

In order to directly envision the CDW modulation in the
underneath Sb planes, we turned to in-sifu remove the surface
Rb atoms by applying high tunneling current and low bias volt-
age. Figure 2(a) shows a typical STM image collected on the
pristine as-cleaved surface with a normal tunneling current and
bias voltage. By increasing the tunneling current and lowering
the bias voltage, the STM tip was pushed much closer to the
surface to enhance the tip-surface coupling. The surface Rb
atoms can be thus swiped away by STM tip during the scan
with a high current and low bias voltage. In this way, the clean
Sb plane underneath the Rb plane was successfully exposed
without Rb atoms. Figures 2(a)-2(c) show the series of STM
images collected at the same area during atom swiping. As
shown in Fig. 2(c), the 2 x 2 modulation is clearly identified
as the characteristic of the CDW phase, which is consistent
with the previous studies.!!3!>718] The dI/dV spectra taken
on the Sb terminated plane is plotted in Fig. 2(d). According
to the previous studies,!!>?!! in the Sb plane spectrum we at-
tribute the peaks at —400 mV and —150 mV to the van Hove
singularity (vHs) of the electronic states at M point, and the lo-
cal minimum near —600 mV is related to the Dirac point (DP)
at K point. The V-shaped energy dip located near the Fermi
level may correspond to the CDW gap, and is considered to
be connected with the electronic states near the M point. 3]
For comparison, the d7/dV spectrum taken on the Rb termi-
nated plane is also plotted in Fig. 2(d). The dI/dV spectrum
taken on the two terminations looks very similar except for an
energy shift of ~ 130 mV, suggesting that upon removing the
alkali layer, the Fermi energy is moved downward induced by
an effective hole doping.>*

Surprisingly, once the tunneling current and bias voltage
were suddenly changed, an effective STM pulse was made
via the tunneling instability, and we observed a new V3 %3
modulation transformed from the original 2 x 2 one, as shown
in the STM images of Figs. 2(e) and 2(f) and the correspond-
ing fast Fourier transform (FFT). In order to make the results
more accurate, the FFT images are derived from the defect-
free region in STM images. The peaks of 2 x 2 order in three
directions can be seen clearly in Fig. 2(e), both the first or-
der and second order spots are denoted. While the spots of
v/3 x 1/3 modulation only appear in one direction in Fig. 2(f).
It is manifested that the /3 times modulation coexists with the
2 x 2 order, and is most obvious in the horizontal direction.
Unlike the original 2 x 2 modulation, the generated V3 %3
modulation is only short-range ordered, and exists as the small
patches of a few unit cells, as shown in Fig. 2(f). Therefore,
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we suggest that, even though thermodynamically less stable
than the 2 x 2 order, the formation of v/3 x /3 modulation
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can be realized by a slight energy trigger, particularly through
an STM pulse.
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Fig. 2. (a)—(c) STM images (12 nmx 12 nm) in-situ collected on the RbV3Sbs surface during swiping surface Rb atoms by STM tip. (a)
Vs = =500 mV, I; = —100 pA; (b) Vs = —80 mV, [; = —100 pA; (¢) Vs = —200 mV, I; = —100 pA. (d) Differential conductance dI/dV spectrum
taken on the Rb (black) and Sb (red) terminated planes. The data are taken before and after removing the surface Rb atoms, respectively. The
peaks of van Hove singularity in Rb and Sb planes are marked by black and red triangles, respectively. The local minimum is denoted by red
arrow. The red curve is shifted upward by 3 for clarity. (e)—(f) Topographic images (10 nmx 10 nm) of the Sb plane prior to and after the
STM voltage pulses. Vs = +80 mV (e) and +120 mV (f), /; = 100 pA. The insets show the corresponding fast Fourier transform images of the
defect-free region. The red, blue, and green circles mark the vectors of Bragg lattice, 2 x 2 and V/3 x /3 modulations, respectively.

In order to further confirm the coexistence of 2 x 2 and
V/3 x /3 orders, we took the spatially-resolved d//dV mea-
surement along the line in Fig. 3(a). Along this particular di-
rection, the v/3 x v/3 and 2 x 2 orders correspond to the three
and two times modulations, respectively. In Fig. 3(b) are plot-
ted the measured position-dependent d//dV results, where
the periods of both order are distinguishable. As marked in
Fig. 3(b), the v/3 x v/3 order is prominent in the negative bias
range, while the 2 x 2 order in the positive bias range. Two
particular dI/dV densities, as extracted from the bias voltage
(Vs) of —0.3 V and +0.45 V, are plotted in Fig. 3(c) for a better
view of these two orders. The v/3 x v/3 order is marked by the
green triangles on the red curve of Vg = —0.3 V, and the 2 x 2
order by the blue triangles on the black curve of Vy = +0.45 V.
The FFT graphs of the two curves, as shown in Fig. 3(d), fur-
ther confirm the existence of the v/3 x v/3 and 2 x 2 orders.
Our observation indicates that the /3 x v/3 order is likely less
stable than the 2 x 2 one, and its formation can be triggered by
an STM pulse applied on the 2 x 2 order.

It is well known that the saddle points of the Dirac
bands are located at the M point in the Brillouin zone, clos-
ing to the Fermi level.[*6#4l The vectors connecting the van
Hove singularities at M points were believed to be respon-
sible for the formation of 2 x 2 order, thus in favor of

29,42

the Fermi surface nesting mechanism.?>*? Moreover, the

Kagome Hubbard model at van Hove filling, with the on-

site repulsion U and the nearest-neighbor Coulomb interac-
tion V, were also adopted to theoretically predict the elec-
tronic phases of kagome materials.!®>°8] Within this theo-
retical model, the adopted Fermi surface and vHs, as schemat-
ically illustrated in Fig. 4(a), is consistent with the experi-
mental results.[2%-27-29-32301 The Bloch states connected by the
nesting vectors are distributed among the three diverse sub-
lattices, as illustrated in Fig. 4(b).["°! The nearest-neighbor
interaction V is found to lead to a different electron density on
the neighboring lattice sites. As V is promoted, the 2 x 2 mod-
ulation firstly appears. Since the nesting vector connects the
electronic states of different sublattices, each sublattice hosts
a uniform electron density. [28.32] However, as V is increased
to a larger value, electrons tend to accumulate in fewer sites,
and the electron intensity does not need to remain uniform at
the different sublattices. Thus the 2 x 2 modulation turns to
av/3 x v/3 modulation as a consequence to reduce the nesting
effects for a local Hubbard interaction.

Even though the physical nature that drives the forma-
tion of v/3 x v/3 modulation is still unknown, we believe it is
possibly due to a tip-induced local deformation that tunes the
nearest-neighbor interaction V, or a local doping effect that
shifts the position of vHs. According to the previous theo-
retical work, our observation of both the v/3 x v/3 and 2 x 2
orders may suggest that the nearest-neighbor interaction V is
important to lead to the rich CDW ground states, via tuning
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the electronic states of the sub-lattices. The emergence of the
/3 x /3 modulation may be also related to the removing of
the upper Rb atoms, the deficiency of Rb atoms can affect the
electronic states of the lower Sb layer. For instance, to re-

(b)
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> 92}
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—0.4 0 0.4 —0.4 0
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Fig. 3. (a) Topographic image (6.8 nmx4.8 nm) taken on the Sb plane of the RbV3Sbs sample. Vi = —200 mV, [, =

move the Rb plane can induce an effective hole doping and
shift the Fermi level downward by ~ 130 mV, as demonstrated
in Fig. 2(d). The vHs can be thus shifted away from the M
points, which weakens the Fermi surface nesting effect.
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—150 pA. (b) Line-

scan dI/dV spectra taken along the symmetric direction as marked by the black arrowed line in panel (a). (c) Spatial variation of the dI/dV
intensity extracted at +0.45 V and —0.3 V from the spectra in panel (b). The blue and green triangles mark the 2 x 2 and v/3 x v/3 modulations,
respectively. The black curve is shifted upward by 1 for clarity. (d) The FFT graphs of the two line scan profile in panel (c) with corresponding

color. The peaks of two modulations are denoted by red triangles.

N,
VARV

N\

Fig. 4. (a) Momentum-space illustration of the kagome AV3Sbs. The
outer black hexagon is the original Brillouin zone, the middle blue one the
schematic Fermi surface, and the inner red one the new Brillouin zone under
2 x 2 modulation. The high symmetry points are marked as I", M, and K.
The nesting wave vectors are illustrated by the three black arrowed lines as
marked by ¢, g2, and g3. (b) Real-space illustration of the atomic structure
in the kagome lattice. The labels 1 to 3 denote the three different sublattices.

In summary, we observed a V3 x /3 modulation in ad-
dition to the ubiquitous 2 x 2 CDW in RbV3Sbs. Accord-
ing to the previous kagome Hubbard model with extended
Coulomb interactions, the two modulations are tunable via
the electron states within the sublattices.*3-3?1 The transforma-
tion from 2 x 2 to v/3 x 1/3 modulation is possibly caused by

the reduced Fermi surface nesting or a variable local nearest-
neighbor Coulomb interaction.
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