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SPECIAL TOPIC — Recent progress on kagome metals and superconductors
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The alkali adatoms with controlled coverage on the surface have been demonstrated to effectively tune the surface
band of quantum materials through in situ electron doping. However, the interplay of orderly arranged alkali adatoms
with the surface states of quantum materials remains unexplored. Here, by using low-temperature scanning tunneling
microscopy/spectroscopy (STM/S), we observed the emergent 3x3 super modulation of electronic states on the v/3 x
V/3R30° (R3) Cs ordered surface of kagome superconductor CsV3Sbs. The nondispersive 3x3 superlattice at R3 ordered
surface shows contrast inversion in positive and negative differential conductance maps, indicating a charge order origin.
The 3x3 charge order is suppressed with increasing temperature and undetectable at a critical temperature of ~ 62 K.
Furthermore, in the Ta substituted sample CsV; ¢Tay 4Sbs, where long-range 2x2x2 charge density wave is significantly
suppressed, the 3x3 charge order on the R3 ordered surface becomes blurred and much weaker than that in the undoped
sample. It indicates that the 3x3 charge order on the R3 ordered surface is directly correlated to the bulk charge density
waves in CsV3Sbs. Our work provides a new platform for understanding and manipulating the cascade of charge orders in
kagome superconductors.

Keywords: CsV3Sbs, surface reconstruction, alkali atoms, charge order, scanning tunneling micro-

scope/spectroscopy
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1. Introduction

Alkali metal atoms have been demonstrated to play a cru-
cial role for manipulating the intriguing physics in quantum
materials. When deposited on the surface of a layered mate-
rial, alkali metal atoms could either diffuse on the surface or
intercalate into the van der Waals gaps of the substrate. On
one hand, the intercalation of the alkali atoms, which usually
takes place in materials with large interlayer space (i.e., tran-
sition metal dichalcogenides), effectively decouples the first
layer from the bulk, causing a 3D-to-2D transition and provid-
ing platforms for studying materials in the 2D limit.['3! On
the other hand, the alkali atoms adsorbing on the surface in-
troduce an electron doping effect. Charge transfer from the
alkali atoms to the substrate results in various surface band
filling levels.*! In superconductors, the doping effect can sig-
nificantly enhance superconductivity at an optimal coverage,
possibly due to the enhanced electron—phonon coupling. >~10]
Continuous in situ deposition of alkali atoms allows precise
control of the doping effect, which further achieves the evolu-
tion of Fermi surface and drives phase transition of quantum
materials.[!"-1?! Interestingly, unlike the randomly distributed
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alkali adatoms, the ordering of absorbed alkali atoms on the
surface provides a new way for tuning and creating quantum
states, such as realization of the solid-state quantum simula-
tor emulating molecular orbitals at semiconductor surfaces!!?!
and emergence of surface superconductivity. !4

The layered kagome family AV3Sbs (A = K, Rb or
Cs) and its derivatives exhibit a cascade of intriguing
quantum states including charge density waves,!>2?] elec-
tronic nematicity,[>>-2") smectic order,!?-?%2%1 pair density
waves, 39321 superconductivity,**=* and possible Majorana
zero mode.[**#!1 Despite these intriguing phenomena, precise
manipulation of the quantum states and emergence of novel
phenomena still remain to be fully explored. To this end,
the role of alkali atoms in the cascade of electronics states in
AV3Sbs has been studied. When the bulk CsV3Sbs is exfoli-
ated to less than 5 layers, the significant loss of surface Cs may
affect the CDW and superconductivity.!*?! The external metal
atom can be trapped by an alkali adatom, forming a symmetry-
breaking diatomic rotor at the Sb surface.**! Photoemission
spectroscopic study of A and Sb terminations of AV3Sbs
shows different polarity and opposite doping nature.[*+#31 Cs
dosing on to CsV3Sbs first increases electron filling**! which
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fully suppresses the CDW state. Further dosing alkali atoms
onto the kagome superconductor AV3Sbs results in the growth
of alkali thin films, which will finally grow into a fcc structure
from the bee one in the bulk.*”) Except for the electron dop-
ing effect of randomly distributed alkali adatoms, the orderly
arranged alkali atoms could induce extra symmetry breaking
on the surface. Although multiple reconstructions with differ-
ent doping levels were reported,*8! the interplay of ordered
alkali surfaces of kagome superconductors with the symmetry
breaking quantum states remains elusive.

Here, by using low-temperature scanning tunneling mi-
croscopy/spectroscopy (STM/S), we observed a 3x3 charge
order on the v/3 x v/3R30° (R3) Cs ordered surface of
CsV3Sbs. This order is non-dispersive in a large range of
energy and the d//dV maps taken at opposite energies (e.g.,
450 meV) show contrast inversion. The intensity of the 3x3
charge order is weakened with increasing temperature and the
critical temperature extracted by fitting is about 62 K. In addi-
tion, in the Ta doped CsV; ¢Tag.4Sbs sample where the 2 x2x2
CDWs in pristine sample are significantly suppressed, the in-
tensity of the 3x3 charge order becomes weaker, which im-
plies that the emergent charge order is directly correlated with
the bulk CDWs.

2. Methods

The CsV3Sbs and Ta doped samples were grown via a
modified self-flux method.!!7-3°1 The samples used in the ex-
periments were cleaved at about 80 K and immediately trans-
ferred to an STM chamber. Experiments were performed in an
ultrahigh-vacuum (1x 10~ 10 mbar) low-temperature (420 mK)
STM system equipped with a vertical 11 T magnetic field.
All the scanning parameters (setpoint voltage and current) of
the STM topographic images are listed in the figure captions.
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Tungsten tips used in the experiment were fabricated via elec-
trochemical etching and calibrated on a clean Au(111) surface
prepared by repeated cycles of sputtering with argon ions and
annealing at 500 °C.

3. Results and discussion

The layered kagome superconductor CsVi3Sbs (T, ~
2.3 K) shows a hexagonal symmetry structure with a kagome
lattice consisting of V atoms (Fig. 1(a)). Cleavage produces
two types of surfaces, i.e., Cs and Sb surfaces. The Sb
surface shows the honeycomb lattice with a lattice constant
of ~ 0.54 nm, which is consistent with the crystal lattice
constant.[3%] Meanwhile, the Cs terminated surface shows var-
ious reconstructions due to the low diffusion barriers of Cs
adatoms on Sb surfaces. The dominant reconstructed surface
is v/3 x v/3R30° (R3) Cs reconstruction. In such reconstructed
surface, the Cs—Cs distance in R3 is about 0.935 nm and the
lattice rotates 30° from the pristine lattice (Fig. 1(c)).

There are two main topographic features of the R3 re-
constructed surfaces. (1) There are randomly distributed do-
main walls connecting various R3 domains, exhibiting dark
line defects in the large-scale STM images (Fig. 1(d)). The
atomically-resolved STM images show the domain walls cor-
respond to the boundary of two R3 domains with a phase shift
(Fig. 1(d)). (2) There are also some protrusions in the R3 re-
constructed surface regions (Fig. 1(b)). Based on the high res-
olution STM images, we attribute these protrusions to triangle-
shaped tetramer with the nearest Cs—Cs distance of ~ 0.54 nm
(Fig. 1(e)). The low energy electron states of the R3 Cs recon-
struction show a broad peak around 25 meV (Fig. 1(f)), and the
modest difference can be observed between the dI/dV spec-
tra of R3 Cs reconstruction and Sb surface, indicating possible
novel electronic states in the R3 Cs reconstruction.
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Fig. 1. Atomic model and STM image of the /3 x v/3R30° Cs ordered surface of CsV3Sbs. (a) Top view (ab plane) of the atomic model of CsV3Sbs, showing
the hexagonal Cs lattice with a constant of 0.54 nm. (b) Large-scale STM image of the V3 x v/3R30° (short for R3) Cs ordered surface (Vg = 900 mV,
I, = 50 pA). Inset: the Fourier transform (FT) of STM image, showing the peaks of pristine crystalline lattice, Qpargg (black circle) and R3 superlattice, Qr3
(brown circle). (c) Schematic of the R3 Cs reconstruction, illustrating that the nearest Cs—Cs distance (approximately 0.935 nm) is v/3 times the pristine lattice
constant (0.54 nm) and the lattice is oriented at 30° with respect to the pristine crystalline lattice. (d) Atomically-resolved STM image of the characteristic
domain boundary in R3 reconstruction, showing a phase shift between two domains of the R3 superlattice (Vier = 900 mV, I = 50 pA). (e) Atomically-resolved
STM image of the Cs tetramer (Vser = 600 mV, I = 500 pA), showing that the distance between the nearest Cs atoms is 0.54 nm. (f) dI/dV spectra of the Sb
surface and R3 reconstruction at 0.4 K, showing a sharper gap edge at the positive energy side in the R3 spectrum. Vit = 100 mV, [; = 2 nA, Vipoq = 0.3 mV.
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Fig. 2. Observation of 3 x 3 charge order on R3 reconstructed surface. (a) and (b) STM image and corresponding FT pattern of a typical R3 reconstructed
surface (Ve = 50 mV, I; = 400 pA), showing a uniform R3 lattice (highlighted by the brown circles in (b)). (¢) and (e) dI/dV maps taken at =50 mV of
the same region in (a) at 0.4 K, showing the 3 x 3 superlattice modulation (red rectangles) and intensity contrast in the differential conductance maps (red
circles in (c) and (e)). The Cs tetramer marked by the green dashed line is a marker for the d//dV maps of the same region. (d) and (f) Corresponding
Fourier transforms of dI/dV maps in (c) and (e), with Qr3 and Q33 marked by brown circles and red rectangles, respectively and a 30° angle between
them. (g) Energy dependence of the FT cut along the dashed red line in (d), showing that the vector at Q33 is non-dispersive. For all d//dV data in

this figure, Vier = 50 mV, I; = 400 pA, Vinoqd =2 mV.

We then study the electronic states of R3 ordered Cs re-
construction. We selecta 10 nmx 10 nm R3 ordered Cs surface
region without line defects (Fig. 2(a)). In the Fourier trans-
form (Fig. 2(b)) of the STM image in Fig. 2(a), there are only
six peaks from R3 reconstructions (Qr3). The 2x2 and 1x4
CDWs are undetectable in the R3 reconstruction, which is con-
sistent with previous works.*%*8! In contrast, in the dI/dV
maps at low energy range of the same region in Fig. 2(a), a
new superlattice with a 30° rotation from Qg3 (highlighted by
the red rectangles) is observed (Figs. 2(c) and 2(d)). The pe-
riodicity of the emergent superlattice is v/3 longer than that
of R3 reconstruction, which means a 3x3 superlattice aligns
with the pristine lattice (Q3x3). The Q3«3 superlattice is ob-
served in the dI/dV maps at a large range of energies. Fur-
thermore, there is a contrast inversion between two maps at
opposite energies (red circles in Figs. 2(c) and 2(e)). In the en-
ergy dependent cut line along the red dashed line in Fig. 2(d),
the dominant signal locates at the length of 1/3 Qprage and
it is non-dispersive (Fig. 2(g)). Consequently, we ascribe the
emergent superlattice in dI/dV maps to a 3x3 charge order
(Figs. 2(d) and 2(f)).

We next investigate the temperature evolution of emer-
gent 3x3 charge order on the R3 reconstruction. In both su-
perconducting (0.4 K, Figs. 2(c) and 2(e)) and normal states
(4.2 K, Fig. 3(a)), the 3x3 charge order is observed. When the
temperature 7 = 10 K, the intensities of the R3 peaks remain
nearly unchanged while the 3x3 charge order is suppressed
(Fig. 3(b)). We thus plot the average intensity of three Q33

peaks with increasing temperature (Fig. 3(c)). To exclude the

tip effect and other measurement conditions, we normalize the
Q33 intensity with the averaged noise background. In con-
trast to the random variation near an average value for the Qr3
peaks, the intensity of the Q@33 peaks in the FT gradually de-
crease with increasing temperature. The evolution of the 3x3
peak intensity with temperature is well fitted by an exponen-
tial function (Fig. 3(c)), where the critical temperature for the
33 charge order is determined to be about 60 K.

Finally, we study the correlation between the emer-
gent 3x3 charge order and the three-dimensional CDWs in
CsV3Sbs. For comparison with the pristine CsV3Sbs where
long-range 2x2 and 1 x4 CDWs are observed with the absence
of Q33 at Sb surfaces (Fig. 4(a)), we intentionally choose
CsV;6Tag4Sbs in which the long-range CDWs are unde-
tectable as shown in the STM image of Sb surface (Fig. 4(b)).
Like in the pristine CsV3Sbs, we observe R3 reconstruction
on the surfaces of the Ta doped CsV3Sbs (Fig. 4(c)). In the
dI/dV maps of R3 reconstruction, the 3x3 peaks become
much weaker than that of pristine CsV3Sbs at the same en-
ergy (Figs. 4(d)-4(f)). Such difference is summarized in the
energy evolution of 3 x3 peak intensity of both pristine and Ta
doped samples (Fig. 4(g)). From 0 meV to 60 meV, the 3x3
peak intensity of the pristine CsV3Sbs is much higher than that
of the Ta doped sample. The concurrent suppression of long-
range CDWs and the emergent 3 x 3 charge order indicates the
similar origin for these two charge orders.

It should be noted that the stacking of the 2x2x2 CDWs
become disordered at 65 K.[*! And the 1x4 charge orders

disappear at about 60 K.I?!l The similar critical temperature
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of ~ 60 K further supports the strong correlation between the ~ Cs atoms will induce an orbital-selective electron doping ef-
emergent 3 x 3 charge order and the long-range 2 x 2x 2 (1x4)  fect, which might bring a specific band closer to the Fermi
CDWs in the kagome layer. The emergent charge order may  level, contributing to the formation of the 3x3 charge order.
result from the hybridization between the periodic surface po-  The emergence of 33 charge order on the ordered Cs surface
tential induced by the Cs reconstruction and the underlying  of kagome superconductor CsV3Sbs provides new insight for
2x2 (1x4) charge orders, although the 3x3 charge order is  understanding and manipulating the cascade of charge orders
incommensurate with the bulk charge orders, which is similar  in the AV3Sbs family. To fully understand the mechanism of
to the situation in RbV3Sbs, where a unidirectional charge or-  the emergent 3x3 charge order, further theoretical investiga-
der is found on the pristine Rb surface. 8] Furthermore, the tions are needed.
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Fig. 3. Temperature evolution of 3x3 charge order. (a) and (b) d//dV maps at —100 mV and corresponding Fourier transform of the same R3 region
taken at 4.2 K and 10 K, respectively, showing that the Q3«3 (highlighted by red rectangles) is weakened with increasing temperature. (c) Temperature
evolution of the FT intensity of the 3x3 CO at different energies and R3 reconstruction. The data obtained at different energies (marked by distinct
color) are included. The FT intensity is defined as I = I /Ioise, Where I, is the averaged intensity of the corresponding order ¢ in three directions in the
FT and Iise is the averaged background intensity of the Fourier transform. The blue dashed line is the fitting result by an exponential function. The
error bars represent the standard deviation. For all df/dV data in this figure, Vet = 50 mV, [; = 400 pA, Vipoa = 2 mV.
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Fig. 4. Comparison of charge orders between pristine and Ta doped CsV3Sbs. (a) STM image and corresponding Fourier transform of the Sb
termination of the pristine sample (Vier = 400 mV, ; = 3000 pA), showing long-range 2 x 2 (blue circles) and 1 x 4 (purple squares) CDWs.
(b) STM image of the Sb termination of the Ta doped sample CsV ¢Tag 4Sbs (Vser = 500 mV, Iy = 100 pA), showing that the long-range CDWs
are undetectable. (c) STM image and corresponding FT of the R3 reconstruction in CsVj ¢Tag 4Sbs (Veer = 900 mV, I; = 50 pA), showing
doping induced non-uniform topographic features. (d) and (e) df/dV maps at —52 mV and —101 mV of the same region in (c), showing
a weakened superlattice modulation. (f) FT of the map in (d), showing blurred signals at the vector of Q3x3. (g) Charge order intensity at
different energies in CsV3Sbs and CsV; ¢Tag 4Sbs, showing that the CO in CsV; ¢Tag 4Sbs is significantly suppressed than that in CsV3Sbs.
The error bars represent the standard deviation.
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4. Conclusions

We observe a 3x3 charge order (CO) with an estimated
critical temperature of about 62 K on the R3 Cs ordered sur-
face of pristine CsV3Sbs. The same reconstruction is observed
in the Ta doped sample where the CO is significantly sup-
pressed. The 3x3 charge order is significantly suppressed in
the Ta doped CsV3Sbs, indicating that the emergence of 3x3
charge order on R3 ordered surface is directly correlated with
the 2x2x2 (1x4) CDWs in bulk CsV3Sbs. Our work pro-
vides an effective way for creating new quantum states by in-
troducing ordered alkali surface structures in kagome super-
conductors. And it is also promising to observe new quan-

tum phenomena in other superconductors containing alkali
atoms, [26:50:51]
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