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Kagome metal CsV3Sbs has attracted unprecedented attention due to the charge density wave (CDW), Z,
topological surface states and unconventional superconductivity. However, how the paramagnetic bulk
CsVsSbs interacts with magnetic doping is rarely explored. Here we report a Mn-doped CsV3Sbs single
crystal successfully achieved by ion implantation, which exhibits obvious band splitting and enhanced
CDW modulation via angle-resolved photoemission spectroscopy (ARPES). The band splitting is
anisotropic and occurs in the entire Brillouin region. We observed a Dirac cone gap at the K point but it
closed at 135 K £ 5 K, much higher than the bulk value of ~94 K, suggesting enhanced CDW

modulation. According to the facts of the transferred spectral weight to the Fermi level and weak
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and Kondo shielding effect. Our study not only offers a simple method to realize deep doping in bulk

DOI: 10.1039/d3na00216k materials, but also provides an ideal platform to explore the coupling between exotic quantum states in
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1 Introduction

The vanadium-based kagome metals AV;Sbs (A = K, Rb, Cs),"*
with corner-sharing V triangle networks, provide an ideal play-
ground to explore various quantum properties, including Z,
topological surface states,*® unconventional
superconductivity,”** van Hove singularity,”*** intertwined
charge order,"””” and their competitive coupling. Recently,
CsV3Sbs (CVS) has attracted unprecedented attention for the
discovery of the pairing density wave (PDW) phase and three-
dimensional charge order,'®?° which may point to a precursor
of unconventional superconductivity and a charge-density wave
(CDW).*** In the CVS system, a typical CDW transition appears
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at Tcpw = 94 K from the transport experiments. However,
according to STM and ARPES measurements,”*>* there are
complex charge ordering phenomena hidden in conventional
CDW transition, such as 2 x 2 restructure and 1 x 4 unidirec-
tional ordering in the ab plane and CDW along the c-axis. The
distortion of in-plane and out-of-plane charge orders leads to
symmetry breaking of the lattice, including Cs rotational
symmetry and interlayer inversion symmetry breaking of the
lattice, thus disturbing the symmetry protection of surface
Dirac states.”>’ It is rare to observe such interaction between
the CDW and the topological surface states in CDW materials.
The CDW has played an important role in the background
symmetry, density fluctuation, and gap opening of many-body
excitation in the CVS system.”® Therefore, understanding the
origin of the charge ordering in CVS as well as the interaction
with other quantum states are hot topics.

Metal doping is an effective way to modulate the Fermi level
(Eg), band structure, and CDW. The conventional method is
lattice interstitial or substitution doping by chemical vapor
transport (CVT) and the self-flux method. Recently, in the CVS
system several studies have been carried out to reveal the
doping effects on the CDW and superconductivity. K. Nakayama
et al.*® used the self-flux method to synthesize Cs-doped CVS
single crystals. An orbital selective electron doping effect was
found in this system, which typically leads to a lower Tcpw and
smaller CDW gap. In Cs(V;_,Cr,);Sbs, G. F. Ding et al. used
chromium substitution for vanadium to introduce extra elec-
tron carriers and revealed that the CDW order was gradually
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suppressed under doping.** Y. P. Song et al®" realized hole
doping through thickness control and selective oxidation
operation in CVS thin flakes, thereby inducing a higher super-
conducting transition temperature (7¢). Y. M. Oey et al.>* real-
ized hole doping by Sn substitution of Sb. A complex phase
diagram of competition between the CDW and superconduc-
tivity was revealed under different dopings of CsV;Sbs_,Sn,. As
the doping degree x increased, long-range CDW orders were
suppressed and superconductivity (SC) was enhanced. H. T.
Yang et al.** used Ti to replace V in order to modulate the VHSs
bands contributed by the V34 orbit. It appears that upon doping
the CDW long-range order became short-range ordered, and the
CDW order completely disappeared when the doping level
reached x = 0.15. In addition, the V-shaped pseudo-gap
changed to a U-shape. The chemical doping in CsTa,V;_,Sbs
and Cs(V;_,Nb,);Sbs exhibits similar suppression in CDW
modulation.** However, in CsMo,V;_,Sbs, the introduced elec-
tron carriers enhanced the CDW order.*® These experimental
results cannot be simply interpreted as due to the rigid band-
shifting effect, considering that substitution by itself will
significantly change the crystal structure and the band struc-
ture. The finite choices of doping elements restrict the intro-
duction of more modulating parameters. Compared with the
CVT or self-flux method, the advantages of ion implantation are
the simplicity of the operation, the possibility of deep doping of
various elements and the fact that the material energy band
structure and material properties are not easily changed. By
careful design, severe lattice distortion can be avoided. It's very
interesting if we can introduce magnetic atoms in paramagnetic
bulk CVS, where time-reversal symmetry breaking, magnetic
order, and the Kondo effect may be tuned and then affect the
electric structure modulation. However, the typical ion
implantation depth is 10 nm to 1 um,*** which is not deep
enough for electric structure characterization after crystal
cleavage. A new implantation technology is needed for the CVS
system.

Here, by using a well-designed ion implanter, magnetic Mn
atoms were successfully doped into CsV;Sbs single crystals. For
the first time, we observed obvious band splitting in the entire
Brillouin zone via angle-resolved photoemission spectroscopy
(ARPES). Furthermore, we found that the CDW transition
temperature is much increased after Mn implantation, which is
related to the polariton excitation and Kondo shielding effect.
Our work offers a new experimental pathway to tune CDW
transition, which is helpful to explore the underlying
mechanism.

2 Experimental section

Angle-resolved photoemission spectroscopy (ARPES) and time
of flight secondary ion mass spectrometry (TOF-SIMS)
measurements were carried out at NANO-X at the Suzhou
Institute of Nano-Tech and Nano-Bionics, CAS. ARPES
measurements were performed by using a DA30L spectrometer
(Scienta Omicron), with a VG DA30L analyzer and He VUV light
source (hv = 21.2 eV). The energy and angular resolutions are
better than 10 meV and 0.1°, respectively. The TOF-SIMS spectra
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and depth profiles were conducted on a TOF-SIMS instrument
(ION-TOF GmbH) under ultra-high vacuum, in which a pulsed
Bi' ion beam is used as an analysis source and a Cs" ion beam as
a sputter source with an ion energy of 1 keV. A high-angle
annular dark-field scanning transmission electron microscope
(HAADF-STEM) was obtained from Thermo Scientific (Themis
Z) with energy-dispersive X-ray spectroscopy (EDS). The
magnetic properties were acquired using Dynacool-9 (Quantum
Design) with a commercial physical property measurement
system at Shandong University. The X-ray diffraction (XRD)
patterns were collected using a SmartLab (Rigaku) with a high-
resolution four-circle X-ray diffractometer at Tsinghua
University.

3 Results and discussion
3.1 Crystal structure and elemental analysis

As shown in Fig. 1a, CVS crystallizes into a P6/mmm space group
with a perfect vanadium kagome lattice. In the V-Sb1 sheets, the
vanadium sublattice constitutes a kagome network, Sb2 sub-
lattice occupies the center of each kagome lattice, and the Sb1
sublattice locates below and above each kagome lattice. By
looking down along the c-axis, it can be seen that the Sb2 sub-
lattice coincides with the Cs atomic sites and the Sb1 sublattice
situates at the center position of the edge triangle of the vana-
dium kagome lattice. The interlayer interaction between Cs and
Sb2 is relatively weaker, making it easy to cleave and a good host
for ion implantation.

Using a home-made ion implanter, the Mn atoms were
implanted into the CVS bulk in a helium atmosphere under
a pressure of 100 Pa. With the help of pulse discharge, the
kinetic energy of ions can reach a high level (>> 100 keV). Fig. 1b
and c display the schematic diagrams of the home-made ion
implanter and the typical doping process. First, we placed a Mn
rod-like material at the target position (left) and CVS single
crystal at the sample position (right). Using high voltage spark
discharge and magnetic field orientation, the element Mn was
bombarded onto the CVS sample surface and implanted into
the CVS bulk crystal. The doping amount and depth can be
regulated by the number of electric pulses. After doping, the
bulk crystals were annealed at 350 °C for 24 h to make the
distribution of Mn elements in the single crystal samples more
uniform. Then the implanted CVS single crystals were cleaved
and transferred to perform ARPES in an ultrahigh vacuum
environment with a pressure better than 1 x 10~ '° Torr. The
thickness of a CVS thin flake was about 200 um and halved after
cleavage. Then, we characterized the cleaved Mn-doped samples
by using high-angle annular dark-field imaging (HAADF) and
energy-dispersive spectroscopy (EDS) mapping in scanning
transmission electron microscopy (STEM). We found that after
dissociation the crystal surface still retain a perfect kagome
structure with the same in-plane lattice constant as that of
pristine CVS (a = 5.5 A), as shown in Fig. 1d. A clear Mn signal,
up to 0.13% atomic concentration is found from the EDS
measurement (see Fig. S1 in the ESIt). The EDS mapping shows
that the implantation is rather uniform. XRD measurement
shown in Fig. le gives a clear 26 shift for (004) from 38.76° to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Crystal structure and Mn implantation of kagome metal CsV3Sbs. (a) Ball model of CVS, showing a kagome network in the V-Sbl sheets
and Mn (yellow color) atoms located at the space between Cs (green color) and Sb2 (red color). (b) Schematic diagrams of a home-made ion
implanter and (c) carrier doping process. (d) HAADF-STEM image of the top surface of a Mn-implanted crystal, exhibiting a perfect kagome
structure after cleavage, which is shown in the inset diffraction pattern. (e) XRD patterns of pristine CVS (black) and Mn-doped CVS (red). The
slight expansion of the lattice along the c-axis caused by Mn implantation can be identified. (f) TOF-SIMS spectra of uncleaved surfaces of Mn-

doped CVS samples. An appreciable amount of Mn ions was detected.

38.38° after doping. It indicates that the out-plane lattice
constant of pristine CVS is 9.29 A, while it expands to 9.37 A
after Mn doping. Based on our observation of the unaffected
kagome lattice and expanded c lattice constant, together with
the easily cleaved plane of Cs-Sb2, the implanted Mn probably
occupies the interstitial site between Cs and Sb2 layers, as
indicated in Fig. 1a. The depth profile of Mn elements from
TOF-SIMS measurement shown in Fig. 1f agrees well with
a certain amount of Mn atoms. The concentration of Mn
elements gradually decreased with the sputter depth to a depth
of at least 800 nm. The 3D depth profile shown in Fig. S27
further confirms the effectively deeper element implantation
with micron thickness.

3.2 Band splitting in Mn-doped samples

The low-energy electronic structures of pristine CVS and Mn-
doped samples were measured by using ARPES. Fermi surface
(FS) topology and band dispersion of Mn-doped samples are
displayed in Fig. 2. Compared with the band structure of pris-
tine samples (see more in Fig. S3a in the ESIT), no Eg shift can be
identified in Mn-doped samples, indicating that there is no
extra charge doping and Mn substitution during the implanta-
tion process. This is due to the fact that the electronegativity of
Mn is close to that of V, but much greater than that of Cs. The
combination of electronegativity and low doping content results
in no significant charge transfer in the parent. Interestingly, we
found that the FS is broadened at the I point in Mn-doped

© 2023 The Author(s). Published by the Royal Society of Chemistry

samples, and the electron pocket of the original degenerate
states splits into two ring structures with a splitting scale of
about 0.06 A%, as shown in Fig. 2a and b. It's much clearer in
the corresponding momentum distribution curves (MDCs), as
shown in Fig. S3b,T where the two peaks can be easily identified
at I and K points. The band splitting was also manifested
directly from the band dispersion along the I'-K and I'-M
directions as shown in Fig. 2c and e. Fig. 2d and f exhibit clearer
energy band splitting in the second derivative of energy distri-
bution curves (EDCs). We found that the energy band splitting
occurs in the entire Brillion zone, but with different scales along
the I'-K and I'-M directions, at about 0.015 A~ and 0.05 A™?,
respectively, suggesting an anisotropic splitting.

We would like to discuss the origin of such band splitting.
Firstly, we can rule out the lattice symmetry breaking effect,
because the direction of the largest splitting scale is slightly
away from the I'-M direction with an angle of ~10°. Secondly, it
also can't be due to the temperature-related phase transition,
because the energy band splitting can persist up to room
temperature, as shown in Fig. S4,1 well above the CDW transi-
tion temperature. The splitting features in our samples were
different from those of the band reconstruction induced by
temperature evolution®® or two-fold lattices caused by symmetry
breaking® in the CVS system. Thirdly, the band splitting also
could not be due to long-range magnetic order. Our
temperature-dependent magnetization (M-T) measurements
show that there is no long-range magnetic order peak observed
above 80 K. In the field-cooled (FC) measurement (as shown in

Nanoscale Adv., 2023, 5, 2785-2793 | 2787
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Fig. 2 Fermi surface (FS) topology and band dispersion of Mn-doped CVS. (a) FS mapping performed at 80 K with 21.2 eV photons. (b) FS-fitted
curves of the I'-center pocket, showing that the FS is broadened at the I'" point and the electron pocket of the original degenerate states splits
into two rings. The splitting scale is ~0.06 A~%. Band dispersions along the I'-K (c) and T'=M (e) directions. (d and f) Second derivative of the
energy distribution curves in (c) and (e), respectively. The white dashed lines represented the energy band splitting mode, showing that splitting
appeared along both the I'-K and I'-M directions, with different splitting scales.

Fig. S5b¥), the magnetization started to increase from ~70 K
and suddenly dropped near 50 K, and then a sharp peak
appeared. Similar magnetic peaks have been observed in the
weak interlayer antiferromagnetic coupling in MnBi,Te,,*
MnBi,Te; (ref. 40) and CoNb3Se.** In these materials, weak
antiferromagnetic (AFM) coupling dominates and interlayer
ferromagnetic (FM) exchange decreases with increasing inter-
layer spacing. This image of long-range magnetic moment
interactions resembles the sparse distribution of Mn in the CVS
lattice. Moreover, weak AFM coupling hysteresis loops are
usually found in the high field range. Our field-dependent
magnetization (M-H) measurements also show a small hyster-
esis loop in the range of 3-6 T, indicating a very weak AFM
coupling in the Mn sample (see Fig. S5at). It is implied that
a weak paramagnetic (PM) to AFM transition may exist in the
Mn samples near 50 K. Thus, the low concentration of Mn

2788 | Nanoscale Adv., 2023, 5, 2785-2793

atoms only provides a local magnetic moment with a weak
antiferromagnetic order below 50 K, and no macroscopic
magnetic field was established. Considering that the splitting
scale is small and anisotropic, it is reasonable to believe that
spin-orbit coupling (SOC) plays important roles in such band
splitting. But it can't only be due to Rashba splitting, which
would yield concentric circle structures. The lattice expansion
along the ¢ direction and locally inhomogeneous lattice
distortion in Mn-doped CVS remind us of the Dresselhaus
effect.*” Thus we ascribe such anisotropic double-ring band
splitting to the combination of the Rashba effect and Dressel-
haus effect.

3.3 Enhanced charge density wave after Mn doping

We found it difficult to directly measure the CDW gap near Er
due to the local magnetism and lattice distortion induced by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Dirac cone gap at the K point of pristine CVS and Mn-doped CVS. (a and d) Energy band dispersion and the corresponding energy
distribution curves (EDCs) measured at 80 K in pristine CVS. (b and c) ARPES intensity along the I'-K direction measured at T = 80 K and 140 K,
respectively. (e and f) Corresponding EDCs of (b) and (c), respectively. Blue triangles are guides for the eye to mark the peak positions of EDCs. (g)

Temperature evolution of the Dirac cone gap is performed from 80 K to

140 K at a 10 K interval. Orange triangles indicate the peak position of

EDCs, expressing the size of the Dirac cone gap. (h) The Dirac cone gap size was extracted and fitted. The Dirac cone gap decreased with

temperature and nearly disappeared at 135 K + 5 K.

Mn doping, which will reduce the resolution of the electronic
structure during ARPES measurements. We know that the CDW
can break the symmetry of CVS and make the Dirac cone of the
K point at ~—0.3 eV open a large energy gap. The behaviour of
this K point energy gap (named the Dirac cone gap here) is

© 2023 The Author(s). Published by the Royal Society of Chemistry

similar to that of the CDW gap, which can be used as a corre-
lation feature to characterize CDW transition.*® Fig. 3a and
d exhibit the energy band dispersion and corresponding EDCs
measured at 80 K in pristine CVS, which agree well with
previous ARPES measurements.® The electron band related to

Nanoscale Adv, 2023, 5, 2785-2793 | 2789
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the Sb p, orbital (named the « band here) is clearly observed and
results in a circular pocket at the I" point. And one linear energy
band (y band) originated from the aV d,,,, orbital forms
a Dirac-cone-like dispersion structure between the I" and K
points. And the 3 and & bands were derived from the d,y2_,»
orbital and intersected forming multiple Dirac points at the K
point."*** We can identify a large energy gap (Dirac cone gap) at
such a Dirac cone, which is much clearer from EDCs shown in
Fig. 3d. We have conducted the temperature evolution
measurement, as shown in Fig. S7.1

These bands were also found in Mn-doped CVS, but with
band splitting. Fig. 3b and c¢ show the ARPES intensity of Mn-
doped CVS along the I'-K direction measured at a tempera-
ture of 80 K and 140 K, respectively. The corresponding EDCs
are shown in Fig. 3e and f, respectively. The temperature
evolution measurement of such a CDW-related gap was per-
formed from 80 K to 140 K at a 10 K interval (see more data in
Fig. S6 in the ESIf). It was found that the Dirac cone gap
decreases with temperature and disappeared at 135 K & 5 K, as
demonstrated in Fig. 3g and h. In the pristine sample, the Dirac
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cone gap disappeared at ~95 K (see Fig. S7t), same as the CDW
transition temperature of 94 K, indicating a correlation feature
between the Dirac cone gap and CDW gap. We also carried out
electronic transport and magnetic susceptibility measurements
(see Fig. S8T) on Mn-implanted CVS samples, and observed an
additional resistance kink at ~150 K in both the R-T curve and
M-T curve, which agrees quite well with the ARPES results,
indicating enhanced CDW transition. In other words, the CDW
transition in Mn-doped CVS is significantly enhanced to 135 K
by Mn ion implantation, which is much different from the re-
ported cases of charge doping via chemical substitution.***** We
also carried out doping dependent ARPES experiments (see
Fig. S9) and found that the gap size and closing temperature of
the Dirac cone gap at the K point increase with the Mn doping
level, which demonstrates a close correlation between Mn
implantation and the enhanced CDW transition.

3.4 The mechanism of enhanced CDW modulation

After establishing the enhanced CDW modulation after
implanting Mn atoms, we would like to discuss the mechanism.

(b)  Pristine cvs Mn-doped CVS
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Fig. 4 ARPES intensity near the I point measured at 80 K. (a) Comparison of the ARPES intensity around the T" point of pristine and Mn-doped
CVS samples. The intensity peaks extracted from EDCs were marked with white dashed lines. (b) Corresponding MDC curves of (a). A mist trailing
below the conduction band is more clearly observed in pristine CVS, and the trailing electronic states were suppressed in doped CVS. (c) The
EDC:s for different doping concentrations at T = 80 K, showing the spectral weight of the conduction band transferring to an energy level near the
Er. (d) Temperature evolution of the EDC and Kondo resonant peaks labelled n; (green triangles) and n; (yellow triangles). Peak 1, appeared at

—0.2 eV, and vanished when the temperature increased to 210 K.
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We can rule out the charge doping effect, because there was no
Fermi level shift or Fermi surface topology change from ARPES
measurements. The small amount of charge released by the Mn
atom provides only an additional local spin magnetic moment
and has rare carrier contribution to CVS. We found that a mist
trailing below the conduction band near the I" point appears in
pristine CVS, as shown in Fig. 4a, which could not be classified
as temperature-dependent band splitting or a kind of surface-
induced orbital-selective band reconstruction.”” Remarkably,
such trailing electronic states were suppressed in Mn-doped
CVS, as shown in Fig. 4b. Instead, we observed clear spectral
weight transfer from the conduction band to the energy level
near the Er. More details are available in Fig. S8 in the ESI.T We
also plot the EDCs along the I'-K direction in pristine and Mn-
doped CVS with different doping levels in Fig. 4c. By increasing
the doping level, the relative spectral weight close to Er was
enhanced significantly. In samples with the highest doping, the
spectral weight of conduction band electrons at the I" point is
even higher than that of valence band electrons. We found that
the transfer is from the low energy level to the high energy level,
similar to the excitation of electronic states and also consistent
with the suppression of the trailing states. The trailing structure
may consist of a series of small energy levels and originate from
a plasma radical polarizer, which is generated by the strong
coupling of holes and plasma excitons in pristine CVS. In
addition, the excitation process is also similar to the exciton-
insulator excitation in 1T-TiSe, and Ta,NiSe5.**** Such a kind
of excitation state implies that the Coulomb shielding of elec-
tron-hole pairs becomes weaker in Mn-doped samples, which
decreases the carrier concentration.

The decreased carrier concentration is also evidenced by
temperature-dependent experiments. As shown in Fig. 4d, the
two peaks of n; and n, can be identified in the EDC around the
I" point. Peak n, appears at 0.2 eV below Er and vanishes when
the temperature goes to 210 K. Such evolution reminds us of the
situation of d-orbital Kondo resonance peaks appearing in
Fe;GeTe, and FeTe.>»*® Considering the implanted magnetic
Mn atoms and weak AFM transition at low temperature, the n,;
and m, peaks should be the Kondo resonant peaks. The related
ARPES intensity map and second derivative are presented in
Fig. S10.f And the EDC divided by temperature-dependent
Fermi-Dirac distribution is displayed in Fig. S11.7 Due to the
enhancement of the spectral weight near Er caused by plasmon
excitation states, the spectral weight for the Kondo peak near Ex
was hard to distinguish. Fortunately, the n, exhibits a typical
resonant peak behaviour. In a word, the Kondo shielding effect
on the conducting electrons together with trail spectral weight
transfer for plasmon polaron excitation decreases the carrier
concentration. More microscopic experimental evidence and
theoretical analysis are needed to further reveal the relations
between the Kondo effect and CDW in Mn-doped CVS.

4 Conclusions

In summary, we successfully implanted magnetic Mn atoms
into the CsV;Sbs bulk via a well-designed method. By using
high-resolution ARPES, we observed an anisotropic band

© 2023 The Author(s). Published by the Royal Society of Chemistry
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splitting slightly away from I'-M direction, which was ascribed
to the combined effect of Rashba and Dresselhaus. Further-
more, enhanced CDW transition was identified in Mn-doped
CVS, which should be due to the decreased charge concentra-
tion, according to the observed polariton excitation and Kondo
shielding effect. Our study here not only provides an innovative
idea to modulate the rich physical phenomena such as charge
order, symmetry and topology in the CVS system, but also shows
the advantages of ion implantation doping to tune electronic
structures.
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