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A central mystery in high-temperature cuprate superconductors is the coexistence of multiple exotic
orders, which is presumably associated with strong electronic correlation. The ongoing interest in this
enigmatic phenomenon is further energized when similar electronic orders and states emerge and coexist in
less correlated kagome superconductors. Here, by utilizing angle-resolved photoemission spectroscopy
(ARPES), nuclear magnetic resonance (NMR) spectroscopy, scanning tunneling microscopy (STM) and
first-principles calculations, we reveal the sudden emergence of a distinct short-range charge stripe order in
Sn-doped CsV3Sb5 kagome superconductors when the long-range 2 × 2 charge density wave order in
pristine CsV3Sb5 is suppressed. This short-range stripe order features a modulation vector of approximately
1=3 along one of the three lattice directions, induces remarkable quasiparticle scattering between the
original quasi-1D kagome d bands and their replica of folding, and clearly suppresses the electron density
of states at the Fermi level. Our first-principles calculations reveal that 3 × 1 supermodulation represents a
hidden secondary instability in pristine CsV3Sb5. This instability is further enhanced by in-plane chemical
pressure induced by Sn substitution, and coupled to the electronic correlation, leading to a unique charge
stripe order in the system. As such, our results reveal a new route toward emergent electronic orders via
cooperative interactions between the lattice and electronic degrees of freedom.
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I. INTRODUCTION

In Landau theory, different phases in materials are
characterized by different broken symmetries, and the
transition between two phases is associated with a sudden
reduction in energy. However, in correlated quantum
materials, most notably high-temperature superconductors,
multiple ordered states with different broken symmetries

are nearly degenerate in energy [1–3]. As such, different
orders may coexist over a large range of the phase
diagram [4]. These orders were recently described as
intertwined orders [5], but their underlying driving mech-
anisms are still elusive. Therefore, realizing intertwined
orders in other quantum materials and revealing the distinct
behaviors of the delicate transitions between these nearly
degenerate states are highly desirable at the current stage.
Kagome metals AV3Sb5 (A ¼ K, Rb, and Cs) have

attracted intense interest because of the emergence of
many exotic orders and states [6–32], ranging from
superconductivity [6–10], charge density waves (CDWs)
[6,7,11–20], nematic order [21–23], pair density waves
[24], topologically nontrivial states [25,26], one-dimensional
stripe order [27–29], and time-reversal symmetry
breaking states [30–32]. In particular, increasing experi-
mental evidence and theoretical analysis suggest a pos-
sible intertwined nature between these emergent orders
[6,10,15,21,24,28,32,33]. Compared with high-temperature
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cuprate superconductors, where strong electronic correla-
tion dominates, AV3Sb5 kagome superconductors are less
correlated in the context of onsite Coulomb repulsion.
Nevertheless, interactions from multiple channels have
been proposed in kagome superconductors, including
lattice instabilities [12,34–38], Fermi surface instabilities
[12,38–41], effective electronic correlation associated with
van Hove singularities [42–45], and sublattice interference
with intersite interactions [33,46]. Therefore, kagome
superconductors provide a new platform for understanding
the diversity of intertwined orders and the associated
driving mechanism.

II. RESULTS

We have investigated the Sn-doped kagome supercon-
ductor CsV3Sb5−xSnx, in which the substitution of Sb by
Sn atoms presumably induces minimal changes to the
V-based kagome sublattice [29]. Remarkably, the doping-
dependent phase diagram of CsV3Sb5−xSnx exhibits two
complete superconducting domes, mimicking the phase
diagram of CsV3Sb5 under pressure, where unconventional
density wave orders and superconductivity are reported
[28,47]. Transport and specific heat capacity measurements
indicate that the long-range 2 × 2 CDW order in pristine
CsV3Sb5 suddenly disappears in the CsV3Sb5−xSnx com-
pound at a critical doping level of x ∼ 0.07 [Figs. 1(a)–1(d);
also see Fig. S1 [48] ]. This sudden change in the
electronic structure is also revealed by ARPES measure-
ments [Figs. 1(i)–1(m)]. As shown in Fig. 1(i), the 2 × 2
CDW order in pristine CsV3Sb5 leads to a characteristic
double-band feature around the M point at ∼0.6 eV below
EF (marked in red) [38,52]. This feature remains discern-
ible with Sn doping at x ∼ 0.06, but it changes to a single-
band feature at x ∼ 0.07, indicating the absence of the 2 × 2
CDW order. We define the energy difference between the
two bands at theM point asΔ [marked in Fig. 1(i)] and plot
its magnitude as a function of Sn doping [Fig. 1(m)]. An
abrupt change is clearly shown at x ∼ 0.07, indicating the
sudden collapse of the 2 × 2 CDW order. This sudden
change in CDW order is further confirmed by bulk 51V
NMR measurements (see Appendix A for experimental
details). As shown in Fig. 1(f), the 2 × 2 CDW order in
pristine CsV3Sb5 results in a characteristic double-peak
structure in the central NMR transition line of 51V nuclei at
2 K, which is ascribed to triangle and hexagonal clusters in
the so-called inverse star-of-David pattern [Fig. 1(h)] [53].
With increasing the Sn doping level to x ∼ 0.07, the double-
peak structure suddenly changes into a single NMR peak,
whereas the average Knight shift (K̄) of the overall central
transition lines experiences a sudden jump [Fig. 1(e)]. All
these results support a sudden collapse of the 2 × 2 CDW
order at x ∼ 0.07. Furthermore, by comparing the NMR
line shape at x ∼ 0.07 with that of pristine CsV3Sb5, we
find that it becomes significantly broadened and asym-
metric, strongly suggesting possible short-range CDW

order. Above x ∼ 0.07, in addition to a slight change in
asymmetry, the overall NMR spectra at 2 K do not exhibit a
significant change in linewidth with increasing Sn doping
level. Interestingly, the superconducting transition temper-
ature also shows a sudden suppression at x ∼ 0.07 and then
gradually increases with increasing Sn doping [Fig. 1(b)].
This result indicates that the short-range CDW order is not
just a residual 2 × 2 CDWorder. In pressurized CsV3Sb5, a
similar sudden suppression of superconductivity originates
from the emergence of a commensurate stripelike CDW
order [28]. Notably, the pressure-induced stripelike CDW
order also leads to a sudden jump in the average Knight
shift, similar to that in our case (Fig. S3 [48]). Moreover,
the overall NMR central transition line for x ∼ 0.07 is
highly similar to that of the pressure-induced stripelike
CDW order (Fig. S4 [48]). In this sense, stripelike CDW
offers a natural explanation for the observed short-range
CDW order and the sudden change in the superconducting
transition temperature at x ∼ 0.07.
To establish a microscopic understanding of the new

charge stripe order, we have carried out a detailed scanning
tunneling microscopy study at 4.2 K for the CsV3Sb5−xSnx
series. The Sn dopants appear as dark depressions in the
topographies, with their centers located right in the middle
of the six topmost Sb atoms [Fig. 2(b)], indicating that the
Sn dopants favor substituting Sb atoms in the V3Sb kagome
plane. Consistent with the ARPES results, from the topo-
graphic images, we find that the parent 2 × 2 CDW order
suddenly disappears when the local Sn concentration
exceeds a critical value of x ∼ 0.06 (Fig. S5 [48]).
However, the presence of surface singe-Q 4a0 order [27]
from x ¼ 0 to 0.09 hinders the confirmation of the new
charge stripe from topographies. Therefore, we turn to
quasiparticle interference (QPI) imaging, with which the
reconstruction of band dispersion due to emergent bulk
stripe order, if any, can be revealed.
Figures 2(e)–2(h) show the Fourier transforms of typical

differential conductance maps at energies near the Fermi
level for x ¼ 0, 0.06, 0.07, and 0.09 that span the critical
doping level (see Appendix A). Once again, we do not find
a notable difference between the QPI patterns for x ¼ 0 and
0.06, which exhibit the characteristic patterns of a 2 × 2
CDW order: the main QPI channels arise from intra-
p-orbital scattering (q0), scattering of the quasi-1D seg-
ments of the kagome-d orbital (q1 and q3), and scattering
between the arcs of triangular pockets (q2) [27,50], which
are schematically shown in Fig. 2(k). Here, we emphasize
that the extracted energy dispersion of these bands perfectly
matches the DFT calculations based on a staggered inverse
star-of-David CDW structure [50], suggesting that the
surface 1Q-4a0 order does not dramatically reconstruct
the band structure. In contrast, for samples with x ¼ 0.07
and 0.09 in which the bulk charge stripe order starts to
develop, we find two new, long quasi-1D stripes in the QPI
pattern [labeled as q0 and q00 in Figs. 2(g)–2(i)] that span
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almost the entire Brillouin zone. The q-space positions of
these two signals disperse noticeably in the energy window
we measured [Fig. 2(j)], demonstrating that they are not
simply formed by the real-space patterns resulting from the
impurity locations but rather by the QPI signatures that are
related to the band structure (Figs. S6–S7 [48]). The
observation of these quasi-1D features in the QPI strongly
suggests that new scattering channels arise from some
parallel quasi-1D segments in the constant energy contours
(CECs) of the charge-stripe-ordered samples.
To explore the origin of these new scattering channels,

we first check their energy dispersion. By extracting
the dispersion along the orange arrows shown in

Figs. 2(i) and 2(j), we find that their slope is comparable
to that of the quasi-1D segments of the kagome-d orbital:
the extracted dispersion from QPI patterns is approximately
4.3 eV · Å, which well matches the value of the quasi-1D
vanadium dxz=yz orbitals (approximately 4 eV · Å) obtained
from the ARPES measurements [54]. Since the magnitudes
of q0 and q00 along Γ-K are approximately 1=3 and 2=3 of
ffiffiffi

3
p

=2QBragg (corresponding to the middle point between
two neighboring Bragg peaks), it is reasonable to assume
that the emergence of charge stripe order in x ¼ 0.07 and
0.09 folds the quasi-1D kagome d bands with a vector of
∼1=3 with respect to one of the three lattice directions, and
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FIG. 1. Sudden suppression of the 2 × 2 CDW order in Sn-doped CsV3Sb5. (a) Doping-dependent phase diagram. The CDW
transition temperature for 2 × 2 CDW is defined by the specific heat capacity (black circles) and ab-plane resistivity (pink triangles).
The green area represents a schematic region for the short-range stripelike CDW. (b) Doping-dependent superconducting phase diagram.
The superconducting transition temperature (Tc) is determined by magnetic susceptibility measurements (Fig. S1 [48]). The sudden
suppression of Tc at x ¼ 0.07 is associated with the appearance of short-range stripelike CDW. (c) Temperature-dependent ab-plane
resistivity for CsV3Sb5−xSnx with x ¼ 0.06 and 0.07. (d) Temperature-dependent specific heat capacity for CsV3Sb5−xSnx with
x ¼ 0.06 and 0.07. (e) Doping-dependent evolution of the average Knight shift (K̄) extracted from the 51V NMR central transition lines,
where K̄ ¼ f½RfðIðfÞ × fÞdf= Rf IðfÞdf�=½ðH × γNÞ�g − 1. (f) 51V NMR central transition lines at 2 K in different CsV3Sb5−xSnx
samples. The external magnetic field of μ0H ¼ 12 T is applied along the crystalline c axis. The temperature-dependent evolution of the
51V NMR central transition lines for all the samples is shown in the Supplemental Material (Fig. S2 [48]). (g), (h) Illustrations of the
doping-dependent evolution of the V sublattice, corresponding to the stripelike superlattice (g) and the ISD superlattice (h), respectively.
The color circles represent the lattice symmetry in the V sublattice. (i)–(l), Photoelectron intensity plot of the band structure around the
M point (along the Γ-K-M direction) of CsV3Sb5−xSnx samples with x ¼ 0 (i), 0.06 (j), 0.07 (k), and 0.09 (l), measured with 56 eV
photons at 25 K (7 K) for the pristine (doped) samples. The red solid line is a guide to the eye. Δ is defined in (i) to characterize the
energy difference between the two features of the 2 × 2 CDW. (m) Doping evolution of Δ. (n)–(q) Doping evolution of the electronlike
band around the Γ point, measured on CsV3Sb5−xSnx samples with x ¼ 0 (n), 0.06 (o), 0.07 (p), and 0.09 (q), respectively.
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new channels are raised from the scattering between their
original and replica bands, as shown in Fig. 2(l). This
assignment requests a 1Q-3 × 1 order that can give rise to
the observed QPI data (see Appendix A). To test this
hypothesis, we have performed measurements on a
x ¼ 0.09 sample by applying 0.5% tensile strain along
one lattice direction, as this process can significantly
suppress the surface 4a0 reconstruction. As shown in
Fig. 2(m), while the surface 4a0 order becomes almost
invisible under strain (Fig. S8 [48]), the QPI signals still
exhibit the quasi-1D features of q0 and q00 that are almost
identical to those of the unstrained sample. This finding
further suggests that these two features originate from the
emergent charge stripe in the bulk; more importantly, a
short-range 1Q-3 × 1 order can now be directly observed in

the differential conductance maps [Figs. 2(m) and 2(n)].
The orientation of this order rotates 120° with respect to the
weak, remanent local surface 4a0 modulation. Therefore,
taking the QPI analysis and real-space mapping together,
our data strongly suggest that a new 1Q-3 × 1 stripe order
emerges in the samples with x ¼ 0.07 and 0.09. We note
that previous x-ray diffraction (XRD) experiments reported
an incommensurate, short-range stripelike CDW with
Q ≈ 0.37 in a heavily Sn-doped CsV3Sb5 (x ¼ 0.15)
[29] and a long-range stripe order with Q ≈ 3=8 in a
pristine sample under pressure [55]. These Q vectors are
comparable to our findings but slightly different. Owing to
the short-range nature of the charge stripe order and
different sensitivities to the 1D short-range order of
STM and XRD [56,57], it is reasonable to conclude that
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FIG. 2. Charge stripe order with a wave vector of approximately 1=3 for x ¼ 0.07 and 0.09. (a)–(d) Typical differential conductance L
(r, −20 meV) maps of the Sb-terminated surface for x ¼ 0, 0.06, 0.07, and 0.09. The insets in (a) and (b) show the Sb honeycomb lattice
(marked by dark dots) and two Sn dopants, respectively. (e)–(h) Fourier transforms (FTs) of differential conductance maps near the
Fermi level. Characteristic scattering wave vectors qi are denoted by color-coded arrows in (f) and (k). The Bragg and 2 × 2 CDW peaks
are marked with black and purple circles, respectively. New scattering channels are labeled as q0 and q00 in (g) and (h) for x ¼ 0.07 and
0.09. (i) QPI pattern for x ¼ 0.09 but at a high energy of −60 meV. (j) Energy dispersion of the q0 vector extracted from the QPI along
the orange line in (i). (k) Schematic constant energy contours (CECs) near the Fermi level for x ¼ 0. (l) Illustration of the original lattice
vectors (green arrows) and new vectors of 1Q-3 × 1 order (blue) in real space. The lower panel shows how the quasi-1D bands, in the
reciprocal space, are folded for the 1Q-3 × 1 order along ΓM (dashed green arrow), which generates a new scattering channel along ΓK.
The colored arrows q0 and q00 denote these new scattering wave vectors. (m) Differential conductance map L (r,−20 meV) for a strained
sample (x ¼ 0.09) with invisible surface 4a0 order. The FT clearly shows similar scattering signatures of q0 and q00 that are almost
identical to the unstained sample. (n) Enlarged view for the region marked by purple dashed rectangle in (m), highlighting the existence
of a short-range 3 × 1 order. The lower panel shows a line profile of the differential conductance taken along the yellow dashed line in
(m), with which a modulation of 3a0 can be directly observed.
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the charge stripe order observed in these systems may share
similar physics, and future work exploring the doping
dependence of this charge ordering is merited.
Next, to shed light on the underlying physics, we further

investigate the electronic states near the Fermi level in this
short-range stripe order regime. As shown in Figs. 3(a)–3(f),
we systematically studied the temperature-dependent evo-
lution of the nuclear spin-lattice relaxation rate (1=T1) in the
CsV3Sb5−xSnx samples. In a Fermi liquid, the nuclear spin-
lattice relaxation rate divided by the temperature (1=T1T) is
proportional to NðEFÞ2, where NðEFÞ represents the total
density of states at the Fermi level EF. In pristine CsV3Sb5,
besides a sudden jump at TCDW, the temperature-dependent
1=T1T shows moderate suppression below TCDW, indicating
a partial gap in a 2 × 2 CDW state. This is consistent with
previous ARPES observations of the momentum-dependent
CDW gap [38,58]. With increasing Sn doping, although the
long-range 2 × 2 CDW order suddenly disappears at
x ∼ 0.07, the temperature-dependent 1=T1T always shows
a continuous suppression at low temperatures (Fig. S10 [48]).
This fact indicates that the short-range stripe order still opens
a partial gap at the Fermi level. To quantify the reduced
density of states at the Fermi level, we calculate the quantity
of ½T1Tð300 KÞ=T1Tð10 KÞ�1=2, which is proportional to
NðEF; 10 KÞ=NðEF; 300 KÞ. As shown in Fig. 3(g),

NðEF; 10 KÞ=NðEF; 300 KÞ exhibits a sudden suppression
when the short-range stripe order appears at x ∼ 0.07. This
result strongly suggests that, compared with the long-range
2 × 2 CDW order, the formation of short-range stripe order
results in a more depleted density of states at the Fermi level.
Similar behavior has been also observed in the stripelike
CDW in pressurized CsV3Sb5 (Fig. S11 [48]). The suppres-
sion of the electron density of states in the short-range stripe
order regime observed byNMR is also confirmed byARPES
measurements [Figs. 3(h)–3(n)].As shown inFigs. 3(i)–3(n),
measurements of the sample with x∼0.09 clearly reveal a
suppression of the electron density of states near EF in the
band dispersion along Γ-K-M (Fig. S12 [48]) at a low
temperature [10 K, Figs. 3(i)–3(k)], which disappears at an
elevated temperature [90 K, Figs. 3(l)–3(n)]. To visualize the
electron density of states suppression, photoemission spectra
between the K and M points are integrated and shown as a
function of temperature [Fig. 3(h)]. A gradual suppression of
the spectral weight is clearly identified at the Fermi level
while the temperature decreases [Fig. 3(h)]. While the
density of states suppression observed by both NMR and
ARPES is naturally associated with the short-range stripe
order (Fig. S13 [48]), it remains important to consider the
possibility of a remanent 2 × 2 CDW order, which cannot
be probed by transport and specific heat capacity
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measurements. First, earlier studies revealed that the 2 × 2
CDW gap opening in doped CsV3Sb5 (e.g., Ti-doped
CsV3Sb5) disappears immediately in the ARPES spectrum
when the signature of the 2 × 2CDWorder disappears in the
transport measurement (Fig. S14 [48]). Second, to check any
possible local 2 × 2 CDW order, STM measurements have
been performed on the same piece of sample
(CsV3Sb5−xSnx, x ¼ 0.09) immediately after the ARPES
measurements. No indication of a local 2 × 2 CDWorder is
observed [inset of Fig. 3(h)]. Third, any possible density of
states suppression by the remanent 2 × 2 CDWorder cannot
produce the nonmonotonic doping-dependent behavior
observed via NMR [Fig. 3(g)]. As such, the totality of the
experimental results points to an intrinsic suppression of the
electron density of states due to the short-range stripe order.

III. DISCUSSION AND CONCLUSION

We note that the doping-dependent evolution of the
CDW orders is counterintuitive to empirical expectations.
Typically, when the long-range 2 × 2 CDW order is sup-
pressed with doping, one would expect either a short-range

2 × 2 CDW order that persists over a certain doping range
or a sharp phase transition that leads to the formation of
another long-range order. However, our measurements
reveal the sudden emergence of a distinct short-range stripe
order. In the following, we discuss the possible origin of
this short-range stripe order.
First-principles calculations have been carried out to

determine the total energy of pristine CsV3Sb5 with differ-
ent lattice structures [Figs. 4(a) and 4(b)]. Similar to earlier
reports [12,51], we find that either the star-of-David (SD)
structure or the inverse star-of-David (ISD) structure
exhibits a total energy lower than that of the kagome
lattice [Fig. 4(a)], leading to a natural instability toward the
2 × 2 CDW order. Strikingly, our calculations reveal two
other structures that are also energetically more stable than
the pristine kagome lattice in CsV3Sb5 [Fig. 4(b), labeled as
type 1 and type 2, respectively]. These two structures
represent a 3 × 1 supermodulation of the original kagome
lattice, which coincides with the wave vector of the short-
range stripe order revealed by our STM measurements. In
this regard, the 3 × 1 supermodulation represents a hidden
secondary instability of the pristine CsV3Sb5 compound.
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The next step is to understand the role of Sn substitution
in promoting the 3 × 1 supermodulation to a leading
instability in the Sn-doped CsV3Sb5. From STM imaging,
we find that all the Sn dopants substitute Sb atoms in the
V3Sb kagome plane, therefore having minimal influence to
the vanadium kagome network. This atomic position of
dopants could be a key factor for the emergence of the
charge stripe, as any substitution to the vanadium kagome
network (e.g., Ta, Ti, and Nb), thus far, does not induce
such an order, even though that both Ti and Sn substitutions
dope holes into the system. Such type of Sn substitution
would directly change the lattice chemical pressures,
leading to an extension of the in-plane lattice constant a
and thus a reduction in the lattice ratio of c=a [59]. In this
context, we have performed first-principles calculations to
qualitatively simulate the effect of in-plane pressure. For
simplicity, we gradually decrease the lattice ratio c=a and
calculate the phonon spectrum of CsV3Sb5. Surprisingly,
the minimum of the negative phonon frequency shifts from
M (L) to a position at ∼2=3Γ-M (A-L) [see Figs. 4(c) and
S15 [48] ], indicating that the wave vector of the lattice
instability changes from 1=2 to ∼1=3. We note that these
two wave vectors match those of 2 × 2 CDW modulation
and 3 × 1 stripe order, respectively. The lattice instability
finally disappears with further reduction of the lattice ratio
c=a [Fig. 4(c)], which is also consistent with the absence of
any charge order in samples with excessive Sn substitution.
We note that these calculations are simplified to mainly
consider the effect of in-plane pressure, other detailed
changes induced by Sn substitution are ignored. In this
context, it is encouraging that such a simple simulation
qualitatively captures the experimental observations. These
results indicate that the in-plane lattice chemical pressure
induced by Sn is indeed helpful in driving the transition
from 2 × 2 CDW modulation to the new 3 × 1 stripe order.
While the above calculations have substantially deep-

ened our understanding of the experimentally observed
3 × 1 stripe order, we note that this new order also exhibits
properties beyond the first-principles calculations. For
comparison, electron energy bands are calculated for the
2 × 2 ISD [Fig. 4(d)], kagome [Fig. 4(e)] and stripe [type 1,
Fig. 4(f)] structures. A partial gap opening is observed at
the Fermi level for the 2 × 2 ISD structure [Fig. 4(d)],
similar to the experimental observation. However, the
calculated electron energy bands for the 3 × 1 stripe
structure exhibit little change from those of the kagome
lattice near the Fermi level [Figs. 4(e) and 4(f)]. Sn doping
induces clear band reconstructions at high binding energies
for the 3 × 1 stripe structure, but no gap opening is shown
near the Fermi level [Fig. 4(g)]. This is distinct from the
experiments, where a partial gap opening and a suppression
of the electron density of states are identified by multiple
techniques. In this context, electronic correlation effects
beyond density functional theory (DFT) are required to
account for the gap opening in the experiments.

Usually, strong electronic correlation can renormalize
the band structure effectively. Notably, this is obviously not
the case for CsV3Sb5. Theoretically, the onsite electronic
correlation is strongly suppressed in a 2D kagome lattice
owing to the sublattice interference effect, but nonlocal
electronic correlations, on the other hand, are promoted
near the van Hove filling [46]. However, determining such a
nonlocal electronic correlation effect in the kagome lattice
remains elusive and challenging at present stage. The rich
symmetry breaking in the parent 2 × 2 CDW state is widely
believed to be a strong indication of such a nonlocal
electronic correlation, especially for the putative time-
reversal symmetry breaking, which cannot be understood
without electronic correlations. In the current case, the Sn
substitution might also play a critical role on electronic
correlations related to the van Hove singularities (vHSs)
near EF. With increasing Sn doping, the bottom of the
electron-like Sb-p pocket at the Γ point shifts towards the
Fermi level. The vHSs at the M point, however, exhibit a
much smaller change in energy [Figs. 1(i)–1(l) and
S16 [48] ], sustaining the nonlocal Coulomb interaction
promoted by these vHSs. The resulted band structure is in
good agreement with the calculations for pressurized
pristine CsV3Sb5 in which a long-range stripe order has
been revealed [55,60,61]. In pressurized CsV3Sb5, a similar
stripelike CDW appears at pressures P > 0.6 GPa, and is
completely suppressed above 2 GPa [28,55]. Previous
nuclear spin-lattice relaxation measurement has revealed
that, by suppressing the stripelike CDW, the temperature-
dependent 1=T1T exhibits a significant increase beyond
quasiparticles contribution at low temperatures, indicating
remarkable spin fluctuations [28]. Enhanced spin fluctua-
tions could serve as strong evidence for the underlying
electronic correlations in pressurized CsV3Sb5 while a
complete microscopic understanding is still lacking theo-
retically. However, such fluctuating electronic correlations
transform into an ordered state with stripelike CDW in the
pressure range between 0.6 and 2 GPa, accompanied by a
significant suppression of 1=T1T below the CDW transition
temperature (Fig. S11 [48]). In Sn-doped samples, when the
short-range stripe order develops at low temperatures for
x > 0.06, the 1=T1T results exhibit a similar suppression
behavior as that in pressurized CsV3Sb5 (Fig. S11 [48]),
which suggests that electronic correlations may play a
similar role in both doped and pressurized CsV3Sb5. In
addition, compared to the triple-q CDW order in pristine
CsV3Sb5, the unidirectionality of the charge stripe in Sn-
doped samples, i.e., the breaking of rotational symmetry, is
not predicted from the calculations and requests additional
interaction from the electronic degree of freedom.
Considering all these facts, electronic correlations must
play an assistant role to drive the stripelike CDW.
Finally, the absence of long-range stipe order remains to

be understood. Possible scenarios include strong competi-
tion between the 2 × 2 CDW and the 3 × 1 stripe order, as
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well as the disorder effects induced by Sn doping. Further
theoretical efforts are also needed to investigate the micro-
scopic mechanism for the cooperation between lattice
instability and electronic correlation in the context of
intertwined orders. Our present finding of electron-
correlation-assisted charge stripe order also suggests an
enhanced interplay between superconductivity and charge
order above x ∼ 0.06 in the Sn-doped CsV3Sb5 system. In a
previous report, the suppression of superconductivity with
moderate Sn doping was attributed to a change in the three-
dimensional stacking of the 2 × 2 CDW [62], i.e., from the
LLLþMMM (SoDþ TrH) phase in pristine sample to
MLL (staggered ISD) phase in the doped sample. With the
discovered charge stripe order and the updated phase
diagram, we can conclusively link the suppression of
superconductivity to the emergence of charge stripe order
that occur concurrently at x ∼ 0.07. Here, similar electronic
correlations might affect the charge stripe order and super-
conductivity simultaneously, which may lead to a possible
intertwinement between the charge stripe order and super-
conductivity. Further investigation of the superconducting
state above x ∼ 0.06 is urgently needed to explore possible
intertwined electronic orders.
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APPENDIX A: MATERIALS AND METHODS

1. Sample preparation and characterization

Single crystals of CsV3Sb5−xSnx were grown by using
Cs2Sb3, VSb2, and SnSb alloys as fluxes. For the growth of
different Sn doping levels, the ratio of Cs2Sb3 to VSb2 was
fixed at 2∶3. The mixtures of the three precursors were
placed in an Al2O3 crucible and then sealed in a quartz
tube. The above procedure was performed in a glove box
with an argon atmosphere. The sealed tubes were first
heated to 1273 K and then maintained at this temperature
for 24 h. Finally, single-crystal growth was achieved by
slow cooling to 773 K. Single crystals were picked up from
the flux by mechanical exfoliation. The chemical compo-
sition was determined via energy-dispersive x-ray spec-
troscopy (GeminiSEM, 500). Electrical transport and
specific heat capacity were measured via a Quantum
Design Physical Property Measurement System (PPMS).
Magnetic susceptibility was measured with a SQUID
magnetometer (Quantum Design MPMS-5) and a magnetic
property measurement system (Quantum Design SQUID-
VSM) with the 3He option.

2. High-resolution ARPES measurements

High-resolution angle-resolved photoemission measure-
ments were carried out at beamline 5-2 of the Stanford
Synchrotron Radiation Lightsource (SSRL) of the SLAC
National Accelerator Laboratory using 56 eV photons with
a total energy resolution of ∼10 meV and at our laboratory-
based ARPES system using 21.2 eV photons with a total
energy resolution of ∼3 meV. The Fermi level was
referenced to that of polycrystalline Au in electrical contact
with the samples. The base pressure for all the measure-
ments was better than 5 × 10−11 torr.

3. NMR measurements

A commercial NMR spectrometer from Thamway Co.
Ltd. was used for the NMR measurements. An NMR-
quality magnet from Oxford Instruments offers a uniform
magnetic field of up to 12 T. The external magnetic field at
the sample position was calibrated by 63Cu NMR of the
NMR coil. All NMR spectra were measured via the
standard spin echo method with a fast Fourier transform
(FFT) sum. All NMR measurements were performed under
an external magnetic field of 12 T along the c axis. For 51V
nuclei, the nuclear spin number is I ¼ 7=2, and the
gyromagnetic ratio γN is 11.193 MHz=T. Since the
NMR frequency of 51V nuclei is strongly dependent on
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its surrounding structural environment, the doping of tin
atoms produces two additional NMR peaks, which are
ascribed to the V site, with one tin atom at the nearest
neighbor in-plane Sb site and two tin atoms at the
nearest neighbor in-plane Sb site (Fig. S17 [48]). The
nuclear spin-lattice relaxation time (T1) of 51V nuclei was
measured via the inverse recovery method, and the recovery
of the nuclear magnetization MðtÞ was fitted by a func-
tion with 1− f½MðtÞ�=½Mð∞Þ�g ¼ I0( 1

84
×exp½−ðt=T1Þβ� þ

3
44
×expf−½ð6tÞ=T1�βgþ 75

364
×expf−½ð15tÞ=T1�βgþ 1225

1716
×

expf−½ð28tÞ=T1�βg), in which error bars were determined
via the least-square method.

4. First-principles calculations

First-principles calculations were performed via the
projected augmented-wave method [63] as implemented
in the Vienna ab initio simulation package (VASP) [64,65].
The exchange-correlation interaction was addressed via the
Perdew-Burke-Ernzerhof type of generalized gradient
approximation [66]. The cutoff energy for the plane
wave basis was set to 500 eV. The thresholds for
energy convergence and Hellmann-Feynman forces were
set to 10−6 eV and 10−3 eV=Å, respectively. The DFT-D3
method was utilized to address van der Waals
interactions [67]. We used WANNIER90 [68] to construct
a Wannier-based tight-binding model from the V-d, Sb-p,
and Sn-p orbitals and further calculated the unfolded bands
from the WannierTools package [69]. The lattice constant
was used as the experimental value with a ¼ 5.5 Å
and c ¼ 9.3 Å.

5. STM measurements

STM measurements were performed with a commercial
CreaTec low-temperature system. Single crystals were
cleaved in situ under cryogenic ultrahigh vacuum at a
temperature of approximately 30 K and then immediately
inserted into the STM head held at 4.8 K. PtIr tips were
calibrated on a single-crystal Au (111) surface prior to the
measurements. The spectroscopic data were acquired via
the standard lock-in technique at a frequency of 987.5 Hz
under a modulation voltage of 2–5 mV.
We typically measure the differential conductance

maps dI=dV (r, eV) with fields of view of 60 × 60 to
100 × 100 nm2. More than ten local regions have been
measured for each doping level. The Lawler-Fujita drift-
correction algorithm was used for spectroscopic mapping
to remove drift [70], and we used normalized conductance
maps Lðr; eVÞ ¼ dI=dVðr; eVÞ=ðIðr; VÞ=VÞ in this work
to avoid systematic errors related to the set-point effect in
constant-current scanning mode [50]. Their FTs, Lðq; eVÞ,
were rotated to align the lattice direction in the same way
for each dataset and then cropped to highlight the main
features in the first Brillouin zone. The measurements on
strained samples are performed with homemade devices

following a previous report [71]. Approximately 0.5%
uniaxial tensile strain was applied along one of the lattice
directions.
Band folding: In the x ¼ 0.09 (0.07) samples, the wave

vectors of the QPI signals q0 and q00 are approximately 1=3
and 2=3with respect to the value of

ffiffiffi

3
p

=2QBragg (which can
be regarded as the boundary of the q-space “first Brillouin
zone”) along the Γ-K direction. These long, quasi-1D
features disperse and are thus related to new scattering
between the quasi-1D kagome orbitals. To explain these
features, one needs to fold the original quasi-1D band with
a wave vector of approximately 1=3 along one of the Γ-M
directions, as shown in Fig. 2(l). Concurrently, the scatter-
ing between the original and folded bands gives rise to a
new QPI signal along the related Γ-M direction (green
dashed arrows). However, owing to the fussy experimental
signature of q0 and q00 and the multiple orbital character-
istics of the quasi-1D band, we cannot provide an exact
value of the scattering vectors solely from the QPI.

[1] M. Vojta, Lattice symmetry breaking in cuprate super-
conductors: stripes, nematics, and superconductivity, Adv.
Phys. 58, 699 (2009).

[2] C. C. Tsuei and J. R. Kirtley, Pairing symmetry in cuprate
superconductors, Rev. Mod. Phys. 72, 969 (2000).

[3] G. R. Stewart, Superconductivity in iron compounds, Rev.
Mod. Phys. 83, 1589 (2011).

[4] J. A. Sobota, Y. He, and Z.-X. Shen, Angle-resolved
photoemission studies of quantum materials, Rev. Mod.
Phys. 93, 025006 (2021).

[5] E. Fradkin, S. A. Kivelson, and J. M. Tranquada, Collo-
quium: Theory of intertwined orders in high temperature
superconductors, Rev. Mod. Phys. 87, 457 (2015).

[6] B. R. Ortiz, S. M. L. Teicher, Y. Hu, J. L. Zuo, P. M. Sarte,
E. C. Schueller, A. M. Milinda Abeykoon, M. J. Krogstad,
S. Rosenkranz, R. Osborn, R. Seshadri, L. Balents, J. He,
and S. D. Wilson, CsV3Sb5: A Z2 topological kagome metal
with a superconducting ground state, Phys. Rev. Lett. 125,
247002 (2020).

[7] B. R. Ortiz, P. M. Sarte, E. M. Kenney, M. J. Graf, S. M. L.
Teicher, R. Seshadri, and S. D. Wilson, Superconductivity in
the Z2 kagome metal KV3Sb5, Phys. Rev. Mater. 5, 034801
(2021).

[8] S. Ni, S. Ma, Y. Zhang, J. Yuan, H. Yang, Z. Lu, N. Wang, J.
Sun, Z. Zhao, D. Li, S. Liu, H. Zhang, H. Chen, K. Jin, J.
Cheng, L. Yu, F. Zhou, X. Dong, J. Hu, H.-J. Gao, and Z.
Zhao, Anisotropic superconducting properties of kagome
metal CsV3Sb5, Chin. Phys. Lett. 38, 057403 (2021).

[9] Q. Yin, Z. Tu, C. Gong, Y. Fu, S. Yan, and H. Lei,
Superconductivity and normal-state properties of kagome
metal RbV3Sb5 single crystals, Chin. Phys. Lett. 38,
037403 (2021).

[10] K. Y. Chen, N. N. Wang, Q. W. Yin, Y. H. Gu, K. Jiang, Z. J.
Tu, C. S. Gong, Y. Uwatoko, J. P. Sun, H. C. Lei, J. P. Hu,
and J. G. Cheng, Double superconducting dome and tri-
ple enhancement of Tc in the kagome superconductor

ELECTRON-CORRELATION-ASSISTED CHARGE STRIPE ORDER … PHYS. REV. X 15, 041039 (2025)

041039-9

https://doi.org/10.1080/00018730903122242
https://doi.org/10.1080/00018730903122242
https://doi.org/10.1103/RevModPhys.72.969
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.93.025006
https://doi.org/10.1103/RevModPhys.93.025006
https://doi.org/10.1103/RevModPhys.87.457
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1088/0256-307X/38/5/057403
https://doi.org/10.1088/0256-307X/38/3/037403
https://doi.org/10.1088/0256-307X/38/3/037403


CsV3Sb5 under high pressure, Phys. Rev. Lett. 126, 247001
(2021).

[11] H. Zhao, H. Li, B. R. Ortiz, S. M. L. Teicher, T. Park, M. Ye,
Z. Wang, L. Balents, S. D. Wilson, and I. Zeljkovic,
Cascade of correlated electron states in the kagome super-
conductor CsV3Sb5, Nature (London) 599, 216 (2021).

[12] H. Tan, Y. Liu, Z. Wang, and B. Yan, Charge density waves
and electronic properties of superconducting kagome met-
als, Phys. Rev. Lett. 127, 046401 (2021).

[13] B. R. Ortiz, S. M. L. Teicher, L. Kautzsch, P. M. Sarte, N.
Ratcliff, J. Harter, J. P. C. Ruff, R. Seshadri, and S. D.
Wilson, Fermi surface mapping and the nature of charge
density wave order in the kagome superconductor CsV3Sb5,
Phys. Rev. X 11, 041030 (2021).

[14] Z. Liang, X. Hou, F. Zhang, W. Ma, P. Wu, Z. Zhang, F. Yu,
J. J. Ying, K. Jiang, L. Shan, Z. Wang, and X. H. Chen,
Three-dimensional charge density wave and surface-
dependent vortex-core states in a kagome superconductor
CsV3Sb5, Phys. Rev. X 11, 031026 (2021).

[15] F. H. Yu, D. H. Ma, W. Z. Zhuo, S. Q. Liu, X. K. Wen, B.
Lei, J. J. Ying, and X. H. Chen, Unusual competition of
superconductivity and charge density wave state in a
compressed topological kagome metal, Nat. Commun.
12, 3645 (2021).

[16] H. Li, T. T. Zhang, T. Yilmaz, Y. Y. Pai, C. E. Marvinney, A.
Said, Q. W. Yin, C. S. Gong, Z. J. Tu, E. Vescovo, C. S.
Nelson, R. G. Moore, S. Murakami, H. C. Lei, H. N. Lee,
B. J. Lawrie, and H. Miao, Observation of unconventional
charge density wave without acoustic phonon anomaly in
kagome superconductors AV3Sb5ðA ¼ Rb;CsÞ, Phys. Rev.
X 11, 031050 (2021).

[17] Y.-X. Jiang et al., Unconventional chiral charge order in
kagome superconductor KV3Sb5, Nat. Mater. 20, 1353
(2021).

[18] Z. Liu, N. Zhao, Q. Yin, C. Gong, Z. Tu, M. Li, W. Song, Z.
Liu, D. Shen, Y. Huang, K. Liu, H. Lei, and S. Wang,
Charge-density-wave-induced bands renormalization and
energy gaps in a kagome superconductor RbV3Sb5, Phys.
Rev. X 11, 041010 (2021).

[19] B. Song, T. Ying, X. Wu, W. Xia, Q. Yin, Q. Zhang, Y.
Song, X. Yang, J. Guo, L. Gu, X. Chen, J. Hu, A. P.
Schnyder, H. Lei, Y. Guo, and S. Li, Anomalous enhance-
ment of charge density wave in kagome superconductor
CsV3Sb5 approaching the 2D limit, Nat. Commun. 14,
2492 (2023).

[20] Y. Song, T. Ying, X. Chen, X. Han, X. Wu, A. P. Schnyder,
Y. Huang, J. G. Guo, and X. Chen, Competition of super-
conductivity and charge density wave in selective oxidized
CsV3Sb5 thin flakes, Phys. Rev. Lett. 127, 237001 (2021).

[21] L. Nie et al., Charge-density-wave-driven electronic nem-
aticity in a kagome superconductor, Nature (London) 604,
59 (2022).

[22] Y. Xiang, Q. Li, Y. Li, W. Xie, H. Yang, Z. Wang, Y. Yao,
and H.-H. Wen, Twofold symmetry of c-axis resistivity in
topological kagome superconductor CsV3Sb5 with in-plane
rotating magnetic field, Nat. Commun. 12, 6727 (2021).

[23] Y. Xu, Z. Ni, Y. Liu, B. R. Ortiz, Q. Deng, S. D. Wilson, B.
Yan, L. Balents, and L. Wu, Three-state nematicity and
magneto-optical Kerr effect in the charge density waves in
kagome superconductors, Nat. Phys. 18, 1470 (2022).

[24] H. Chen et al., Roton pair density wave in a strong-coupling
kagome superconductor, Nature (London) 599, 222
(2021).

[25] Y. Fu, N. Zhao, Z. Chen, Q. Yin, Z. Tu, C. Gong, C. Xi, X.
Zhu, Y. Sun, K. Liu, and H. Lei, Quantum transport
evidence of topological band structures of kagome super-
conductor CsV3Sb5, Phys. Rev. Lett. 127, 207002 (2021).

[26] Y. Hu, S. M. L. Teicher, B. R. Ortiz, Y. Luo, S. Peng, L.
Huai, J. Ma, N. C. Plumb, S. D. Wilson, J. He, and M. Shi,
Topological surface states and flat bands in the kagome
superconductor CsV3Sb5, Sci. Bull. 67, 495 (2022).

[27] H. Zhao, H. Li, B. R. Ortiz, S. M. L. Teicher, T. Park, M. Ye,
Z. Wang, L. Balents, S. D. Wilson, and I. Zeljkovic,
Cascade of correlated electron states in the kagome super-
conductor CsV3Sb5, Nature (London) 599, 216 (2021).

[28] L. Zheng, Z. Wu, Y. Yang, L. Nie, M. Shan, K. Sun, D.
Song, F. Yu, J. Li, D. Zhao, S. Li, B. Kang, Y. Zhou, K. Liu,
Z. Xiang, J. Ying, Z. Wang, T. Wu, and X. Chen, Emergent
charge order in pressurized kagome superconductor
CsV3Sb5, Nature (London) 611, 682 (2022).

[29] L. Kautzsch, Y. M. Oey, H. Li, Z. Ren, B. R. Ortiz, G.
Pokharel, R. Seshadri, J. Ruff, T. Kongruengkit, J. W.
Harter, Z. Wang, I. Zeljkovic, and S. D. Wilson, Incom-
mensurate charge-stripe correlations in the kagome super-
conductor CsV3Sb5−xSnx, npj Quantum Mater. 8, 37
(2023).

[30] L. Yu et al., Evidence of a hidden flux phase in the
topological kagome metal CsV3Sb5, arXiv:2107.10714.

[31] R. Khasanov, D. Das, R. Gupta, C. Mielke, M. Elender, Q.
Yin, Z. Tu, C. Gong, H. Lei, E. T. Ritz, R. M. Fernandes, T.
Birol, Z. Guguchia, and H. Luetkens, Time-reversal sym-
metry broken by charge order in CsV3Sb5, Phys. Rev. Res.
4, 023244 (2022).

[32] C. Mielke III et al., Time-reversal symmetry-breaking
charge order in a kagome superconductor, Nature (London)
602, 245 (2022).

[33] M.M. Denner, R. Thomale, and T. Neupert, Analysis of
charge order in the kagome metal AV3Sb5ðA ¼ K;Rb;CsÞ,
Phys. Rev. Lett. 127, 217601 (2021).

[34] E. Uykur, B. R. Ortiz, S. D. Wilson, M. Dressel, and A. A.
Tsirlin, Optical detection of the density-wave instability in
the kagome metal KV3Sb5, npj Quantum Mater. 7, 16
(2022).

[35] Y. Xie, Y. Li, P. Bourges, A. Ivanov, Z. Ye, J.-X. Yin, M. Z.
Hasan, A. Luo, Y. Yao, Z. Wang, G. Xu, and P. Dai,
Electron-phonon coupling in the charge density wave state
of CsV3Sb5, Phys. Rev. B 105, L140501 (2022).

[36] M. Wenzel, B. R. Ortiz, S. D. Wilson, M. Dressel, A. A.
Tsirlin, and E. Uykur, Optical study of RbV3Sb5: multiple
density-wave gaps and phonon anomalies, Phys. Rev. B
105, 245123 (2022).

[37] Z. Ye, A. Luo, J.-X. Yin, M. Z. Hasan, and G. Xu, Structural
instability and charge modulations in the kagome super-
conductor AV3Sb5, Phys. Rev. B 105, 245121 (2022).

[38] H. Luo et al., Electronic nature of charge density wave and
electron phonon coupling in kagome superconductor
KV3Sb5, Nat. Commun. 13, 273 (2022).

[39] S. Cho, H. Ma, W. Xia, Y. Yang, Z. Liu, Z. Huang, Z. Jiang,
X. Lu, J. Liu, Z. Liu, J. Li, J. Wang, Y. Liu, J. Jia, Y. Guo, J.
Liu, and D. Shen, Emergence of new van Hove singularities

LINWEI HUAI et al. PHYS. REV. X 15, 041039 (2025)

041039-10

https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1103/PhysRevLett.126.247001
https://doi.org/10.1038/s41586-021-03946-w
https://doi.org/10.1103/PhysRevLett.127.046401
https://doi.org/10.1103/PhysRevX.11.041030
https://doi.org/10.1103/PhysRevX.11.031026
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1103/PhysRevX.11.031050
https://doi.org/10.1103/PhysRevX.11.031050
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1103/PhysRevX.11.041010
https://doi.org/10.1103/PhysRevX.11.041010
https://doi.org/10.1038/s41467-023-38257-3
https://doi.org/10.1038/s41467-023-38257-3
https://doi.org/10.1103/PhysRevLett.127.237001
https://doi.org/10.1038/s41586-022-04493-8
https://doi.org/10.1038/s41586-022-04493-8
https://doi.org/10.1038/s41467-021-27084-z
https://doi.org/10.1038/s41567-022-01805-7
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1038/s41586-021-03983-5
https://doi.org/10.1103/PhysRevLett.127.207002
https://doi.org/10.1016/j.scib.2021.11.026
https://doi.org/10.1038/s41586-021-03946-w
https://doi.org/10.1038/s41586-022-05351-3
https://doi.org/10.1038/s41535-023-00570-x
https://doi.org/10.1038/s41535-023-00570-x
https://arXiv.org/abs/2107.10714
https://doi.org/10.1103/PhysRevResearch.4.023244
https://doi.org/10.1103/PhysRevResearch.4.023244
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1103/PhysRevLett.127.217601
https://doi.org/10.1038/s41535-021-00420-8
https://doi.org/10.1038/s41535-021-00420-8
https://doi.org/10.1103/PhysRevB.105.L140501
https://doi.org/10.1103/PhysRevB.105.245123
https://doi.org/10.1103/PhysRevB.105.245123
https://doi.org/10.1103/PhysRevB.105.245121
https://doi.org/10.1038/s41467-021-27946-6


in the charge density wave state of a topological kagome
metal RbV3Sb5, Phys. Rev. Lett. 127, 236401 (2021).

[40] X. Zhou, Y. Li, X. Fan, J. Hao, Y. Dai, Z. Wang, Y. Yao, and
H.-H. Wen, Origin of charge density wave in the kagome
metal CsV3Sb5 as revealed by optical spectroscopy, Phys.
Rev. B 104, L041101 (2021).

[41] R. Lou, A. Fedorov, Q. Yin, A. Kuibarov, Z. Tu, C. Gong,
E. F. Schwier, B. Büchner, H. Lei, and S. Borisenko,
Charge-density-wave-induced peak-dip-hump structure
and the multiband superconductivity in a kagome super-
conductor CsV3Sb5, Phys. Rev. Lett. 128, 036402 (2022).

[42] H. LaBollita and A. S. Botana, Tuning the Van Hove
singularities in AV3Sb5ðA ¼ K;Rb;CsÞ via pressure and
doping, Phys. Rev. B 104, 205129 (2021).

[43] M. Kang, S. Fang, J.-K. Kim, B. R. Ortiz, S. H. Ryu, J. Kim,
J. Yoo, G. Sangiovanni, D. Di Sante, B.-G. Park, C.
Jozwiak, A. Bostwick, E. Rotenberg, E. Kaxiras, S. D.
Wilson, J.-H. Park, and R. Comin, Twofold van Hove
singularity and origin of charge order in topological
kagome superconductor CsV3Sb5, Nat. Phys. 18, 301
(2022).

[44] Y. Luo et al., A unique van Hove singularity in kagome
superconductor CsV3−xTaxSb5 with enhanced supercon-
ductivity, Nat. Commun. 14, 3819 (2023).

[45] H. D. Scammell, J. Ingham, T. Li, and O. P. Sushkov, Chiral
excitonic order from twofold van Hove singularities in
kagome metals, Nat. Commun. 14, 605 (2023).

[46] X. Wu, T. Schwemmer, T. Müller, A. Consiglio, G.
Sangiovanni, D. Di Sante, Y. Iqbal, W. Hanke, A. P.
Schnyder, M.M. Denner, M. H. Fischer, T. Neupert, and
R. Thomale, Nature of unconventional pairing in the
kagome superconductors AV3Sb5ðA ¼ K;Rb;CsÞ, Phys.
Rev. Lett. 127, 177001 (2021).

[47] F. H. Yu, D. H. Ma, W. Z. Zhuo, S. Q. Liu, X. K. Wen, B.
Lei, J. J. Ying, and X. H. Chen, Unusual competition of
superconductivity and charge-density-wave state in a com-
pressed topological kagome metal, Nat. Commun. 12, 3645
(2021).

[48] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/hfkr-k2pw for additional data and
analysis from transport, magnetic susceptibility, ARPES,
STM, NMR, and DFT calculations, which includes
Refs. [28,49–51].

[49] Zhenyu Wang, Cheng-Yi Huang, Chia-Hsiu Hsu, Hiromasa
Namiki, Tay-Rong Chang, Feng-Chuan Chuang, Hsin Lin,
Takao Sasagawa, Vidya Madhavan, and Yoshinori Okada,
Observation of a van Hove singularity of a surface Fermi
arc with prominent coupling to phonons in a Weyl semi-
metal, Phys. Rev. B 105, 075110 (2022).

[50] P. Wu, Y. Tu, Z. Wang, S. Yu, H. Li, W. Ma, Z. Liang, Y.
Zhang, X. Zhang, Z. Li, Y. Yang, Z. Qiao, J. Ying, T. Wu, L.
Shan, Z. Xiang, Z. Wang, and X. Chen, Unidirectional
electron–phonon coupling in the nematic state of a kagome
superconductor, Nat. Phys. 19, 1143 (2023).

[51] L. Huai, H. Li, Y. Han, Y. Luo, S. Peng, Z. Wei, J. Shen, B.
Wang,Y.Miao, X. Sun, Z.Ou, B. Liu, X.Yu, Z. Xiang,M.-Q.
Kuang, Z. Qiao, X. Chen, and J. He, Two-dimensional phase
diagram of the charge density wave in doped CsV3Sb5, npj
Quantum Mater. 9, 23 (2024).

[52] Y. Hu, X. Wu, B. R. Ortiz, X. Han, N. C. Plumb, S. D.
Wilson, A. P. Schnyder, and M. Shi, Coexistence of trihex-
agonal and star-of-David pattern in the charge density
wave of the kagome superconductor AV3Sb5, Phys. Rev. B
106, L241106 (2022).

[53] D. Song, L. Zheng, F. Yu, l. Jian, L. Nie,M. Shan, D. Zhao, S.
Li, B. Kang, Z. Wu, Y. Zhou, S. Kuanglv, K. Liu, X. Luo, Z.
Wang, J.Ying,X.Wan, T.Wu, andX.Chen,Orbital ordering
and fluctuations in a kagome superconductor CsV3Sb5, Sci.
China Phys. Mech. Astron. 65, 247462 (2022).

[54] Y. Zhong, S. Li, H. Liu, Y. Dong, K. Aido, Y. Arai, H. Li, W.
Zhang, Y. Shi, Z. Wang, S. Shin, H. N. Lee, H. Miao, T.
Kondo, and K. Okazaki, Testing electron–phonon coupling
for the superconductivity in kagome metal CsV3Sb5, Nat.
Commun. 14, 1945 (2023).

[55] F. Stier, A. A. Haghighirad, G. Garbarino, S. Mishra, N.
Stilkerich, D. Chen, C. Shekhar, T. Lacmann, C. Felser, T.
Ritschel, J. Geck, and M. Le Tacon, Pressure-dependent
electronic superlattice in the kagome superconductor
CsV3Sb5, Phys. Rev. Lett. 133, 236503 (2024).

[56] P. Cai, W. Ruan, Y. Peng, C. Ye, X. Li, Z. Hao, X. Zhou,
D.-H. Lee, and Y. Wang, Visualizing the evolution from the
Mott insulator to a charge-ordered insulator in lightly
doped cuprates, Nat. Phys. 12, 1047 (2016).

[57] Y. Y. Peng, M. Salluzzo, X. Sun, A. Ponti, D. Betto, A. M.
Ferretti, F. Fumagalli, K. Kummer, M. Le Tacon, X. J. Zhou,
N. B. Brookes, L. Braicovich, and G. Ghiringhelli, Direct
observation of charge order in underdoped and optimally
doped Bi2ðSr;LaÞ2CuO6þδ by resonant inelastic X-ray
scattering, Phys. Rev. B 94, 184511 (2016).

[58] Z. Wang, S. Ma, Y. Zhang, H. Yang, Z. Zhao, Y. Ou, Y. Zhu,
S. Ni, Z. Lu, H. Chen, K. Jiang, L. Yu, Y. Zhang, X. Dong, J.
Hu,H. J.Gao, andZ.Zhao.Distinctivemomentumdependent
charge-density-wave gap observed in CsV3Sb5 supercon-
ductor with topological kagome lattice, arXiv:2104.05556.

[59] Yuzki M. Oey, Brenden R. Ortiz, Farnaz Kaboudvand,
Jonathan Frassineti, Erick Garcia, Rong Cong, Samuele
Sanna, Vesna F. Mitrović, Ram Seshadri, and Stephen D.
Wilson, Fermi level tuning and double-dome superconduc-
tivity in the kagome metal CsV3Sb5−xSnx, Phys. Rev. Mater.
6, L041801 (2022).

[60] Ethan T. Ritz, Henrik S. Røising, Morten H. Christensen,
Turan Birol, Brian M. Andersen, and Rafael M. Fernandes,
Superconductivity from orbital-selective electron-phonon
coupling in AV3Sb5, Phys. Rev. B 108, L100510 (2023).

[61] Maxim Wenzel, Alexander A. Tsirlin, Francesco Capitani,
Yuk T. Chan, Brenden R. Ortiz, Stephen D. Wilson, Martin
Dressel, and Ece Uykur, Pressure evolution of electron
dynamics in the superconducting kagome metal CsV3Sb5,
npj Quantum Mater. 8, 45 (2023).

[62] Mingu Kang, Shiang Fang, Jonggyu Yoo, Brenden R. Ortiz,
Yuzki M. Oey, Jonghyeok Choi, Sae Hee Ryu, Jimin Kim,
Chris Jozwiak, Aaron Bostwick, Eli Rotenberg, Efthimios
Kaxiras, Joseph G. Checkelsky, Stephen D. Wilson,
Jae-Hoon Park, and Riccardo Comin, Charge order land-
scape, and competition with superconductivity in kagome
metals, Nat. Mater. 22, 186 (2023).

[63] P. E. Blöchl, Projector augmented-wave method, Phys. Rev.
B 50, 17953 (1994).

ELECTRON-CORRELATION-ASSISTED CHARGE STRIPE ORDER … PHYS. REV. X 15, 041039 (2025)

041039-11

https://doi.org/10.1103/PhysRevLett.127.236401
https://doi.org/10.1103/PhysRevB.104.L041101
https://doi.org/10.1103/PhysRevB.104.L041101
https://doi.org/10.1103/PhysRevLett.128.036402
https://doi.org/10.1103/PhysRevB.104.205129
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.1038/s41467-023-39500-7
https://doi.org/10.1038/s41467-023-35987-2
https://doi.org/10.1103/PhysRevLett.127.177001
https://doi.org/10.1103/PhysRevLett.127.177001
https://doi.org/10.1038/s41467-021-23928-w
https://doi.org/10.1038/s41467-021-23928-w
http://link.aps.org/supplemental/10.1103/hfkr-k2pw
http://link.aps.org/supplemental/10.1103/hfkr-k2pw
http://link.aps.org/supplemental/10.1103/hfkr-k2pw
http://link.aps.org/supplemental/10.1103/hfkr-k2pw
http://link.aps.org/supplemental/10.1103/hfkr-k2pw
https://doi.org/10.1103/PhysRevB.105.075110
https://doi.org/10.1038/s41567-023-02031-5
https://doi.org/10.1038/s41535-024-00635-5
https://doi.org/10.1038/s41535-024-00635-5
https://doi.org/10.1103/PhysRevB.106.L241106
https://doi.org/10.1103/PhysRevB.106.L241106
https://doi.org/10.1007/s11433-021-1826-1
https://doi.org/10.1007/s11433-021-1826-1
https://doi.org/10.1038/s41467-023-37605-7
https://doi.org/10.1038/s41467-023-37605-7
https://doi.org/10.1103/PhysRevLett.133.236503
https://doi.org/10.1038/nphys3840
https://doi.org/10.1103/PhysRevB.94.184511
https://arXiv.org/abs/2104.05556
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1103/PhysRevMaterials.6.L041801
https://doi.org/10.1103/PhysRevB.108.L100510
https://doi.org/10.1038/s41535-023-00577-4
https://doi.org/10.1038/s41563-022-01375-2
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953


[64] G. Kresse and J. Furthmuller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis
set, Phys. Rev. B 54, 11169 (1996).

[65] G. Kresse and D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev. B 59,
1758 (1999).

[66] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized
gradient approximation made simple, Phys. Rev. Lett. 77,
3865 (1996).

[67] S. Grimme, J. Antony, S. Ehrlich, and H. J. Krieg,
A consistent and accurate ab initio parametrization
of density functional dispersion correction (DFT-D)
for the 94 elements H − Pu, Chem. Phys. 132, 154104
(2010).

[68] G. Pizzi et al., WANNIER90 as a community code: New features
andapplications, J. Phys.Condens.Matter32, 165902 (2020).

[69] Q. Wu, S. Zhang, H.-F. Song, M. Troyer, and A. A.
Soluyanov, WANNIERTOOLS: An open-source software
package for novel topological materials, Comput. Phys.
Commun. 224, 405 (2018).

[70] M. J. Lawler, K. Fujita, J. Lee, A. R. Schmidt, Y. Kohsaka,
C. K. Kim, H. Eisaki, S. Uchida, J. C. Davis, J. P. Sethna,
and E.-A. Kim, Intra-unit-cell electronic nematicity of the
high-Tc copper-oxide pseudogap states, Nature (London)
466, 347 (2010).

[71] C. Lin et al., Visualization of the strain-induced topological
phase transition in a quasione-dimensional superconductor
TaSe3, Nat. Mater. 20, 1093 (2021).

LINWEI HUAI et al. PHYS. REV. X 15, 041039 (2025)

041039-12

https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1088/1361-648X/ab51ff
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1038/nature09169
https://doi.org/10.1038/nature09169
https://doi.org/10.1038/s41563-021-01004-4

	Electron-Correlation-Assisted Charge Stripe Order in a Kagome Superconductor
	I. INTRODUCTION
	II. RESULTS
	III. DISCUSSION AND CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: MATERIALS AND METHODS
	1. Sample preparation and characterization
	2. High-resolution ARPES measurements
	3. NMR measurements
	4. First-principles calculations
	5. STM measurements

	References


