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In the kagome metals AV,Sb, (A =K, Rb, Cs), three-dimensional charge
orderisthe primary instability that sets the stage for other collective
ordersto emerge, including unidirectional stripe order, orbital flux order,
electronic nematicity and superconductivity. Here, we use high-resolution
angle-resolved photoemission spectroscopy to determine the microscopic
structure of three-dimensional charge order in AV,Sbs and its interplay
with superconductivity. Our approachis based onidentifying an unusual
splitting of kagome bands induced by three-dimensional charge order,
which provides a sensitive way to refine the spatial charge patternsin
neighbouring kagome planes. We found a marked dependence of the
three-dimensional charge order structure on composition and doping. The
observed difference between CsV,Sb; and the other compounds potentially
underpins the double-dome superconductivity in CsV,(Sb,Sn); and the
suppression of T. in KV,Sb; and RbV,Sbs. Our results provide fresh insights
into therich phase diagram of AV,Sb..

The family of AV,Sb; (A =K, Rb, Cs) is a newly discovered series of
kagome-based compounds with unconventional many-body phases
and a non-trivial electronic topology (Fig. 1c,d)?. In close analogy
with other strongly correlated systems such as Cu-based and Fe-based
high-temperature superconductors®*, as well as moiré superlattices’,
a cascade of coupled symmetry-broken electronic orders has been
observed in AV,Sbs. These include translational symmetry break-
ing in the form of 2 x 2 charge order (CO) below the temperature
Tco = 78-102 K (refs. >°), rotational symmetry breaking in the form of
unidirectional 1 x 4 stripe order below the temperature 75, = 50-60 K
(refs.”%), atime-reversal symmetry breaking orbital flux phase below
the temperature T;= 70 K (ref. ") and superconductivity below the

temperature T.= 0.92-2.5K (refs. *'*"). Understanding the origin,
nature and interrelation between these electronic orders is a major
frontier of this emerging research field.

Notably, previous theoretical and experimental investigations
pointtowards the unique role of the electronic structure of the underly-
ing kagome lattice in driving the rich physics of AV,Sb; (refs.**°). In the
ideal limit, the kagome lattice exhibits multiple singularitiesinits elec-
tronicdispersion, including Dirac fermions at the Brillouin zone corner
K, van Hove singularity (vHS) at the zone edge M and flat bands across
thewhole Brillouin zone (Fig. 1a). Depending on the band filling fraction
n, these electronic states may engender various topological and cor-
related phases, as extensively investigated for more thanadecade® 2.
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Fig.1| Possible microscopic structures of the 3D CO in kagome metal AV,Sb;.
a, Tight-binding electronic structure of an ideal kagome lattice. Grey-shaded
lines mark the vHS filling fractions at 3/12 and 5/12. b, Perfectly nested hexagonal
Fermi surface (FS) of the kagome lattice at the vHS filling fractions of a. Double-
headed arrows indicate three symmetry-equivalent nesting vectors Quugefined,
Q,and Q;. c,d, Crystal structure of the AV,Sb, with a vanadium-kagome net.
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Dashed lines mark the unit cellin the undistorted phase. e, Calculated phonon
dispersion of CsV,Sbsshowing instabilities of the pristine structure at the M
and L momentum points. Inset shows the Brillouin zone. f,g, Lattice distortions
corresponding to the instabilities of the M and L phonons, respectively. h-m,
Possible structures of the 3D-CO in AV,Sbsbased on 3Q combinations of Mand L
phonons.

Especially at the vHS filling fractions n=3/12 and 5/12 (Fig. 1a),
the Fermi surface of the kagome lattice is perfectly nested by three
symmetry-equivalent reciprocal lattice vectors Q, = (0.5,0),Q,and Q;
(Fig.1b). Combined with the high density of states at the vHS, the nest-
ing creates a diverging electronic susceptibility and sets the stage for
pairing inmultiple channels, and the subsequent emergence of charge/
spin order and superconductivity?*?°, The electronic structure of the
AV,Sb; series follows this script, with multiple kagome-derived vHSs
sharply aligned to the Fermilevel (£;)"**°. Accordingly, as displayedin
Fig. le, a density functional theory (DFT) calculation of phonon fre-
quency reveals six unstable modes exactly at the Q, Q,and Q; in-plane
wave vectors—three at M (that is, at the out-of-plane momentum k, = 0)
and the other three at L (k,=m)—indicating that the pristine kagome
structure is unstable towards the 2 x 2 charge distortion”*’, Combined
with the experimental identification of the 2 x 2 CO (refs. >°), this sug-
gests that the toy-model vHS physics of the ideal kagome lattice is
indeed realized within the AV,Sb, system.

Importantly, the contribution of L phonons with non-zero
out-of-plane momentum (k, =) indicates that the full description of
COinthe AV,Sb;series needs to go beyond the limit of atwo-dimensional
kagome lattice. The three-dimensional (3D) nature of CO in AV,Sb; was

reported inearly studies”*°, supportingeither twofold (2 x 2 x 2) or four-
fold (2 x 2 x 4) c-axis modulations®*>, As we illustrate in Fig. 1f,g, M-point
(L-point) phonons are associated to V-V bond distortions in-phase
(out-of-phase) across neighbouring kagome planes®. Then, depend-
ingonthe possible combinations of three Q vectors of Mand L phonons,
various microscopic 3D-CO structures canbe realized in the AV,Sb, series
(Fig. 1h—-m): Star-of-David or SoD (-M,-M,-M); tri-hexagonal or TrH
(M,M,M); alternating SoD and TrH (L,L,L); staggered SoD (-M,-L,-L);
staggered TrH (M,L,L); and staggered alternating SoD and TrH (M,M,L).
Goingbeyond these simple 3Q superpositions, the free energy analysis
indicates that the trilinear coupling of M and L phonon modes plays
a central role in defining the exact 3D-CO structures and the leading
instabilities (Supplementary Discussion 1 for details)®. For example,
due to the couplingterm , the LLL phase is invariably accompanied
by MMM or inverse MMM distortions and becomes the LLL + MMM
phase. The MML phase similarly acquires additional M and L phonon
distortionsfromthe and termsand, mostimportantly, does not
appear as a leading instability of the free energy®. In the following, we
will consider the five structures—MMM, inverse MMM, MLL, inverse MLL
and LLL + MMM-as candidate 3D-CO structures, which areidentified as
theleading instabilities of the AV,Sb; system in the literature?.
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Fig.2| Two distinct types of electronic reconstructionin CsV;Sb;induced

by 3D CO. a, DFT band structure of CsV,Sb; showing four bands crossing the
Fermilevel: the G, K1,K2 and K2’ bands. The Dirac points at Kand the vHS at M,
emerging from the K1, K2 and K2’ kagome bands, are marked with filled and

open circles, respectively. Thick coral and blue lines highlight the K1and K2
bands respectively, that are actively discussed in the ARPES data. b-d, Electronic
reconstruction from the in-plane component of CO. Schematics of the in-plane
folding of the Brillouin zone (BZ) (b). Experimental band dispersion of CsV,Sbs
measured above T, at 120 K (c) and below T, at 6 K (d). The in-plane momentum
k, is defined to follow the I-K-M-K high-symmetry directions of the surface
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Brillouin zone. Solid arrows in c and d mark the original bands, while the dashed
arrowsindindicate the replica bands. e-k, Electronic reconstruction from the
out-of-plane component of 3D-CO. Schematics of the out-of-plane folding of the
Brillouin zone (e). Panels f,handj (g, i and k) represent the dispersions measured
above (below) T, at the first Brillouin zone with photon energy 86 eV, at the
second Brillouin zone with photon energy 86 eV and at the first Brillouin zone
with photon energy 113 eV, respectively. Solid arrows ing, i and k indicate the
doubling or splitting of the kagome bands in the 3D-CO state. Supplementary
Fig. 2 shows the visualization of splitting at other photon energies.

We emphasize here that identifying the exact structure and sym-
metry of 3D-CO is of paramount importance for understanding the
electronicsymmetry breaking transitions and phase diagram of AV,Sbs.
Thisis because CO formation has the highest energy scale in the AV,Sb,
series (T, = 78-102 K) and thus defines the background symmetry
under which other electronic phases emerge (stripe order, nematicity,
flux phase and superconductivity). For example, if CO crystallizes in
the inverse MLL, MLL or MML phases (Fig. 1k-m), C, rotational sym-
metryisspontaneously broken, whichwould indicate a possible lattice
origin of the unidirectional 1 x 4 stripe order and electronic nematicity
emerging below T, (refs.”'). Furthermore, the detailed structure of
3D-COcancritically influence the competition between CO and super-
conductivity, as different parts of the Fermi surface will be affected by
the various 3D-CO patternsin a qualitatively different way. Despite its

importance, the detailed microscopicstructure of 3D-CO and its com-
position dependence in the AV,Sb; series have not been determined
conclusively, with different approaches—X-ray diffraction®-*?, coherent
phonon spectroscopy®, nuclear magnetic/quadrupole resonance™,
scanning tunnelling microscopy simulations” and DFT**—producing
divergent results.

In the present study, we establish the microscopic structure of
3D-CO and its evolution in the AV,Sb; series by analysing the detailed
reconstruction of the electronic bands induced by 3D-CO. Using
high-resolution angle-resolved photoemission spectroscopy (ARPES),
we observe an unusual energy splitting of the kagome-derived vHS and
Diracbands, whichis adirect consequence of the unit cell reconstruc-
tioninthe 3D-CO phase. Crucially, the precise nature of the band split-
ting s highly sensitive to the intra-unit-cell stacking between different
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Fig.3| Theoretical calculation of electronic reconstruction in AV,Sb,and

its dependence on the microscopic structure of 3D CO. a-e, Calculated
dispersion of CsV,Sbs at k,= 0 in the inverse MMM, MMM, LLL + MMM, inverse
MLL and MLL phases, respectively. For simplicity, the dispersion is unfolded
along thein-plane momentum direction. Yellow arrows in ¢ highlight the splitting
of the K1and K2 bands in the 3D-CO state. For the inverse MLLand MLL (d and e),
the calculationis averaged over three C,-symmetric CO domains to account for
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the macroscopic beam spot size. Corresponding domain-resolved dispersions
are presented in Extended Data Fig. 4. For the inverse MMM (a) and MMM (b)
structures with the 2 x 2 x 1 periodicity, we artificially folded the Brillouin zone
along k, for a proper comparison with other structures. Insets show the zoomed-
inview of the lower K1 Dirac band (DB), whose splitting sensitively depends on
the microscopic structure of 3D-CO (yellow arrows). Colour bars are from O
(black) to1(white) (arbitrary units).

3D-CO modulation patterns across adjacent kagome planes, which
allows us to constrain the 3D-CO structure and symmetry in the AV,Sb,
series. Using this approach, we determine that the band splitting of
CsV,Sbsis most consistent with the alternating SoD and TrH structure
(LLL + MMM phase), while those in KV;Sbs, RbV,Sbs and Sn-doped
CsV,Sb, are markedly different from CsV,Sbs and can be assigned to
the staggered TrH structure (MLL phase). The tunability of the 3D-CO
structure discovered here has important implications for supercon-
ductivity in the AV,;Sb; series and may explain not only the enigmatic
double superconducting dome in CsV,Sb;but also the suppressed T.in
(K,Rb)V,Sbs. Our results expand the current understanding of COin the
AV,Sb; series and its relation to other collective phenomena realized
in correlated kagome systems.

Westart withabrief description of the overall electronic structure
of AV,Sb;. As displayedin Fig.2a, the DFT band calculation for CsV,Sbs
reveals four bands near £;: an electron pocket at the Brillouin zone
centrel (Gband), ad,,/d,, ,, orbital kagome band with Dirac point
atapproximately -0.27 eV and vHS near £; (K1 band), ad,,/d,, orbital
kagome band with Dirac point at approximately -1.3 eV and vHS near E;
(K2band) and anadditional d,,/d,, orbital kagome band with opposite
parity from the K2 band (K2’ band). All band dispersions have been
closely reproduced in previous ARPES studies'*?%3¢*%, Meanwhile,
in the experimental geometry used in the present study, only the G,
K1 and K2 bands are visible in the ARPES spectra (Fig. 2c, for exam-
ple) due to the destructive interference of photoelectrons from the

K2’ band®. Additional characterization of the electronic structure in
AV,Sb;, including the Fermi surfaces, wide-range energy-momentum
dispersions and k,-dependent measurements, canbe foundin Extended
DataFigs.1and 2.

AssummarizedinFig.2, we observed twodistinct electronicrecon-
structions induced by 3D-CO in CsV,Sbs. First, as shown in Fig. 2b-d,
we detected clear shadow bands below T, (dashed arrows in Fig. 2d),
which are the replica of the original bands (solid arrows in Fig. 2c,d)
folded along the in-plane momentum direction. This is a direct con-
sequence of the new periodicity arising from the in-plane component
of CO, which folds the pristine Brillouin zone to the smaller 2 x 2 CO
Brillouinzone (schematicsin Fig.2b). Such shadowbands andin-plane
folding effects have been observedin other CO systems, such as tran-
sition metal dichalcogenides*® and rare-earth trichalcogenides*. At
the same time, as shown in Fig. 2e-k, a detailed inspection below T,
additionally reveals an unusual doubling or splitting of the kagome
bands along the energy axis. Such splitting could be visualized only
after careful optimization of the spectral quality*. At the simplest
level, one can understand the band doubling as a consequence of the
out-of-plane component of the 3D-CO, which folds the Brillouin zone
along the k, direction and superimposes the k,=-1t/2 bands onto
the k,= 0-1/2 bands (schematics in Fig. 2e). In the case of CsV,Sb,, we
find three regions in the band structure where the doubling becomes
most prominent: near the vHS of the K1 band (Fig. 2g k), at the lower
Diracband of the K1band (Fig. 2g,i) and at the K2 band near E; (Fig. 2k).
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Fig. 4 |Electronic reconstructions in KV,Sb,, RbV,Sb;and Sn-doped CsV,Sb;
inthe 3D-CO state. a-e, ARPES spectra of KV,Sb, (aand d), RbV,Sbs (band e)
and Sn-doped CsV,Sb; (c) measured at 6 K. The spectrain a-e are collected with
93eV,92eV, 88 eV, 85eVand 84 eV photons, respectively. Green, red and purple
arrows indicate the splitting of the K1vHS and K2 band. Yellow arrows highlight
the absence of splitting on the lower Dirac band of K1. f, Energy distribution
curves measured near the Fermi momentum (k;) of the K1vHS. g, Momentum
distribution curves of the K2 band measured at the Fermi energy (£;). h,
Momentum distribution curves of the lower K1 Dirac band measured at -0.4 eV.
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The arrows in f-h highlight the presence or absence of the 3D-CO-induced
splitting. a.u., arbitrary units. i-k, Comparison between the DFT band structures
oftheinverse MLL, MLL and LLL + MMM phases. Double-headed arrows indicate
the CO gaps at the M point induced by the SoD and TrH distortions.

I-0, Comparison between the ARPES spectra of KV,Sbs, RbV,Sbs, Sn-doped
CsV,Sbsand CsV,Sb, taken with vertically polarized light. The dashed line and
filled circles are guides to the eye, emphasizing that the CO gaps in KV,Sbs,
RbV,Sb, and Sn-doped CsV,Sb, correspond to the TrH distortion of the MLL
phase. Colour barsare from0to1(a.u.).

We alsorefer to Fig. 4f-hand Extended DataFig. 3 for the correspond-
ingenergy distributionand momentum distribution curves, highlight-
ing the band splitting in the 3D-CO state.

The key idea of this study comes from the realization that the
doubled-band dispersionin the 3D-CO state is actually more than the
simple superposition of k,= 0-1/2 and k, = t-1/2 bands of the pristine
structure. In the 3D-CO state, the adjacent kagome layers in AV;Sb,
become distinct upon realizing different CO patterns on each layer
(Fig. 1j-m). The altered hopping pathways between the two

charge-ordered kagome planes further reconstruct the doubled-band
dispersion. This mechanism depends on the detailed ionic displace-
ment patterns in adjacent kagome planes, making the band splitting
strongly dependent on the 3D-CO structure. This provides a unique
and highly constrained approachtoresolve the microscopic structure
of 3D-COin the AV,Sb;series.

To illustrate this idea further, we simulated the reconstruc-
tion of CsV;Sb, bands in possible 3D-CO structures using DFT.
Figure 3a-e shows the electronic structure of CsV,;Sbsat k,=0in
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0.03 and 0.04, respectively. The purple arrows highlight the presence (a-c) or
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superconducting transition temperature estimated from the midpoint (onset) of
the transition. The red circles represent the CO transition temperature T¢,. Both
T.and T, are reproduced from ref. *. The orange and teal backgrounds represent
the regions with LLL + MMM and MLL phases, respectively, as shownin the insets.
f, Corresponding phase diagram of (K,Rb)V,Sbs with only the MLL 3D-CO phase
(inset) and single superconducting dome. Both 7,and T, are adopted from ref. ¥,

theinverse MMM, MMM, LLL + MMM, inverse MLL and MLL phases,
respectively (Supplementary Table 1 for the exact structures used
inthe calculation).Inaccordance with the experimental results, the
doubling of the K1 and K2 kagome bands is closely reproduced in
the 3D-CO phases (yellow arrows in Fig. 3¢, for example). Crucially,
the details of band splitting become noticeably different in each
3D-CO phase, directly reflecting the type of in-plane distortion (TrH
versus SoD) and the stacking order along the caxis (Supplementary
Discussion 2 provides an intuitive way to understand the splitting
in each 3D-CO phase). The most noticeable discriminant between
different 3D-CO structures is the behaviour of the lower K1 Dirac
band. As highlighted with the green boxes in Fig. 3, the lower K1 Dirac
band barely splitsin the inverse MMM, MMM, inverse MLL and MLL
structures (Fig. 3a,b,d,e), while an apparent doubling is observed
in the LLL + MMM structure (Fig. 3¢). The doubling of the lower K1
Dirac band in the latter closely reproduces the ARPES spectrain
Fig. 2g,i and is a direct consequence of the coexistence of two CO
gaps arising from the alternating SoD and TrH layers in the 3D-CO
structure (more information is below and in Supplementary
Discussion 2). We thus conclude that the observed band splitting

supportsthe LLL + MMM structure or alternating SoD and TrH phase
(Fig.1j) as the microscopic 3D-CO structure in CsV,Sbs.
Intriguingly, the investigation of KV,Sbs, RbV,Sb; and Sn-doped
CsV,Sb, (CsV,Sb, SN, o4) revealed an electronic reconstruction mark-
edly different from the CsV,Sb; case. Figure 4 displays ARPES spectra
of KV,Sbs, RbV,Sb; and Sn-doped CsV,Sbs measured at 6 K, in the CO
state. Similar to the case of CsV,Sbs, the doubling or splitting of the K1
VHS (Fig. 4a-c) and K2 bands (Fig. 4d,e) is clearly observed across the
whole family. The corresponding energy distribution curves of the
K1 vHS (Fig. 4f) and momentum distribution curves of the K2 band
(Fig. 4g) also unambiguously demonstrate the presence of band dou-
bling. We note thatin Fig. 4f, the clear trend of increasing magnitude of
splitting with decreasing size of the alkali metal is apparent, and it may
reflect the enhanced degree of k, dispersion from Cs to K (refs."*). We
thus conclude thatthe 3D-COis a universal phenomenonin the AV,Sb,
series. However, we observe that the behaviour of the lower K1 Dirac
band in KV,Sbs, RbV,Sbs and Sn-doped CsV,Sb; is very different from
that of the CsV,;Sb; case. As highlighted with yellow arrows in Fig. 4a-e,
the lower Dirac dispersion of the K1band does not undergo a splitting
inthe3D-CO state, in contrastto the observations in CsV,Sb; (Fig. 2g,i).
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The absence of the splitting for the lower K1 Dirac band can be fur-
ther confirmed from the momentum distribution curves in Fig. 4h.
Compared to the calculations in Fig. 3, this behaviour rules out the
LLL + MMM structures (Fig. 3¢,f) but is consistent with the inverse
MMM, MMM, inverse MLL and MLL structures (Fig. 3a,b,d,e). In case
oftheinverse MMM and MMM structures, however, the charge distor-
tionsareidentical in neighbouring kagome planes (2 x 2 x 1structure);
therefore, they cannotinduce the out-of-plane band doubling observed
ontheK1vHS and K2 band. Thisleavestheinverse MLL or MLL phases,
intrinsically breaking C, rotational symmetry, as possible ionic dis-
placement motifs in KV,Sbs, RbV,Sbsand Sn-doped CsV,Sbs.

One canfurther distinguish the inverse MLL (staggered SoD) and
MLL (staggered TrH) phases by recognizing the differencein the charge
order gapsinduced by thein-plane SoD and TrH distortions. As shown
in the DFT band structures of Fig. 4i,j, the TrH distortion of the MLL
phase produces a much larger gap at the M point, 4;,, = 0.22 eV, com-
paredtotheSoD distortion, 45, = 0.13 eV.Inthe case of the LLL + MMM
structure with alternating SoD and TrH kagome planes, the SoD and
TrH gaps simultaneously manifestin the spectrum (Fig. 4k), resulting
inthesplitting of the lower K1 Diracband observed in CsV,Sbs. For the
detailed inspection of the CO gap near the M point, we acquired addi-
tional ARPES maps with vertical light polarization (Fig. 41-0). A close
comparison of the ARPES spectra of KV,Sbs, RbV,Sbs and Sn-doped
CsV,Sb; (Fig. 41-n) with that of CsV,Sb; (Fig. 40) clearly suggests that the
COgap of the former compounds corresponds to the larger gap, thatis,
toaTrHdistortion. We thus conclude that the 3D-CO inKV,Sbs, RbV,Sb,
and Sn-doped CsV,Sby manifestsinthe MLL phase, in contrast with the
LLL + MMM structure in pristine CsV,Sb.. Thisimplies that despite the
charge ordering tendency of the kagome lattice being universal in the
AV,Sb; family, the microscopic details of 3D-CO are strongly dependent
on the chemical composition and doping, adding to the rich physics
that can berealized in the AV,Sbsseries.

The observation of the evolution and tunability of the 3D-CO struc-
ture within the AV,Sb; family offersimportantinsights into the exotic
electronic phenomenarealized in AV,Sbsspecies and their dependence
onchemical composition (Supplementary Discussion 3). In the follow-
ing, we discuss the empirical correlation between the 3D-CO structure
and the superconducting phenomenology of the AV,Sb family, provid-
inganew framework to understand the double-dome superconductiv-
ity in CsV,Sbsand the suppression of T.in KV;Sbsand RbV,Sbs.

One of the most intriguing aspects of the CsV,Sb; phase diagram
is the emergence of a double superconducting dome, which signals a
non-trivial interplay between CO and superconductivity. The double
superconducting dome was first discovered in the pressure-tempera-
ture phase diagram of CsV,Sbs (refs. ****) and subsequently observed as
afunction of Sn substitution in CsV,Sb;_,Sn,, as reproduced in Fig. Se
(ref. ). However, the origin of this behaviour has been unclear thus far.
To construct the corresponding phase diagram of 3D-CO, we investi-
gate the band structure reconstruction as a function of Sndoping, with
x=0,0.02,0.03 and 0.04. As summarized in Fig.5a-d, the LLL + MMM
phase of the pristine CsV,Sbs persiststo thex=0.02and 0.03 samples,
as evidenced by the splitting of the lower K1 Dirac band. The splitting
disappears at x = 0.04, signalling the transition of 3D-CO structure to
the MLL phase, as discussed in Fig. 4. Notably, this transition from the
LLL + MMM to MLL phase takes place near the maximum of the first
superconducting dome as illustrated in Fig. Se. This suggests that
the transition to the MLL phase and its stronger competition with
superconductivity might be responsible for the suppression of T at
intermediate Sn concentrations and provide abasis to understand the
emergence of adouble superconducting dome. Intriguingly, applying
the same argument to KV,Sb; and RbV,Sb,—which are already in the
MLL phase in the pristine state (Fig. 5f)—might explain their mark-
edly lower superconducting transition temperatures (7.= 0.92 K and
0.93 K, respectively) compared to CsV,Sb; (T, = 2.5 K)". We also note
that the superconductivity in (K,Rb)V,Sbsexhibits only asingle dome

asafunction of both pressure and Sn substitution (Fig. 5f)**~*%, This is
again consistent with the absence of the LLL + MMM to MLL transition,
in contrast to the case of CsV,Sbs.

In conclusion, we establish the microscopic structure of 3D-CO,
its tunability and its potential implications for the superconducting
state in the family of topological kagome metals AV,(Sb,Sn);. Deter-
mining the exact structure of 3D-CO is a topic of great relevance, as
it sets the background symmetry of the system under which other
many-body effects emerge. Combining high-resolution ARPES and
DFT supercell calculations, we resolve the detailed electronic recon-
struction of the kagome bandsin the CO state from which we constrain
the microscopic 3D-CO pattern. We reveal that the 3D-CO in CsV,Sb,
consists of a stacking of kagome layers with alternating SoD and TrH
distortions (LLL + MMM), while KV,Sbs, RbV,Sbsand Sn-doped CsV,Sb,
have staggered TrH distortions, breaking the C, rotational symmetry
(MLL). The remarkable tunability of the 3D-CO state across otherwise
similar compounds suggests that the AV,Sb,series is acandidate host
for an extremely rich phase diagram of emergent electronic phases,
enabling new opportunities for fundamental studies at the nexus of
strong correlation phenomena and topology.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41563-022-01375-2.

References

1. Ortiz, B.R. et al. New kagome prototype materials: discovery of
KV4Sbs, RbV,Sbs, and CsV,Sbs. Phys. Rev. Mater. 3, 94407 (2019).

2. Ortiz, B.R. et al. CsV;Sbs: a Z, topological kagome metal
with a superconducting ground state. Phys. Rev. Lett. 125,

247002 (2020).

3. Keimer, B., Kivelson, S. A., Norman, M. R., Uchida, S. & Zaanen, J.
From quantum matter to high-temperature superconductivity in
copper oxides. Nature 518, 179-186 (2015).

4.  Si,Q., Yu,R. & Abrahams, E. High-temperature superconductivity
in iron pnictides and chalcogenides. Nat. Rev. Mater. 1,

16017 (2016).

5. Cao, Y. et al. Unconventional superconductivity in magic-angle
graphene superlattices. Nature 556, 43-50 (2018).

6. Jiang, Y.-X. et al. Unconventional chiral charge order in kagome
superconductor KV;Sbs. Nat. Mater. 20, 1353-1357 (2021).

7. Zhao, H. et al. Cascade of correlated electron states in a kagome
superconductor CsV,Sbg. Nature 599, 216-221(2021).

8. Shumiya, N. et al. Intrinsic nature of chiral charge order in the
kagome superconductor RbV,Sbs. Phys. Rev. B104, 035131 (2021).

9. Li, H. etal. Rotation symmetry breaking in the normal state
of a kagome superconductor KV,Sbs. Nat. Phys. https://doi.
org/10.1038/s41567-021-01479-7 (2022).

10. Xiang, Y. et al. Twofold symmetry of c-axis resistivity in topological
kagome superconductor CsV,;Sbs with in-plane rotating magnetic
field. Nat. Commun. 12, 6727 (2021).

1. VYu, L. et al. Evidence of a hidden flux phase in the topological
kagome metal CsV;Sbs. Preprint at arXiv https://doi.org/10.48550/
arXiv.2107.10714 (2021).

12. Ortiz, B. R. et al. Superconductivity in the Z, kagome metal
KV,;Sbs. Phys. Rev. Mat. 5, 034801 (2021).

13. Yin, Q. et al. Superconductivity and normal-state properties
of kagome metal RbV,;Sbs single crystals. Chin. Phys. Lett. 38,
037403 (2021).

14. Wu, X. et al. Nature of unconventional pairing in the kagome
superconductors AV,Sb; (A=K, Rb, Cs). Phys. Rev. Lett. 127,

177001 (2021).

Nature Materials | Volume 22 | February 2023 | 186-193

192


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41563-022-01375-2
https://doi.org/10.1038/s41567-021-01479-7
https://doi.org/10.1038/s41567-021-01479-7
https://doi.org/10.48550/arXiv.2107.10714
https://doi.org/10.48550/arXiv.2107.10714

Article

https://doi.org/10.1038/s41563-022-01375-2

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tazai, R., Yamakawa, Y., Onari, S. & Kontani, H. Mechanism

of exotic density-wave and beyond-Migdal unconventional
superconductivity in kagome metal AV,Sbg (A=K, Rb, Cs). Sci.
Adv. 8, abl4108 (2022).

Zhou, X. et al. Origin of charge density wave in the kagome metal
CsV,Sbs as revealed by optical spectroscopy. Phys. Rev. B 104,
L041101 (2021).

Li, H. et al. Observation of unconventional charge density wave
without acoustic phonon anomaly in kagome superconductors
AV,Sbs (A=RDb, Cs). Phys. Rev. X11, 031050 (2021).

Nakayama, K. et al. Multiple energy scales and anisotropic
energy gap in the charge-density-wave phase of the kagome
superconductor CsV,Sbg. Phys. Rev. B104, L161112 (2021).

Liu, Z. et al. Charge-density-wave-induced bands renormalization
and energy gaps in a kagome superconductor RbV,;Sbs. Phys. Rev.
X11, 41010 (2021).

Kang, M. et al. Twofold van Hove singularity and origin of charge
order in topological kagome superconductor CsV;Sbs. Nat. Phys.
https://doi.org/10.1038/s41567-021-01451-5 (2022).

Guo, H. M. & Franz, M. Topological insulator on the kagome
lattice. Phys. Rev. B 80, 113102 (2009).

Xu, G., Lian, B. & Zhang, S.-C. Intrinsic quantum anomalous hall
effect in the kagome lattice Cs,LiMn;F,,. Phys. Rev. Lett. 115,
186802 (2015).

Tang, E., Mei, J.-W. & Wen, X.-G. High-temperature

fractional quantum Hall states. Phys. Rev. Lett. 106, 236802
(201M).

Yu, S. L. & Li, J. X. Chiral superconducting phase and chiral
spin-density-wave phase in a Hubbard model on the kagome
lattice. Phys. Rev. B 85, 4-7 (2012).

Kiesel, M. L., Platt, C. & Thomale, R. Unconventional Fermi surface
instabilities in the kagome Hubbard model. Phys. Rev. Lett. 110,
126405 (2013).

Wang, W., Li, Z., Xiang, Y. & Wang, Q. Competing electronic orders
on kagome lattices at van Hove filling. Phys. Rev. B 87, 115135
(2013).

Tan, H., Liu, Y., Wang, Z. & Yan, B. Charge density waves and
electronic properties of superconducting kagome metals. Phys.
Rev. Lett. 127, 046401 (2021).

Christensen, M. H., Birol, T., Andersen, B. M. & Fernandes, R. M.
Theory of the charge density wave in AV;Sb; kagome metals.
Phys. Rev. B104, 214513 (2021).

Subedi, A. Hexagonal-to-base-centered-orthorhombic 4Q charge
density wave order in kagome metals KV;Sbs, RbV;Sbg, and
CsV;Sbs. Phys. Rev. Mater. 6, 015001 (2022).

Liang, Z. et al. Three-dimensional charge density wave

and surface-dependent vortex-core states in a kagome
superconductor CsV;Sbs. Phys. Rev. X 11, 31026 (2021).

Ortiz, B. R. et al. Fermi surface mapping and the nature of
charge-density-wave order in the kagome superconductor
CsV;Sbs. Phys. Rev. X 11, 41030 (2021).

Li, H. et al. Spatial symmetry constraint of charge-ordered
kagome superconductor CsV,Sbs. Preprint at arXiv https://doi.
org/10.48550/arXiv.2109.03418 (2021).

Ratcliff, N., Hallett, L., Ortiz, B. R., Wilson, S. D. & Harter, J. W.
Coherent phonon spectroscopy and interlayer modulation of
charge density wave order in the kagome metal CsV,;Sbs. Phys.
Rev. Mater. 5, L111801 (2021).

34. Luo, J. et al. Possible Star-of-David pattern charge density wave
with additional modulation in the kagome superconductor
CsV,Sbs. npj Quantum Mater. 7, 30 (2022).

35. Ye, Z., Luo, A., Yin, J.-X., Hasan, M. Z. & Xu, G. Structural instability
and charge modulations in the Kagome superconductor AV,Sbs.
Preprint at arXiv https://doi.org/10.48550/arXiv.2111.07314 (2021).

36. Hu, Y. et al. Charge-order-assisted topological surface states and
flat bands in the kagome superconductor CsV,Sbs. Sci. Bull. 67,
495-500 (2022).

37. Luo, H. et al. Electronic nature of charge density wave and
electron-phonon coupling in kagome superconductor KV,Sbs.
Nat. Commun. 13, 273 (2022).

38. Cho, S. et al. Emergence of new van Hove singularities in the
charge density wave state of a topological kagome metal
RbV,Sbs. Phys. Rev. Lett. 127, 236401 (2021).

39. Hu, Y. etal. Rich nature of van Hove singularities in kagome
superconductor CsV,Sbg. Nat. Commun. 13, 2220 (2022).

40. Rossnagel, K. On the origin of charge-density waves in select
layered transition-metal dichalcogenides. J. Phys. Condens.
Matter 23, 213001 (2011).

41. Brouet, V. et al. Angle-resolved photoemission study of the
evolution of band structure and charge density wave properties in
RTe;. Phys. Rev. B77, 235104 (2008).

42. Hu,Y. et al. Coexistence of tri-hexagonal and Star-of-David
pattern in the charge density wave of the kagome
superconductor AV,Sbs. Preprint at arXiv https://doi.
org/10.48550/arXiv.2201.06477 (2022).

43. Chen, K. Y. et al. Double superconducting dome and triple
enhancement of T, in the kagome superconductor CsV;Sb under
high pressure. Phys. Rev. Lett. 126, 247001 (2021).

44. Yu, F. H. et al. Unusual competition of superconductivity and
charge-density-wave state in a compressed topological kagome
metal. Nat. Commun. 12, 10-15 (2021).

45. Oey, Y. M. et al. Fermi level tuning and double-dome
superconductivity in the kagome metals CsV,Sbs_Sn,. Phys. Rev.
Mater. 6, LO41801 (2022).

46. Du, F. et al. Pressure-induced double superconducting domes
and charge instability in the kagome metal KV,;Sbs. Phys. Rev. B
103, L220504 (2021).

47. Zhu, C. C. et al. Double-dome superconductivity under pressure
in the V-based kagome metals AV,Sbs (A=Rb and K). Phys. Rev. B
105, 094507 (2022).

48. Oey, Y. M., Kaboudvand, F., Ortiz, B. R., Seshadri, R. & Wilson, S. D.
Tuning charge-density wave order and superconductivity in the
kagome metals KV;Sbs_,Sn, and RbV;Sb;_,Sn,. Preprint at arXiv
https://doi.org/10.48550/arXiv.2205.06317 (2022).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this
article under a publishing agreement with the author(s) or other
rightsholder(s); author self-archiving of the accepted manuscript
version of this article is solely governed by the terms of such
publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2022

Nature Materials | Volume 22 | February 2023 | 186-193

193


http://www.nature.com/naturematerials
https://doi.org/10.1038/s41567-021-01451-5
https://doi.org/10.48550/arXiv.2109.03418
https://doi.org/10.48550/arXiv.2109.03418
https://doi.org/10.48550/arXiv.2111.07314
https://doi.org/10.48550/arXiv.2201.06477
https://doi.org/10.48550/arXiv.2201.06477
https://doi.org/10.48550/arXiv.2205.06317

Article

https://doi.org/10.1038/s41563-022-01375-2

Methods

Sample synthesis and ARPES

High-quality single crystals of pristine and Sn-doped AV,Sb, were
synthesized via a flux method as described in refs. ">**. ARPES experi-
ments were performed at Beamline 7.0.2 (MAESTRO) of the Advanced
Light Source, equipped with R4000 hemispherical electron analyser
(Scienta Omicron). The samples were cleaved inside an ultra-high
vacuum chamber with a base pressure better than -4 x 10 torr. We
kept the following experimental geometry throughout the measure-
ment except as otherwise specified: horizontal analyser slit, linear hori-
zontal light polarization and I'-K-M direction of the sample aligned to
the scattering plane. For each sample, the photon energy was scanned
from60 eVt0200 eV, covering more than three complete 3D Brillouin
zones. The k,planeis determined based on the nearly free-electron final
state approximation. For the high-resolution data in Figs. 2 and 4, we
selected the photon energies for each sample that best visualize the
band splitting around k, = 0. The energy and momentum resolutions
were better than 20 meV and 0.01A.™

DFT calculations

DFT calculations were performed using the Vienna Ab initio Simulation
Package***°, with the generalized gradient approximation Perdew-
Burke-Ernzerhof exchange-correlation functional® and the pseudo
potential formalism based on the projector augmented-wave method™.
The phonon frequency spectrumwas derived from the Hessian matrix
(which encodes the second derivatives of the atomic position coor-
dinates) computed with the density functional perturbation theory
method, usinga4 x 4 x 2supercell unit®, We further simulated various
2 x 2 x2COstates from combinations of the unstable Mand L phonon
modes. The CO structures were relaxed with a 350 eV energy cut-off
for the plane-wave basis and a 4 x 4 x 2 grid sampling in the momen-
tum space Brillouin zone. Supplementary Table 1 shows the detailed
characterization of the 3D-CO structures after relaxation. To elucidate
theelectronic properties of these COs, we performed electronic band
structure unfolding and projections based on the Wannier models
derived from DFT ground states, using Wannier 90 code.

Data availability
Dataassociated with this paper are available on the Harvard Dataverse
at https://doi.org/10.7910/DVN/KJRGXU.
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temperature as marked with the arrows in panel f.
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Extended Data Fig. 4 | Domain-resolved electronic structures of CsV,Sb;in the C,rotation axis is schematically displayed above each panel. d-f, Same with
C,symmetric 3D-CO phases. a-c, Domain-resolved dispersion of CsV,Sbsin the a-cbutinthe MLL phase. Corresponding domain-averaged electronic structures

inverse MLL 3D-CO phase. The location of three different k-paths with respect to areshowninFig.3d, e.
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