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Kagomé lattice is a fertile platform for topological and intertwined electronic excitations. Recently,15

experimental evidence of an unconventional charge density wave (CDW) is observed in a Z2 kagomé16

metal AV3Sb5 (A= K, Cs, Rb). This observation triggers wide interests on the interplay between17

frustrated crystal structure and Fermi surface instabilities. Here, we analyze the lattice effect and18

its impact on CDW in AV3Sb5. Based on published experimental data, we show that the 2×2×219

CDW breaks the sixfold rotational symmetry of the crystal due to the phase shift between kagomé20

layers and can explain the twofold symmetric CDW peak intensity observed by scanning tunneling21

spectroscopy. The coupling between the lattice and electronic degrees of freedom yields a weak first22

order structural transition without continuous change of lattice dynamics. Our result emphasizes23

the fundamental role of lattice geometry in proper understanding of unconventional electronic orders24

in AV3Sb5.25

Kagomé lattice is a corner shared triangle network26

that contains three sites per unit cell [1]. The elec-27

tronic interference between the three sublattices gives28

rise to flat band, van Hove singularity (saddle point)29

and Dirac-fermion in its band structure. It has been30

predicted that, near the van Hove filling, the combi-31

nation of high density of state, sublattice interference32

and non-local Coulomb interaction may yield unconven-33

tional Fermi surface instabilities, such as the p-wave34

charge and spin density waves, d-wave Pomeranchuk in-35

stability and f -wave superconductivity [2–7]. Recently, a36

three-dimensional charge density wave (CDW) that pos-37

sibly intertwines with superconductivity is observed in a38

kagomé metal AV3Sb5 (A= K, Cs, Rb) [4, 8–20]. While39

a three-dimensional 2×2×2 superstructure is experimen-40

tally identified [14, 18, 21, 22], the nature of the CDW41

and its interplay with the lattice degree of freedom are42

under rigorous investigations.43

Figures 1a and b show the crystal structure of AV3Sb5,44

which has a space group No. 191 (P6/mmm). The V-45

Sb slab interlaces with the alkali triangle network along46

the crystal c-axis. Structurally, there are two Sb posi-47

tions: Sb1 is located at the center of the V-hexagon and48

Sb2 is sitting above and below the V-triangles. Den-49

sity functional theory (DFT) calculations found that the50

ideal kagomé structure is energetically unstable and fa-51

vors an inverse star-of-David (ISD) structure at zero52

temperature [12]. While the ISD distortion of the two-53
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dimensional kagomé lattice preserves the D6h symme-54

try, recent scanning tunneling spectroscopy (STS) studies55

found that the CDW superlattice peaks break the six-56

fold rotational symmetry (Fig. 1d), suggesting a chiral57

CDW or electronic nematicity [10, 15, 18, 28–30]. Mag-58

netoresistence measurements also found evidence of C259

symmetry that persists into the superconducting phase60

[15, 30, 31]. Moreover, as we show in Fig. 1e, unlike well-61

known CDW materials [23–27, 32–34], CDW in AV3Sb562

fails to induce acoustic phonon anomalies near the CDW63

wavevector, QCDW, indicating a strong commensurabil-64

ity effect [18]. Here, we explore the CDW by numerically65

and analytically assessing the structural responses below66

TCDW in AV3Sb5. We show that the three-dimensional67

ISD structure yields a diffraction pattern that is con-68

sistent with x-ray scattering (XRD) and STS measure-69

ments [9, 10, 18, 28, 29]. Our analysis supports a CDW70

in AV3Sb5 that preserves the D6h in the kagomé-plane.71

However, due to the phase shift between kagomé layers,72

the CDW breaks the sixfold rotational symmetry, C6,73

and strongly modifies the CDW superlattice peak inten-74

sities. Finally, we show that the coupling between CDW75

and lattice distortion yields a weak first order phase tran-76

sition [21, 35] that may be responsible for the absence of77

acoustic phonon anomaly in AV3Sb5 [18].78

The diffraction intensity follows, I(Q) = |F (Q)|2,79

where F(Q) is the scattering amplitude. For a crystalline80

material, F(Q) can be formulated as:81
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Figure 1. Crystal structure and CDW induced lattice distor-
tion of AV3Sb5. (a) and (b) side-view and top-view of AV3Sb5

structure. DFT calculations find that the star-of-David (SD)
is a local energy minimum at zero temperature, while ISD is
the global minimum. (c) shows the SD and ISD lattice distor-
tion of the V-kagomé lattice. Purple and black arrows show
atomic distortions of V1−6 and V7−12 (see (b)), respectively.
Distortions of V1−6 and V7−12 are out-of-phase. The ISD
pattern corresponds to V1−6/V7−12 moving toward/outward
the center of the V-hexagon. (d) reproduces the STS deter-
mined CDW peak intensity near Q=0 [10]. The inset shows
the Bragg (green) and CDW (purple) peaks in the momen-
tum space. The coordinates are shown in reciprocal lattice
units. (e) shows the longitudinal acoustic phonon dispersion
at 300 and 50 K [18]. The dashed curves show acoustic phonon
anomalies that are expected for strong electron-phonon driven
CDW [23–27].

F (Q) =

lattice︷ ︸︸ ︷∑
R

eiQ·Rn

unit cell︷ ︸︸ ︷∑
j

fj(Q)eiQ·rj = δQ=G

unit cell︷ ︸︸ ︷∑
j

fj(Q)eiQ·rj

(1)
where Rn and G are real and reciprocal lattice vectors,82

respectively. rj is the jth atomic position in the unit83

cell. Q is the total momentum transfer and fj(Q) is84

the atomic form factor, which is derived from a Fourier85

transformation of local density of state (see Appendix A86

for more details). Below TCDW, the formation of CDW87

distorts the high-temperature structure and gives rise to88

superlattice peaks at Q=QCDW.89

We first consider the DFT predicted ISD distortions90

of V-kagomé lattice. Figure 2a schematically shows the91

ISD distortion, where V1−6 and V7−12 are breathing out-92

of-phase with respect to the center of V-hexagon. Fig-93

ure 2b shows the simulated diffraction pattern of ISD94

shown in Fig. 2a. The units and directions of the mo-95

mentum space are shown in Fig. 1d. The scattering re-96

gion is chosen to match previous XRD measurement at97

L=0 plane [9, 18], which captures in-plane atomic dis-98

tortions. Remarkably, we find that ISD reproduces the99

key feature of the experiment [9, 18], i.e., the CDW peak100

intensity is significantly larger at Q=(Odd, Int+0.5, 0)101

or (Int+0.5, Odd, 0), than at Q=(Even, Int+0.5, 0)102

or (Int+0.5, Even, 0), where Even/Odd and Int rep-103

resent even/odd integers and integers, respectively. As104

a comparison, we also calculate two more CDW diffrac-105
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Figure 2. CDW induced lattice distortions in real space and
their corresponding diffraction patterns in momentum space.
(a) and (b) ISD distortion on V-kagomé sublattice. (c) and
(d) V-stretching distortion on V-kagomé sublattice, both of
which preserve the D6h symmetry in the kagomé plane. (e)
and (f) Sb1/Cs distortion that has C3h symmetry. In the
diffraction calculations, the lattice distortions were set to be
1% deviating from the original positions. The units and di-
rections of the momentum space are shown in Fig. 1d. The
size of the dots proportional to the intensity of the diffraction
pattern.

tion patterns: (i) the V-stretching shown in Fig. 2c, cor-106

responding to an in-phase breathing of V1−6 and V7−12
107

and preserving the D6h symmetry; and (ii) the inversion-108

symmetry breaking Cs/Sb1 distortion with C3h symme-109

try as shown Fig. 1e. Apparently, these lattice distor-110

tions are incompatible with the empirical selection rules111

and can be excluded for AV3Sb5. To understand the112

XRD pattern, we calculate the diffraction amplitude of113

V-kagome lattice:114

F (Q) = 2{cos(πH(1 + δ)) + cos(πK(1 + δ))+

cos(π(H −K)(1 + δ)) + cos(π(H +K)(1 + ε))+

cos(π(2H −K)(1 + ε)) + cos(π(2K −H)(1 + ε))}
(2)

where δ and ε correspond to V 1−6 and V 7−12 distor-115

tions, respectively. We assume |δ|, |ε| � a0 = 5.4949Å,116

which are justified by previous XRD measurement, where117

the CDW superlattice peaks are 3∼5 orders smaller than118

their nearby fundamental Bragg peaks [18]. Expanding119

Eq. 2 to the order of O(δ, ε):120

F (Q) ∝

{
(H − 2K)(δ + ε) (even, Int+ 0.5, 0)

H(δ + 3ε) (odd, Int+ 0.5, 0)
(3)

For ISD, ε and δ have opposite sign with (δ + ε) ∼121

0. Therefore, the CDW superlattice peaks at (even,122

Int+0.5, 0) are nearly vanishing. We shall note that123

the star-of-David (SD) distortion [12, 22] also captures124

the main feature of XRD measurement with subtle dif-125

ferences from ISD structure (see Appendix C). A more126
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Figure 3. C2 CDW peak intensity. (a) and (b) show cal-
culated CDW superlattice peak intensity at L=1.5 and 2,
respectively. (c) shows the fundamental Bragg peak inten-
sity. The calculation is based on the theoretically refined ISD
structure [12]. The size of the dots are proportional to the
intensity of the diffraction pattern.

detailed x-ray diffraction measurement and structure re-127

finement are required to distinguish between these two128

patterns [12].129

Since the two-dimensional ISD/SD has the D6h sym-130

metry, the CDW superlattice peaks are expected to show131

C6 symmetry. Indeed, based on Eq. 1 and the ISD/SD132

distortion, we find that:133

F (0.5, 0, 0) = F (0, 0.5, 0)

= F (−0.5, 0.5, 0) ≈ −2π(δ + ε)
(4)

The C6 symmetry of the CDW superlattice peak is, how-134

ever, incompatible with recent STS studies, where only135

a C2 symmetry is observed [10, 18, 28, 29]. As we con-136

tinue to show below, when CDW is three-dimensional137

(3D), as reported by recent experimental studies [16, 18,138

21, 22, 36], the C6 symmetry of the CDW peak inten-139

sity naturally breaks down to C2 symmetry. To show the140

rotational symmetry breaking, we use the theoretically141

refined 2×2×2 ISD structure of AV3Sb5 [12]. Due to the142

π phase shift between adjacent kagomé layers, the crystal143

symmetry is lowered from D6h to D2h [7]. Figure 3a and144

b show the calculated CDW superlattice peak intensity145

at L = 1.5 and L = 2, respectively. In agreement with146

STS studies [16, 18, 21, 22, 36], the CDW superlattice147

peak intensity only shows C2 symmetry. In contrast, the148

fundamental Bragg peak only weakly breaks the C6 sym-149

metry due to small lattice distortions. We note that in150

our simulation, the fundamental Bragg peak intensity is151

three-orders larger than the CDW peak intensity.152

Theoretically, three types of CDW order parameters153

are predicted for AV3Sb5, the onsite CDW, bond CDW154

and imaginary bond CDW involving flux or loop cur-155

rents [4, 5, 7, 36, 37]. Due to finite electron-phonon cou-156

pling, CDW patterns have to respect the point group157

symmetry of the lattice. For instance, the Sb/Cs1 dis-158

tortion shown in Fig. 2e is derived from an onsite CDW159

with C3h symmetry [37]. Our simulations demonstrate160

that the DFT calculated 2×2×2 superstructure at zero161

temperature is consistent with experimental observations162

and therefore support a CDW with D6h symmetry in163

the kagomé plane. Furthermore, as shown in Fig. 2a-164

d, the anti-phase breathing of V1−6 and V7−12 puts an-165

other constraint on the CDW pattern in AV3Sb5 [37].166

Our results, however, do not explain the observed chiral167

CDW peak intensity in AV3Sb5 [10]. Indeed, the chiral168

CDW keeps the D6h symmetry of the kagomé plane [4]169

and hence cannot be distinguished by non-resonant x-ray170

scattering. Instead, the V L-edge resonant x-ray scatter-171

ing, which selectively enhance electronic excitions from172

V 3d-orbital, might be a sensitive probe for this novel173

electronic order parameter [38].174

Finally, we explore how lattice distortion intertwines175

with the CDW transition. Previous DFT calculations176

[12] found that the lattice energy is asymmetric with re-177

spect to the lattice distortion, η, at zero temperature178

(Fig. 4). Since CDW always couples with lattice distor-179

tions through finite electron-phonon coupling, the asym-180

metric lattice-distortion energy adds a cubic term in the181

CDW free energy and leads to a weak first order phase182

transition. To elaborate it further, we consider an Ising-183

type Landau free energy on a two-dimensional kagomé184

lattice:185

F (T, ψ)− F0 = A(T )ψ2 − Cψ3 +Bψ4 (5)

where ψ ∼ ∆CDW ∼ η. Note the linear term in Eq. 5186

can be removed by a linear transformation of ψ. ∆CDW187

is the CDW gap in single particle spectral function. C188

is a constant that is proportional to the electron-phonon189

coupling strength. The hysteresis of the first order phase190

transition is, ∆T = C2

4AB . Experimentally, ∆T ∼1 K191

[21, 35], suggesting a weak electron phonon coupling in192

AV3Sb5. Indeed, the calculated electron-phonon cou-193

pling constant from ref. [12] is in the weak coupling194

regime and between 0.3-0.46 for AV3Sb5, supporting our195

conclusion. Due to the weak first order phase transi-196

tion, the change of the lattice dynamics is discontinuous197

near TCDW and possibly intervenes the softening of the198

CDW phason mode. Together with the strong commen-199

suratbility effect of the 2×2×2 CDW, the phason gap200

may remain large above TCDW and failed to yield acous-201

tic phonon softening near the CDW wavevector [18]. It202

is important to note that the first-order CDW transi-203

tion is also possible in a pure electronic model without204

electron-phonon coupling [6, 7]. In this scenario, neither205

the CDW phason mode nor the acoustic phonon mode206

soften by cooling towards the TCDW.207

In summary, we explored the intricate interplay be-208

tween lattice geometry and CDW in kagomé metal209

AV3Sb5. We prove that the ISD distortion reproduces210

the XRD and STS measurements. We showed that the211

coupling between lattice distortions and CDW induces212

a weak first order transition without continuous phonon213

softening in AV3Sb5.214
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Appendix A: Atomic structure factor240

The atomic form factor is a Fourier transform of a241

spatial density distribution of the scattering object. It242

is defined as:243

f(Q) =

∫
ρ(r)eiQ·rd3r (A1)

where ρ(r) is the real space electron density. For non-244

resonant x-ray scattering, the atomic form factor is well245

approximated by a sum of Gaussians of the form:246

f(Q) =

4∑
i=1

aiexp(−bi(
Q

4π
)2) + c (A2)

The coefficients in Eq. A2 can be found in [39]. When247

considering the lattice vibrations, the atomic form factor248

will be modified to:249

fDW (Q) = f(Q)e−
1
2Q

2〈u2
Q〉 ≡ f(Q)e−M (A3)
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Figure 5. Simulated diffraction intensity. (a) V-SD distortion
and (b) V-ISD distortion. In the diffraction calculations, the
lattice distortions were set to be 1% deviating from the orig-
inal positions. The size of the dots are proportional to the
intensity of the diffraction pattern.

where 〈u2Q〉 is the time averaged mean of squared atomic250

displacement. In our calculation, Debye-Waller factor251

has been neglected.252

Appendix B: Structural domain253

We consider the 2×2×2 superstructure which involves254

a π-phase shift between the ISD distorted kagomé layers.255

Assuming the scattering pattern of the two-dimensional256

ISD structure is I2×2(Q), the scattering intensity of257

2×2×2 can be written as:258

I2×2×2(Q) = I2×2(Q) ∗ |(1 + eiQ·T)|2 (B1)

where Ta,b,c =(1, 0, 1) or (0, 1, 1) or (1, -1, 1) in the high259

temperature reciprocal lattice unit. For a measurement260

in a single structural domain, such as STS, Eq. B2 post261

strong selection rule. For instance, take Ta =(1, 0, 1),262

the CDW peak at (0.5, 0, 0) is actually forbidden. For263

a measurement that covers multiple domains, such x-ray264

measurement:265266

I2×2×2(Q)

= I2×2(Q) ∗ (|1 + eiQ·Ta |2 + |1 + eiQ·Tb |2 + |1 + eiQ·Tc |2)

∝ I2×2(Q)
(B2)

Therefore, the CDW superlattice peaks determined by267

multi-domain measurements will be similar to the 2×2268

CDW.269

Appendix C: Star-of-David distortion270

Figure 5 compares diffraction patterns of SD and ISD271

distortions. While both distortions capture the empirical272

diffraction selection rules, SD and ISD show subtle dif-273

ferences, for instance, the relative intensity between (H,274

13.5, 0) and (H, 12.5 0) are opposite for SD and ISD.275
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