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Tri-Hexagonal charge order in kagome metal CsV3Sb5 revealed by 121Sb NQR
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We report 121Sb nuclear quadrupole resonance (NQR) measurements on kagome superconductor
CsV3Sb5 with Tc = 2.5 K. 121Sb NQR spectra split after a charge density wave (CDW) transition
at 94 K, which demonstrates a commensurate CDW state. The coexistence of the high temperature
phase and the CDW phase between 91 K and 94 K manifests that it is a first order phase transition.
The CDW order exhibits Tri-Hexagonal deformation with a lateral shift between the adjacent kagome
layers, which is consistent with 2×2×2 superlattice modulation. The superconducting state coexists
with CDW order and shows a conventional s-wave behavior in the bulk state.

PACS numbers: 74.25.nj, 71.45.Lr, 76.60.Gv, 76.60.-k

The newly discovered superconductor AV3Sb5 (A =
K, Rb, Cs) possesses a quasi-two-dimensional kagome
structure, which provides a platform to investigate the
interplay of topology, electron correlation effects and
superconductivity[1–5]. They undergo a charge density
wave (CDW) transition at TCDW= 78 K, 103 K, 94 K
and a superconducting transition at Tc=0.93 K, 0.92 K,
and 2.5 K for A = K, Rb, Cs, respectively. The super-
conducting state is found to be spin singlet with s-wave
pairing symmetry in the bulk state[6–8]. STM studies
observed possible Majorana modes[9] and pair density
wave[10] in the surface state. There are also experimen-
tally observed residual density of states in the supercon-
ducting state[11], which may be due to the competition
between the superconductivity and the CDW[11–16].
The CDW order breaks time-reversal symmetry[17–

19] and leads to the anomalous Hall effect in the ab-
sence of magnetic local moments[20–23]. Inelastic x-
ray scattering and Raman scattering exclude strong
electron-phonon coupling driven CDW[24], while opti-
cal spectroscopy supports CDW is driven by nesting of
Fermi surfaces[25]. STM experiment found the CDW
peak intensities at 3Q which breaks six-fold rotational
symmetry[26]. An additional unidirectional 1 × 4 su-
perlattice is observed on the surface[10, 27–29], but
is absent in the bulk state[30]. The “Star of David”
(SoD) and “Tri-Hexagonal” (TrH) structure configura-
tions are proposed to be the likely candidates for CDW
structures[31, 32], as illustrated in Fig.2(b) and (c). SoD
or TrH with a lateral shift between the adjacent Kagome
layer results in a 2×2×2 structure modulation[33]. Den-
sity functional theory calculations show that the TrH de-
formation is preferred[31, 32, 34]. However, there is still
lack experimental evidence whether SoD or TrH defor-

∗ hlei@ruc.edu.cn
† lizheng@iphy.ac.cn

mation is the ground state configuration in the CDW
state.
In this work, we report nuclear quadrupole resonance

(NQR) investigations on CsV3Sb5. The splitting of 121Sb
spectra demonstrates that a commensurate CDW order
forms at 94 K with a first-order transition. Our results
indicate that the charge order has a Tri-Hexagonal defor-
mation which is 2 × 2 period modulation. The shift be-
tween the adjacent kagome layers induces a modulation
in the c-direction and the CDW is a three-dimensional
modulation with 2× 2× 2 period. Spin-lattice relaxation
rate measured at the peak of the CDW state shows a
coherence peak just below Tc, indicating that the super-
conducting state coexists with the CDW order and shows
a conventional s-wave behavior.
Single crystals of CsV3Sb5 were synthesized using the

self-flux method[6]. Superconductivity with Tc = 2.5 K is
confirmed by dc magnetization measured using a super-
conducting quantum interference device (SQUID). The
NQR measurements were performed using a phase co-
herent spectrometer. The spectra were obtained by fre-
quency step and sum method which sums the Fourier
transformed spectra at a series of frequencies[35]. The
spin-lattice relaxation time T1 was measured using a sin-
gle saturation pulse. Crystal structures were visualized
in VESTA[36].
Figure 1 shows the NQR spectra of 121Sb in zero field.

There are two different crystallographic sites of Sb in
CsV3Sb5 with the atomic ratio of Sb1 : Sb2 = 1 : 4.
Sb1 is located in the V-kagome plane, and Sb2 forms a
graphite-like network between V-kagome layers, as shown
in the inset of Fig. 1 and Fig. 2 (a). It is easy to dis-
tinguish Sb2 peaks from Sb1 peaks by the spectral in-
tensity. The nuclear spin Hamiltonian of the interaction
between quadrupole moment Q and the electric field gra-
dient (EFG) is described as

HQ =
hνQ
6

[

(3I2z − I2) +
η

2
(I2+ + I2−)

]

(1)
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FIG. 1. 121Sb-NQR spectra around TCDW. The peaks in the low frequency range are from ±
1

2
↔ ±

3

2
transition and the peaks

in the high frequency range are from ±
3

2
↔ ±

5

2
transition. There are 2 sites of Sb marked by Sb1 and Sb2 above TCDW. Both

peaks of Sb2 split due to non-equivalent sites emerge below TCDW. The notations of Sb1, Sb2′H, Sb2
′′
H and Sb2T are consistent

with Fig. 2(c). The spectra of all temperatures are presented in the supplemental material.

where νQ is the quadrupole resonance frequency along

the principal axis (c-axis), νQ ≡ 3e2qQ
2I(2I−1) , with eq = Vzz .

η is an asymmetry parameter of the EFG, η =
Vxx−Vyy

Vzz

,
where Vxx, Vyy, Vzz are the EFGs along the x, y, z di-
rections respectively. 121Sb with I = 5/2 has two NQR
peaks for each site, | ± 1

2 〉 ↔ | ± 3
2 〉 transition at low fre-

quency and | ± 3
2 〉 ↔ | ± 5

2 〉 transition at high frequency.

Four NQR transition peaks can be clearly identified
above 95 K. Below TCDW = 94 K, the intensity of origi-
nal peaks decreases gradually and four sets of new peaks
emerge, indicating that the CDW transition is commen-
surate and four unequal sites of Sb atoms appear in the
CDW state. The coexistence of two phases between
91 K and 94 K demonstrates that the CDW transi-
tion is of first-order due to a simultaneous superlattice
transition[2]. It is consistent with NMR studies on 51V
which also show coexistent behavior[6, 37, 38]. The peaks
below TCDW are complex and cannot be distinguished by
intensity alone.

Two structure configurations named as “Star of David”

and “Tri-Hexagonal” have been proposed in the CDW
state[31, 32, 34]. We can assign the Sb2H and Sb2T sites
by their symmetry. In SoD configuration, as shown in
Fig. 2 (b), Sb2H is inside the star and Sb2T is outside the
star. In TrH configuration, as shown in Fig. 2 (c), Sb2T is
located at the center of the trigonal V-network and Sb2H
is outside. A lateral shift between the adjacent kagome
layer form modulation on the c−axis[33, 34], which re-
sult in a nematic state with only C2 rotation symmetry
and make Sb2′H site different from Sb2′′H site[39]. The
subscript of “H” denotes the sites around the hexagon
and the subscript of “T” denotes the sites at the triangle
center. The four new peaks in Fig. 1 correspond to these
four sites, Sb1, Sb2′H, Sb2

′′
H and Sb2T. The spin-lattice

relaxation time, T1, is employed to track the evolution of
the peaks. 1/T1T of the peak around 77 MHz evolutes
from Sb1, as shown in Fig. 3. 1/T1T of the peaks around
74 MHz marked by Sb2′H and Sb2′′H are same and evolute
from Sb2, see the Fig. 2 in Ref [6]. The peak around 72
MHz has weak intensity and T1 measurement has large
uncertainty just below TCDW. Fortunately, there is only
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FIG. 2. Perspective view of crystal structures of CsV3Sb5 in
(a) the pristine phase, (b) the star of David phase and (c)
the Tri-hexagonal phase. There is a shift between adjacent
layer in the star of David configuration and the Tri-hexagonal
configuration.

Sb2T site left, so the peak around 72 MHz is attributed
to it. In addition, the asymmetry parameters η can also
be used to distinguish them.

All peak positions are summarized in Fig. 4 (a)(d).
Combining the frequencies of | ± 1

2 〉 ↔ | ± 3
2 〉 transition

and | ± 3
2 〉 ↔ | ± 5

2 〉 transition, νQ and η are calculated,
as shown in Fig. 4(b)(c)(e)(f). The η at all sites is zero
above TCDW, reflecting the isotropy of EFG in the xy-
plane. Below TCDW, η of Sb2 changes to finite values,
indicating the in-plane symmetry is broken and unequal
sites of Sb2 are generated. The slightly decreasing νQ
implies that the main change is not the EFG strength,
but the EFG direction at Sb2 sites. On the other hand,
Sb1 in kagome plane has high symmetry, so the EFG at
Sb1 site changes frequency obviously without asymme-
try. When the electric field modulation period is twice
the lattice constant, the highly symmetrical sites are not
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FIG. 3. Temperature dependence of 121(1/T1T ) of Sb1 site.
1/T1T jumps at TCDW. A Hebel-Slichter coherence peak ap-
pears just below Tc.

affected by the modulation[40], so Sb1 peak does not split
like Sb2 peak.

Next, we will distinguish between the two configura-
tions of TrH and SoD. The CDW has a three-dimensional
modulation and the modulation in c-axis will make
Sb2 plane has different pattern from the kagome plane.
Therefore, the different between TrH and SoD in the
kagome plane should be detected by Sb1 rather than Sb2.
In TrH deformation, V atoms are closer to Sb1 site, so
νQ of Sb1 moves a lot toward high frequency, as shown
in Fig. 4 (b). In SoD deformation, on the other hand,
V atoms move away from Sb1 site, so νQ of Sb1 should
not increase, which is inconsistent with the NQR spectra.
The Sb2H peaks split to Sb2′H and Sb2′′H peaks due to a
lateral shift between adjacent layer in the Tri-hexagonal
configuration. The intensity ratio of two peaks are 1 : 2,
which is consistent with the atoms ratio. NQR frequency
is determined by EFG, so the NQR spectra indicates that
the electronic modulation pattern is formed simultane-
ously with the structural distortion. Our results favor
TrH deformation over SoD deformation and are consis-
tent with 2a × 2a × 2c pattern. If 4a pattern exists, it
should only exist on the surface[30, 32].

νQ and η jump at TCDW and then change gradually
in the CDW state. They remain constant when enter-
ing the superconducting state, indicating the coexistence
of superconductivity and the CDW order. 121(1/T1T )
measured at the peak in the CDW order state shows su-
perconducting transition, as shown in Fig. 3, confirming
the coexistence. 121(1/T1T ) shows a clear Hebel–Slichter
coherence peak just below Tc and then rapidly decreases
at low temperatures, as shown in Fig. 3, indicating that
CsV3Sb5 is a conventional s-wave superconductor. It
is consistent with our previous result measured at Sb2
site[6].
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FIG. 4. Temperature dependence of (a)(d) peak positions, (b)(e) νQ and (f)(g) η of Sb1 site and Sb2 site, respectively. The
vertical dashed lines indicate the transition temperature of CDW.

In conclusion, we have performed 121Sb NQR studies
on CsV3Sb5. The variation of the NQR spectra indi-
cates a first-order commensurate CDW transition occurs
at 94 K. We identified four Sb sites in the CDW state
which give restriction on the CDW order. The charge
order can be understood in terms of Tri-Hexagonal de-
formation with lateral shift between the adjacent kagome
layers, which has a 2 × 2 × 2 period. In the supercon-
ducitng state, 121(1/T1T ) of Sb1 site in kagome planes
shows conventional s-wave behavior, just as 121(1/T1T )
of Sb2 site between kagome planes. The superconducting

phase coexist with CDW order in the bulk state.
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