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Structure of the kagome superconductor CsV3Sb5 in the charge density wave state
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The structure of charge density wave states in AV3Sb5 (A = K, Rb, Cs) kagome superconductors remains
elusive, with three possible 2a × 2a × 2c candidates: trihexagonal, star-of-David, and their mixture. In this study,
we conducted a systematic first-principles investigation of the nuclear quadrupole resonance (NQR) and nuclear
magnetic resonance (NMR) spectra for the 2a × 2a × 2c CsV3Sb5 structures. By comparing our simulations with
experimental data, we have concluded that the NQR spectrum indicates the trihexagonal structure as the proper
structure for CsV3Sb5 after its charge density wave phase transition. The NMR calculation results obtained from
the trihexagonal structure are also consistent with the experimental data.
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As one of the star materials in condensed matter physics,
kagome materials are an important platform for investigating
the interplay between correlation, topology, and geometric
frustration. The recent discovery of kagome superconductors
(SCs), AV3Sb5 (A = K, Rb, Cs), has taken the study of
kagome physics to a new level [1–14]. Many intriguing phe-
nomena have emerged in AV3Sb5, including the anomalous
Hall effect (AHE) [12–14], pair density wave (PDW) [6], elec-
tronic nematicity [8], and possible evidence of time-reversal
symmetry breaking from muon spin spectroscopy (μSR) mea-
surements and optical rotation probes [9–11,15–20].

In addition to the superconductor transition at Tc around
1–2 K, AV 3Sb5 also exhibits another structure, a charge
density wave (CDW) intertwined with a first-order transi-
tion at Ts around 80–100 K [2–4]. Various techniques have
been employed to determine the low-temperature structure of
AV3Sb5, including high-resolution X-ray diffraction (XRD)
[2,3,21–24], nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) [25–28], Raman spectroscopy
[21], second harmonic generation (SHG) [11], scanning
tunneling microscopy (STM) [5,10,29], and angle-resolved
photoemission spectroscopy (ARPES) [30]. However, the true
structure of AV3Sb5 remains controversial, and even similar
experimental results can be interpreted in conflicting ways
[27,28]. Therefore, theoretical interpretation and numerical
simulations of the experiments are urgently needed.

In this study, we systematically investigated the NQR and
NMR spectra for various possible structures of AV3Sb5 using
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first-principles calculations. Our simulations generated dis-
tinct spectral shapes for a range of structures. By comparing
these simulated spectra with experimental measurements, we
have identified the trihexagonal (TrH) structure as the most
likely content, rather than the star-of-David (SoD) structure
and the recently proposed SoD-TrH mixture structure.

The pristine AV3Sb5 structure is a layered structure of V-Sb
sheets intercalated by A atoms with space group P6/mmm
[1,2], as shown in Figs. 1(a) and 1(b). In the V-Sb layer, the
V atoms form a standard kagome lattice with additional Sb
atoms located at the hexagonal center of the V kagome lattice.
Above and below the V-Sb layer, there are two honeycomb
lattice planes formed by out-of-plane Sb atoms situated above
and below the centers of the V triangles in the kagome plane.
The remaining A atoms form another triangular lattice in
addition to the above layers.

Using ab initio calculations, two negative energy soft
modes were identified around the M and L points in the
phonon spectrum [31–33]. Based on the vibration pattern of
these soft modes, two possible distorted structures for the
V layers were proposed: the trihexagonal (TrH) and star-
of-David (SoD) patterns [31–33]. In the SoD structure, V
atoms are shrunk into a star-of-David or hexagram pattern,
as shown in Fig. 1(c). The TrH structure, on the other hand,
consists of two different components: small triangles and
large hexagons, as illustrated in Fig. 1(d). The small tri-
angles form a honeycomb lattice, while the large hexagons
form a triangular lattice. Both distortions enlarge the unit cell
to a 2a × 2a unit cell, as experimentally confirmed [10,21–
24]. From a point group perspective, both structures still
have the D6h point group. Therefore, experimental techniques
based on symmetry principles cannot directly differentiate be-
tween them. However, NQR and NMR, which probe the local
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FIG. 1. (a) Axonometric view of the pristine crystal structure
of CsV3Sb5. (b) Top view of the pristine crystal structure. (c) Top
view of the 2a × 2a SoD structure. (d) Top view of the 2a × 2a TrH
structure. The moving directions of the three V atoms directly below
Sb6 are also shown in (c) and (d). (e) 2a × 2a × 2c pure TrH. (f)
2a × 2a × 2c pure SoD. (g) 2a × 2a × 2c TrH/SoD mix structure.
Only the V kagome layer is shown in (e) and (g).

environment of the atoms, provide a unique way to determine
the structure of AV3Sb5.

In addition to the in-plane distortion, AV3Sb5 also un-
dergoes a transition along the c direction. The structural
transitions in KV3Sb5 and RbV3Sb5 have been experimentally
confirmed to be 2a × 2a × 2c [10,21]. However, the structure
of CsV3Sb5 is still under debate, with proposed structures of
2a × 2a × 2c or 2a × 2a × 4c [21–24]. Since our calculations
cannot settle this debate, we will focus only on the 2a × 2a ×
2c structure in our discussion. Within this scope, we will use
Cs as an example. We also performed NQR calculations for K
and Rb (Tables XIII–XVI) and find that the different alkali
metal atoms do not impact our main results. With various
proposals, we can construct three 2a × 2a × 2c structures:
TrH/TrH, SoD/SoD, and TrH/SoD mixture, as illustrated in
Figs. 1(e)–1(g). In all the cases, we shift the C6 center by one
lattice constant to fulfill the 2c modulation between each layer.
In the following discussion, we will only label them as TrH,
SoD, and Mix to simplify our notations.

In NQR and NMR spectra, the number, height, and position
of peaks are key pieces of information for determining the
crystal structure. The number of peaks reflects how many
kinds of nonequivalent atoms are present in the material. The
ratio of the heights of the peaks should be exactly equal to the

FIG. 2. Nonequivalent atoms of TrH. (a) Nonequivalent V atoms.
(b) Nonequivalent Cs atoms. (c and d) Nonequivalent Sb atoms. In
order to make the figures clear, in (a) only one V kagome plane is
shown, in (b) only one V kagome plane and the closest Cs plane are
shown, in (c) only one V kagome plane and Sb1–3 atoms in the plane
are shown, and in (d) only two V kagome planes and Sb4–6 atoms
adjacent to the upper V kagome plane are shown.

ratio of the number of each kind of atom. The positions of the
peaks reflect the local structural information of each kind of
atom in the material. Therefore, a systematic analysis of the
crystal structure is first needed.

Due to the distortion in the c direction, the sixfold rotation
symmetry is broken. The pure TrH and pure SoD bilayer
structures belong to space group Fmmm, while the Mix struc-
ture belongs to space group Cmmm. In the pristine structure
above Ts, the three V atoms are equivalent, while the five Sb
atoms are divided into two groups: one in-plane Sb1 atom and
four out-of-plane Sb2 atoms.

After the charge density wave phase transition, the equiv-
alent class of atoms in AV3Sb5 largely changes. In the 2a ×
2a × 2c TrH structure, there are two types of Cs atoms, four
types of V atoms, and six types of Sb atoms [as shown in
Figs. 2 and 5(a)]. The ratio of Cs atoms is Cs1:Cs2=1:1, while
the ratio of V atoms is V1:V2:V3:V4=2:2:1:1, and the ratio of
Sb atoms becomes Sb1:Sb2:Sb3:Sb4:Sb5:Sb6=2:1:1:8:4:4.
V1 and V3 belong to the large hexagon, while V2 and V4
belong to the triangle in the TrH configuration. Sb1, Sb2, and
Sb3 are located in the kagome plane and derive from Sb1 in
the pristine structure, while Sb4, Sb5, and Sb6 are out of the
plane and derive from Sb2 in the pristine structure. Sb4 and
Sb5 are next to the hexagon, and Sb5 is directly above the V
triangle. Sb6 is also directly above the triangle, but it is much
closer than Sb5.

In the 2a × 2a × 2c SoD structure, the situation is the same
as TrH [as shown in Fig. 5(b)]. Despite the size of the dis-
tortion, the only difference between the two structures is that
the displacement direction of all V atoms in SoD is opposite
to that in TrH [31]. For the 2a × 2a × 2c Mix structure, the
pattern of adjacent kagome planes is different. Hence, there
are more different kinds of nonequivalent atoms than TrH and
SoD. For Cs atoms, the number becomes three. For V and
Sb, these numbers are doubled [as shown in Fig. 5(c)]. The
ratio of Cs atoms becomes Cs1:Cs2:Cs3=1:2:1. For V atoms,
this ratio is V1:V2:V3:V4:V5:V6:V7:V8=2:2:1:1:2:2:1:1,
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and for Sb atoms, the ratio is Sb1:Sb2:Sb3:Sb4:Sb5:
Sb6:Sb7:Sb8:Sb9:Sb10:Sb11:Sb12=2:1:1:8:4:4:2:1:1:8:4:4.

Equipped with the above information, we can now present
our computational results of the NQR spectra and compare
them with the experimental results [27,28]. The elementary
principle of NQR is based on the electric quadrupole moment
Q of the nucleus. This quadrupole moment arises from the
nonspherical charge distribution of a nucleus with a spin
quantum number I greater than 1/2 [34]. The quadrupole
moment couples to the electric field gradient generated by the
electronic bonds in the surrounding environment, resulting in
the splitting of the nucleus energies. These energy splittings
can be detected through rf magnetic fields, as in NMR spec-
troscopy [34]. Therefore, NQR can be utilized to determine
the distortion in the crystal structure.

The quadrupole interaction is described by an effec-
tive Hamiltonian [35, Chap. 10, pp. 496–497, (10.56), and
(10.57)]:

HQ = eQVzz

4I (2I − 1)

[(
3I2

z − I2
) + 1

2
η(I2

+ + I2
−)

]
, (1)

where Vzz is defined as the maximum eigenvalue of the electric
field gradient tensor, and η = |(Vxx − Vyy)/Vzz| is the asymme-
try parameter. We focus on the experimentally available 121Sb
in the NQR spectra. For 121Sb, Q = −54.3 × 10−30 m2 and
I = 5/2. Since I = 5/2, two peaks can be detected experi-
mentally for each kind of nonequivalent Sb atom, belonging to
|±1/2〉 ↔ |±3/2〉 and |±3/2〉 ↔ |±5/2〉 transitions. Here,
we only consider the transition |±1/2〉 ↔ |±3/2〉.

Another important quantity in NQR is the quadrupole
resonance frequency νQ, which is defined as νQ = 3eQVzz

2I (2I−1)h
[25,27,28]. The energy difference between the two states is
denoted as �E , and f satisfies h f = �E corresponding to the
frequency. When η = 0, the absolute value of the quadrupole
resonance frequency is equal to the frequency corresponding
to the transition |±1/2〉 ↔ |±3/2〉. However, in most cases,
η is a small value, and second-order perturbation theory can
be used to calculate f when η �= 0 (see Appendix):

f =
(

1 + 59

54
η2

)
|νQ|. (2)

For the first-principles calculations, we utilize the all-
electron augmented plane wave (APW) basis set [36–38]
implemented in the package [39]. The NQR calculation in
WIEN2K is described in Chapter 6.4 of Ref. [40].

We found that the calculated NQR spectra for the four dif-
ferent crystal structures in Figs. 1(a) and 1(e)–1(g) depend on
the lattice parameters and the lengths of each chemical bond
in each structure. However, we need to point out that the main
feature used to distinguish SoD from TrH does not depend
on these factors, which will be discussed later. Therefore, we
first need to find suitable crystal structures. For the undistorted
pristine structure, we used the experimental structure. For
the three candidate distorted structures, since there are no
completely uncontroversial experimental data available, one
option is to use the optimized results from density functional
theory (DFT) calculations. The DFT structure optimization
test showed that the lattice parameters in the kagome plane
hardly changed (less than 0.01 Å compared to twice the undis-
torted experimental values), and the lattice parameter in the

FIG. 3. The NQR spectra for experimental and calculated results.
(a) Experimental spectrum at 85K (below Ts) [27]. (b) Calculated
spectrum of relaxed 2a × 2a × 2c TrH. (c) Calculated spectrum of
relaxed 2a × 2a × 2c SoD. (d) Calculated spectrum of relaxed 2a ×
2a × 2c mixture structure. For comparison purposes, the calculated
results are shifted by +4.7 MHz.

direction perpendicular to the plane did not change much (less
than 0.05 Å compared to twice the undistorted experimental
values). Therefore, as a reliable approximation, we took the
lattice parameters of these three 2a × 2a × 2c structures to be
twice the undistorted experimental values, and then optimized
the internal coordinates. In the main text, we used the relaxed
crystal structures to calculate the NQR spectra, which are
shown in Figs. 3(b)–3(d). We then compared them with the ex-
perimental results [27] [see Fig. 3(a)]. Recently, another study
also provided some experimental refined structure models
using single-crystal X-ray crystallographic refinements [24].
These experimental structures were also used to calculate the
NQR parameters, which are shown in Tables IX and X. The
results for the pristine structure are shown in Figs. 4(a) and
4(b). All the detailed data, including Vzz, νQ, and η, can be
found in the Appendix. In Figs. 3 and 4, the calculated data
were broadened using the following Lorentzian function:

y = 2

π

w

4(x − xc)2 + w2
, (3)

184106-3



WANG, WU, LI, JIANG, AND HU PHYSICAL REVIEW B 107, 184106 (2023)

FIG. 4. The NQR spectra for experimental results and manually
adjusted 0.01–0.01 TrH. (a) The experimental spectrum [27] at 95K
(above Ts). (b) The calculated spectrum of the pristine structure.
(c) The experimental spectrum [27] at 85K (below Ts). (d) The
calculated spectrum of the 0.01–0.01 TrH structure. For comparison
purposes, the calculated results are shifted by +5.75 MHz.

where w = 2
πyc

and (xc, yc) is the coordinate of the top of
the Lorentzian peak. Here, xc is the frequency and yc is the
intensity, which is proportional to the number of atoms.

As shown in Fig. 3, the NQR spectrum of the 2a × 2a × 2c
TrH structure exhibits a closer match to the experimental
results, albeit with a constant frequency shift. However, it is
important to note that the decision to exclude the other two
structures was not solely based on the resemblance between
the calculated and experimental spectra. Here, we will first
examine the main distinguishing feature in the calculated
NQR spectra of TrH and SoD, which is insensitive to lattice
parameters and bond lengths. Based on this feature, we will
then determine which type of NQR spectrum the experimental
results belong to.

The main distinguishing feature between the calculated
NQR spectra of TrH and SoD is the relative positions of the
Sb4, Sb5, and Sb6 peaks, all of which arise from Sb2 in the
pristine structure. These three kinds of Sb atoms are located
outside the kagome plane, with each Sb atom having three
nearest-neighbor V atoms inside the adjacent kagome plane.
In TrH, the Sb6 peak appears at a higher frequency than Sb4
and Sb5 [Fig. 3(b)]. On the other hand, for SoD, the situation
is reversed [Fig. 3(c)]. This difference can be explained by
the displacement directions of the three V atoms closest to

TABLE I. Asymmetry parameters η for Sb atoms in calculated
NQR spectra.

Sb1 Sb2 Sb3 Sb4 Sb5 Sb6

Calc. pristine 0 0 − − − −
Calc. relaxed TrH 0.069 0.068 0 0.129 0.131 0.003
Calc. relaxed SoD 0.045 0.047 0 0.093 0.09 0
Calc. Expt. TrH [24] 0.035 0.022 0.037 0.04 0.039 0.007
Calc. Expt. SoD [24] 0.036 0.022 0.038 0.035 0.041 0.001

Sb6. In TrH, the three V atoms are closer to Sb6 and form
a triangle [Figs. 1(d) and 2(d)], whereas in SoD, the three V
atoms are further away from Sb6 [Fig. 1(c)]. However, for
any Sb4 or Sb5 atom, two of the three V atoms move in a
direction perpendicular to the V-Sb bond. Therefore, in the
TrH structure, Sb6 experiences a larger electric field gradient
than Sb4 and Sb5, resulting in a higher frequency of the Sb6
peak than the Sb4 and Sb5 peaks. In contrast, in the SoD struc-
ture, Sb6 experiences a smaller electric field gradient than Sb4
and Sb5, resulting in a lower frequency of the Sb6 peak than
the Sb4 and Sb5 peaks. This result is caused by the inherent
characteristics of the two structures and does not depend on
lattice parameters or bond lengths. For both optimized DFT
structures, experimental structures and other structures, this
result can be observed (see Appendix). To further confirm the
effect of the displacements of the three closest V atoms on
the position of the Sb6 peak in the NQR spectra, we fixed the
displacement of other V atoms and only varied the displace-
ments of V atoms closest to Sb6. As expect, our results show
that when the displacement of V atoms is greater (closer to
Sb6), the Sb6 peak shifts to a higher frequency (Table XI).

After analyzing the computational results, we need to
determine which case the experimental NQR spectrum cor-
responds to. This requires us to be able to assign the peaks
in the experimental results to the corresponding Sb atoms,
especially Sb4, Sb5, and Sb6. Here, we will use the more
convincing indicators of peak height and asymmetry param-
eters (η) to accomplish this task. The calculated η for both
TrH and SoD are shown in Table I, while the experimental
results are listed in Table II. Based on the number of atoms
and the η values, we determine that the highest peak and its
adjacent peak (peak 3 and peak 2 in Table II) in Fig. 3(a)
should originate from Sb4 and Sb5. In previous experimental
reports, the peak with the highest frequency [∼77 MHz in
Fig. 3(a), peak 4 in Table II] has been considered to originate
from Sb1–Sb3 which all arise from Sb1 in pristine structure
due to its close-to-zero η [27,28]. Here, we argue that this
peak should not come from Sb1–Sb3. From the calculation
results of DFT relaxed structures, only Sb3 and Sb6 satisfy

TABLE II. Asymmetry parameters η for Sb atoms in experimen-
tal NQR spectra. The frequency of the peak increases from left to
right.

Peak1 Peak2 Peak3 Peak4

Expt. 95K [27] 0 0 − −
Expt. 85K [27] 0.04 0.07 0.07 0
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TABLE III. NMR Knight shift Kzz for Cs and V atoms in pristine
and manually adjusted 0.01–0.01 TrH structures. The first 0.01 repre-
sents that the displacement of the V atoms that make up the hexagon
is 0.01 Å, and the second 0.01 represents that the displacement of the
V atoms that make up the triangle is also 0.01 Å.

Cs1 Cs2 V1 V2 V3 V4

Expt. 95K (ppm) [25,26] 3300 − 4000 − − −
Calc. pristine (ppm) 2745 − 3856 − − −
Expt. 93K (ppm) [25,26] 3400 2250 3700 4200 − −
Calc. 0.01–0.01 TrH (ppm) 3107 2514 3811 4030 3823 4071

the condition of η equals to zero. However, the proportion of
Sb3 is only 1/8 of Sb4, so it cannot produce such a high peak.
Regarding the experimental structure reported in Ref. [24], the
computational results indicate that only the Sb6 peak has a η

value close to zero (see Tables I or IX and X). In conclusion,
this peak is more likely to originate from Sb6. Consequently,
since the frequency of the Sb6 peak is higher than that of the
Sb4 and Sb5 peaks in the experimental spectrum, we believe
that TrH is a more plausible structure than SoD.

Finally, the calculated NQR spectrum of the Mix struc-
ture is simply a superposition of those of TrH and SoD [see
Fig. 3(d)]. Thus, based solely on the number of peaks, Mix
does not seem to be a suitable structure.

To further support the conclusion that the CDW pattern
below Ts corresponds to TrH, we calculated the NMR Knight
shifts of Cs and V and compared them with experimental
results [25,26].

When a uniform external magnetic field Bext is applied, the
nuclear magnetic moments interact with it, which results in
the nuclear Zeeman effect. The electron magnetic moments
also interact with the nuclear magnetic moments, inducing
an effective magnetic field Bind(R) at position R. When Bext
is not very strong, the relationship between the two fields is
linear, given by

Bind(R) = K (R)Bext, (4)

where K is known as the NMR Knight shift tensor and can be
divided into the orbital and spin parts [35, Chap. 4, p. 87], cor-
responding to the electron orbital magnetic moment and the
electron spin magnetic moment, respectively. In experimental
measurements, the external magnetic field is applied perpen-

TABLE IV. Decomposition NMR Knight shift into orbital term
(Ko), spin Fermi contact term (Kf c), and spin dipolar (Ksd ) term for
pristine and 0.01–0.01 TrH structures.

Ko Kf c Ksd Total

Pristine Cs1 (ppm) −5318 8118 −55 2745
Pristine V1 (ppm) 5613 −2366 609 3856
TrH-Cs1 (ppm) −5276 8395 −12 3107
TrH-Cs2 (ppm) −5293 7859 −52 2514
TrH-V1 (ppm) 5644 −2390 557 3811
TrH-V2 (ppm) 5743 −2245 532 4030
TrH-V3 (ppm) 5635 −2406 593 3822
TrH-V4 (ppm) 5753 −2288 606 4071

TABLE V. Detailed NQR parameters for pristine structure.

|Vzz|(×1021 V/m2) η f (MHz)

Sb1 33.547 0 65.979
Sb2 34.813 0 68.47

dicular to the kagome plane, along the z direction. Hence, the
experimental Knight shift data corresponds to the Kzz com-
ponent. The experimental and calculated NMR Knight shift
values Kzz are presented in Table III.

Compared to NQR, the NMR Knight shift is more sensitive
to the crystal structure. Our tests show that even a slight
change in the V-V bond length can lead to a large change in the
spin part of the Knight shift, resulting in significant deviation
from experimental results. Therefore, a relaxed crystal struc-
ture that still has a certain gap with the real structure is not
suitable for NMR calculation. We either use the experimental
2a × 2a × 2c TrH structure in Ref. [24] or manually adjust the
distortion. The results of the experimental structure are shown
in Table XVII. We find that the calculated NMR Knight shift
values are very close to the experimental values [25,26], but
four different peaks appear, which is inconsistent with the ex-
perimental result that only has two peaks. Hence, we also try
to use manually tuned structures in NMR calculations. Unlike
the experimental structure, we keep the hexagons as regular
hexagons and the triangles as regular triangles, although the
space group symmetry of the crystal does not guarantee this.
For example, in Table III, we list the results for 0.01–0.01
TrH. The first 0.01 represents the displacement of the V atoms
that make up the hexagons, and the second 0.01 represents
the displacement of the V atoms that make up the triangles,
and the unit is angstrom. The NMR results of some other
manually tuned structures are shown in Table XVIII. For the
DFT relaxed structure, the distortion is around 0.045–0.08.

In order to maintain consistency of the structures used for
NMR and NQR calculations, the manually tuned structure
0.01–0.01 TrH is also used to calculate the NQR spectra [See
Table XII and Figs. 4(c) and 4(d)]. As expected, this structure
gives the same result as the DFT relaxed TrH structure.

One important point to note is that the 2a × 2a × 2c
TrH crystal structure contains four types of nonequivalent
V atoms, yet only two NMR peaks were experimentally
observed below Ts. The NMR calculation results of the ex-
perimental structure reported in Ref. [24] do not lead to this
conclusion. However, from the calculated results of manually
tuned structures, the four V atoms can be divided into two
groups: one group consists of V1 and V3, which belong to

TABLE VI. Detailed NQR parameters for relaxed 2a×2a×2c TrH.

|Vzz|(×1021 V/m2) η f (MHz)

Sb1 34.385 0.069 67.977
Sb2 34.549 0.068 68.297
Sb3 35.461 0 69.743
Sb4 34.475 0.13 69.068
Sb5 34.398 0.129 68.891
Sb6 37.261 0.003 73.285
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TABLE VII. Detailed NQR parameters for relaxed 2a × 2a × 2c
SoD.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 33.9 0.045 66.825
Sb2 33.844 0.047 66.727
Sb3 34.151 0 67.167
Sb4 35.431 0.093 70.347
Sb5 35.454 0.09 70.345
Sb6 33.327 0 65.547

the hexagon, while the other group consists of V2 and V4,
which belong to the triangle. The Knight shifts for each group
are so close that they cannot be distinguished in experiments,
resulting in only two distinct NMR peaks being observed.

From Tables III and IV, we can see that the calculated
NMR Knight shift values using manually tuned structures
are very close to the experimental NMR results [25,26]. The
pristine structure used in the calculation is the experimental
structure, and the calculated Knight shift values are also close
to the experimental values. Therefore, we have reason to be-
lieve that the real CDW structure has V atom displacements
ranging from about 0.01 Å to 0.015 Å in both hexagons and
triangles, or V-V bond lengths of about 2.735 Å in hexagons
and 2.725 Å in triangles. Notably, the experimental 2a × 2a ×
2c TrH structure in Ref. [24] has V-V bond lengths very close
to those we have proposed here.

For both pristine and representative 0.01–0.01 TrH struc-
tures, the total NMR Knight shift is decomposed into the
orbital term, spin Fermi contact term, and spin dipolar term.
The detailed values are presented in Table IV. From Table IV,
it is evident that the main contribution to the NMR Knight
shift for Cs atoms is the spin Fermi contact term, which may
be due to the large paramagnetic contribution from the spin-
polarized valence s electrons of Cs. However, for V atoms,
the main contribution comes from the orbital term, which is
also consistent with the experimental findings [26]. It is worth
noting that the spin contact term is diamagnetic for V atoms,
which is uncommon except for transition metal elements. This
is due to the external magnetic field inducing a sizable V 3d

TABLE VIII. Detailed NQR parameters for relaxed 2a ×
2a × 2c Mix.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 34.041 0.082 67.439
Sb2 33.816 0.081 66.982
Sb3 35.393 0 69.611
Sb4 34.893 0.131 69.915
Sb5 34.962 0.132 70.069
Sb6 37.814 0.002 74.372
Sb7 33.659 0.054 66.41
Sb8 33.762 0.044 66.544
Sb9 34.295 0.006 67.454
Sb10 36.145 0.097 71.817
Sb11 35.665 0.107 71.027
Sb12 33.605 0.021 66.127

TABLE IX. Detailed NQR parameters for experimental 2a ×
2a × 2c TrH.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 33.006 0.035 65.004
Sb2 32.998 0.022 64.935
Sb3 33.155 0.037 65.308
Sb4 34.059 0.04 67.106
Sb5 34.041 0.039 67.063
Sb6 35.319 0.007 69.468

spin-magnetic moment, which introduces a large core polar-
ization of opposite sign [41,42]. Because of the anisotropy of
the crystal field for V atoms, the spin dipolar term also has a
significant contribution mainly from V 3d electrons. Overall,
our NMR calculations also support the TrH as the correct
CDW structure below Ts.

In summary, we conducted a systematic first-principles
study of CsV3Sb5 using NQR and NMR spectroscopy.
We considered three possible 2a × 2a × 2c structures—TrH,
SoD, Mix, and the pristine structure—to obtain 121Sb NQR
spectra by calculating the NQR electric field gradients and
asymmetry parameters. The main feature in 121Sb NQR spec-
tra is determined by the relative positions of the Sb4 and
Sb5 peaks to the Sb6 peak, which all come from Sb2 in the
pristine structure. Comparing our results with experimental
measurements [27,28], we conclude that the TrH structure
is more likely to be the correct structure. To further confirm
this result, we calculated the NMR Knight shift for the TrH
structure and the pristine structure. Although the TrH structure
has four nonequivalent V atoms, if the hexagons and trian-
gles mentioned are regular hexagons and equilateral triangles,
respectively, they can be divided into two groups based on
whether they belong to the hexagon or triangle. Within each
group, two kinds of V atoms have a very close Knight shift,
which can account for only two V NMR peaks appearing in
the experiments below Ts [25,26]. Therefore, our calculations
demonstrate that within the 2a × 2a × 2c range, TrH should
be the right structure below Ts for CsV3Sb5, and possibly for
all AV3Sb5 materials, but not the SoD [28] or the coexistence
of TrH and SoD [23,43]. We also want to mention that our cal-
culations do not settle the debate between 2a × 2a × 2c and
2a × 2a × 4c in CsV3Sb5 [22–24,44], which requires further
investigation.

Note that when finalizing this work, we became aware of
another work working on RbV3Sb5 with similar results [45].

TABLE X. Detailed NQR parameters for experimental 2a ×
2a × 2c SoD.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 33.059 0.036 65.112
Sb2 33.005 0.022 64.946
Sb3 32.971 0.038 64.949
Sb4 34.657 0.035 68.252
Sb5 34.655 0.041 68.287
Sb6 33.478 0.001 65.844
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TABLE XI. NQR parameters for Sb6 in different manually ad-
justed 2a × 2a × 2c TrH structures.

|Vzz| (× 1021 V/m2) η f (MHz)

0.01–0.01 35.127 0.005 69.09
0.01–0.015 35.302 0.007 69.436
0.01–0.02 35.52 0.007 69.862
0.01–0.045 36.128 0.002 71.055
0.01–0.06 36.297 0 71.387
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Cornerstone Investigator Program, and the Chinese Academy
of Sciences through the Youth Innovation Promotion Associ-
ation (Grant No. 2022YSBR-048).

APPENDIX A: THEORETICAL APPROACH

1. NQR

Here, we will outline the basic theory for calculating the
relevant parameters of NQR, such as the electric field gradient
Vzz and the asymmetry parameter η [35, Chap. 10, pp. 486–
497]. When we do not consider the nucleus as a point charge,
the nucleus in different states will have different interaction
energies with the external potential field under the same ex-
ternal potential field. Classically, the interaction energy E of
a charged nucleus with a charge density ρ(r) with an external
potential V (r) can be described as

E =
∫

ρ(r)V (r)d3r. (A1)

We expand V (r) to second order in a Taylor’s series about
the origin:

V (r) = V (0) + r · ∇V |r=0 +1

2

3∑
i, j=1

xix j
∂2V

∂xi∂x j
|r=0 . (A2)

We set the position of a nucleus as the origin. When we
put Eq. (A2) into Eq. (A1), the first-order term

∫
ρ(r)r ·

∇V |r=0 d3r vanishes if the nuclear states possess the definite
parity. Fortunately, all experimental evidence supports this
contention.

TABLE XII. Detailed NQR parameters for manually adjusted
0.01–0.01 2a × 2a × 2c TrH.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 33.538 0.023 66.285
Sb2 33.57 0.023 66.348
Sb3 33.987 0 67.134
Sb4 34.367 0.035 67.975
Sb5 34.298 0.031 67.819
Sb6 35.127 0.005 69.387

TABLE XIII. Detailed NQR parameters for experimental
KV3Sb5 2a × 2a × 2c TrH.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 33.771 0.046 66.573
Sb2 33.705 0.018 66.313
Sb3 34.283 0.038 67.535
Sb4 33.639 0.071 66.521
Sb5 33.324 0.062 65.813
Sb6 34.986 0.019 68.838

It is convenient to define another quantity Qi j :

Qi j =
∫

(3xix j − δi j r
2)ρ(r)d3r. (A3)

The external potential must satisfy the Laplace equation:
∇2V = 0. Defining ∂2V

∂xi∂x j
|r=0= Vi j , the second-order term,

which is also called the quadrupole energy E (2), is given by

E (2) = 1

6

3∑
i, j=1

Vi jQi j . (A4)

It can be quantized by replacing the charge density ρ(r)
with the corresponding quantum mechanical operator:

ρ(r) = e
∑

k

δ(r − rk ). (A5)

Summing over k here means summing over all protons, be-
cause we no longer think of nuclei as point charges. In the
subspace formed by the total angular momentum eigenstates
of the nucleus, using Wigner-Eckart theorem, the quadrupole
energy can be described by an effective Hamiltonian:

HQ = eQVzz

4I (2I − 1)

[(
3I2

z − I2) + 1

2
η(I2

+ + I2
−)

]
. (A6)

The matrix Vi j is symmetric so that it can be simplified
by choosing a set of principal axes in which the matrix is
diagonal. Vzz is defined as the maximum eigenvalue of the
matrix Vi j . η = |(Vxx − Vyy)/Vzz| is asymmetry parameter, in
which Vxx and Vyy are another two eigenvalues. These quan-
tities can be easily computed using DFT. I is the quantum
number of nuclear total spin angular momentum and Q is
the nuclear quadrupole moment, which can be determined by
experiments.

TABLE XIV. Detailed NQR parameters for experimental
KV3Sb5 2a × 2a × 2c SoD.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 33.939 0.056 66.98
Sb2 33.977 0.02 66.855
Sb3 33.711 0.003 66.303
Sb4 34.074 0.06 67.277
Sb5 34.452 0.063 68.053
Sb6 32.841 0.012 64.601
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TABLE XV. Detailed NQR parameters for experimental
RbV3Sb5 2a × 2a × 2c TrH.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 32.961 0.063 65.106
Sb2 33.014 0.015 64.947
Sb3 33.756 0.032 66.467
Sb4 34.147 0.093 67.795
Sb5 33.982 0.093 67.467
Sb6 36.207 0.003 71.211

For 121Sb, I = 5/2. Here, we consider the energy dif-
ference corresponding to the transition |1/2〉 ↔ |3/2〉 when
η �= 0. |−1/2〉 ↔ |−3/2〉 and |1/2〉 ↔ |3/2〉 are the same.

When η is small, H ′ = eQVzzη(I2
+ + I2

−)/[8I (2I − 1)] =
hνQη(I2

+ + I2
−)/12 can be regarded as a perturbation. The

second-order perturbation theory must be used because the
first-order perturbation of energy is zero:

E (2)
1/2=

1

144
h2ν2

Qη2

(
| 〈5/2| I2

+ |1/2〉 |2
E (0)

1/2 − E (0)
5/2

+ | 〈−3/2| I2
− |1/2〉 |2

E (0)
1/2 − E (0)

−3/2

)

= − 16

27
hνQη2 (A7)

E (2)
3/2 = 1

144
h2ν2

Qη2 | 〈−1/2| I2
− |3/2〉 |2

E (0)
3/2 − E (0)

−1/2

= 1

2
hνQη2. (A8)

So, the energy difference is

�E = ∣∣E (0)
1/2 + E (2)

1/2 − E (0)
3/2 − E (2)

3/2

∣∣ = (
1 + 59

54η2
)
h|νQ|.

(A9)

2. NMR

As we describe in the main text, if we apply an uniform
external magnetic field Bext, it will cause an effective induced
magnetic field Bind(R) at the position R. If the Bext is not very
strong, the relationship between the two is linear:

Bind(R) = K (R)Bext, (A10)

where K is called the NMR Knight shift tensor and can be
divided into an orbital part and spin part. In WIEN2K, we
usually use σ = −K as the NMR Knight shift tensor.

TABLE XVI. Detailed NQR parameters for experimental
RbV3Sb5 2a × 2a × 2c SoD.

|Vzz| (× 1021 V/m2) η f (MHz)

Sb1 33.195 0.064 65.577
Sb2 33.105 0.01 65.117
Sb3 32.926 0.031 64.828
Sb4 34.965 0.081 68.769
Sb5 35.192 0.069 69.573
Sb6 33.147 0.01 65.201

TABLE XVII. NMR Knight shift Kzz for Cs and V atoms in
experimental TrH structure.

Cs1 Cs2 V1 V2 V3 V4

Calc. expt. TrH (ppm) 3470 2140 3966 4362 3163 3632

a. Orbital part

In the framework of the first-order perturbation theory,
the orbital part of the induced magnetic field Borb

ind can be
calculated applying the Biot-Savart law [Chap. 4, p. 95(4.32)
35,46]:

Bind(R) = 1

c

∫
jind(r) × R − r

|R − r|3 d3r. (A11)

The orbital motion of the electrons is affected by the Bext.
In the DFT framework, we need to solve the Kohn-Sham (KS)
equation in the external magnetic field to acquire induced
current density jind(r). The KS Hamiltonian in the magnetic
field is

H = 1

2

[
p + 1

c
A(r)

]2

+ V (r), (A12)

where ∇ × A(r) = Bext. In the symmetric gauge, A(r) =
1
2 Bext × r. So the jind(r) is

jind(r) =
∑

o

[
− 1

2
(〈ψo| p |r〉 〈r|ψo〉 − 〈ψo|r〉 〈r| p |ψo〉)

− Bext × r
2c

| 〈r|ψo〉 |2
]
, (A13)

where |ψo〉 is the occupied KS orbital. Compared to the ef-
fective single particle potential V (r), Bext is small. Therefore,
the second-order term of Bext in the KS Hamiltonian can be
ignored and the KS Hamiltonian becomes

H = 1

2
p2 + V (r) + 1

2c
(r × p) · Bext. (A14)

The first-order term H (1) = 1
2c (r × p) · Bext can be regarded

as a perturbation. If |ψ (0)
o 〉 is an unperturbed KS orbital, using

standard density functional perturbation theory (DFPT) [47],
the first-order eigenstate is

∣∣ψ (1)
o

〉 =
∑

e

∣∣ψ (0)
e

〉 〈
ψ (0)

e

∣∣ 1
2c (r × p) · Bext

∣∣ψ (0)
o

〉
Eo − Ee

. (A15)

The sum is running over all the empty KS orbitals. Eo and
Ee are the eigenvalues of |ψ (0)

o 〉 and |ψ (0)
e 〉 with respect to the

unperturbative Hamiltonian, respectively. Putting Eq. (A15)
into (A13) and making it accurate to the first order of Bext, the

TABLE XVIII. NMR Knight shift Kzz for Cs and V atoms in
some other manually adjusted structures.

Cs1 Cs2 V1 V2 V3 V4

Calc. 0.01–0.015 TrH (ppm) 3007 2162 3840 4124 3686 4037
Calc. 0.015–0.01 TrH (ppm) 2984 2378 3818 4068 3788 4060
Calc. 0.015–0.015 TrH (ppm) 2825 1991 3820 4163 3696 4063

184106-8



STRUCTURE OF THE KAGOME SUPERCONDUCTOR … PHYSICAL REVIEW B 107, 184106 (2023)

FIG. 5. The different kinds of nonequivalent atoms of CsV3Sb5. (a) 2a × 2a × 2c pure TrH. (b) 2a × 2a × 2c pure SoD. (c) 2a × 2a × 2c
mixed structure. The left half of the graph contains only Cs atoms and V atoms, and the right half of the graph contains only Sb atoms and
bonds between V atoms.

jind(r) is

jind(r) =
∑

o

[
− 1

2

( 〈
ψ (1)

o

∣∣ p |r〉 〈
r
∣∣ψ (0)

o

〉

− 〈
ψ (0)

o

∣∣r〉 〈r| p
∣∣ψ (1)

o

〉 ) − Bext × r
2c

∣∣ 〈r∣∣ψ (0)
o

〉 ∣∣2
]
.

(A16)

b. Spin part

The spin part of the induced magnetic field Bspin
ind is de-

scribed as [Chap. 4, p. 108 (4.98) and Chap. 4, p. 111 (4.111),
35,41,48,49]

Bspin
ind = 8π

3
mav +

∫
S(r)

r3

3(m(r) · r)r − m(r)r2

r2
d3r,

(A17)

where the first term on the right-hand side of the equation is
the spin Fermi contact term, while the second term is the spin

dipolar term. These terms can be derived by simplifying the
Dirac equation in the presence of an electromagnetic field.
The spin Fermi contact term is related to the average spin
magnetization density (mav) over a region near the nucleus
with a diameter equal to the Thomson radius. This term con-
tributes only when the wave function is nonzero at the nucleus,
which is the case only for wave functions corresponding to the
s electrons in the material. Therefore, the spin Fermi contact
term arises primarily from the s electrons and dominates the
spin part of the calculation. In contrast, electrons other than
s electrons can contribute to the spin dipolar term, which
vanishes for high-symmetry structures. The relativistic cor-
rection factor S(r) and the spin magnetization density m(r)
also appear in the equation.

In WIEN2K, only the contribution from within the atomic
sphere is considered because the contribution from the inter-
stitial region is negligible. If we only consider the contribution
from within the atomic sphere for the spin dipolar term, it can
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be simplified as [48,50,51]

Bsd
ind = 4μB

(2l + 3)(2l − 1)

∑
o

〈ψo| S(r)

r3

[
l (l + 1)s

− 3

2
(l · s)l − 3

2
l(l · s)

]
|ψo〉 , (A18)

where the summation is over all occupied states.

APPENDIX B: COMPUTATIONAL METHOD

In this study, we employed the all-electron APW basis set
[36–38] as implemented in the WIEN2K package [39]. Within
the APW method, the unit cell is partitioned into nonover-
lapping atomic spheres and an interstitial region. The wave
function is expressed as a linear combination of spherical
harmonics inside the spheres and as a linear combination of
plane waves in the interstitial region. The energy cutoff RKmax

was set to the default value of 7, which ensures convergence
in both NQR and NMR calculations.

In the NQR calculation, we used 18 191 k-points and 4104
k-points in the first Brillouin zone for the pristine and three
candidate 2a × 2a × 2c structures, respectively.

In the NMR calculation, we computed the orbital and spin
contributions separately. For the orbital part, we employed a
gauge-invariant perturbation method [46], while for the spin
part, we used a direct self-consistent all-electron approach
[48]. A brief description of these methods is provided above.
The value of the “smearing” parameter has an impact on the
final converged results [41], so we established a benchmark
using the pristine structure, for which we have experimental
data. We chose a smearing parameter of 2 mRy, which yielded

results consistent with the experiments. To ensure both speed
and accuracy, we used 97 556 and 6540 k-points in the first
Brillouin zone for the pristine and TrH structures, respectively.
In the NMR spin part calculation, we used 96 715 and 8646
k-points. We implemented spin-orbit coupling (SOC) in spin
part calculation to set the quantization axis perpendicular to
the kagome plane, in agreement with the experiments.

APPENDIX C: NQR/NMR RESULTS SUPPLEMENT

We present the detailed NQR parameters for the pristine
and three relaxed candidate CDW structures in Tables V–
VIII. The calculated NQR parameters for the experimental
2a × 2a × 2c TrH and SoD structures are shown in Tables IX
and X, respectively. In Table XI, we present the NQR results
for Sb6 in different manually adjusted structures, which sup-
port our statement in the main text. Additionally, we provide
the NQR results for the manually adjusted 0.01–0.01 TrH
structure in Table XII and compare the experimental results
at 95K with the calculated results of the pristine structure
and the experimental results at 85K with the calculated results
of the 0.01–0.01 TrH in Fig. 4. To facilitate comparison, the
calculated results are shifted by +5.75 MHz.

The NQR results of KV3Sb5 and RbV3Sb5 are also calcu-
lated using the experimental structures from Ref. [24], which
can be seen in Tables XIII–XVI.

Furthermore, we report the NMR Knight shift values for
the experimental 2a × 2a × 2c TrH in Table XVII and for
other manually tuned TrH structures in Table XVIII.

APPENDIX D: NONEQUIVALENT ATOMS

Figure 5 displays the different nonequivalent atoms in the
three candidate CDW structures, indicated by different colors.
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