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Microscopic nature of the charge-density wave in the kagome superconductor RbV;Sbs
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The recently discovered vanadium-based Kagome metals AV;Sbs (A = K, Rb, Cs) undergo a unique phase
transition into charge-density wave (CDW) order which precedes both unconventional superconductivity and
time-reversal symmetry breaking. Therefore the essential first step in building a full understanding of the role of
CDW in establishing these unconventional phases is to unveil the symmetries and the microscopic nature of the
charge-ordered phase. Here, we determine the exact structure of the 2 x 2 x 2 superlattice that develops below
the charge-density wave ordering temperature (Tcpw) in RbV3Sbs. We present a comprehensive set of 'V,
87Rb, and '*!Sb nuclear magnetic resonance (NMR) measurements and density functional theory simulations
of NMR observables to provide a unique site-selective view into the local nature of the charge-ordered phase.
The combination of these experimental results with simulations provides compelling evidence that the CDW
structure prevailing below 103 K in RbV;Sbs is the so-called inverse Star of David pattern, w-shifted along
the ¢ axis. These findings put severe constraints on the topology of these Kagome compounds and thus provide
essential guidance for the development of an appropriate theoretical framework for predicting properties of exotic

electronic orders arising within the CDW phase.
DOI: 10.1103/PhysRevResearch.5.1.012017

Kagome materials have recently attracted extensive in-
terest as they offer a unique possibility to investigate both
the ground and excited states that emerge from the interplay
between a frustrated geometry of the crystalline structure
and a nontrivial band topology [1-13]. In this context, the
vanadium-based kagome materials AV3Sbs (A = Rb, Cs,
K) [14-17] undergo a unique ‘“high-temperature” transition
(ranging from Tecpw € [80-104] K) into a charge density wave
(CDW) state [15,16,18,19] that precedes and thus hosts both a
large anomalous Hall response, and below 7, € [0.9-2.5]K,
unconventional superconductivity [15,16,18,19]. That is to
say two of the least microscopically understood phenomena
of the contemporary physics develop in the same compound.
Furthermore, they are accompanied by other concomitant
symmetry-breaking phases, such as chiral order and/or time-
reversal symmetry breaking, possibly arising from orbital
currents in the CDW state [19-22]. Such symmetry-breaking
phases might be responsible for the anomalous Hall effect
even in the absence of magnetism of electronic origin [17,23].
A crucial first step to understand the microscopic mecha-
nisms underlying these complex phenomena in the Kagome
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materials is to decipher the exact order configuration in the
CDW. Thus far, the CDW configuration has not been com-
pletely assessed. Moreover, previous ARPES+DFT results
suggest that the specific CDW structure is cation (Rb, Cs, K)
dependent [24], which further complicates the matter.

In this work, we focus on RbV3Sbs and unambiguously
identify the ground state structure of the CDW state. We
determine that the 2 x 2 x 2 superlattice associated with the
CDW structure formed below 103 K is the so-called inverse
Star of David pattern, -shifted along the ¢ axis (also known
as staggered trihexagonal).

At room temperature, RbV;Sbs has a layered (henceforth
pristine) structure with hexagonal symmetry (space group
P6/mmm, No. 191), as shown in Fig. 1(a). It consists of Rb
layers and V-Sb slabs alternated along the ¢ axis, and it is
isostructural to KV3Sbs and CsV3Sbs [15]. The most impor-
tant characteristic of this material is the two-dimensional (2D)
kagome layer formed by the V atoms [Fig. 1(a)], whose 3d
orbitals give rise to a number of peculiar features in the elec-
tronic band structure [18,25,26]. One of the key features is the
occupation of van Hove singularities, possibly dictated by the
Sb p-orbitals, close to the Fermi energy [27]. For T > Tcpw,
the high-temperature phase contains two inequivalent Sb sites:
Sbl sites are co-planar with V, while Sb2 sites are located
off-plane below and above the V layer. Sbl sits in the center
of V hexagons while Sb2 prospectively falls in the center of
V triangles, forming graphenelike hexagon layers.

Below the transition temperature, Tcpw = 103 K, the lat-
tice undergoes a structural transition into the CDW. Initial,
first-principles calculations proposed two possible distortions

Published by the American Physical Society
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FIG. 1. The crystalline structure of RbV;Sbs, above and below
the transition temperature into the CDW state (Tcpw ). (a) The pristine
phase adopted above Tcpw with the V atoms (in red) forming a 2D
kagome lattice. The Sb atoms are divided into two sets: Sb1 (in blue)
and Sb2 (in dark green). The Rb atoms are labeled in magenta. [(b)—
(e)] The four possible structures proposed below Tcpyw: Star of David
(SD), inverse Star of David (ISD) or trihexagonal, (staggered) Star
of David and inverse Star of David with 7 shift (SD-7 and ISD-
7, respectively). The Sb atoms in the 3D crystal representation are
omitted for clarity. (f) The pattern formed by >'V atoms above and
below CDW transition (ISD-7 structure), with the formation of V1
and V2 sublattices (colored in red and orange, respectively) in the
CDW phase.

for the atomic arrangement in the kagome planes. One is the
Star of David (SD) distortion [Fig. 1(b)] of V atoms, which
resembles the well-known motif of the CDW state found
in transition-metal dichalcogenides [28,29]. The other is an
inverse deformation of the SD pattern [ISD, Fig. 1(c)]. This
results in a periodic arrangement of the V atoms in triangles
and hexagons also referred to as trihexagonal (TrH) structure.
Regarding the stacking along the ¢ axis, different position-
ing has been proposed: (i) Repetition of SD or ISD [Figs. 1(b)
and 1(c)], (ii) alternation of ISD and SD, (iii) a = shift transla-
tion between adjacent planes [SD-m and ISD-7, Figs. 1(d) and
1(e)]. Therefore the overall distortion must be described in, at
least, a 2 x 2 x 2 supercell space. Higher order modulations
have been observed in the Cs variant only, but they manifest in
a competing state nearly degenerate with a2 x 2 x 2 phase.
In Table I, we summarize the currently proposed CDW
structures, identified by different techniques for each com-
pound of the AV3Sb5 (A = Cs, K, Rb) family. Evidently, the
assignment of the CDW structure remains highly controversial

TABLE 1. Proposed charge-density wave structures (T < Tepw)
for AV;Sb5 (A = Cs, K, Rb) from the literature.

CSV3Sb5 KV3Sb5 RbV3Sb5

ISD-7 N [18,31,32] A+D [24,33,34] X [35]
S [36], D [33,34] A [37] D [24,33,34]

X [35,38]

SD-m N [18,39], X [35,38] / X [35]
S [36]

SD+ISD X [40], A+D [24,41] A+D [41] A+D [41]
SD / / /
ISD / A [42,43] A [44]

Legend: N = NMR, X = XRD, S = STM, A = ARPES, D = DFT

and possibly material-dependent. Yet, the identification of the
precise CDW configuration and its symmetries is crucial to
give the proper basis for the theoretical description of the
interplay between these complex charge-ordered states and
superconductivity predicted for this family of compounds
[30].

In this work, we resolve this controversy for RbV3;Sbs by
combining *'v /%Rb NMR and '2'Sb NQR measurements
with density functional theory (DFT) calculations unambigu-
ously identifying the crystalline structure of the CDW phase
as the inverse Star of David pattern -shifted along the ¢ axis
[Figs. 1(e) and 1(f)]. Specifically, >'v / ¥ Rb nuclear magnetic
resonance (NMR) spectral measurements on a single crys-
tal of RbV3Sbs as a function of temperature, in an external
magnetic field By = 7.95 and 6.99 T, and 1218h zero-field
nuclear quadrupolar resonance (NQR) spectral measurements
have been performed. The experimental procedure is detailed
in Ref. [45].

The NMR/NQR spectral frequency is sensitive to the local
magnetic and charge environment. Therefore nonequivalent
nuclear sites arising from the symmetry-breaking effects are
typically detected by frequency peak splittings across the
phase transition. Therefore NMR and NQR have been demon-
strated to be excellent probes allowing to evidence the atomic
ordering inside materials [46]. In addition, the area A; of the
ith NMR/NQR spectral peak is proportional to the statistical
occupation of a specific ith nuclear site, i.e., to the multiplicity
of each nonequivalent site in the unit cell. To obtain the real
amplitude for the NMR/NQR peaks, the delays t between
each radio-frequency pulse have been chosen just longer than
the receiver dead time but, in all cases, well shorter than the
spin-spin relaxation time 75. We base the determination of the
CDW configuration upon the following: (i) The A;/A; ratio of
the NMR /NQR peaks for each couple of nonequivalent nuclei
(i # j), equal to the population ratio of the nonequivalent
nuclear site per species, and (ii) on the quadrupolar frequency
Vo and asymmetry parameter of the electric field gradient
(EFG) tensor n of each peak that we compare to DFT based
calculations of the EFG in the various phases.'

'The detailed description of the computational approach is pro-
vided in Ref. [45].
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TABLE II. Atomic occupations for 3'v , '2!Sb , and ’Rb atoms DFT estimates
in RbV3;Sbs above and below CDW transition. 0 1a 1b I 2 sD
1 |
Phase Atoms Multiplicity L 22 \‘:-E-a 2.b |R‘I 2b SD-n
Rb 1 ISD
Pristine A% 3 .
Sbl 1 ISD-% "
Sb2 4 = 1.0p T=77K
Rb1/Rb2 6/2 S o4l
2 x2 x2CDW V1/V2 12/12 2 ' Sb2-a
(ISD or SD, no 7 shift) Sbl-a/Sbl-b 2/6 2
Sb2-a/Sb2-b 8/24 £
Rb1/Rb2 4/4 & o1
2 x 2 x 2 CDW V1/V2 12/12 =z —
(ISD or SD, with 7 shift)y ~ Sbl-a/Sbl-b’/Sbl-b” 2/2/4 819 b2 - 106K
> » S DFT spacin B
Sb2-a/Sb2-b’ /Sb2-b 8/8/16 5 04 Sb1 £ ﬁ/ ‘spacing |
142 144 146 148 150 152
Frequency (MHz)

We find that in the lowest symmetry configurations con-
sidered, i.e. SD-7 and ISD-m, the V and Rb atoms split into
two sublattices, while three nonequivalent sites are obtained
for Sbl and Sb2 nuclei. These configurations are illustrated
in Figs. 1(d) and 1(e). The multiplicity of each nonequivalent
site is summarized in Table II for both the pristine (T > Tcpw)
and various proposed CDW (7" < Tcpw) phases.

1218 (with nuclear spin I = 5/2) NQR represent the most
sensitive measurements enabling distinction between the SD
and ISD structures, as shown in the case of CsV3Sbs [31,32].
Due to the different positions and their lower symmetry,
Sb2 and Sbl nuclear sites bifurcate into Sb2-a/Sb2-b and
Sbl-a/Sbl-b for the SD or the ISD structures, and further
separated into Sb2-a/Sb2-b/Sb2-b” and Sbl-a/Sbl-b’/Sbl-
b’ nonequivalent sites when a 7 shift is introduced, as shown
in Fig. 1.

In Fig. 2, we present a detailed comparison of mag-
netic resonance measurements to the DFT simulation results.
Specifically, a select set of '>!Sb NQR spectra for 5/2 —
3/2 NQR transition is shown. Above Tepw = 103 K (bottom
of Fig. 2) two peaks are present and assigned according to
the 1:4 occupation ratio Sb1:Sb2 [Fig. 1(a) and Table IIJ.
In the CDW phase (center of Fig. 2), we expect four peaks
for a simple stacking of SD or ISD-ordered kagome planes,
while six peaks should appear when introducing a further =
shift along c. The data for T < Tcpw show five peaks, with
four of them clearly visible and an additional spectral weight
appearing as a bump next to the most intense peak. From
this, we can exclude the two simpler SD or ISD structures
[Figs. 1(b) and 1(c)] with no s shift. This is because these
simper structures without a 7 shift generate only four peaks
in the '?'Sb NQR spectrum. Moreover, by examining the site
multiplicity summarized in Table II, we deduce that the most
intense peak, observed in the vicinity of 145 MHz, is assigned
to the Sb2-b.”

Furthermore, in our '2'Sb NQR spectra, we noticed that
two peaks have the asymmetry parameter of the EFG n = 0,
in our case Sb2a and Sbla, by measuring the first and second
NQR transitions (3/2 — 1/2 and 5/2 — 3/2). This is con-
sistent with their lattice positions shown in Fig. 1(e), since
their neighbours are symmetrically arranged. In case of an

FIG. 2. Representative '2!Sb NQR spectra above (106 K, bot-
tom) and below Tepw (77 K, center) for 5/2 — 3/2 NQR transition.
In the top part, vertical ticks display the relative values calculated
below Tcpw by DFT for SD, ISD,, SD-7 and ISD-7 configurations
with respect to the quadrupolar frequency of Sb sites above Tcpw (see
text); the height of the ticks is proportional to the site multiplicity. In
the middle panel, the y scale is logarithmic. In the bottom part, the
DFT spacing is calculated for the normal state.

ISD-r CDW structure, Sb2a sites are surrounded by V2 tri-
angles while Sbla by V1 hexagons; therefore, for these sites,
n should be 0, according to their lattice positions. Assuming
this, the assignment for all the other '*!Sb NQR peaks is
straightforward, based on their atomic multiplicity compared
to the experimental area of the peaks.

Next, we proceed to estimate the quadrupolar frequencies
for the various structures with ab initio simulations by com-
puting the EFG at each '?!Sb site in the SD, ISD, SD-7,
and ISD-7r structures. As detailed in Ref. [45], the absolute
values of the calculated vy (i.e., the EFG) at the Sb sites are
affected by a systematic error, but canceled when the varia-
tions of vy between the pristine phase (T' > Tcpw) and the
low-temperature structures (7" < Tcpw) are considered. The
mismatch between the experimental and the DFT results for
the SD structure is clearly evident. That is, Sb2-a and Sb2-b
nuclei have very different quadrupolar resonance frequencies
for the SD and ISD structures, and therefore the addition of
a 7 shift to the SD structure does not improve the correspon-
dence. However, a good agreement is found instead for the
ISD structure and the small change introduced by the 7 shift
along the c direction further improves the agreement between
the prediction and experiment. We can therefore rule out the
presence of SD distortions in the kagome plane with high
fidelity.

We proceed to further compare of our experimental and
DFT findings in the ISD-7 phase. In Table III, we summarize
the A;/A; ratio obtained from the area of the NQR peaks and
the relative site occupation. The values are in a very good
agreement, with the experimental uncertainty. As a result, we
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TABLE III. Multiplicity ratio between '?'Sb sites in the CDW
phase, according to the crystalline structure (center) and experimen-
tal NQR area (right column).

Phase Sites Crystal NQR area (T =77 K)
Pristine Sb2:Sbl 4 4.20 +£0.25
Sb2-b”:Sbl-a 8 7.77 £ 0.29
CDW Sb2-b’:Sbl-a 4 4.02 £0.17
Sb2-a:Sbl-a 4 3.87 £0.21
(Sb1-b”+Sb1-b’):Sbl-a 3 3.01 £0.18

can attribute the bump in the vicinity of 145 MHz to the
combined signal from Sb1-b’ and Sb1-b” sites of the 7 -shifted
ISD structure, as shown in the middle, shaded, panel of Fig. 2.

Incidentally, we note that the two peaks at the lowest and
highest frequencies have been previously assigned to the Sb1-
b and Sb2-a sites by earlier NQR studies [32,39]. However,
this conclusion is inconsistent with the expected ratio between
the area of the two peaks.

To further justify the site assignment, we also consider
the 3/2 — 1/2 NQR transition and estimate the asymmetry
parameter 1 of the EFG tensor from the following ratio, valid
if n <0.1[45,47,48]

vézl(s/z —3/2) _ 2(1 35 2>.

VTGS 12\ 27 M

The experimental values of n for Sb sites are compared
with the DFT prediction for the ISD-7 structure in Table IV.
Taken together, the above results allow us to unambiguously
conclude that the kagome planes in RbV3;Sbs undergo an
ISD distortion and support the presence of a m shift along
c direction, in agreement with recent theoretical predictions
[24,33,44].

To further validate the proposed arrangement of the
kagome layers along the c axis, we study the symmetry
change at the Rb site. In Fig. 3, we plot representative spectra
of ¥’Rb obtained in Hy = 7.95 T field along the ¢ direction.
As expected for the quadrupole perturbed NMR spectra of the
I =3/2 ¥Rb nuclear spin, three peaks appear above Tcpw
= 103 K, related to the +1/2 transition for the central line
and the +3/2 — +1/2 and —1/2 — —3/2 transitions for the
low and high-frequency satellites, respectively. Below Tepw
= 103 K, both the satellites and the central line clearly split
into additional two peaks each. This splitting indicates the
presence of two inequivalent sites, labeled Rb1 and Rb2. We

TABLE IV. Comparison between experimental and predicted
values for the asymmetry parameter 7.

Site DFT (ISD-7) Exp. (T =77.3K)
Sbl-a 0 0.001 =+ 0.005
Sbi-b’ 0.056 0.034 £+ 0.005
Sb1-b” 0.058 0.034 £+ 0.005
Sb2-a 0 0.001 =+ 0.006
Sh2-b’ 0.117 0.074 £ 0.006
Sb2-b” 0.116 0.076 =+ 0.006
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FIG. 3. Temperature dependence of the ¥’ Rb NMR spectra above
and below (shaded spectra) Tcpw = 103K, with Hy =7.95T | ¢
axis.

observe that 3 8’Rb NMR spectral peaks corresponding to all
3 satellite transitions for the nuclear spin / = 3/2 bifurcate
below Tcpw. This is a direct consequence of different electric
field gradients and local susceptibilities at the two sites, as
detailed in Ref. [45]. This behavior is in agreement with that
observed in the >V NMR in CsV;Sbs [18,31].

Similar to what was done in the analysis of the '*'Sb
NQR findings, we consider the relative area between the two
NMR peaks of a doublet, which is proportional to the ratio
between the multiplicity of the corresponding inequivalent
atomic sites. The stacked ISD layer with a 7 shift [31] yields
a 1:1 multiplicity ratio between Rb1 and Rb2 sites. On the
other hand, the structures with alternating SD and ISD layers
[40] proposed for CsV3Sb5 and stacks of ISD layers without
7 shift yield a 3:1 ratio.2 In Fig. 3, it is evident that the ratio
between Rbl and Rb2 peak intensities is nearly equal to 1:1,
either for the central or satellite doublets. This result excludes
the alternate SD and ISD configurations. It is rather compati-
ble with the stacking made by only ISD layers 7 -shifted from
one layer to the other.

Finally, our 'V NMR results are in agreement with those
published for A = Cs [18,31,32] despite the difference in the
spacing layer. Moreover, since the V1:V2 occupation ratio is
predicted to be 1:1 for both the SD and ISD structures, 3'V
NMR is an inadequate probe for identifying the CDW config-
uration in the kagome plane. These °'V results are reported in
Ref. [45].

In conclusion, we measured a comprehensive set of NMR
spectra, that include zero-field >!Sb, and, finite field 'V
and 'Rb. The analysis of the NMR/NQR spectra from all
three nuclear species, substantiated by DFT simulations, lead
to an unambiguous identification of the structure stabilized
below the CDW transition. Specifically, the examination of

2The comparison among different structures can be seen in Supple-
mentary materials of Ref. [31].
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the multiplicity of the nonequivalent sites for each species
revealed that the low-temperature structure is a 2 x 2 x 2
superlattice formed by alternating inverse Star of David lay-
ers, mw-shifted from one to the other. This result provides
crucial guidance for the development of theoretical models
of the complex emergent phases stabilized in the kagome
metals.

Note added. Recently, we became aware of a new preprint
that reaches similar conclusions for CsV3Sbs using a very
similar methodology [49].
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