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Layered kagome metals AV3Sb5 provide a unique platform for studying the interplay between a variety of
electronic orders, including superconductivity, charge density waves, nematic phases, and more. Understanding
the evolution of the electronic state from the charge density wave to the superconducting transition is essential
for unraveling the interplay of charge, spin, and lattice degrees of freedom giving rise to the unusual magnetic
properties of these nonmagnetic metals. Previous zero-field and high-field muon spin relaxation (μSR) studies
revealed two anomalies in the muon spin relaxation rate, a first change at TCDW ∼ 100 K and a second steep
increase at T ∗ ∼ 40 K, further enhanced by an applied magnetic field, thus suggesting a contribution of
magnetic origin. In this Letter, we use the avoided level crossing μSR technique to investigate charge order
in near-zero applied field. By tracking the temperature dependence of quadrupolar level-crossing resonances,
we examined the evolution of the electric field gradient at V nuclei in the kagome plane. Our results show a
significant rearrangement of the charge density starting at T ∗ indicating a transition in the charge distribution,
likely electronic in origin, well below TCDW. These findings, combined with previous μSR, scanning tunneling
microscopy, and nuclear magnetic resonance (NMR) studies, emphasize the intertwined nature of proximate
phases in these systems, with the charge rearrangement dominating the additional increase in μSR relaxation
rate below T ∗.

DOI: 10.1103/bvgk-q2qn

Introduction. Transition-metal-based kagome materials
AV3Sb5 (A = K, Rb, Cs) have generated increasing interest
in the scientific community owing to the diverse physical
properties that have been observed, including nontrivial band
topology, anomalous Hall effect [1], and an intriguing inter-
play between superconductivity and unconventional charge
density wave (CDW) [2,3]. Despite numerous theoretical
and experimental investigations, even when focusing only on
the normal state, the current understanding of the cascade
of transitions characterizing the electronic behavior of these
compounds remains incomplete. Initially, with decreasing
temperature, a CDW transition occurs at TCDW ∼ 78–102 K
depending on the alkali metal [4]. In this phase, the hexag-
onal lattice with P6/mmm symmetry undergoes a distortion
involving the formation of V hexamers and trimers, which
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produces the so-called trihexagonal structure (TrH) in the
kagome planes with the crystal adopting the Fmmm, Cmmm,
or C2/m space group symmetry [5–11]. This phase also fea-
tures an additional modulation along the c axis, likely due to a
staggered displacement pattern of the kagome layers, although
some uncertainty on the mutual arrangement of these planes
persists [5,12–15], probably owing to the delicate competi-
tion between CDW orders with different stacking modulations
[16]. At lower temperature, the presence of a nematic transi-
tion breaking the C6 symmetry of the kagome planes [17] has
been first supported by scanning tunneling microscopy (STM)
and nuclear magnetic resonance for CsV3Sb5 and KV3Sb5

[18–20], but its nature (and existence) is still debated in the
literature [3,21–25]. In the bulk, this and other symmetry-
breaking charge order instabilities were only identified in
CsV3Sb5 [19,26], while no other charge order transitions be-
tween TCDW and TSC have been reported for A = K, Rb.

A distinctive feature of kagome systems is the potential
for time-reversal symmetry (TRS) breaking in the normal
state, as initially suggested by high-field scanning tunneling
microscopy [27], along with evidence from a combination of
zero-field and high-field muon spin relaxation (μSR) [28],
supported by various experiments [29–32], such as mag-
netochiral anisotropy, the anomalous Hall effect [1], and
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magneto-optical Kerr effect (MOKE) measurements [33].
Several theoretical studies [34–42] attribute the TRS-breaking
signal to orbital current phases. Furthermore, polarized
neutron diffraction experiments hint at the presence of a
weak magnetic signal in the second Brillouin zone at M2 =
(1/2, 1/2, 0) [43]. This finding, interpreted as loop current
patterns localized on vanadium triangles, reports an ordered
orbital magnetic moment of at most 0.02μB per vanadium
triangle. However, whether the system breaks TRS spon-
taneously, i.e., in zero applied magnetic field, has been
challenged by MOKE [44–46] studies that have reported no
observable Kerr response in zero field (ZF). A recent anal-
ysis of transport properties suggests that the origin of the
controversial reports is an extraordinary sensitivity to weak
perturbations, in particular strain and magnetic fields [47].
This is in line with earlier high-field μSR experiments re-
vealing a significant enhancement of muon relaxation rates
with out-of-plane magnetic fields and with high-field STM
experiments, which showed CDW intensity switching under
out-of-plane magnetic fields and in-plane electric fields, im-
plying an unusual piezomagnetic response [31].

ZF-μSR is one of the cleanest methods to identify TRS
breaking owing to the possibility of performing ZF ex-
periments on bulk samples and thanks to its sensitivity to
extremely small magnetic fields [48]. For this reason, a large
number of experiments have been conducted [26,28,49–53].
Previous ZF-μSR studies [26,52] on RbV3Sb5 have revealed
a two-step increase in the relaxation rate, a smaller one at
TCDW � 100 K and a second one at T ∗ � 50 K. The increase
in the relaxation rate corresponds to internal fields on the
order of 0.01 mT. The effect is enhanced under an applied
magnetic field, thus suggesting a magnetic contribution to
the relaxation. A significant enhancement of the relaxation
is also detected near the surface region of RbV3Sb5, specif-
ically within 30 nm from the surface [54]. A similar two-step
increase in the relaxation rate was observed in the sister com-
pound CsV3Sb5, at TCDW � 90 K and at T ∗ � 30 K [50,51].
However, the nature of the additional increase in the relaxation
rate below T ∗ remains uncertain, leaving open the question of
whether this increase is magnetic in origin or whether changes
in the charge order also contribute.

In this Letter, we report the experimental results obtained
with avoided level crossing (ALC) μSR, which enables the
study of charge distribution evolution by monitoring changes
in the electric field gradient (EFG) tensor at nuclei with spin
I > 1/2, located near the muon. This information is obtained
indirectly through the dipolar coupling between the muon and
quadrupole-active nuclei. By finely tuning the muon Zeeman
energy to match a nuclear quadrupolar splitting, a cross re-
laxation between the spins known as muon quadrupole level
crossing resonance (μ-QLCR or simply QLCR) takes place.
As a consequence, one can selectively probe different nu-
clei by matching different quadrupolar energies, whereas in
ZF experiments the nuclear contribution to the polarization
function is dominated by the dipolar interaction between the
muon and the nearest nuclei. A nice review of this approach
is presented in Ref. [55]. The μSR-based approach for col-
lecting quadrupolar splittings has proven to be especially
valuable in scenarios where the signal in conventional nuclear
quadrupole resonance (NQR) experiments is weak, hidden by

FIG. 1. The ZF-μSR spectra of RbV3Sb5. The main panel de-
picts three high-statistics acquisitions showing the evolution of the
asymmetry as a function of the temperature. A tiny difference is
observed between signals above (120 K) and below (75 K) the CDW
transition (102 K). A noticeably faster relaxation is instead observed
in the measurement performed at 5 K. The continuous lines are best
fits to Eq. (1). The inset shows the temperature evolution of the fitting
parameters resulting from the analysis described in the main text.

other resonances, or technically challenging to collect. This
applies indeed to the case of AV3Sb5, as 51V NQR is diffi-
cult to perform owing to its low frequency and the strongest
antimony NQR signal is due to the interlayer graphenelike
sheets, while the more interesting in-plane Sb resonances are
very weak [8,56]. This, and the fact that the muon happens to
stop close to the kagome plane [54] giving us good sensitiv-
ity for probing the V atoms, represents the main motivation
behind the strategy adopted in this work.

Results. For all experiments, we used finely ground
RbV3Sb5 powders, identical to the sample in Ref. [54]. Both
the ZF and the ALC acquisitions have been carried out
using the EMU spectrometer [57] at the ISIS pulsed muon
facility. The ZF-μSR data are shown in Fig. 1. The asymmetry
has been analyzed with best fits to the equation

A(t ) = A0
[

1
3 + 2

3 (1 − �2t2)e−�2t2/2
]
e−λt + B (1)

for consistency to the previous literature [50–52]. In Eq. (1),
A0 is the relaxing asymmetry, B is a baseline, and the func-
tion in square brackets is the Kubo-Toyabe (KT) function
[48] characterized by a relaxation rate � and multiplied
by an additional Lorentzian relaxation, parameterized by λ.
This phenomenological approach matches very well with
the experimental data at short time, while small deviations
are observed for t > 13 μs in the T = 75 and 120 K mea-
surements, as depicted in Fig. 1. A dramatic discrepancy is
instead observed at 5 K for t > 10μs, showing the limits of
the phenomenological description based on Eq. (1). Notably,
the tail of the 5 K signal remains relatively flat, indicating
a lack of dynamic effects. It should be noted that the KT
function in Eq. (1) arises from a semiclassical description of
the muon-nuclei interaction. For this reason, an additional re-
laxation contribution and a (temperature-dependent) baseline
B are required. Departures from the semiclassical prediction
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are common and are generally found in the long-time tail,
as shown, for example, in Ref. [58], though relevant effects
can also take place at shorter times [59,60]. A very accurate
prediction of the ZF muon polarization function above T ∗ can
be obtained from first-principles modeling of the muon site
and its interaction with the neighboring nuclei, when the entire
description is performed at the quantum mechanical level.
These results, already presented in Ref. [54] together with a
detailed description of the muon sites, reveal that the ZF signal
is most sensitive to the in-plane Sb atoms through a simple
dipolar interaction between the muon spin and the nearest-
neighboring Sb isotopes (m121Sb = 3.36μP, m123Sb = 2.55μP,
and dμ-Sb ∼ 1.7 Å), while the coupling with the V nuclei
forming the kagome lattice is much weaker (m51V = 5.15μP

and dμ-V ∼ 3.5 Å). However, in the following discussion, we
still opt for the phenomenological model due to its simplicity
and effectiveness in capturing the transitions observed in the
ZF data.

The inset of Fig. 1 reports the temperature evolution of λ

and � obtained from best fits of the measurements performed
in the temperature interval 5–160 K. Two transitions can be
detected, at about TCDW = 100 K and T ∗ = 40 K. The trend
follows what has been already reported in the literature [52].
As can be appreciated from the main panel of Fig. 1, the
transition at TCDW has a small effect on the polarization func-
tion of the muon. This can be easily rationalized: V atoms,
which undergo the largest displacements at TCDW, are also the
most weakly coupled with the muon. On the other hand, a
marked change takes place below T ∗ as shown also by the
difference between the raw data acquired at 5 and 75 K (Fig. 1,
main panel). The extended time window of our new measure-
ments provides a more detailed picture of the evolution of
the μSR signal as a function of the temperature. From the
phenomenological analysis, considering both λ and �, the
broad transition that starts at T ∗ = 40 K is finally completed
at T ∼ 20 K, where both the relaxation coefficients become
temperature independent.

Longitudinal field ALC experiments have been performed
with μ0H ranging from 2.3 to 13.1 mT. In order to reduce
the noise of the data, we employ a field-differential approach
[61], where the external magnetic field is varied by ±0.2 mT
during the acquisition, thus removing the instabilities of the
beam affecting the raw data. The resulting time-integrated (TI)
field-differential signal is numerically integrated to produce
the curves I (x) reported in Fig. 2, which clearly show a large
temperature dependence (see the Supplemental Material [62]
for details). These results are fitted to the equation

I (x) = I0

(
1 − τ

xN

)
−

2∑
i=1

Ai

σi

√
2π

exp

(
−1

2

(
x − Bres

i

)2

σ 2
i

)

(2)

for x = μ0H in the range 2.4–13.1 mT. In Eq. (2), I0 is
the value of the integrated asymmetry for x → ∞. The first
term on the right-hand side is used to phenomenologically
approximate the TI polarization function of pure dipolar
origin in longitudinal applied field conditions and in the ab-
sence of resonances, and the two parameters τ and N are
used to extract its field dependence, which is considered
the background in our measurements. The chosen expression

FIG. 2. ALC results and analysis as a function of temperature.
The points show the numerical integration of the TI field-differential
acquisitions. The continuous lines are best fit to the data according
to Eq. (2) described in the main text.

aims at reducing the number of free parameters in our fits,
while we use a combination of linear, quadratic, and cubic
terms to extract the background term in a second set of fits
described in the following section. The observed level-
crossing resonances are instead captured by the second term
of Eq. (2) with two Gaussian functions, each characterized
by three parameters: A, Bres, and σ , respectively, the area, the
resonance field, and the width of the resonance. The results of
the fit are shown in Fig. 3. Surprisingly, the CDW transition
has a very slight effect, if any, on the resonance parameters,
while sizable deviations are observed for T � T ∗. Indeed,
the area of both resonances, shown in Fig. 3(a), increases
below 40 K and it remains constant between 20 and 5 K. The
resonant fields, shown in Fig. 3(b), also display a clear shift
on the order of 1 mT when the temperature drops below 40 K.
Finally, a similar temperature dependence is also observed for
the width of the resonance peaks in Fig. 3(c), although the
actual trend for the second resonance is impaired by the large
uncertainty of this parameter.

Microscopic analysis of ALC. In order to understand the
microscopic origin of the ALC resonances, we exploit the
ab initio density functional theory (DFT) results already pub-
lished in Refs. [54,63] and [8,64]. In the former, the muon site
and the perturbation induced on the lattice by the muon are
predicted for RbV3Sb5 using a plane-wave (PW) basis. From
the latter, we collect more accurate full-potential augmented
plane wave (APW)-based estimations of the EFGs at nuclear
sites (further details are provided in Ref. [62]). PW-based
results provide valuable information toward the identification
of the nuclei involved in a QLCR producing the experimen-
tal signal. It is found indeed that, for the field range of the
measurement, a hexagon of six V atoms close to the muon
site contributes most significantly to the QLCR spectra, while
the remaining nuclei produce resonances at smaller (Rb) or
larger (Sb) fields (see Ref. [62]). This allows us to proceed
considering only V atoms and switching to full-potential sim-
ulation results in light of the small perturbation introduced
by the muon on the vanadium sublattice [65]. In the TrH
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FIG. 3. Parameters obtained from best-fit curves shown in Fig. 2. Panel (a) shows the area of the Gaussian used to describe the two
resonances, panel (b) shows the resonant field, and panel (c) shows the width of the two Gaussian functions. The gray shading shows the same
temperature interval displayed in Fig. 1, where the second low-temperature transition takes place according to ZF results.

structure, there are only two symmetrically distinct muon sites
and we compute, for each of them, the polarization function
arising from the interaction between the muon and six NN
V atoms, using the method introduced by Celio [66,67]. To
check for convergence of our simulations, we also include
the NN Sb atom (the 121Sb isotope is only considered). The
nuclear quadrupolar coupling constant CQ, defined as

CQ = e0VzzQ

h
, (3)

where Q = −0.043(5) barn is the quadrupolar moment of 51V
[68] and Vzz is the largest eigenvalue of the EFG tensor, is pre-
dicted, from APW simulations, to be CAPW

Q = 7 MHz, and the
asymmetry parameter η = (Vxx − V yy)/Vzz is ηAPW = 0.43.
The inclusion of the NN Sb in the Hilbert space negligi-
bly affects the resonances and only alters the TI asymmetry
for B → 0 (not shown) [69]. The resulting curves, shown in
Fig. 4(a), match very well with the experimental results above
T ∗. In addition, by comparison with the ones obtained in
the high-temperature hexagonal phase, they confirm that this
probe is almost insensitive to the CDW order: The two sig-
nals only differ by some broadening and the only noticeable
change is at about 11 mT.

Unfortunately, this approach is computationally demand-
ing and prevents fitting the microscopic QLCR parameters CQ

and η to the experimental data. Therefore, since the muon
is close to the center of the hexagon and the magnitudes of
the EFG parameters are similar for all six, for fitting pur-
poses we took one V site as representative and calculated
the polycrystalline averaged QLCR spectrum versus η with
the principal axis of the field gradient aligned at 90◦ to the
muon vector. The QLCR for the six V sites was then evaluated
by scaling the resonance amplitude by a factor of 6. Finally,
a cubic polynomial is added to account for the background
due to minor contributions from other nuclei. This approach
yields an average trend and assumes that the dipolar interac-
tions between V nuclei are not significant compared to the
dipolar interaction between the muon and each individual V.
This model requires a reduced Hilbert space (consisting of
the muon and one V atom at a time), allowing us to extract
an averaged trend for the parameters describing the dipolar
and quadrupolar coupling of the V nuclei with the muon
and the surrounding electronic charge, respectively. We fit
the TI asymmetry (shown in Ref. [62]) and report the results
in Fig. 4. The amplitude A quantifies the ratio between the

predicted depth of the resonances and the experimentally ob-
served ones.

Discussion. With the microscopic origin of the QLCR clar-
ified, we now turn our attention to the temperature evolution
of the ALC measurement and its relationship with previous
ZF measurements. The results of the two approaches, summa-
rized by the plots of Fig. 4, show that a very nice agreement
between the experiments and first-principles calculations [8]
in the high-temperature phase can also be obtained for ALC-
μSR measurements. The values for CQ and η that can be
extracted from the ALC data match well with previous NMR
results [8,14] and with APW-based estimates. The micro-
scopic picture also allows to explain why ALC-μSR is also

FIG. 4. (a) Predicted resonances for T > TCDW in the hexagonal
structure and for the low-temperate TrH structure (neglecting the
modulation along the c axis). The legend also reports the cluster of
nuclei included in the simulation. The EFGs at V and Sb sites are
obtained from a full-potential DFT-based prediction. (b) Results of
the fit of TI asymmetry to the microscopic model described in the
main text.
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almost insensitive to the CDW transition. At the transition,
the EFG at V nuclei varies very little [70] and the two V
sublattices that appear in the TrH phase have the same mul-
tiplicity and slightly decreasing or increasing Vzz with respect
to their common value above the CDW transition (see Refs.
[8,62]), resulting only in a small broadening of the QLCRs.

The phenomenological and the microscopic analysis,
shown in Figs. 3 and 4(b), respectively, shows roughly the
same temperature trend for Bres and CQ (Bres depends on both
CQ and η) and for the depth of the resonance, the parameter
A. They all display a sharp increase as temperature decreases
below about 40 K. Interestingly, the resulting variation of Vzz

at V nuclei probed by muons, on the order of 5%, is slightly
larger than the one reported by high-field NMR measurements
in CsV3Sb5 (see the Supplemental Material of Ref. [21]).
Remarkably, the ZF muon spin relaxation rates � and λ (inset
of Fig. 1), the phenomenological ALC parameters Ai, Bi, and
σi (Fig. 3), and the results of the microscopic model [Fig. 4(b)]
exhibit similar temperature dependence, as highlighted by the
shaded region. A key question is whether the ALC resonance
field shift, shown in Fig. 3(b), can be attributed to an ad-
ditional field generated by weak magnetic interactions. The
ZF relaxation rate increasing by δλ � 0.03 μs−1 corresponds
to a local field increase of δB = δλ/(γμ) ∼ 0.035 mT [71].
However, the observed shift in ALC resonance is more than
an order of magnitude larger. Therefore, the contribution to
the increase of ALC resonance field from magnetic coupling
between the muon and the electronic channel via orbital or
spin magnetism is minimal. We conclude that the increase
of the resonant field is primarily due to a shift in nuclear
quadrupolar energy levels, caused by charge redistribution at
the V sites, indicating the presence of a transition in the charge
channel setting in before the onset of superconductivity.

The key question now is what drives this charge redis-
tribution. Given the lack of thermodynamic evidence for
a transition at T ∗ ∼ 40 K and the absence of major struc-
tural distortions, this cannot be attributed to simple structural
changes. Notably, NMR experiments and STM measure-
ments in CsV3Sb5 and KV3Sb5 [19,21,23,72] have reported
additional charge density wave instabilities and rotational
symmetry broken states stabilized well below the CDW or-
der. It is plausible to assume that the charge redistribution

observed below T ∗ ∼ 40 K in RbV3Sb5 shares a similar origin
with CsV3Sb5 hinting at electronic nematicity.

Conclusions. We have presented ZF-μSR and ALC-μSR
experiments performed on RbV3Sb5. With the latter tech-
nique, we investigated the evolution of charge order in the
kagome plane. Our results reveal a significant rearrangement
of charge density around the muon below T ∗ ∼ 40 K, an
effect that matches with the upturn of the muon relaxation
rate observed in ZF-μSR. This uncovers a hitherto unnoticed
charge order transition in RbV3Sb5 well below the onset of
the CDW and before the system enters the superconducting
state, showing that a nontrivial evolution of the local charge
and electronic landscape is the primary origin for the phe-
nomenology observed in zero and near-zero field conditions
below T ∗. These findings, combined with previous high-field
μSR, NMR, STM, and transport studies, demonstrate that the
charge and spin channels are strongly intertwined in these
materials.

Furthermore, this study highlights the effectiveness of
ALC-μSR measurements as a powerful tool for probing
electronic orders. Additional experimental and computa-
tional investigations, potentially utilizing resonances of other
quadrupolar nuclei (Rb, Sn, Cs, K), will be essential to further
elucidate the microscopic long-range order below T ∗ in this
and related compounds.
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