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Origin of enhanced charge density wave in the kagome superconductor CsV3−xMoxSb5
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The topological kagome superconductor CsV3Sb5 exhibits rich quantum phenomenology of correlated elec-
tronic phases including unconventional charge order and superconductivity. Understanding how the singularities
inherent to the kagome lattice are linked to the observed many-body phases is a topic of great interest. Here,
by using Shubnikov–de Haas oscillation measurements, we report the detailed evolution of electronic band
structures in CsV3−xMoxSb5 single crystals, where Mo substitution causes a suppression of superconductivity
and an enhanced charge density wave. The obvious decrease of oscillation frequency (Fβ ) corresponding to the
nontrivial band from 72 to 59 T and smaller cyclotron effective mass (∼0.069me) reveal that the van Hove
singularities from the vanadium orbitals near M are abnormally lifted and promote the nesting condition for the
charge density wave. Meanwhile, the electric conduction changes from a hole-dominated multiband feature to
a single electron band feature and the anomalous Hall effect becomes stronger. In conjunction with the simple
schematics of band structures, the promoted Fermi-surface nesting is dominant in the unusual enhanced charge
density wave, offering insight to comprehend the delicate interaction between the intertwined orders in this
kagome system.
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I. INTRODUCTION

Kagome compounds have attracted enormous interest as
they offer a fertile ground to investigate exotic quantum
phenomena, such as charge density wave (CDW), supercon-
ductivity, van Hove singularity (VHS), nontrivial topological
bands, and geometrically frustrated magnetism [1–3]. The
flat bands and VHSs naturally promote the strong electronic
correlations in the band structure of a kagome lattice [4].
When the flat band is located at EF , ferromagnetism and the
fraction quantum Hall effect could appear in these kagome
metals [5]. In correlated systems, Coulomb interactions be-
tween electrons at the VHS would exceed their kinetic energy
and drive multiple instabilities [6,7]. However, materials with
the VHSs near EF are rare. Recently, vanadium-based kagome
superconductors AV3Sb5 (A = K/Rb/Cs) are found and show
numerous exotic physical properties, such as superconductiv-
ity (Tc ∼ 0.9–2.7 K), CDW order (TCDW ∼ 78–103 K), and
anomalous Hall effect with the absence of local moments or
magnetic correlations, etc. [8–13].

CsV3Sb5, the first member of AV3Sb5 compounds, exhibits
the highest superconducting transition temperature and mul-
tiple electronic instabilities compared with other members
[8]. Under pressure and chemical doping with the Nb, Ta,
Ti, and Sn elements, the CDW order is suppressed while
the superconductivity is enhanced or exhibits a double-dome
behavior, suggesting that the CDW instability seemingly
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competes with superconductivity [14–18]. Meanwhile, the
recent theoretical predictions explain that the charge order
at TCDW can be understood as arising from the Fermi-
surface nesting at the VHSs in CsV3Sb5 [19]. In spite
of extensive progress in both theories and experiments for
CsV3Sb5 [14,20–22], the physical mechanisms, for exam-
ple, the competition between superconductivity and different
charge orders, the origin of the unusual superconducting phase
diagram with a double-dome character and the role of each
VHS in these competing orders remain elusive. In contrast
with the other doped cases of CsV3Sb5, the Mo-doped case
is extraordinary, in that the TCDW is increased while the
superconductivity is suppressed [23–25]. It is important to
identify the origin of enhanced CDW in Mo-doped CsV3Sb5.
The detection of quantum oscillations by Mo doping through
tuning the chemical pressure or carrier concentrations in
a crystal is an effective method to probe the detailed
Fermi-surface evolution [26], which can provide valuable
insights into the interplay between the CDW order and
superconductivity.

In this work, we present the detailed evolution of electronic
band structures by probing the Shubnikov–de Haas (SdH) os-
cillations using high-quality single crystals of CsV3−xMoxSb5

(0 � x � 0.10). With the increase of Mo content, the CDW
order is enhanced and the superconductivity is suppressed.
The analysis of SdH oscillations reveals the obvious shrink-
age of the Fermi surface corresponding to Fβ and a subtle
change of the Fermi surface corresponding to Fα . The Hall
measurements show the change of the electrical transport
process and the anomalous Hall effect. More introduced
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FIG. 1. (a) Crystal structures of CsV3−xMoxSb5. (b) Single-crystal x-ray diffraction pattern, the lattice parameter c, and the residual
resistivity ratio for CsV3−xMoxSb5. (c) EDS of CsV3Sb5 single crystal. (d) EDS of x = 0.10 single crystal. (e) Temperature-dependent
in-plane resistivity of CsV3−xMoxSb5 single crystals. (f) Phase diagram of CsV3−xMoxSb5, which illustrates the evolution of CDW and
superconductivity. Inset: Temperature dependence of dρ/dT curves.

electrons and modifications to the band structure will enlarge
the Fermi surface centered around �. As such, compared
with the other cases of substituted CsV3Sb5, our results
reveal that Mo substitution causes the antiphase shift of
the Sb-derived electron band near � and the V-derived
band forming the VHSs near M, unveiling that VHS from
dxz/dyz vanadium orbitals plays an important role in the
Fermi-surface nesting, which is dominant in the electronic
instabilities of CsV3−xMoxSb5.

II. EXPERIMENTAL METHODS

Single crystals of CsV3−xMoxSb5 were grown by the self-
flux method as referred from Ref. [8]. The x-ray diffraction
(XRD) with Cu Kα radiation was used to characterize the
crystal structure. Energy dispersive x-ray spectroscopy (EDS)
and inductively coupled plasma atomic emission spectroscopy
(ICP-AES) were used to characterize the chemical com-
position of single crystals. The measurements of electrical
transport were performed by using the four-probe dc tech-
nique in the ab plane on a Quantum Design physical property
measurement system (PPMS-DynaCool) (0–14 T). In order
to avoid the effect caused by electrode asymmetry, the trans-
port data were measured under both positive and negative
magnetic fields.

III. RESULTS AND DISCUSSIONS

The side and top views of the layered crystal structure for
CsV3−xMoxSb5 are displayed in Fig. 1(a). The V/Mo sublat-
tice forms a two-dimensional kagome lattice and the V3Sb5

slabs are intercalated by alkali metal cations. We first charac-
terize the crystal structure by XRD measurements. Figure 1(b)
shows the single-crystal XRD patterns of CsV3−xMoxSb5

samples with x from 0 to 0.10. The actual elemental com-
positions of all our samples are determined by EDS and
ICP-AES measurements. EDS data of pristine CsV3Sb5 and
x = 0.10 samples are shown in Figs. 1(c) and 1(d). The ac-
curate doping contents of x = 0.01 and x = 0.06 samples are
determined from the ICP-AES. The observable (00l) diffrac-
tion peaks indicate that the c axis is perpendicular to the
cleaved planes of single crystals. In previous reports of other
doped systems, the lattice parameter c remains almost the
same for the cases of Nb-, Ta-, and Cr-doped CsV3Sb5, where
these doped systems mainly affect the lattice parameters in
the ab plane [17,18,27]. As shown in the upper right part
of Fig. 1(b), the lattice parameter c changes a little when
errors are considered, and is slightly reduced from 9.31(9) to
9.29(0) Å with increasing Mo content. Even though the radius
of Mo is larger than the radius of V, the c presents a decreas-
ing trend. Further experiments are required to confirm and
clarify this result.
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FIG. 2. (a) Field dependence of in-plane resistivity for CsV3−xMoxSb5 up to 14 T at various temperatures. (b) Field dependence of Hall
resistivity for CsV3−xMoxSb5 up to 14 T from 2 to 10 K. Inset: Field dependence of Hall resistivity up to 7 T at 20 K. (c) The extracted
anomalous Hall resistivity (ρAHE

xy ) by subtracting the local linear ordinary Hall background at 4 K for CsV3−xMoxSb5. (d) Magnetoresistance
and the saturated ρAHE

xy as a function of Mo content x.

Temperature dependence of the in-plane resistivity ρab for
CsV3−xMoxSb5 is shown in Fig. 1(e). The resistivity of pris-
tine CsV3Sb5 exhibits a clear shoulder near 92.0 K due to
the formation of a CDW order in the kagome plane and zero
resistivity below the temperature ∼2.72 K. With increasing
x, the residual resistivity ratio (RRR) of CsV3−xMoxSb5 is
systematically reduced in the lower right part of Fig. 1(b),
implying a stronger scattering effect in the crystal structure
after doping. Figure 1(f) summarizes the phase diagram about
superconductivity and CDW at different Mo doping levels.
It is obvious that the CDW transition temperature increases
from 92 K for the pristine CsV3Sb5 sample to 100 K for
the x = 0.10 sample. As the enhanced TCDW, we now turn to
the evolution of superconductivity to understand the interplay
with the CDW order. Here, we define Tc from the resistivity
data by the criterion of 90%ρN (ρN represents the normal-state
resistivity). One can see that Tc exhibits monotonic suppressed

behavior with increasing x and reaches a minimum value of
about 1.1 K for the x = 0.10 sample. This competition picture
between superconductivity and CDW order is analogous to the
pressurized and chemical doped experiments [14–18].

The magnetoresistivity and Hall measurements under ex-
ternal magnetic field in the ab-plane of CsV3−xMoxSb5 are
shown in Figs. 2(a) and 2(b). The Hall signal exhibits an
antisymmetric S shape at the low-field region (0–2 T) for
pristine CsV3Sb5 and doped samples, which is attributed to
an anomalous Hall effect (AHE) according to previous reports
[11]. For x = 0.06 and x = 0.10 samples, the Hall signals
become negative through the whole field range, indicating
that the conduction changes from the hole-dominated multi-
band feature of pristine CsV3Sb5 to the single electron band
feature in this electron-doped case. The overall evolution
of the Hall signal is consistent with the recently reported
data in Mo-doped CsV3Sb5 [25]. As shown in Fig. 2(c),
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FIG. 3. (a) and (b) The oscillatory parts after subtracting a background as a function of 1/B at various temperatures for x = 0.01 and
x = 0.06 samples, respectively. (c) and (d) The fast Fourier transform spectra from (a) and (b) at different temperatures, which show that
Fourier transform amplitude decreases at high temperatures. (e) and (f) The Fourier transform amplitude as a function of temperature for Fα

and Fβ . The solid lines are the fitting curves by the LK formula.

the AHE signals (ρAHE
xy ) at 4 K are extracted by subtract-

ing the local linear Hall background. We summarize the
changes of magnetoresistance (MR = [ρ(H ) − ρ(0)]/ρ(0))
and ρAHE

xy in Fig. 2(d). The values of MR and RRR [as seen
in Fig. 1(b)] monotonically decrease with the Mo doping due
to the disorder scattering in crystal structures. It is shown that
the enhanced ρAHE

xy for x = 0.01 and x = 0.06 samples are
consistent with the increase of CDW transition temperature.
However, ρAHE

xy abruptly drops at x = 0.10, which could be
attributed to the change of the dominant carrier type or de-
tailed changes of electronic band structure by Mo doping.
According to the previous reports, such as Nb- and Cr-doped
systems, the AHE signal accompanying the CDW order in
CsV3Sb5 is explained that the possible existence of a chiral
flux phase breaks time-reversal symmetry [17,27]. Although
the origin of AHE is still under debate, CsV3−xMoxSb5 pro-
vides a further platform for understanding the expected chiral
CDW scenario.

A detailed evolution of the electronic band structure is
important for understanding the interplay between different
charge orders in the CsV3Sb5 family. Quantum oscillation
is a powerful tool to probe the actual Fermi surface reflect-
ing the information of the Fermi-surface evolution and their
quasiparticle effective masses. In Figs. 2(a) and 2(b), clear
Shubnikov–de Haas (SdH) oscillations can be observed at 2 K
under an external magnetic field and become weaker with an

increase of Mo content. The quantum oscillation analysis of
the pristine CsV3Sb5 has been widely reported [28–32], so
we focus here on the experimental results after Mo doping.
By subtracting the background, the oscillatory parts of mag-
netoresistivity for x = 0.01 and Hall resistivity for x = 0.06
as a function of inverse field (1/B) at several representative
temperatures are plotted in Figs. 3(a) and 3(b), respectively.
In principle, the fast Fourier transform (FFT) of quantum
oscillations can directly provide information about the Fermi
surfaces. The Fourier transform spectra reveal two distinct fre-
quencies at ∼17 T (Fα) and ∼72 T (Fβ) in Fig. 3(c). Another
lowest oscillatory frequency α′ (∼2.15 T) of the x = 0.06
sample is observed in Fig. 3(d), which could originate from
the reconstructed small Fermi pockets below TCDW after Mo
doping. Although four dominant frequencies are observed in
the x = 0.06 sample, only two broad peaks of frequencies
are distinguished in pristine CsV3Sb5, x = 0.01 and x = 0.10
samples [as seen in Figs. 4(b) and 4(c)], due to the mixed
effect of two close frequencies. The splitting of the peak in the
x = 0.06 sample could be attributed to a slight warping of the
Fermi surface along the c axis, which results in two extremal
Fermi-surface areas and therefore two close frequencies [29].
Our results are well consistent with previous SdH experiments
and calculations based on a 2 × 2 × 2 CDW [28,29,33].

The cyclotron effective mass m∗ can be obtained from the
temperature dependence of the Fourier transform amplitude
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FIG. 4. (a) The oscillatory part after subtracting a background is plotted as a function of 1/B for the x = 0.10 sample. (b) The Fourier
transform spectra for two x = 0.10 samples. (c) Doping evolution of the Fourier transform spectra for CsV3−xMoxSb5 (0 � x � 0.10). Inset:
The extremal cross sections of Fermi surfaces vs Mo content x for Fα and Fβ , respectively.

using the thermal damping term of the Lifshitz-Kosevich (LK)
formalism [34], RT = X/ sinh X with X = 14.693m∗T/B (B
is the average value of the magnetic field window). For pris-
tine CsV3Sb5, the effective masses are 0.066me (me is the
mass of the free electron) for the α band and 0.10me for the
β band, respectively. As analyzed in Fig. 3(e), the values of
m∗

α and m∗
β are 0.063me and 0.10me for the x = 0.01 sample,

which are very close to that of the pristine CsV3Sb5. For
the x = 0.06 sample, the estimated values of m∗

α and m∗
β are

0.036me and 0.069me. All these values of m∗ are less than
0.10me, reflecting the existence of Dirac bands below TCDW.
The effective mass of the x = 0.10 sample cannot be ob-
tained because the oscillation signals are very weak. In recent
experimental results of topological properties for CsV3Sb5,
the Fermi surface corresponding to Fβ is demonstrated as a
nontrivial band with the Dirac-like crossing [28]. Here, the
cyclotron effective mass of the topological β band becomes
smaller with the increase of Mo content, revealing that Mo
doping pushes the Dirac node close to the Fermi level.

In order to identify the role of VHSs and their interplay
with the CDW order and superconductivity, we summarize
the change of Fourier transform spectra in CsV3−xMoxSb5,
as shown in Fig. 4(c). According to the Onsager relation
[34], F = SF h̄/2πe (SF is the extremal cross section of the
Fermi surface), the frequencies of quantum oscillations are
proportional to the areas of the extremal orbits. In the inset
of Fig. 4(c), the obtained values of SF exhibit a little change
for the low-frequency with α band and a distinct decrease for
the high-frequency with β band. To understand the results of
SdH oscillations, the schematic of change in band structures
is shown in Fig. 5. In combination with the previous angle-
resolved photoemission spectra (ARPES) reports and theoret-
ical analysis of CsV3Sb5 [28,33,35,36], the tiny Fermi surface
(Fα) is located in the direction of �-K line and the small
topological Fermi surface (Fβ) is located around the L point.

It has been suggested that the VHSs at the M point near
the Fermi level play crucial roles in the formation of the
unconventional CDW order and are considered as a driving
source for superconductivity in pristine CsV3Sb5 [37–39].
Experimentally, hole doping would push the VHSs at the M
point above the Fermi level and suppress the CDW order,

such as the Ti-doped case [40]. The VHS at the M point
is pushed close to and above the Fermi level in Ta-doped
and Nb-doped systems [17,18,36], respectively. Intriguingly,
for both CsV3−xTaxSb5 and CsV3−xNbxSb5, the CDW transi-
tion temperature is decreased and Tc is increased. When the
CDW order is suppressed, the Tc is related to the position of
VHSs near the Fermi level in CsV3−xTaxSb5 or the competing
incommensurate, quasi-one-dimensional (1D) charge correla-
tions in CsV3Sb5−xSnx [18,41]. As shown in Fig. 5(a), the
overall band structure of CsV3Sb5 shows a clear modification
after Ta doping. Compared with the Ta-doped and Nb-doped
systems, Mo doping acts as an electron donor, and its VHSs
at the M point are expected to move away from the Fermi
level. A simple schematic of the detailed changes in the band
structures from CsV3Sb5 to Mo-doped samples is plotted in
Fig. 5(b). From our SdH experiments, the Fermi surface at the
L point becomes smaller and its associated VHS2 from the
dxz/dyz vanadium orbitals at the M point is close to the Fermi
level under Mo doping. Meanwhile, the Fermi surface at the
�-K direction exhibits little change upon Mo substitution.

In the latest strain tuned report, the obvious CDW response
to lattice perturbations with the coexistence of a star-of-David
pattern and an inverse star-of-David pattern suggests that
the high-order VHS1 from the dxy/dx2−y2 vanadium orbitals
with a small band curvature plays an important role in the
unconventional charge modulation and the superconducting
pairing [42]. Among the multiple VHSs, the VHSs from
the dxz/dyz orbitals contribute to the nested Fermi surface
[37]. The relative positions of VHSs close to EF would
impact the favored charge instability. Then, we illustrate
the schematics of the changes in key band structures for
CsV3−xMoxSb5, CsV2.6Ta0.4Sb5, and CsV2.79Nb0.21Sb5 com-
pared with CsV3Sb5. In Fig. 5(c), for the Mo-doped case, the
VHS1 remains below the Fermi level and the lifted VHS2

promotes the nesting condition. In addition, more electrons
can tune the Sb band around the � point, which pulls down the
energy band and gains more density of states for the supercon-
ducting pairing. However, the Tc decreases with Mo doping
and thus the band near the � point has little contribution
to the superconductivity in CsV3−xMoxSb5. The suppressed
superconductivity may originate from two main effects. One
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FIG. 5. (a) Calculated band structures of CsV3Sb5 and superimposed CsV2.58Ta0.42Sb5 (the yellow lines) above the TCDW, as referred from
Ref. [20]. (b) Schematic of the detailed changes in the band structures below the TCDW for CsV3−xMoxSb5. (c)–(e) Schematics of the changes in
the key band structures for CsV3−xMoxSb5, CsV2.58Ta0.42Sb5 [18], and CsV2.79Nb0.21Sb5 [17,36], compared with CsV3Sb5, where the arrows
represent the shifts of bands compared with CsV3Sb5.

is the impurities that can break the Cooper pair with the
introduction of Mo, as reported by the electron-doping cases
in Cs(V1−xCrx )3Sb5 and Cu-doped FeSe [27,43]. The recently
nuclear magnetic resonance (NMR) study suggests that the
impurity effect has a minor contribution to the suppression of
superconductivity [25]. The other is the change of density of
states at the Fermi level associated with the enhanced CDW
[25]. This suppressed superconductivity could ascribe to the
result of a cooperative mechanism.

As shown in Fig. 5(d), for CsV3−xTaxSb5 [18], the en-
hanced superconductivity is dominated with the shift of VHS1

by suppressing the competing orders. For CsV2.79Nb0.21Sb5

[17], the high-order VHS1 crosses the Fermi level after doping
and depletes the filled density of states near M leading to the
suppression of the CDW, as displayed in Fig. 5(e). Moreover,
the downward shift of the band at the � point leads to the
increase of density of states at the Fermi level [36]. The
modifications to the band structures near the � and M points
make a cooperative promotion of the superconductivity in
CsV3−xNbxSb5. On the basis of an opposite shift of the bands
near the M and � points due to an orbital-selective bandwidth
transfer, these results imply that a cooperative mechanism
including more introduced electrons and the promoted Fermi-
surface nesting would contribute to the unusual competition
between the CDW and superconductivity in CsV3−xMoxSb5.

Next, we summarize the unique electronic band structures
in CsV3−xMoxSb5. First, the VHSs around the M is slightly

below the Fermi level in pristine CsV3Sb5, by doping Mo
into the crystal structure, the VHSs from vanadium orbitals
are lifted up and promote the nesting condition. Second, the
Fermi surface along the �-K direction exhibits a subtle change
under Mo doping, which coincides with the ARPES exper-
iments of Ta-doped and Nb-doped systems [18,36]. Third,
the �-centered Sb electron band is expected to move towards
a deeper binding energy under Mo doping performed by
more introduced electrons and the change of Hall signal [see
Fig. 2(b)].

IV. CONCLUSIONS

In summary, we report comprehensive transport mea-
surements on CsV3−xMoxSb5 single crystals. The intriguing
changes in the electronic band structures upon Mo substitu-
tion are characterized by the shrinkage of the V-derived band
(Fβ) forming the van Hove singularity and a subtle change
of the band along the �-K direction (Fα), and these two
Fermi surfaces possess small cyclotron effective masses. The
CDW order becomes stronger when the VHSs are close to
EF , revealing that the VHS from dxz/dyz vanadium orbitals
plays an important role in the electronic instabilities. In this
electron-doped case, the enhanced CDW with Mo substitution
is dominated by the promoted Fermi-surface nesting with
tunable VHSs at the M point.
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