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Highly Robust Reentrant Superconductivity in CsV3Sb5 under Pressure
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We present the superconducting (SC) property and high-robustness of structural stability of kagome CsV3Sb5

under in situ high pressures. For the initial SC-I phase, its 𝑇c is quickly enhanced from 3.5K to 7.6K and then
totally suppressed at 𝑃 ∼ 10GPa. With further increasing pressure, an SC-II phase emerges at 𝑃 ∼ 15GPa
and persists up to 100GPa. The 𝑇c rapidly increases to the maximal value of 5.2K at 𝑃 = 53.6GPa and
slowly decreases to 4.7K at 𝑃 = 100GPa. A two-dome-like variation of 𝑇c in CsV3Sb5 is concluded here. The
Raman measurements demonstrate that weakening of 𝐸2g mode and strengthening of 𝐸1g mode occur without
phase transition in the SC-II phase, which is supported by the results of phonon spectra calculations. Electronic
structure calculations reveal that exertion of pressure may bridge the gap of topological surface nontrivial states
near 𝐸F, i.e., disappearance of 𝑍2 invariant. Meanwhile, the Fermi surface enlarges significantly, consistent with
the increased carrier density. The findings here suggest that the change of electronic structure and strengthened
electron-phonon coupling should be responsible for the pressure-induced reentrant SC.
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A kagome lattice, composed of atoms at the ver-
tices of a two-dimensional network with the corner-
sharing triangles, provides a fascinating playground
for exploring the novel frustrated, correlated and topo-
logical electronic states of matters recently.[1−4] Due
to the special geometry, the kagome lattice natu-
rally possesses Dirac dispersion and nearly flat bands
that promote topological and correlation effect.[5]

Kagome systems are predicted to host too many ex-
otic electronic states, such as spinless fermions,[6−8]

Mott phase transition,[6,9,10] charge density waves
(CDW),[6,11−13] and superconductivity (SC).[6,7,11,14]

Up to date, exploring exotic properties, in particu-
lar, the interplay between multiple electronic orders
in kagome lattices, have been of challenge.

Recently, a new family of quasi-2D kagome met-
als 𝐴V3Sb5 (𝐴= K, Rb and Cs) have attracted con-
siderable attention.[15] The vanadium sublattice of
P6/mmm CsV3Sb5 is a structurally perfect kagome
lattice. There are two distinct Sb sublattices. The
sublattice formed by the Sb1 atom is a simple hexag-
onal net, centered on each kagome hexagon. All inter-
atomic distances within the kagome layer are equal,
as required by the high symmetry of the V1 (Wyckoff
3g) and Sb1 (Wyckoff 1b) sites. The Sb2 (Wyckoff

4h) sublattice creates graphite-like layers of Sb (an-
timonene) that encapsulate the kagome sheets. The
Cs sublattice fills the space between the graphite-
like sheets. The superconducting transition temper-
atures (𝑇c) are 0.93, 0.92, and 2.5 K for the three
compounds, respectively.[16−18] In addition, in normal
state they all manifest a proposed charge density wave
transitions at 78, 103, and 94 K, respectively.[15,19,20]

Interestingly, high-resolution scanning tunneling mi-
croscopy (STM) study reveals that such charge order
displays a chiral anisotropy,[21−23] which leads to a gi-
ant anomalous Hall effect in the absence of resolvable
magnetic order or local moments,[17,24−26] pointing to
a precursor of unconventional SC.[21,27] Furthermore,
the proximity-induced spin-triplet pairing and an
edge supercurrent have been observed in Nb/KV3Sb5

devices.[28] More importantly, 𝑍2 nontrivial topolog-
ical band structures, including multiple Dirac nodal
points near the Fermi level (𝐸F) and possible topo-
logical surface states, were demonstrated by angle-
resolved photoemission spectroscopy (ARPES) and
density-functional theory (DFT) calculations.[15,16,18]

Therefore, AV3Sb5 is regarded as a candidate to study
the interplay among SC, electron correlation and non-
trivial band topology.
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It is known that in situ pressure tuning is a ‘clean’
way to tune basic electronic and structural properties
without changing the chemical composition, and even-
tually benefits for elucidating mechanisms of the puz-
zling state in new superconducting materials.[29−34]

Very recently, Zhao et al. and Chen et al. reported
that the 𝑇c of CsV3Sb5 first increases to 7.5 K and
quickly reduces under pressure, proving the competi-
tion between SC and possible CDW.[27,35] Then, Zhao
et al. and Zhang et al. updated the data of relatively
high pressure, and the reemergence of SC after 15 GPa
was discovered.[27,36]

In this study, we performed the in situ high pres-
sure transport measurements on the CsV3Sb5 sam-
ple as pressure is up to 100 GPa. Two supercon-
ducting domes in the temperature-pressure phase di-
agram are revealed. Interestingly, in pressure-induced
superconducting state, the 𝑇c and crystal structure
are rather robust evidenced by the transport mea-
surements, Raman spectra and phonon spectra cal-
culations. Thus, varied electronic structure and pos-
sibly enhanced electron-phonon coupling play impor-
tant roles in inducing reentrant SC.

Sample Preparation. Single crystals of CsV3Sb5

were grown from Cs (Alfa, 99.98%), V powder (Alfa,
99.9%) and Sb grains (Alfa, 99.999%) using the self-
flux growth method similar to the previous reports.[15]

Cs, V and Sb were weighted as the stoichiometric ratio
in an argon-filled glove box (A small excess of Cs was
used to compensate for volatility of the alkali metal).
Then they were packed into Al2O3 crucible in order
and sealed into an evacuated silica tube under partial
argon atmosphere. The sealed quartz ampoule was
heated to 1273 K and soaked there for 24 h. Then,
it was cooled down to 823 K at 2 K/h. Finally, the
ampoule was taken out from the box furnace and de-
canted with a centrifuge to separate CsV3Sb5 single
crystals from the flux. The shinning CsV3Sb5 single
crystals were obtained, see Fig. S1 (in the Supporting
Information).

In Situ High-Pressure Measurements. High pres-
sure resistivity of CsV3Sb5 single crystals was mea-
sured in a physical property measurement system
(PPMS, Quantum Design) using a diamond anvil cell
(DAC) at temperatures of 2–300 K. We used the van
der Pauw method for electrical transport measure-
ments on the CsV3Sb5 samples. Be–Cu cells were
used for the resistance experiments. The cubic boron
nitride (cBN) powders (200 and 300 nm in diameter)
were employed as the pressure medium and the insu-
lating material. The pressure was measured using the
ruby fluorescence method at room temperature each
time before and after the measurement. In addition,
in situ Raman spectra under high pressure were taken
(Horiba, Lab- RAM HR revolution) to characterize
their structures.

Theoretical Calculations. We performed struc-

tural optimization and electronic property calcula-
tions within framework of the DFT +𝑈 by the Vienna
ab initio simulation package (VASP) code.[37−40] The
generalized-gradient approximation (GGA) is used for
the exchange-correlation term within the Perdew–
Burke–Ernzerhof (PBE) approach.[41−43] The addi-
tional Hubbard-like term is used to treat the on-site
Coulomb interactions on the localized 𝑑-states of vana-
dium atoms. A plane wave energy cutoff of 350 eV and
the Monkhorst–Pack 𝑘-meshes with a maximum spac-
ing of 2𝜋 × 0.15 Å−1 were used to ensure that all the
enthalpy calculations are well converged to better than
1 meV/atom. To examine the dynamical stability of
the structure, we performed phonon calculations using
the finite displacement method as implemented in the
PHONOPY code.[44] The Brillouin zone was sampled
with a 3 × 3 × 2 supercell. Crystal orbital Hamilton
population (COHP) analysis was performed using the
LOBSTER package[45,46] in conjunction with VASP.

Results and Discussion. In the inset of Fig. 1(a),
one can see that the temperature-dependent resistiv-
ity of CsV3Sb5 under ambient pressure, in which the
kinks due to proposed charge density wave of 90 K and
SC of 3.5 K coexist. The residual resistivity ratio value
is about 25, indicating good quality of our sample.
In a typical in situ high pressure measurement (run
1), two clear features emerge as shown in the main
panel of Fig. 1(a). Firstly, the 𝑇 onset

c of SC-I phase
increases to 7.6 K at 0.7 GPa and then decreases to
below 2 K at 9.0 GPa, leading to a dome-like 𝑇c. This
pressure-dependent 𝑇c is consistent with the recent
reports.[27,35] The 𝐻-dependent resistivity at 1.5 GPa
are plotted in Fig. 1(b). It is found that the 𝐻 of
3.0 T can totally suppress the superconducting transi-
tion. The upper critical field 𝜇0𝐻𝑐2, 4.2 T, is obtained
based on the linear fitting. Another feature is that
the magnitude of resistivity and the slops of the 𝜌–
𝑇 curve continuously decrease. The former is due to
the pressure-induced compact of crystal, and the lat-
ter may relate to the variation of electron-phonon cou-
pling under pressure. In Fig. 1(c), we can find that the
sample is normal metal without any signature of SC in
the pressure range of 12.0–14.9 GPa. The total mag-
nitude of resistivity and residual resistivity increases
with 𝑃 . As 𝑃 > 19.5 GPa, a new superconducting
phase appears. The 𝑇 onset

c of reentrant SC is 2.8 K,
which slowly increases to 𝑇c of ∼5.1 K at ∼57.1 GPa.
It should be noted is that the SC phase survives after
the pressure is released, indicating a reversible struc-
ture even the pressure is squeezed up to 57.1 GPa, see
Fig. S2. In run 2, we further increase the pressure to
100 GPa. In Fig. 1(d), it is found that the second SC
reenters as 𝑃 > 20 GPa, exhibits peak 𝑇 onset

c of 5.2 K
at 53.6 GPa and then gradually decreases. The 𝑇c is
rather robust against pressure. At 100 GPa, the 𝑇 onset

c

is 4.7 K. We measured the 𝐻-dependent superconduct-
ing transition under 𝑃 = 53.6 GPa, and plotted the
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curves in Fig. 1(e). The SC is suppressed as 𝐻 > 2 T.
The calculated 𝜇0𝐻𝑐2(0) is about 3.5 T. We show the
temperature-dependent 𝜇0𝐻𝑐2 of CsV3Sb5 under se-

lected pressure. The pressure dependence of 𝜇0𝐻𝑐2

are plotted in Fig. 1(f) and Fig. S3, and the values are
smaller than the Pauli limit of 1.84𝑇c.
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Fig. 1. Transport properties of CsV3Sb5 at various pressures. (a) The 𝜌–𝑇 curves in the temperature range 2–300K
for 0.7–9.0GPa. The inset of (a) is the 𝜌–𝑇 curve for 0GPa. (b) The 𝜌/𝜌8K around 𝑇c under external magnetic
field at 1.5GPa. (c) The 𝜌–𝑇 curves in the temperature range 2–300K for 12.0–57.1GPa. The inset of (c) is the
𝜌–𝑇 curves in the temperature range 2–6K. (d) The 𝜌–𝑇 curves in the temperature range 2–300K for 1.3–100GPa.
The inset of (d) is the 𝜌–𝑇 curve in the temperature range 2–6K. (e) Behavior of 𝜌/𝜌8K around 𝑇c under external
magnetic field at 53.6GPa. (f) Temperature dependence of the upper critical field 𝜇0𝐻𝑐2 at different pressures. The
broken lines represent the linear fitting curves.
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Fig. 2. Pressure dependence of (a) 𝑇c and related physi-
cal parameters of CsV3Sb5: (b) index 𝛼, (c) prefactor 𝐴,
(d) Debye temperature 𝛩D, and (e) carrier density 𝑛.

The pressure-dependent 𝑇c and related physical
parameters are summarized in Fig. 2. There are two
dome-like superconducting states under pressure as
shown in Fig. 2(a). In the first SC range (SC-I), ap-
plying pressure rapidly enhances the 𝑇c to ∼7.6 K and
then suppresses the 𝑇c below 2 K as 𝑃 ∼ 10 GPa. In
the second SC range (SC-II), as 𝑃 > 15 GPa, the 𝑇c

continuously increases to the highest 𝑇c of 5.2 K, which
is slightly lower than that in the SC-I region. The
two SC ranges are separated by ∼10 GPa. As previ-
ously reported, the highest 𝑇c of reentrant SC is higher
than that in SC-I phase such as FeSe-based supercon-
ductors. In 𝐾𝑥Fe2Se2 and (Li1−𝑥Fe𝑥)OHFe1−𝑦Se su-
perconductors, the SC-I phases of 30 K and 41 K are
rapidly suppressed at 𝑃 = 10 GPa and 4 GPa, respec-
tively. Then pressure-induced SC-II phases emerge
with the maximum 𝑇c of 48.7 K and 50 K.[33,47,48] Ac-
cording to the transport property analysis, the sup-
pression of the first SC phase is related to a possi-
ble quantum phase transition from Fermi liquid to
non-Fermi liquid behavior.[49] In some superconduc-
tors such as KMo3As3, the 𝑇c of the pressure-induced
SC-II phase is slightly lower than that of the initial
SC-I phase.[50]
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In the normal state, the pressure-dependent key
transport parameters are plotted in Figs. 2(b)–2(f).
We fit the 𝜌(𝑇 ) curve by the equation 𝜌 = 𝜌0 + 𝐴𝑇𝛼

from 𝑇c to 50 K. Here 𝜌0 is residual resistivity, and 𝐴
is constant. The pressure-dependent index 𝛼 is plot-
ted in Fig. 2(b). In the SC-I, the 𝛼 increases from 1.69
to 1.93, then it continuously decreases to 1.50 as the
reentrant SC occurs. As the 𝑃 goes through the opti-
mal value, the 𝛼 increases again to 1.87. Such behav-
iors imply that the electron-correlated states possibly
transit from Fermi-liquid to non-Fermi-liquid state,
and then back to Fermi-liquid state again.[51,52] For
the 𝐴, in SC-I region, it quickly increases to the peak
value at 0.7 GPa, and then lowers to the minimum
as the 𝑇c is totally suppressed, see Fig. 2(c). In the
NSC and SC-II regions, the 𝐴 shows the peak value of
0.029µΩ·cm·K−𝛼. On the other hand, in a pressurized
sample, the 𝜌0 generally decreases with increasing 𝑃 ,
similar to the trend in the SC-I region. However, the
enhancement of 𝜌0 in higher 𝑃 is unusual, which may
be caused by disorder if there is no metal-insulator
transition.

Based on the Bloch–Grüneisen model of scattering
of electrons by longitudinal acoustic vibrations:[53]

𝜌(𝑇 ) = 𝜌0 +𝐵× 𝑇𝑛

𝜃𝑛−1
D

∫︁ 𝜃D/𝑇

0

𝑧𝑛𝑑𝑧

(𝑒𝑧 − 1)(1 − 𝑒−𝑧)
− 𝑘𝑇 3,

where 𝜌0 is residual resistivity, the value of 𝑛 is typi-
cally fixed at 3, 𝑘 the coefficient of the cubic term, 𝛩D

the Debye temperature from the resistivity data, and
𝐵 a prefactor depending on the material. We fitted
the 𝜌(𝑇 ) data above 𝑇c at each 𝑃 , and obtained the
𝛩D as shown in Fig. 2(d). It can be found that the 𝛩D

firstly rapidly increases to the maximal 344 K in the
SC-I range, and then slowly decreases to a constant
value of 150 K as entering the SC-II range, implying re-
duction of average frequency of phonon vibration. In
addition, we measure the pressure-dependent carrier
density 𝑛 as shown in Fig. 2(e), and find that it gradu-
ally increases from 1.6×1022 cm−3 to 2.9×1022 cm−3.
The magnitude of 𝑛 is consistent with the reported
values in analogous compounds.[24,25]

It is instructive to check the structural stability at
high pressure, thus we calculated phonon dispersions
and projected phonon density of states at 𝑃 = 0 GPa,
10 GPa, 20 GPa, 40 GPa, and 60 GPa, see Figs. S4 and
S5. The optimized crystallographic parameters are
summarized in Table S1. The phonon dispersions at
𝑃 = 0 GPa exhibit large negative frequency at mul-
tiple directions in the Brillouin zone, indicating the
structural instability. A 2 × 2 CDW ground state
due to Peierls instability is proposed in the kagome
lattice.[54] However, no imaginary frequencies are ob-
served at higher pressure, suggesting that the dynam-
ical stability enhances under pressure. Moreover, the
contributions of phonon dispersions mainly come from
the vibration of V and Sb atoms. The heavier Sb

atoms dominate the low-frequency branches, while the
relatively light V atoms contribute significantly to the
high-frequency modes. Cs vibration has a smaller con-
tribution over the whole frequency range due to the
negligible chemical bonding with Sb atoms. More in-
terestingly, it is found from Fig. S5 that the low-energy
acoustic phonons soften around the 𝑀 point with in-
creasing pressure up to 40 GPa.
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1–53GPa. (c) Intensity ratio of 𝐴1g/𝐸2g taken from (b).

On the other hand, according to the structural
symmetry, three Raman-active models assigned as
𝐴1g, 𝐸2g and 𝐸1g due to vibration of Sb are drawn
in Fig. 3(a). The peak positions of three modes can
be theoretically estimated from the phonon spectra
at 10 GPa, 20 GPa, 40 GPa and 60 GPa. One can
find that the three peaks are blue-shifted under ap-
plied pressure as shown in Fig. S6. We measured the
pressure-dependent Raman spectra of CsV3Sb5 from 1
to 53 GPa and plotted them in Figs. 3(b), S7 and S8.
At low 𝑃 , two peaks of 119.5 cm−1 and 135.3 cm−1

are observed, which belong to 𝐸2g and 𝐴1g modes
associated with longitudinal and transversal vibra-
tions of Sb atoms. As 𝑃 > 20 GPa, a small peak
at ∼100 cm−1 emerges, which is 𝐸1g mode associated
with in-plane relative vibration of upper Sb and lower
Sb atoms. With increasing 𝑃 , the peaks of 𝐸2g and
𝐴1g move to higher wave numbers like the observa-
tions in MnBi2Te4.[55] Simultaneously, the intensity of
𝐸2g slowly decreases while that of 𝐴1g increases. This
anomalous change leads to the fact that the intensity
ratio of 𝐴1g/𝐸2g starts to increase as 𝑃 > 20 GPa,
then reaches the peak value at 𝑃 = 30 GPa, see
Fig. 3(c). At the same time, from the 𝑃 -dependent
Raman spectra in the right panel of Fig. S7, we can
see that the 𝐸1g mode emerges at 20.5 GPa. From the
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above lattice dynamic information, we can deduce that
the initial structure of CsV3Sb5 with space group of
P6/mmm is very robust, and no structural transition
happens as 𝑃 = 53 GPa. Intuitively, the reentrant SC

may relate to enhanced vibration of the low frequency
𝐸1g and weakened vibration of the high frequency 𝐸2g,
which may partially strengthen electron-phonon cou-
pling.
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We calculated the electronic band structures at
various pressures, as shown in Fig. 4. It can be seen
that the electronic states of CsV3Sb5 near the 𝐸F

are mainly attributed by the V 𝑑 and the Sb 𝑝 or-
bitals. With the increase of pressure, the density of
states (DOS) near 𝐸F decreases from 5 to 3 states/eV
per formula, see the right panels of Figs. 4(a)–4(d)
and Fig. S9. Meanwhile, applying of pressure lifts
the energy of middle band (blue color), closing the
continuous direct gap in partial Brillouin zone. This
implies that the 𝑍2 topological invariant may disap-
pear at 𝑃 > 20 GPa.[56,57] The Dirac-cone at the 𝑀
point moves away from this high symmetry point at
𝑃 > 20 GPa, and some more Dirac-like cones appear
near Fermi surface at 𝑃 = 40 GPa, see Figs. 4(c) and
4(d). In addition, the broadening of the band struc-
ture leads to more bands crossing through the 𝐸F es-
pecially along 𝛤–𝐴–𝐿 direction. From the pressure-

dependent topology of Fermi surface [Figs. 4(e)–4(h)],
it can be found that the scale of Fermi surface in-
creases, consistent with the enhanced carrier den-
sity shown in Fig. 2(e). Interestingly, there are ex-
tra Fermi surface rings at 𝑃 = 20 GPa and 40 GPa
in Figs. 4(g) and 4(h), which supports the emergence
of Lifshitz transition.[36] Strikingly, in Fig. 4(h), the
P6/mmm structure exhibits Fermi surface nesting at
𝑃 = 40 GPa along 𝛤–𝐴 and 𝑀–𝐿 directions, asso-
ciated with highly dispersive bands in this directions
as discussed above. Therefore, we suggest that the
induced Fermi-surface nesting also favors the reemer-
gence of SC-II phase.

From Fig. S10(a), it is found that the lattice pa-
rameter 𝑐 reduces rapidly in the low-pressure region
and gradually changes slowly with the increasing pres-
sure over 40 GPa. In contrast, the lattice parameter
𝑎 does not change significantly, leading to the slow
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decrease of interatomic distances within the kagome
layer. Especially after 60 GPa, the bond length of
V–Sb1 (V–V) exhibits a tendency to exceed that of
V–Sb2 under pressure, see Fig. S10(b). In order to
further investigate the bonding character of CsV3Sb5,
we calculated projected crystal orbital Hamiltonian
population (pCOHP) and plotted them in Fig. S11. It
can evaluate the weighted population of wave func-
tions on two atomic orbitals of a pair of selected
atoms. It is noted that the occupied bonding states
in CsV3Sb5 at 40 GPa move to deeper energy be-
low the 𝐸F, indicating higher stability of P6/mmm
CsV3Sb5 at 40 GPa. Moreover, in Fig. S12, we use
the integrated COHP (ICOHP) to quantitatively esti-
mate the bonding strength. It is noted that the V–Sb1
covalent bonding in kagome net of vanadium is the
strongest, and with increasing pressure, the V–Sb1
bond strengthens non-significantly as that of V–Sb2
and V–V bonds, suggesting the stable kagome layer
upon compression as verified above.

In summary, we have investigated the SC, trans-
port property and structural stability of CsV3Sb5 un-
der high pressure up to 100 GPa. Initial SC phase-
I is rapidly suppressed at 𝑃 ∼ 10 GPa, and then a
second SC phase-II emerges for 𝑃 > 15 GPa. Inter-
estingly, the SC-II exhibits a dome-like 𝑇c, in which
the 𝑇c quickly increases to peak 𝑇 onset

c of 5.2 K and
then slowly decreases to 4.7 K at 𝑃 = 100 GPa. Theo-
retical calculations and Raman measurements demon-
strate that the initial crystal structure can persist in
the whole pressure range. The reentrant SC should re-
late to variation of electronic structure and enhanced
electron-phonon coupling due to partial phonon soft-
ening. The findings here suggest that the highly stable
SC and structure in such kagome lattice deserve fur-
ther investigation.
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