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Superconductivity under pressure in a 
chromium-based kagome metal

Yi Liu1,2,13, Zi-Yi Liu3,4,13, Jin-Ke Bao5,6,13, Peng-Tao Yang3,4, Liang-Wen Ji1, Si-Qi Wu1, 
Qin-Xin Shen3,4, Jun Luo3, Jie Yang3, Ji-Yong Liu7, Chen-Chao Xu5, Wu-Zhang Yang8, 
Wan-Li Chai1, Jia-Yi Lu1, Chang-Chao Liu1, Bo-Sen Wang3,4, Hao Jiang9, Qian Tao1, Zhi Ren8, 
Xiao-Feng Xu2, Chao Cao1,10, Zhu-An Xu1,11,12, Rui Zhou3 ✉, Jin-Guang Cheng3,4 ✉ & 
Guang-Han Cao1,11,12 ✉

Superconductivity in a highly correlated kagome system has been theoretically 
proposed for years (refs. 1–5), yet the experimental realization is hard to achieve6,7.  
The recently discovered vanadium-based kagome materials8, which exhibit both 
superconductivity9–11 and charge-density-wave orders12–14, are nonmagnetic8,9 and 
weakly correlated15,16. Thus these materials are unlikely to host the exotic 
superconductivity theoretically proposed. Here we report the discovery of a 
chromium-based kagome metal, CsCr3Sb5, which is contrastingly featured with  
strong electron correlations, frustrated magnetism and characteristic flat bands  
close to the Fermi level. Under ambient pressure, this kagome metal undergoes a 
concurrent structural and magnetic phase transition at 55 K, with a stripe-like 4a0 
structural modulation. At high pressure, the phase transition evolves into two 
transitions, possibly associated with charge-density-wave and antiferromagnetic 
spin-density-wave orderings. These density-wave-like orders are gradually 
suppressed with pressure and, remarkably, a superconducting dome emerges at  
3.65–8.0 GPa. The maximum of the superconducting transition temperature, 
Tc

max = 6.4 K, appears when the density-wave-like orders are completely suppressed  
at 4.2 GPa, and the normal state exhibits a non-Fermi-liquid behaviour, reminiscent  
of unconventional superconductivity and quantum criticality in iron-based 
superconductors17,18. Our work offers an unprecedented platform for investigating 
superconductivity in correlated kagome systems.

Materials with two-dimensional (2D) kagome lattice are featured 
with geometric frustration and characteristic electronic structures, 
from which various intriguing quantum states may emerge19. The 
vanadium-based kagome materials AV3Sb5 (A = K, Rb, Cs) recently 
discovered8 present many exotic phenomena, including super-
conductivity9–11,20, unusual charge order12–14,21–24, anomalous Hall 
effect25, pair density wave26 and electronic nematicity27. Nevertheless, 
this class of materials are most likely phonon-mediated conventional 
superconductors28, in line with the nonmagnetic nature and rela-
tively weak electron correlations8,9,15,16. Correlated magnetic kagome 
materials, on the other hand, generally bear robust magnetism ham-
pering the appearance of superconductivity. Below we report a new 
chromium-based kagome material, CsCr3Sb5, which uniquely hosts 
both strong electron correlations and fragile magnetism. We found that 
the density-wave‐like orders are gradually suppressed with pressure, 

and superconductivity emerges near a quantum critical point (QCP)  
at Pc ≈ 4 GPa.

Single crystals of CsCr3Sb5 were grown using a self-flux method9,29. 
The as-grown crystals were characterized by single-crystal X-ray diffrac-
tions (XRD) and energy dispersive X-ray (EDX) spectroscopy (Extended 
Data Fig. 1a). The crystals are typically thin flakes with silver metallic 
lustre and hexagonal morphology, and they are stable in air. The chemi-
cal composition is of stoichiometric CsCr3Sb5 within the measurement 
errors. The single-crystal XRD at room temperature (Extended Data 
Fig. 1b–d) shows that CsCr3Sb5 crystallizes in a hexagonal lattice with the 
space group of P6/mmm (Fig. 1a and Extended Data Table 1). Cr atoms 
form a 2D kagome net with Sb1 atoms located at the centre of the hexa-
gons. This 2D Cr3Sb plane is sandwiched by the honeycomb-like layers 
of Sb2, and the resultant sandwiched layers of [Cr3Sb5]– are separated by 
layers of Cs+ ions. Therefore, CsCr3Sb5 is isostructural to AV3Sb5 (ref. 8).
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Figure 1b–f summarizes the physical properties of CsCr3Sb5 at ambi-
ent pressure. The in-plane resistivity ρab(T) is nearly temperature- 
independent above about 150 K with an absolute value of resistivity 
of 1.4 mΩ cm (Fig. 1b and Extended Data Fig. 1g). The resistivity ani-
sotropy ρc/ρab is as high as around 60, indicating a quasi-2D transport 
property. In the 2D-conduction scenario, the parameter kFl, where kF 
and l are the Fermi wavevector and mean free path, respectively, is 
estimated to be close to unity30, suggestive of a correlated bad metal31. 
The low‐T specific-heat data (Fig. 1c, top right) give information about 
the strength of electron correlations. The data fitting with the for-
mula C/T = γ + βT2 yields a large electronic specific-heat coefficient, 
γexp = 105(1) mJ K−1 mol−1. This γ value is four times larger than that of the 
V-based CsV3Sb5 (ref. 32), and it is even larger than that of correlated 
quasi-one-dimensional superconductor K2Cr3As3 (ref. 33).

Notably, a resistivity peak appears at Tρ = 55 K. The corresponding 
anomaly is also manifested by a peak in the specific heat C(T) (Fig. 1c), 
a drop in the magnetic susceptibility χ(T) (Fig. 1d,e) and changes in the 
magnetoresistance and Hall coefficient (Extended Data Fig. 1h–l). No 
obvious thermal hysteresis was observed at around 55 K. Putting all 
these observations together, we can conclude a second-order or weakly 
first-order phase transition for CsCr3Sb5.

The χ(T ) data at high temperatures exhibit a Curie–Weiss (CW) 
behaviour (Fig. 1d,e), in contrast with the temperature-independent 
character in CsV3Sb5 (refs. 9,29). We thus fitted the data with the for-
mula χ(T) = χ0 + C/(T + θCW), where C refers to Curie constant and θCW is 
paramagnetic CW temperature. The best fit yields an effective magnetic 
moment of μeff = 1.26 ± 0.12 μB Cr−1, where μB refers to the Bohr magne-
ton, suggesting the existence of Cr local moment. The large positive 
value of θCW higher than 300 K (Fig. 1d,e) indicates strong AFM interac-
tions between the Cr magnetic moments, which explains the robustness 
of the phase transition against external magnetic fields (Fig. 1c, bottom 
right). Note that the magnetic frustration index34, f = |θCW|/TN ≈ 6–7, 

is moderately large, suggesting notable magnetic frustrations that 
commonly exist in a magnetic kagome lattice.

The nuclear magnetic resonance (NMR) measurement gives evidence 
of an antiferromagnetic (AFM) ordering (Fig. 1f and Extended Data 
Fig. 2). The intensity of 123Sb-NMR spectra decreases abruptly below 
TN ≈ 55 K, signalling a shift in spectral weight, which is a typical feature 
of magnetic transitions35. At 2 K, a marked change in NMR spectra was 
observed: from one narrow line to two broad peaks (Fig. 1f, right). This 
splitting of the NMR line strongly suggests an AFM order for the Cr spins 
because, in general, an AFM alignment of spins generates opposite 
internal magnetic fields at the Sb2 site. The severe spectral broadening 
dictates a large distribution of the internal magnetic field, implying 
that the magnetic structure should be somewhat complex. A recent 
theoretical study36 suggests an altermagnetic order as the ground 
state for CsCr3Sb5. We also note that the Knight shift at 70 K is higher 
than that at 2 K (Fig. 1f, right), indicating that the spin susceptibility 
decreases with decreasing temperature. This result tells us that the 
observed magnetic susceptibility tail at low temperatures (Fig. 1d,e) 
is of extrinsic origin, possibly because of tiny paramagnetic impurities 
and/or lattice imperfections.

To understand the structural response of the phase transition in 
CsCr3Sb5, we performed the single-crystal XRD down to 40 K. As shown 
in Fig. 2a,b and Extended Data Fig. 3a–c, satellite reflections appear 
below about 55 K, apart from the primary Bragg diffractions in the a*b* 
plane. At first sight, these satellite spots seem to be related to a 
symmetry-equivalent triple-Q modulation vector that corresponds to 
a 4 × 4 superlattice based on the original hexagonal lattice. However, 
the intensities of the symmetry-related satellite spots by the six-fold 
rotation are significantly unequal. Therefore, the six-fold rotation 
symmetry of the hexagonal lattice is broken, and the diffraction pattern 
should be interpreted in terms of a multi-domain modulated structure 
with a single Q vector (1/4, 0, 0) based on a pseudo-hexagonal lattice. 
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Fig. 1 | Crystal structure and physical properties of CsCr3Sb5. a, Unit cell of 
the high-temperature hexagonal phase of CsCr3Sb5. b, In-plane and out-of-plane 
resistivities as functions of temperature T. c, Temperature dependence of 
specific heat (C). The top right figure shows C/T versus T2 at low temperatures, 
and the bottom right figure highlights the robustness of the C(T) anomaly 
against magnetic fields along the c-axis. d,e, The temperature dependence of 
magnetic susceptibility χ with the magnetic field parallel (d) and perpendicular 
(e) to the ab plane. The right axis plots (χ − χ0)−1 versus T. The red dashed lines 

denote the Curie–Weiss fit, and the fitted parameters are shown. f, Temperature 
dependence of 123Sb-NMR signal (corrected for a temperature factor 1/T). The 
figure on the right is the 123Sb-NMR spectra at 70 K and 2 K under an external 
field of μ0H = 16 T along the c-axis. The solid lines are the Gaussian fit. The red 
dashed line marks the average of the Knight shift at 2 K. In b–f, the anomalies at 
55 K associated with the phase transition are marked with blue dashed lines. 
a.u., arbitrary units.
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This single-Q modulation is observed at 55 K before full recovery of 
the hexagonal phase at 70 K (Extended Data Fig. 3j–l). Furthermore, 
peak splittings are observed especially at high diffraction angles in the 

kl(1 ) plane (Fig. 2e), as demonstrated by the line cuts along c* (Fig. 2f). 
This points to a two-fold rotation symmetry breaking along b* 
(Extended Data Fig. 3g,h). Notably, some mixed-order satellite spots 
between any two Qi vectors are absent, indicating that these Qi vectors 
are independent, coming from different domains. In the b*c* plane, 
nevertheless, no additional satellite spots along c* direction are 
detected (Fig. 2e and Extended Data Fig. 3d–g), in conformity with the 
θ–2θ scan result shown in the Extended Data Fig. 1d–f. Combined with 
all the results above and following a group–subgroup law in space 
groups (Extended Data Fig. 3i), the low-temperature diffraction pattern 
can be equivalently interpreted by a modulated structure with a single 
Q vector of (0, 0.5, 0) based on the monoclinic lattice a = a0, b ≈ √3a0, 
c = c0 and α > 90°.

As conduction electrons generally couple with the underlying 
lattice in a metallic system, the structural modulations suggest a 
charge-density-wave (CDW)-like instability37 (Methods). Meanwhile, the 
magnetic susceptibility and NMR data above indicate an AFM ordering 

at the phase transition. Therefore, it is reasonable to conjecture a con-
current intertwined density-wave order for the ground state, in which 
charge, spin and lattice degrees of freedom couple together, something 
similar to the cases in the metal Cr (ref. 38) and the trilayer nickelate39.

To explore possible superconductivity, we applied pressure to 
the crystals. Figure 3a shows the ρ(T) data of CsCr3Sb5 under various 
pressures up to 12 GPa. We see that the resistivity decreases mono-
tonically with pressure, and the metallicity is steadily enhanced.  
At P > 1 GPa, the resistivity peak evolves into two anomalies at T1  
and T2, respectively (Extended Data Fig. 4). There is a remarkable resis-
tivity jump at T1, implying a CDW ordering because the latter gener-
ally opens an energy gap. Comparatively, the anomaly at T2 is rather 
mild, which can be attributed to a spin-density-wave (SDW) ordering. 
If so, the structural modulation and/or distortion expected at T1 will 
release the geometric frustration, which helps the AFM ordering at T2.  
With increasing pressure, both T1 and T2 decrease monotonically, and 
superconductivity gradually emerges at P > 3.60 GPa. At 3.65 GPa 
and 3.80 GPa, both superconducting and density-wave-like transi-
tions are observed (Extended Data Figs. 4l,m and 5d), suggesting the 
coexistence of superconductivity and magnetism. At 4 GPa ≤ P ≤ 8 GPa, 
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Fig. 2 | Structural modulations in CsCr3Sb5. a,b, Reconstructed (hk2) planes 
of reflections at 40 K (a) and 70 K (b), with unit vectors a* and b* marked.  
c, A close-up around the main reflection (212) in a, highlighting the satellite 
reflections that are indexed by a single Q-vector with six twin domains.  
d, Cut along the blue dashed line marked in c. e, Reconstructed ( kl1 ) plane of 
reflections at 40 K. f, Line cuts along A and B marked in e. g, Crystal structure of 
CsCr3Sb5 viewed along the c-axis. The original hexagonal unit cell is marked by 
solid lines. The C-centred monoclinic and a0 × 4a0 unit cells are marked with 
dashed lines. h, Schematics of the six monoclinic pseudo-orthohexagonal twin 
domains in the reciprocal lattice space projected along the [001] direction.  

*0a  and *
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of six individual monoclinic twin domains. Domains 4–6 are marked with 
dashed lines for unit cells. *

(1)b , b*
(2) and b*
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(4)b , b*

(5)  
and *

(6)b  in the projected view along c*, respectively. Domains 1, 2 and 3 are 
connected by the three-fold rotation along c*. Domains 1 and 4 (the same for 
other pairs of domains) are correlated by a two-fold rotation along b* because 
of the monoclinic distortion. The filled red, yellow and orange circles refer  
to satellite reflections attributed to Q(1,4), Q(2,5) and Q(3,6), respectively. The 
satellite reflections of domains 1 and 4 are overlapped. The empty circles denote 
the absence of mixed-order satellite reflections between any two Qi vectors in a 
hexagonal unit cell. a.u., arbitrary units. r.l.u., reciprocal lattice units.
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the superconducting transitions are more clearly seen in Fig. 3b with 
zero resistance, and bulk superconductivity is confirmed by the a.c. 
magnetic susceptibility (χ′) measurement (Fig. 3c and Extended Data 
Fig. 5a–c) with the highest superconducting transition temperature of 
6.4 K at 4.2 GPa. For P ≥ 10 GPa, no superconductivity can be observed 
down to 1.6 K.

Figure 3e shows the superconducting transitions under different 
magnetic fields at 4.2 GPa (more data are shown in Extended Data 
Fig. 5d–i). As expected, Tc shifts to lower temperatures with increas-
ing fields. Here we used the criteria of 50% of normal-state resistivity 
for determining Tc(H), from which the upper critical fields μ0Hc2(T) are 
derived (Fig. 3f). The μ0Hc2(T) data can be well described by the equa-
tion, Hc2(T) = Hc2(0)[1 – (T/Tc)2]. The fitted zero-temperature μ0Hc2(0) 
values are 11.95 T and 14.34 T for P = 4.0 and 4.2 GPa, respectively, which 
exceed the Pauli limit of μ0HP ≈ 1.84Tc (in tesla). Note that field direc-
tion was not sure for the present measurement, thus the anisotropy of 
Hc2(T) is left for future study.

With the above results, the electronic P–T phase diagram for CsCr3Sb5 
is established (Fig. 3d). At ambient pressure, there is a CDW-like and 
SDW-like ordering at 55 K. When the applied pressure exceeds about 
1 GPa, it evolves into two successive transitions, probably associated 
with CDW and SDW orderings, respectively. Both the density-wave-like 
transition temperatures, T1 and T2, are suppressed gradually before 

going to absolute zero. The critical pressure at T2 → 0 is extrapolated 
to be Pc ≈ 4.2 GPa, at which Tc and Hc2(0) achieve their maximal values. 
Moreover, there is a narrow region of 3.6 GPa <P < 4.1 GPa, in which 
superconductivity probably coexists with the density-wave-like orders. 
All these results resemble those of iron-based superconductors17,18, 
CrAs (ref. 40) and MnP (ref. 41), pointing to quantum criticality in the 
present system.

One of the most important hallmarks of quantum criticality is a 
non-Fermi-liquid (or, strange-metal) behaviour, which is observed from 
the normal-state resistivity just above Tc. The data fitting (Extended 
Data Fig. 6a) with the power law ρ = ρ0′ + A′Tα shows that, at 4 GPa,  
α reaches about 1.0, distinct from about 2.0 at the lower and higher 
pressures (Fig. 3g), suggesting the breakdown of Fermi-liquid state at 
around the QCP (ref. 42). The detailed variations of α are also shown 
in the coloured contour plot, in which the non-Fermi-liquid regime is 
marked. If assuming Fermi-liquid scenario in the low-temperature limit, 
alternatively, the data fitting with the formula ρ = ρ0 + AT2 (Extended 
Data Fig. 6b) yields a remarkable enhancement of the coefficient A 
(Fig. 3h) at P → 4 GPa. A similar divergence behaviour is seen for the 
parameter A′ (Fig. 3g). This result further corroborates a QCP at around 
4 GPa. Furthermore, the large value of A actually suggests unconven-
tional superconductivity in pressurized CsCr3Sb5, because the Tc/TF (TF is 
the Fermi temperature) values estimated just lie in the unconventional 
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axis) as functions of pressure (see the text for details). h, The relative upper 
critical field to the Pauli-limited field (left axis) and the coefficient A of the 
T-square term in ρ = ρ0 + AT2 (right axis) as functions of pressure.
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superconductor region covering cuprates, iron-based pnictides and 
chalcogenides, and heavy-fermion materials (Extended Data Fig. 7).

Next, we show the first-principles density-functional-theory (DFT) 
calculation results for the high-temperature hexagonal phase of 
CsCr3Sb5. The calculated band structure (Fig. 4a), which highlights the 
components of distinct Cr-3d orbitals, shows a metallic behaviour with 
three bands crossing the Fermi level, EF. As a result, two hole-type Fermi 
surfaces around the ΓA line and one electron-type Fermi surface around 
the ML line are derived (Fig. 4c,d). All the Fermi-surface sheets are 
quasi-2D, which explains the large anisotropy of resistivity. For dxz/dyz 
and d d/xy x y−2 2  derived bands, notably, they show characteristic 
kagome-like electronic structures with van Hove singularities, Dirac 
points and flat bands. These flat bands, which are marked with the blue 
stripe, are distorted along certain directions owing to the anisotropic 
hoppings between different 3d orbitals and the hybridization between 
Cr-kagome and Sb2-honeycomb lattices.

In contrast to the case of CsV3Sb5 (Extended Data Fig. 8c), the Fermi 
level in CsCr3Sb5 is only about 0.1 eV lower below the nearest flat band 
and about 0.5 eV higher above the van Hove points. Meanwhile, the 
Fermi-surface topology is very distinct from that of CsV3Sb5 (refs. 9,13). 
Under a pressure of 5 GPa, the flat bands move up with valence band-
widths moderately broadened (Extended Data Fig. 8d). As a con-
sequence, the system undergoes a Lifshitz transition43, in which the 
quasi-2D Fermi surface around the ML line breaks into a large electron 
pocket (around the L point) and a tiny hole pocket (around the M point). 
This variation in electronic structure might be in relation to the sup-
pression of density-wave-like orders with applied pressure.

The electronic states at around EF are mostly contributed from the 
Cr-3d orbitals (Fig. 4b). Among them, Cr-3dxz/dxz and d dCr-3 /xy x y−2 2  

dominate the states at EF. The total density of states at EF is D(EF) = 7.7  
states eV−1 fu−1. This D(EF) value corresponds to an electronic specific- 
heat coefficient of γ0 = (1/3)πkB

2D(EF) = 18.1 mJ K−2 mol−1, which is only 
about one-sixth of the experimental result. Note that the bare D(EF) 
should be somewhat lower because of the density-wave-like order. This 
means that the correlation-induced electron-mass renormalization 
factor could be even larger.

We demonstrated that CsCr3Sb5 exhibits contrastingly different 
properties in comparison with its structurally analogous compound 
CsV3Sb5 (Extended Data Table 2). This can be summarized as follows: 
(1) CsCr3Sb5 behaves as a correlated metal with a large electron-mass 
renormalization and substantial magnetic frustration. It undergoes a 
phase transition at 55 K associated with AFM density-wave-like order-
ing at ambient pressure. (2) The density-wave-like order has a single-Q 
modulation with a 4 × 1 × 1 supercell based on a pseudo-hexagonal 
lattice. (3) Under high pressure, a superconducting dome emerges 
near a QCP at about 4.2 GPa. This is in contrast with the AV3Sb5 family, 
which exhibits superconductivity already at ambient pressure and, 
with applying pressure, superconductivity does not disappear44–46.

As is known, unconventional superconductivity typically emerges 
from a spin- and/or charge-ordered state in a correlated electron 
system, as exemplified in cuprates, iron-based pnictides and chalco-
genides, and heavy-fermion materials47–49. Here CsCr3Sb5 shows simi-
larities with the known unconventional superconductors in terms of 
electron correlations, evolution of superconductivity, intertwined 
orders and the Tc/TF value in particular. This possible realization of 
unconventional superconductivity in the chromium-based correlated 
kagome metal is a unique example, which may shed light on the mecha-
nism of unconventional superconductivity from a distinct perspective.
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Methods

Crystal growth and characterizations
Single crystals of CsCr3Sb5 were grown using a self-flux method from the 
constituent elements Cs (Alfa 99.999%), Cr (Alfa 99.99%) and Sb (Alad-
din 99.999%). Eutectic composition in the CsSb–CsSb2 quasi-binary 
system was used as the flux. Mixtures of Cs, Cr and Sb in molar ratios 
of 9:2:18 were loaded into an alumina crucible, and it was sealed in a 
Ta tube by arc welding under an argon atmosphere. The Ta tube was 
protected from oxidation by sealing in an evacuated silica ampoule. 
The sample loaded assembly was slowly heated in a furnace to 900 °C 
holding for 18 h, and subsequently cooled slowly at a rate of 2 °C h−1 
to 600 °C. Thin crystalline flakes in hexagonal shape could be easily 
harvested after the melts were immersed in water-free ethanol at room 
temperature for 48 h. The harvested crystals were stable in air with 
sizes up to 0.50 × 0.50 × 0.02 mm3.

Single-crystal XRD was carried on a Bruker D8 Venture diffractometer 
with Mo Kα radiation. A piece of CsCr3Sb5 crystal with dimensions of 
0.018 × 0.168 × 0.172 mm3 was mounted on the sample holder using 
the oil of polybutenes. A flow of cryogenic helium gas was used to cool 
the crystal from room temperature to 40 K first and then to warm up 
to 50 K and 70 K successively. We also measured another piece of the 
crystal at 55 K, 58 K and 70 K. A full dataset was collected at each tem-
perature. The data reduction, including integration and scaling, was 
done using the commercial software package APEX4. The reconstructed 
images in the reciprocal space from the raw frames were produced using 
the reciprocal unit vectors of the hexagonal lattice by the software  
CrysAlisPro (CrysAlis Pro v.171.40.53, Rigaku Oxford Diffraction). The 
crystal structure of CsCr3Sb5 was initially solved by SUPERFLIP (ref. 50) 
and then refined against the structure factor F in JANA2006 (ref. 51). 
We also performed θ–2θ scan on a PANalytical X-ray diffractometer 
(Model EMPYREAN) with a monochromatic CuKα1 radiation, which 
generates the (00l) diffraction pattern. The chemical composition of 
the as-grown crystals was determined using EDX spectroscopy on a 
scanning electron microscope (Hitachi S-3700N) equipped with Oxford 
Instruments X-Max spectrometer.

The low-temperature XRD on CsCr3Sb5 indicates a structural mod-
ulation below 55 K, which suggests CDW-like ordering. Here we use 
the phenomenological definition of CDW37. Namely, a CDW refers to 
modulation of the electron density regardless of its origin. The phrase 
‘CDW-like’ is used to indicate that the origin of the structural modula-
tion is not clear currently. In conventional quasi-one-dimensional CDW 
materials, structural modulation is caused by the electronic instability 
associated with Fermi-surface nesting. However, the chromium-based 
kagome metal studied here is quasi-2D with notable electron correla-
tions. Thus, the origin of the structural modulation seems to be more 
complicated, and the electron correlations may play an important part 
in the CDW-like order37.

Physical property measurements
The measurements of electrical resistivity, magneto-resistivity, 
Hall effect and specific heat were carried out on a physical property 
measurement system (PPMS-9, Quantum Design). The resistivity was 
measured by a standard four-terminal method using silver paste for 
making the electrodes. For the measurement of ρc(T ), the electrodes 
were made on both sides of the crystal, and the current electrodes 
were prominently larger than the voltage ones, such that the electric 
current flows homogeneously along the c-axis. The Hall coefficient 
and magnetoresistance with the magnetic field parallel to the c-axis 
were simultaneously measured on a nearly square-shaped crystal with 
a six-electrode configuration. The resistance and Hall signals were 
obtained, respectively, by symmetrizing and antisymmetrizing the 
data collected in reversed magnetic fields. Specific heat was measured 
using the thermal relaxation method with dozens of crystals (total mass 
was 0.29 mg). The samples were glued on the heat capacity puck with 

N grease. The data of addenda were measured in advance. The meas-
urements were carried out for three times at each temperature, and 
the final C(T) data were obtained by averaging. The temperature-rise 
parameter was set to the minimal value of 1% in the PPMS-9 for the best 
temperature resolution.

The magnetic measurements were performed on a magnetic prop-
erty measurement system (MPMS-3, Quantum Design). Samples with 
a mass of 0.17 mg were carefully mounted on the sample holder. For 
the measurements with field perpendicular to the c-axis, pieces of 
crystals were attached to the quartz paddle with a little N grease. For 
the measurements with the field parallel to the c-axis, an additional 
high-purity quartz plate was used to hold the samples. The quartz plate 
was stuck to the quartz paddle with GE varnish. The assembly without 
samples was measured in advance as addenda. The χ(T) data in the range  
of 150 K < T < 300 K were fitted with the formula χ(T) = χ0 + C/(T + θCW) 
(see the main text). To avoid unreliable results due to the mutual 
dependence among the three parameters, we carried out the data  
fitting with the constraint assuming the same C value for the two  
field directions.

The NMR measurements were performed with a phase-coherent 
pulsed NMR spectrometer. To get sufficient NMR signal intensity, the 
121/Sb- and 123Sb-NMR spectra were measured on a collection of about 
20 single crystals (around 0.1 mg) acquired by sweeping the frequency 
point by point and integrating the spin-echo signal. We stacked the 
single-crystal flakes along the c-direction, ensuring the applied mag-
netic field along the c-axis. Above μ0H = 16 T, the NMR measurements 
were conducted by using the 26-T high-field NMR system at SECUF.

There are two types of Sb sites in CsCr3Sb5. Sb1 is located at the centre 
of the chromium hexagon, whereas Sb2 is located above the chromium 
triangle (Extended Data Fig. 2a). In principle, we should observe two 
NMR central lines. However, owing to the small quantity of the sample 
used for NMR experiments, we had a poor signal-to-noise ratio, and 
only one line is visible in 121Sb- and 123Sb-NMR spectra (Extended Data 
Fig. 2c). Given that the atomic ratio between Sb1 and Sb2 is 1:4, it is most 
likely that the observed line is from the Sb2 site.

123Sb nuclei (I = 7/2) have a quadrupole moment Q that couples to the 
electric field gradient. This interaction is responsible for the second- 
order quadrupolar shift of the central line that adds to the Knight  
shift K. The total frequency shift can be expressed as, K= +

f f

f
v η

K f

−

12(1 + )
0

0

c
2 2

0
2 ,  

where f0 = 123γH0 is the reference frequency, and 123γ is the gyromagne-
tic ratio of 123Sb. vc is the component of the quadrupole coupling  
tensor along its main axis (z along the crystallographic c-direction) 
and η =

V V
V
− −XX YY

ZZ
 is the asymmetry parameter of the EFG tensor V. As 

Sb2 site in CsCr3Sb5 has a similar environment as in CsV3Sb5, the asym-
metry parameter η should also be zero at high temperatures52. By meas-
uring the NMR frequency at different fields, the value of η is found to 
be zero from the slopes of (f – f0)/f0 versus f0

−2 (Extended Data Fig. 2b). 
All of these observations indicate that the NMR line being observed 
originates from the Sb2 site.

The high-pressure experiments were carried out at the CAC station 
of SECUF. A standard four-probe method was used for resistivity meas-
urements under high pressure in CAC. The sample was hung inside a 
Teflon capsule filled with glycerol pressure-transmitting medium 
(PTM). The three-axis compression geometry together with the adop-
tion of liquid PTM can ensure excellent pressure homogeneity. The 
pressure values in CAC were estimated from the pressure-loading force 
calibration curve predetermined at room temperature. The mutual 
induction method was used for the a.c. magnetic susceptibility meas-
urements in CAC. Several pieces of thin samples together with a piece 
of Pb served as the pressure marker, and the superconducting reference 
were put inside the handmade primary and secondary coils of about 
50 turns for each. The primary coil is driven by an a.c. current of 1 mA 
and 317.7 Hz, whereas the output signal from the secondary coil was 
measured with a lock-in amplifier Stanford SR 830. Details about the 
sample assembly and pressure calibrations of CAC can be found 



elsewhere53. We also used a piston-type high-pressure cell to fine-tune 
the pressures in the range of 2 GPa < P < 3 GPa. Daphne 7373 was used 
as the PTM and the pressure values were determined from the super-
conducting transition temperature of Pb according to the formula 
P T= (7.20 − )/0.365 GPac

Pb .

Electronic structure calculations
The DFT-based first-principles calculations were performed using 
the Vienna ab initio simulation package54. The Kohn–Sham wave func-
tions were treated with the projected augmented wave method55. The 
exchange-correlation energy was calculated with a Perdew–Burke–
Ernzerhof-type functional56. The energy cutoff of the plane-wave basis 
was up to 500 eV and a Γ-centred 12 × 12 × 8 k-point mesh was used in 
the self-consistent calculations. The experimental room-temperature 
crystal structure was adopted for the ambient-pressure calculations. 
As for the high-pressure calculations, the lattice constants and atomic 
coordinates were fully relaxed with a solid revised PBE (PBEsol) func-
tional57, leading to the calculated structural parameters of a = 5.272 Å, 
c = 8.400 Å and z(Sb2) = 0.2428. The Fermi surface (plotted with Fermi-
Surfer program58) and orbital occupation results are calculated from 
our 30-band tight-binding Hamiltonians, which are obtained by Wan-
nier downfolding59. As shown in Extended Data Fig. 8a, the band struc-
tures around the Fermi level are well reproduced with the Wannier 
downfolding results. During the Wannier downfolding processes, band 
disentanglements are performed with initial projectors of 15 Cr(V)-
3d and 15 Sb-5p orbitals. The local coordinates are chosen so that the 
relative directions of Cr(V)-3d orbitals are identical with respect to the 
three-fold rotation axis (Extended Data Fig. 8b).

Data availability
The data shown in the main figures are provided in the Source 
data. Source data are provided with this paper.
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