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We report the structure and physical properties of two newly discovered compounds AV8Sb12 and AV6Sb6 (A=Cs,
Rb), which have 𝐶2 (space group: 𝐶𝑚𝑚𝑚) and 𝐶3 (space group: 𝑅3̄𝑚) symmetry, respectively. The basic V-
kagome unit appears in both compounds, but stacking differently. A V2Sb2 layer is sandwiched between two V3Sb5

layers in AV8Sb12, altering the V-kagome lattice and lowering the symmetry of kagome layer from hexagonal
to orthorhombic. In AV6Sb6, the building block is a more complex slab made up of two half-V3Sb5 layers
that are intercalated by Cs cations along the 𝑐-axis. Transport property measurements demonstrate that both
compounds are nonmagnetic metals, with carrier concentrations at around 1021 cm−3. No superconductivity has
been observed in CsV8Sb12 above 0.3K under in situ pressure up to 46GPa. Compared to CsV3Sb5, theoretical
calculations and angle-resolved photoemission spectroscopy reveal a quasi-two-dimensional electronic structure
in CsV8Sb12 with 𝐶2 symmetry and no van Hove singularities near the Fermi level. Our findings will stimulate
more research into V-based kagome quantum materials.

DOI: 10.1088/0256-307X/38/12/127102

The kagome net, a corner-sharing tiling pattern of
triangular plaquettes, is a standard model for under-
standing nontrivial topology, frustrated magnetism,
and correlated phenomena. The frustrated lattice ge-
ometry endows a wealth of unique physical features
to the lately intensely researched kagome metals, in-
cluding flat bands, van Hove singularity, and topolog-
ical band crossover. Pure kagome layers, on the other
hand, cannot stand alone and are usually intergrown
with other building blocks. The stacking-induced in-
teraction and charge donation bring rich varieties to
the band structures inherited from the kagome lat-
tice. Prominent examples are noncollinear antiferro-
magnetism in Mn3Sn,

[1] Dirac fermionic in ferromag-
netism in Fe3Sn2,

[2] Chern-gapped Dirac fermion in
ferromagnetic TbMn6Sn6,

[3] and Weyl fermions in the
ferromagnet Co3Sn2S2.

[4]

The seminal discovery of AV3Sb5
[5,6] has inspired

a new surge of interest. As seen in Fig. 1, the
vanadium sublattice forms a perfect kagome net
that is interwoven with Sb atoms both within and
outside of the plane to build a V3Sb5 monolayer.
Despite the lack of magnetization, AV3Sb5 is dis-

covered to be Z2 topological materials with alter-
native ground states such as the charge density
wave (CDW) ordering and superconductivity.[7,8] This
CDW ordering is later proved not driven by strong
electron-phonon coupling[9−16] and competes with
superconductivity.[17] Subsequent studies further dis-
covered exciting discoveries including the reentrance
of superconductivity under high pressure,[18−22] the
enormous anomalous Hall effect,[23,24] pair density
wave,[13] and evidence of plausible unconventional
superconductivity.[13,25] Changing the stacking se-
quence of the kagome layer with different building
components and seeing the consequences on physical
characteristics is both exciting and practically doable,
given the very weak interlayer interactions. How-
ever, only partial removal of A element has been real-
ized through selective oxidation of thin flakes, result-
ing in a shift of van Hove singularity,[26,27] enhanced
𝑇c,

[17,28−31] and A-vacancy ordering.[32] The construc-
tion of novel vanadium-based kagome structures by al-
tering the stacking sequence has not been realized so
far.

In this Letter, we investigate the possibility of

Supported by the National Key Research and Development Program of China (Grant Nos. 2017YFA0304700 and 2018YFE0202601),
the National Natural Science Foundation of China (Grant Nos. 51922105, 51772322, 52025025, and 52072400), and the Beijing
Natural Science Foundation (Grant No. Z200005).
†These authors contributed equally to this work.
*Corresponding authors. Email: ying@iphy.ac.cn; jgguo@iphy.ac.cn; xlchen@iphy.ac.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

127102-1

http://cpl.iphy.ac.cn
http://www.cps-net.org.cn
http://www.iop.org


CHIN.PHYS. LETT. Vol. 38, No. 12 (2021) 127102

constructing novel A–V–Sb compounds by rearrang-
ing the constituent layers. As a result, the AV8Sb12
and AV6Sb6 (A=Rb, Cs) families of compounds are
found. The initial 𝐶6 symmetry is decreased to 𝐶2 and
𝐶3 in AV8Sb12 and AV6Sb6, respectively, by inserting
alternative building blocks or changing the stacking
sequences. Their band structures and electric conduc-
tivity are substantially altered when the symmetry is
broken. Theoretical calculations and angle-resolved
photoemission spectroscopy (ARPES) measurements
reveal previously unseen features compared to those
of AV3Sb5.

Experimental—Single Crystal Growth. Single crys-
tals of AV8Sb12 and AV6Sb6 (A=Cs, Rb) were grown
via the self-flux method. AV8Sb12 (AV6Sb6) single
crystals were grown by mixing Cs (99.98%), V (pow-
der, 99.99%) and Sb (ingot, 99.999%) with the molar
ratio of 1.2 : 6 : 15 (1.2 : 6 : 18), loaded into an alumina
container and then sealed into a silica tube in vacuum.
The mixture was subsequently heated to 1373K and
kept for 24 h, then cooled to 1173K (1273K) in 72 h.
The excess flux was removed by centrifuging at corre-
sponding temperature.

Characterization. The diffraction was performed
on a Panalytical X’pert diffractometer with a Cu
𝐾𝛼 anode (1.5481 Å). The composition and struc-
ture of the sample were determined by the combina-
tion of an energy dispersive spectroscope and a scan-
ning transmission electron microscope (STEM). The
atomic arrangement of the two phases was observed
by a spherical aberration-corrected ARM200F (JEOL,
Tokyo, Japan) STEM operated at 200 kV with a con-
vergence angle of 25mrad and collected angle from
70 to 250mrad. The high angle annular dark field
STEM (HAADF-STEM) image was collected with a
dwell time of 10µs each pixel. The transport mea-
surement under ambient and high pressure was per-
formed on a Quantum Design physical property mea-
surement system (PPMS). A Keithley 2182A, a Keith-
ley 6221, and a Keithley 2400 were used to mea-
sure the transport properties under external magnetic
fields. Magnetization measurements were performed
using a Quantum Design magnetic properties mea-
surement system (MPMS3). The high-pressure resis-
tivity of CsV8Sb12 samples was measured by a dia-
mond anvil cell (DAC) range from 2K to 400K with
the van der Pauw method. The resistance experiments
were performed using Be–Cu cells. The cubic boron
nitride (cBN) powders (200 and 300 nm in diameter)
were employed as the medium to transfer pressure.
The pressure was calibrated using the ruby fluores-
cence method at room temperature before and after
the measurement.

Angle-Resolved Photoemission Spectroscopy. All
the ARPES data shown are recorded at the “Dream-
line” beamline of the Shanghai Synchrotron Radiation
Facility. The energy and angular resolutions are set to
15 to 25meV and 0.2∘, respectively. All the samples

for ARPES measurements are mounted in a BIP argon
(>99.9999%) filled glove box, cleaved in situ, and mea-
sured at 25K in a vacuum better than 5× 10−11 torr.

+ + +C6 C2 C3

(K/Rb/Cs)V3Sb5 (Rb/Cs)V8Sb12 (Rb/Cs)V6Sb6

Fig. 1. Crystal structure of AV3Sb5, AV8Sb12, and
AV6Sb6 (A=K, Rb, Cs). Blue, violet and green balls
are A, V, and Sb atoms, respectively.

Theoretical Calculation. Our DFT calculations
employ the projector augmented wave method[33] en-
coded in the Vienna ab initio simulation package
(VASP),[34] and both the local density approximation
and generalized-gradient approximation[35] for the
exchange-correlation functional are used. Through-
out this work, the cutoff energy of 500 eV is taken for
expanding the wave functions into a plane-wave ba-
sis. In the calculation, the Brillouin zone is sampled
in the 𝑘 space within the Monkhorst–Pack scheme.[36]

The number of these 𝑘 points is 9 × 9 × 5 for the
primitive cell. We relax the lattice constants and in-
ternal atomic positions, where the plane wave cutoff
energy is 600 eV. Forces are minimized to less than
0.01 eV/Å in the relaxation. The obtained lattice con-
stants of CsV8Sb12 are 𝑎 = 5.455 Å, 𝑏 = 9.515 Å and
𝑐 = 18.25 Å, which are in good agreement with the
experimental values of 𝑎 = 9.516 Å, 𝑏 = 5.451 Å, and
𝑐 = 18.128 Å.

Results and Discussions. The crystal structures
of AV8Sb12 and AV6Sb6 are obtained by combining
an x-ray diffractometer and an STEM, as shown in
Fig. 1, together with the structure of AV3Sb5 for com-
parison. The three A–V–Sb compounds all have a
V-based kagome lattice with a centered Sb atom as a
common building block. Each V-based kagome layer
is sandwiched by two sets of Sb honeycomb lattices
in the AV3Sb5, which has a space group of 𝑃6/𝑚𝑚𝑚
with 𝐶6 symmetry. The crystal structure is rather
simple, with the lattice constants of 𝑎 = 5.4922 Å
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and 𝑐 = 9.8887 Å. AV8Sb12 and AV6Sb6, on the
other hand, reveal richer crystal structures due to the
intercalation of low symmetric structural units. In
AV8Sb12, an orthorhombic V2Sb2 layer is sandwiched
between two V3Sb5 units, forming a V8V12 unit.
The space group is 𝐶𝑚𝑚𝑚 with lattice constants of
𝑎 = 5.4510 Å, 𝑏 = 9.5164 Å, and 𝑐 = 18.1282 Å. The 𝑎-
axis is approximately

√
3 times that of AV3Sb5. As for

AV6Sb6, the basic unit can be viewed as a two-V3Sb5-
connected slab by deleting the middle two Sb layers.

Each half-V3Sb5 unit is displaced by (1/2, 1/2, 0),
and the Cs atoms run down the 𝑐-axis to separate the
slabs. The space group is 𝑅3̄𝑚 with 𝑎 = 5.3172 Å and
𝑐 = 34.0741 Å, in which the 𝑐-axis is almost 3 times
that of AV3Sb5. AV8Sb12 and AV6Sb6 can be viewed
as derivative phases of the AV3Sb5 phase. Since the
V-based kagome lattice is mostly intact, exotic proper-
ties like superconductivity and charge order are highly
expected.
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Fig. 2. (a) XRD patterns of CsV3Sb5, CsV8Sb12 and CsV6Sb6. (b) The zoomed-in peaks (004), (0015) and (008)
from ∼38∘ to ∼40∘.

(a) (b)

(c) HAADF Cs V Overlayerd
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(f) HAADF Rb V Overlayerd
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Fig. 3. Atomic structures of CsV8Sb12 and RbV6Sb6 characterized by STEM. The HAADF image along the [100]
(a) and [110] (b) projections, where the structure model is overlayed to show the atomic arrangement. (c) The
elemental mapping of CsV8Sb12 based on the EELS spectra. The overlayed image is composed of Red Cs, green
V, and purple HAADF contrast. The HAADF image along the [100] (d) and [110] (e) projections of RbV6Sb6,
where the structure model of RbV6Sb6 is overlayed to show the atomic arrangement. (f) The elemental mapping of
RbV6Sb6 based on the EELS spectra. The overlayed image is composed of Red Rb, green V, and purple HAADF
contrast.

We have grown the single crystals of three A–V–Sb
compounds [insets of Fig. 2(a)]. All the three samples
have a layered structure with metallic luster and a
shining surface. From the XRD patterns, we can in-
dex the lattice constant 𝑐 based on the 00𝑙 peak. The
calculated 𝑐 values in the three compounds agree well
with the proposed lattice constants after structural re-

laxation. We further perform atomic resolved STEM
imaging and EELS spectra mapping along the two
main zone axes: [100] and [110]. The atomic arrange-
ments in each layer can be identified clearly, as shown
in Figs. 3(a) and 3(b). The elemental mapping along
the [100] projected also verified this double kagome
lattice at an atomic scale. The false-color image of
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elemental mapping of AV8Sb12 (AV6Sb6) is shown in
Figs. 3(c) and 3(f), from which we can see the atomic
arrangements match with the proposed crystal struc-
ture shown in Fig. 1.

We use CsV8Sb12 and RbV6Sb6 to represent the
general behavior of the two newly discovered families.
Both the samples exhibit metallic behavior from 300
to 2K without any anomalies observed [Fig. 4(a)]. We
have also measured CsV8Sb12 and CsV6Sb6 down to
0.3K and 100mK, respectively. No superconductiv-

ity can be observed. The residual-resistance ratios
(RRR) are generally low, with the highest value of 2.8
for CsV8Sb12. Figure 4(b) shows the magnetization
of CsV8Sb12 and RbV6Sb6. Both the samples exhibit
Pauli magnetism down to 100K. The upturn at low
temperatures may originate from magnetic impurities.
Both in and perpendicular to the ab plane, the over-
all magnetic susceptibility of CsV8Sb12 is nearly four
times higher than that of RbV6Sb6.
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Fig. 4. Electrical transport and magnetization of CsV8Sb12 and RbV6Sb6. [(a), (b)] Temperature-dependent
resistivity and magnetization of CsV8Sb12 and RbV6Sb6 within the 𝑎𝑏 plane and along the 𝑐-axis. (c) Temperature-
dependent resistance of CsV8Sb12 under different external pressure. The measured temperature ranges from 2–
400K. We superimpose the resistivity curve at ambient pressure as the dotted line. Inset: the high-pressure
measurements down to 0.3K. (d) Carrier concentration of CsV8Sb12 against temperature.
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Fig. 5. X-ray photoelectron spectroscopy (XPS) of (a) V
2𝑝 and (b) Sb 3𝑑 for CsV3Sb5, CsV6Sb6, and CsV8Sb12.

The recently discovered reentrance of supercon-
ductivity in CsV3Sb5 provokes us to further investi-
gate the influence of external pressure on the elec-
tric transport properties in AV8Sb12 and AV6Sb6.
As shown in Fig. 4(c), the resistance initially de-
creases from 2.4 to 10.8GPa. With further increas-
ing the applied pressure, the resistance gradually in-
creases to a high value. We note that the shape

of the RT curve at 2.4GPa resembles that of re-
sistivity measured at ambient pressure. A promi-
nent feature is the RT curves changing from a con-
vex to concave over 10.8GPa, indicating a dramatic
change of the electrical properties. However, our high-
pressure and low-temperature measurements do not
show any sign of superconductivity down to 0.3K [in-
set in Fig. 4(c)]. Despite the relatively low RRR value
found in CsV8Sb12, the extracted carrier concentra-
tion is comparable to that of CsV3Sb5. The Hall coef-
ficient is strongly temperature-dependent, indicating
that CsV8Sb12 should be a multi-band system with
both hole and electron pockets. Thus, the absence
of superconductivity may be closely related to the in-
sertion of the 𝐶2-V2Sb2 layer, which may distort the
kagome lattice and alter the pairing mechanism.

The variation of stacking sequence should be di-
rectly reflected in the valence state of the investi-
gated elements. To substantiate the influence of the
acquired double-layered kagome compounds, we mea-
sured the XPS of CsV3Sb5, CsV6Sb6, and CsV8Sb12,
as shown in Fig. 5. The peak positions of Cs are iden-
tical for all the three compounds at 723.8 eV, indi-

127102-4

http://cpl.iphy.ac.cn


CHIN.PHYS. LETT. Vol. 38, No. 12 (2021) 127102

cating the complete loss of out shell electrons in all
the compounds. An interesting discovery is the oppo-
site evolution of V and Sb valence states in CsV6Sb6
and CsV8Sb12. In CsV6Sb6, the valence state of V
2𝑝 shifts to lower binding energy, and the peak of Sb
3𝑑 remains unchanged. Meanwhile, the valence state
of V remains intact in CsV8Sb12, which is accompa-
nied by the noticeable peak shift of the Sb 3𝑑 towards
higher binding energy. This dramatic difference lies
in the fundamental structural difference in their crys-

tal structures. From Fig. 1, the V3Sb5 kagome layer
is identical in both CsV3Sb5 and CsV8Sb12, while the
building block in CsV6Sb6 evolves into V3Sb3 with
the loss of two Sb atoms on one side. This modifi-
cation of the kagome layer directly alters the valence
state of the V. On the contrary, the inserted building
block of V2Sb2 in CsV8Sb12 connects with the inside
V indirectly. Valence modulation of vanadium in the
A–V–Sb system through the judicious design of the
stacking sequence is realized.
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Fig. 6. [(a), (c)] ARPES intensity plots at fermi surface and constant energy contours at 𝐸F and 𝐸F − 0.2 eV
recorded on the (001) surface with ℎ𝜈 = 84 eV. [(b), (d)] DFT calculation at 𝐸F and 𝐸F − 0.2 eV. [(e), (f)] ARPES
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𝛤–𝑌 . (i) Three-dimensional bulk Brillouin zone of CsV8Sb12.

To determine the band structure of CsV8Sb12, we
have carried out systematical ARPES measurements
on the (001) cleavage surface of CsV8Sb12 single crys-
tal. We summarized constant energy contours and
band dispersion in Fig. 6. In-plane Fermi surface (FS)
measured with ℎ𝜈 = 84 eV in Fig. 6(a) clearly shows
the 𝐶2 symmetry feature verified in the calculated FS
[Fig. 6(b)], and this testifies that the inserted V2Sb2
layer has strong modulation on the overall band struc-
ture. Constant energy contour [Fig. 6(c)] at 0.2 eV be-
low the Fermi level has a good agreement with DFT
calculation in Fig. 6(d). We also measured the band
dispersion along 𝛤–�̄� and 𝛤–𝑌 , as shown in Figs. 6(e)
and 6(f), respectively, whose momentum locations are
indicated in Fig. 6(a). These results match with our
DFT calculations [Figs. 6(g) and 6(h)]. The absence
of the electron bands near the 𝛤 point may be caused
by the matrix element effect or possible hole-doping
of surface Cs loss.

Due to the V2Sb2 layer between kagome layers, the
point group of CsV8Sb12 is 𝐷2ℎ, where only a two-fold
rotational symmetry persists, in contrast to CsV3Sb5.
Near the Fermi level, the states are dominantly at-
tributed to V 3𝑑 orbitals, from both the kagome V
layer and the intercalated V2Sb2 layer. The electron-
like band around 𝛤 point is attributed to 𝑝𝑧 orbitals
of Sb atoms in the kagome layer, similar to CsV3Sb5.
The two hole bands around 𝛤 point are mainly con-
tributed by the V 3𝑑 orbitals in the V2Sb2 layer. The
band at −0.9 eV around 𝛤 point is mainly attributed
to V 𝑑 orbitals from both kagome and intercalated
layers.

In summary, we have discovered two new fami-
lies of VSb-based layered compounds, which possess
a basic V-kagome lattice similar to that of AV3Sb5.
The intercalation of the V2Sb2 layer and reorganiza-
tion of the half-V3Sb5 layer lead to a lower symme-
try of 𝐶2 (𝐶𝑚𝑚𝑚) and 𝐶3 (𝑅3̄𝑚) compared to 𝐶6
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(𝑃6/𝑚𝑚𝑚) of AV3Sb5. The complex of V–V and V–
Sb bonding in three-dimensional space increases the
diversity of the VSb-based phase. Exertion of thin-
flake engineering or chemical substitution may squeeze
out more exotic properties like superconductivity and
CDW. Furthermore, the frustration of magnetism and
non-trivial topological phenomena are also highly ex-
pected in more V-kagome-based compounds.

Note: During the preparation of the manuscript,
we became aware of two independent works
on CsV6Sb6 [arXiv:2110.09782] and CsV8Sb12
[arXiv:2110.11452].
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