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The rise of graphene has motivated great interest on the science 
and applications of elemental two-dimensional (2D) materi-
als1–4. As the neighbouring element of carbon in the periodic 

table, boron has a strong bonding capability, comparable to that of 
carbon. Extensive studies on small planar boron clusters, especially 
B36, provided the first experimental evidence for the viability of 2D 
boron, named borophene5–7. The discovery of borophene enriched 
the physics and chemistry of boron8–16. The novel properties of boro-
phene, such as mechanical compliance17,18, optical transparency19, 
anisotropic plasmonics20,21, ultrahigh thermal conductance22,23, 
1D nearly-free-electron state24, the presence of metallic Dirac 
fermions25,26 and superconductivity27–29, have attracted intensive 
theoretical and experimental interest. To date, several monolayer 
borophene polymorphs with different atomic structures have been 
synthesized by molecular beam epitaxy (MBE) on a variety of metal 
surfaces, which include Ag(111)/(110)/(100)14,15,30–33, Al(111)34, 
Au(111)35, Cu(111)36,37 and Ir(111)38. In these studies, metal surfaces 
served as 2D templates that stabilized the formation of 2D boron. 
Besides that, the production of free-standing 2D boron sheets by 
liquid-phase exfoliation has also been reported, in which thin boron 
flakes are peeled from the boron bulk by ultrasonic energy39–41.

Recently, increasing interest has been drawn to few-layer 2D 
materials, such as twisting bilayer graphene42,43 and few-layer transi-
tion metal dichalcogenides and their heterojunctions44–48, because 
these structures exhibit more intriguing properties as well as tun-
ability than their monolayer counterparts. This is also expected 
to be the case for 2D boron. Bilayer borophene was predicted to 
be more stable than the monolayer borophene due to the bond-
ing between the two layers49–51, and is a candidate material for a 
wide range of applications, which range from nodal-line semimet-
als50,52 to superconductors53 and anodes in lithium-ion batteries54. 
However, bilayer or few-layer borophene has not been synthesized 
so far. Experimentally, once monolayer borophene forms on metal 
substrates, such as Ag(111), the deposition of more boron atoms 

typically results in the formation of 3D clusters instead of a flat 
multilayer boron structure14,15. It is not yet known whether a 2D 
boron structure is self-sustainable or has to be maintained by inter-
action with a substrate. Additionally, a recent work on the struc-
tural diversity of boron nanoclusters found that the bilayer B48

−/0 
clusters are much more stable than other isomers due to the inter-
layer bonding, which provides a clue to the possibility of realizing  
bilayer borophene55.

Here we describe the synthesis of uniform, large-size (up to 
millimetres) bilayer borophene on the Cu(111) surface by MBE. 
Through a combination of scanning tunnelling microscopy (STM) 
and density functional theory (DFT) calculations, the structure of 
the bilayer borophene was shown to be two boron sheets stacked 
to each other through covalent interlayer boron–boron bond-
ing; each sheet has a β12-like structure with zigzag boron rows, in 
a similar manner to the β12 monolayer grown on an Ag(111) sur-
face. This bilayer borophene was found to be more stable than the 
free-standing monolayer. The high adsorption energy of the first 
boron layer on Cu(111) and the redistribution of the charge in this 
layer were found to favour the formation of a second boron layer. It 
is worth noting that during the publication of this work, a parallel 
work on the synthesis of bilayer borophene on an Ag(111) substrate 
was reported by Liu et al.56.

Growth and STM characterizations
Boron atoms were evaporated by an electron-beam evaporator on 
to the Cu(111) surface at various substrate temperatures (TS). For TS 
below 500 K, only clusters and disordered structures were formed 
on the surface. As TS was increased to above 600 K, a long-range 
ordered structure appeared that expanded to cover the entire sur-
face with an increasing boron coverage (Fig. 1a). The unit cell of 
the ordered structure is marked in the high-resolution STM images 
shown in Fig. 2a,b and its lattice constants are: a1 ≈ 16.0 Å, b1 ≈ 21.6 Å 
and θ1 ≈ 70°. This unit cell can be described as √73 × √39 with 
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respect to the 1 × 1 lattice of Cu(111). This result is in agreement 
with the previous report by Wu et al. who identified this structure 
as a monolayer boron sheet on Cu(111)36.

It is noteworthy that after the entire Cu(111) surface was covered 
by monolayer borophene, a new ordered structure appeared when 
more boron atoms were evaporated onto the surface, as shown in  
Fig. 1b. With the increase of the boron coverage to approximately 
twice the coverage of monolayer borophene, this new phase 
extended to cover the entire surface, as shown in Fig. 1c. The new 
structure was higher than monolayer borophene in STM images 
taken at all biases (Supplementary Fig. 4). The coverage calibration 
and the height feature indicate that this new structure corresponds 
to bilayer borophene. Notably, the bilayer borophene domains 
exhibited six different orientations, which correspond to three 
equivalent directions related to each other by 120° rotations and 
their mirror-symmetric counterparts. After annealing the sample at 
a higher substrate temperature (~750 K), a surface with a uniform 
and large, single-phase domain was formed, as shown in Fig. 1d. 
The high-resolution STM image of bilayer borophene before and 
after annealing showed the same structure (Fig. 2d). The quality of 
bilayer borophene was also reflected by the good continuity of the 
film across the steps of the substrate (Supplementary Fig. 6).

Figure 2d,e shows high-resolution STM images of two bilayer 
borophene domains with mirror-symmetric orientations, from 
which one can obtain the lattice constants of the unit cell: 
a2 ≈ 16.2 Å, b2 ≈ 33 Å and θ2 ≈ 69°. The image of the bilayer boro-
phene consists of parallel chains, with alternative bright and dark 
protrusions that have an elongated ellipsoid shape. The distance 
between the nearest-neighbour protrusions was about 5 Å along the 
chains. Another readily noticeable feature is that the directions of 
the ellipsoid protrusions in the neighbour chains are rotated by 120° 
in a zigzag-like manner. Notably, we found that after the formation 
of the bilayer borophene on the entire Cu(111) surface, the further 
deposition of boron atoms resulted in 3D boron clusters instead of 
thicker borophene layers (Supplementary Fig. 2). Thus, the growth 
of 2D boron on Cu(111) is terminated by the formation of bilayer 
borophene on Cu(111), which is different from the case of boron 
on the Ag(111) surface. In latter case, the growth of 2D boron on 
Ag(111) is terminated by the formation of monolayer borophene14,15.

Models and calculations
To understand the mechanism for the formation of bilayer boro-
phene, the detailed atomic structure of bilayer borophene must be 
worked out initially. We first compared the unit cell of bilayer boro-
phene with that of monolayer borophene (with lattice vectors a1 and 
b1). The direction of the lattice vector a2 of the bilayer borophene 
is parallel to a1, and there is a small rotation angle (~1°) between 
the directions of b2 and b1. Therefore, the unit cell of bilayer  

corresponds to a √178 × √39 superstructure that is rotated by a 
small angle (~7°) with respect to the [11̄0] direction of the Cu(111) 
surface (for the monolayer, the angle is ~5.8°). We performed an 
extensive search for possible structural models for bilayer boro-
phene on the Cu(111) surface, and an exceptionally stable model 
was found based on the analysis of first-principles calculations and 
STM images, as shown in Fig. 2g. This model consists of two flat 
boron sheets with a similar atomic structure (as shown in Fig. 2h,i). 
Each boron sheet has a β12-like structure with a periodic zigzag-type 
modulation. The optimized lattice constants of the unit cell are 
a = 16.1 Å, b = 34.2 Å and θ = 69.2°, in agreement with the experi-
mental values. The lattice mismatch between the bilayer boro-
phene and Cu substrate is smaller than 0.3%. To better characterize 
borophene structures, the hexagonal hole (HH) density, defined 
as η = number of HHs/number of atoms in a triangular lattice, is 
often used. In our case, the first (bottom) layer of bilayer borophene 
includes 186 boron atoms per cell, with a HH density of η = 5/36 
(Fig. 2h). The second (top) layer has similar atomic structure, but 
with six missing boron atoms, resulting in HH density of η = 1/6 
(Fig. 2i), identical to that of the β12 structure15,31. The total HH den-
sity of bilayer borophene is 11/72, slightly lower than that of the β12 
phase (1/6) on the Ag(111) surface15,31.

In the bilayer model, the second layer slides by approximately 
1.72 Å from the first layer in the in-plane direction, and the inter-
layer distance is 1.82 Å, which indicates the formation of covalent 
interlayer bonds between the four-coordinated boron atoms (shown 
in yellow in Fig. 2h,i). The stacking of two boron layers with slightly 
different unit cells induces a periodic modulation of the density of 
states (DOS)57, which accounts for the different brightness of pro-
trusions in STM image (Fig. 2d,e). The simulated STM image (Fig. 
2f) is in good agreement with the experimental results, and includes 
the ellipsoid shape of the protrusions, zigzag-like arrangement and 
alternating bright and dark sections along the chains. The experi-
mentally calibrated atomic densities of monolayer and bilayer boro-
phene were 35.87 ± 0.43 nm−2 and 71.74 ± 0.86 nm−2, respectively 
(see details of the boron coverage calibration in Supplementary 
Information), which accord with the values from theoretical models 
(~36.14 nm−2 and 71.1 nm−2, respectively) very well and support the 
validity of our model.

The validity of this bilayer structural model is supported by 
its large energy stability. We compared the formation energy 
(E (eV atom–1) of the free-standing bilayer borophene and the 
well-known β12 monolayer borophene (the structure model 
and lattice parameters are shown in Supplementary Fig. 10 and 
Supplementary Table 1), as summarized in Table 1. It was found that 
the energy of bilayer borophene was 55 meV atom–1 lower than the 
energy of the β12 monolayer borophene, which implies it has a higher 
thermal stability. The high thermal stability of bilayer borophene 
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Fig. 1 | STM images showing the evolution of the Cu(111) surface with increasing B coverage. a, Monolayer borophene on Cu(111) (I = 90 pA, V = 1.2 V). 
b, Coexisting monolayer (ML) and bilayer (BL) borophene (I = 80 pA, V = −1.0 V). The dark and bright areas in a and b represent the borophene on 
different terraces of the Cu(111) surface. c, A Cu(111) surface fully covered by bilayer borophene (I = 90 pA, V = 0.95 V). d, Bilayer borophene with a large 
single-phase domain, obtained after annealing the surface in c at 750 K (I = 90 pA, V = −1.5 V). The colour scale refers to different heights in a–d.
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stems from the formation of interlayer covalent bonds between the 
four-coordinated boron atoms in the second and first boron lay-
ers. In fact, we calculated the energies of the first and second boron 
layers without interlayer bonding, and found that these would 
33 meV atom–1 lower and 6 meV atom–1 higher, respectively, than 
that of the free-standing β12 monolayer, which implies that the for-
mation of interlayer boron–boron covalent bonding plays a key role 
in stabilizing the 2D bilayer structure. Additionally, a Bader charge 
analysis revealed that the formation of interlayer covalent bonds 
results in a local charge redistribution around the interlayer-bonded 
boron atoms (Supplementary Fig. 15) and induces the wrinkled 
structure of bilayer borophene. In addition, the stability of bilayer 
boron can be further confirmed by our normal mode analysis as 
well as by the ab initio molecular dynamics simulation of bilayer 
boron (details in Supplementary Information). The bilayer boron 
sheet can be stable at 1,000 K without structural collapse or decom-
position, and the interlayer boron bonds are well-preserved.

Discussion of growth mechanism
The above model provides us with insight as to the formation 
mechanism of bilayer borophene on Cu(111). It is known that 
the interactions between a metal substrate and boron are crucial 
for the formation of 2D boron11–15,30–38. The adsorption energy of 
the first boron layer on the Cu(111) substrate is −0.41 eV atom–1 
(−0.148 eV Å−2), which is approximately twice that of the β12 mono-
layer on the Ag(111) substrate (−0.22 eV atom–1 or −0.074 eV Å−2), 
as summarized in Table 2. Bader charge analysis indicates that 
approximately 0.026 e is transferred to each boron atom, which is 
much larger than the charge transfer on the Ag(111) substrate15 
(approximately 0.014 e per boron atom). The relatively large elec-
tron transfer to the first boron layer provides additional electron 
density for bonding with the boron atoms in the second layer, which 
enables its growth. The differential charge density distribution also 
shows electron accumulation in bilayer borophene and electron 
depletion for Cu(111), as shown in Fig. 3a,b, which supports the 
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Fig. 2 | High-resolution STM images and structural models of monolayer and bilayer borophene on Cu(111). a, High-resolution images of monolayer 
borophene on a Cu surface (I = 210 pA, V = −0.1 V). The unit cell is marked by a black parallelogram. b, The zoomed-in STM image is also overlaid with 
a structural model (blue) (I = 95 pA, V = 0.3 V). c, A structural model of monolayer borophene. The blue spheres represent the first-layer boron atoms, 
and the underlying substrate, Cu(111), is shown in orange. d,e, High-resolution STM images of bilayer borophene with mirror symmetric orientations on 
the Cu(111) surface (I = 90 pA, V = 0.5 V). The two unit cells, one in d and its mirror-symmetric counterpart in e, are marked by black parallelograms. The 
pink spheres represent the second-layer boron atoms. f, Simulated STM image based on the bilayer structural model shown in g. The models of the boron 
sheets are superimposed on both the experimental (e) and simulated (f) STM images, and show very good agreement with the experimental results. 
g, Top view (top) and side view (bottom) of the calculated atomic structure of bilayer borophene. h,i, The detailed atomic structures of the first (h) and 
second (i) layers of bilayer borophene from the top view, in which the yellow spheres represent the boron atoms that form interlayer boron–boron bonds.
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transfer of electrons to the first boron layer of bilayers borophene. 
The clearly positive and negative regions on the first boron layer 
suggest that the excess electrons are transferred from the first layer 
to the second boron layer, which results in the redistribution of the 
in-plane electrons in bilayer borophene, which is also beneficial for 
the growth of the bilayer boron sheet.

As discussed in more detail in Supplementary Fig. 1, the tem-
perature window (600–750 K) for the formation of bilayer boro-
phene is narrower than that for monolayer borophene (600–850 K), 
which suggests that the growth parameters for the formation of 
bilayer borophene are more complicated than those for mono-
layer borophene. Moreover, small boron clusters are formed on 
monolayer borophene prior to the formation of bilayer borophene 
(Supplementary Fig. 3). Therefore, we assume that the growth of 
bilayer boron is associated with the growth process and the high 
affinity of boron for the copper surface.

Properties of bilayer borophene
We performed an ex situ X-ray photoelectron spectroscopy (XPS) 
characterization on both monolayer and bilayer borophene on 
Cu(111). The samples were prepared in ultrahigh vacuum cham-
bers, then removed and transferred to another ultrahigh vacuum 

chamber equipped with XPS. During the transfer the samples were 
exposed to ambient conditions. Figure 4a shows the XPS spectra of 
boron measured on a sample with almost a full covering of bilayer 
borophene on Cu(111). It is very interesting that the B 1s signal 
exhibited two peaks centred at 191.5 and 187.7 eV (Fig. 4a). The 
main component at 187.7 eV corresponds to a B–B bond according 
to the reported value obtained for bulk boron58 and for borophene 
on metal surfaces14,15,36,59, whereas the peak with a higher binding 
energy at 191.5 eV corresponds to a B–O bond14,15,36. The extracted 
ratio of oxidized boron atoms is about 23%, which indicates that 
only a small portion of the boron atoms was oxidized after expo-
sure to air. The oxidized boron atoms may also be due to a small 
amount of monolayer borophene on the measured area of the sam-
ple. However, for monolayer borophene on Cu(111), only the B–O 
peak was observed in the XPS spectra (Fig. 4b), which suggests that 
the monolayer borophene on Cu(111) was completely oxidized. The 
XPS data provide strong evidence for enhanced chemical stability 
and anti-oxidation of the bilayer borophene compared with those 
of the monolayer, which suggests that bilayer borophene may be a 
better candidate for device applications.

The calculated band structure and the corresponding decom-
posed orbital-resolved DOS of bilayer borophene are shown in  
Fig. 4c–e. Several bands cross the Fermi level indicated the metallic-
ity of bilayer boron, and both the Cu-supported and free-standing 
bilayer borophene are metallic. The DOS of the bilayer borophene 
around the Fermi level were contributed mainly by the boron p 
orbitals, and more specifically the pz orbital rather than the px and 
py orbitals. Moreover, the DOS contributed by the px and py orbitals 
of boron were mainly located at occupied states (Fig. 4e), and the pz 
orbitals in unoccupied states contributed more quickly than those 
in the occupied states. According to the tunnelling mechanism 
of STM, the pz orbital of the surface interacts with the STM tip 
more strongly than do the px and py orbitals. Therefore, the DOS 
in the occupied states detected by scanning tunnelling spectros-
copy (Fig. 4f) should be suppressed, which leads to the unoccupied 
DOS increasing a little more quickly. Therefore, the distribution of 
the total DOS is in good agreement with the experimental dI/dV 
curves, which provides further support for our structural model 
of bilayer borophene. Additionally, the electronic structures of the 
free-standing first and second boron layers were calculated sepa-
rately (Supplementary Fig. 18), and showed metallic behaviours 
for both structures.

Our findings suggest that boron atoms in bilayer borophene pro-
mote the transfer of electrons and balance the excess electrons to 
strengthen the stability of the bilayer system. Compared with the 
Ag(111) substrate, the Cu surface provides a better substrate for the 

Table 2 | Charge transfer from Cu(111) to the different boron 
layers, and ag(111) to the boron layer β12

Boron sheets average charge 
transfer (e atom–1)

Eads1 (eV atom–1) Eads2 (eV Å−2)

First layer on 
Cu(111)

0.026 −0.41 −0.148

Bilayer on 
Cu(111)

0.012 −0.20 −0.143

β12 on Ag(111) 0.014 −0.22 −0.074

Bilayer β12 on 
Ag(111)

0.007 −0.12 −0.076

Eads1 = [Esys – (EBS + Esub)]/n, where Eads1 is the average adsorption energy per boron atom, Esys is the 
total energy of boron sheets on the Cu(111) and Ag(111) substrates, EBS is the energy of different 
boron sheets, Esub is the energy of Cu(111) and Ag(111) substrates, and n is the number of boron 
atoms. Eads2 = [Esys – (EBS + Esub)]/S, where Eads2 is the average adsorption energy per area and S is the 
area of boron sheets.

0 2 4 6 8
Distance (Å)

–10

0

15

–5

5

D
en

si
ty

 (1
0–3

 Å
–1

) 10

–15

10

First boron
layer

Second boron
layer

a

b

Fig. 3 | Charge distribution between bilayer borophene and the Cu(111) 
substrate. a, Isosurface plot of the charge redistribution between Cu planes 
(orange atoms) and relaxed borophene (green atoms). Electron depletion 
is shown in cyan and accumulation in yellow or orange. The isosurface is 
0.007 e bohr–3. b, Planar-averaged electron density difference for bilayer 
borophene on Cu. The negative and positive areas indicate electron 
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Table 1 | DFT calculated energies

Boron sheets E (eV atom–1) ΔE (meV atom–1)

Free-standing first layer −6.333 −33

Free-standing second layer −6.294 6

Free-standing bilayer −6.355 −55

Free-standing β12 −6.300 0

E =

Etot
n , where Etot is the total energy of one unit cell and n is the number of boron atoms in one 

unit cell. ΔE = EBS − Eβ12
, where EBS is the energy of different boron sheets and Eβ12

 is the energy of 
the free-standing β12 boron sheet.
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formation of bilayer borophene. Although, experimentally, the Cu 
substrate appears to be the prerequisite for the formation of bilayer 
borophene, the energetic stability of bilayer borophene implies that 
it is sufficiently stable to enable its decoupling from the substrate 
for further studies and device fabrication. Moreover, bilayer boron 
is predicted to exhibit more flexibility than the monolayer form and 
to be able to withstand larger critical strains60. Certainly, it will be 
interesting to modulate the electronic and magnetic properties of 
the bilayer via the intercalation of transition metal atom guided by 
theoretical investigations61.

Conclusion
In summary, large-scale, single-crystalline bilayer boron sheets 
were synthesized by epitaxial growth on the Cu(111) substrate. 
Combined experimental STM measurements and first-principles 
calculations show that a borophene bilayer consists of stacked layers 
of zigzag boron-chain structures. The first and second boron layers 
have vacancy concentrations of 5/36 and 1/6, respectively; interlayer 
covalent bonds between four-coordinated boron atoms are formed, 
which leads to a better thermal stability of the bilayer compared 
with that of the β12 monolayer. The larger adsorption energy of 
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monolayer boron on Cu(111) than that on Ag(111) and the greater 
electron transfer from Cu(111) to monolayer boron are probably 
the reasons for the growth of bilayer on monolayer borophene on 
Cu(111). The successful bottom-up synthesis of bilayer boron sheet 
provides opportunities and challenges for the characterization of 
their physical properties. The high quality of bilayer borophene on 
a metal surface and, in particular, its large size and single-crystalline 
nature may enable the fabrication of borophene-based devices, such 
as ultracapacitor, photonic and plasmonic devices, and electronic 
biomedical devices with a high sensitivity for signal transmission 
and detection.
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Methods
Experiments. The experiments were performed in our homebuilt ultrahigh 
vacuum MBE–STM system, with a base pressure of approximately 5.8 × 10−11 torr 
for the STM chamber, whereas it was ~2.9 × 10−10 torr for the MBE chamber. The 
clean Cu(111) substrate was prepared by repeated cycles of Ar+ ion sputtering and 
postannealing at 900 K. Pure boron (99.9999%) was evaporated by a commercial 
electron-beam evaporator onto the clean Cu(111) substrate. During boron growth, 
the Cu(111) substrate was kept at appropriate temperatures and the pressure was 
greater than 5.0 × 10−10 torr. After growth, the sample was transferred to the STM 
chamber without breaking the vacuum, and the STM and scanning tunnelling 
spectroscopy measurements were all obtained under 77 K with a chemically etched 
tungsten tip. The XPS spectra were conducted ex situ by taking the prepared 
sample out in air and transferring it into an XPS system with a resolution of 0.48 eV 
(ThermoFisher Scientific ESCALAB 250X with a monochromatic Al Kα X-ray 
source, hν = 1,486.6 eV). The binding energy and Fermi level were calibrated by 
measurements on pure Ag (3d5/2, 368.2 eV) and Cu (Cu, 2p3/2, 932.6 eV) surfaces. 
The diameter of the surface area in the XPS measurements was about 300 μm, and 
XPSPEAK software was used for the data fitting. The XPS peaks were fitted with 
a mixture of Gaussian and Lorentzian functions (20% Lorentzian). The full-width 
at half-maximum of the B–B peaks was 1.8, and the full-width at half-maximum 
for the B–O peak was 1.4. The peak with a maximum at 187.7 eV (attributed to 
B–B bonds) had a greater full-width at half-maximum, which indicate that the two 
layers of B–B bonds have slightly different chemical environment.

Calculations. First-principles calculations were performed based on ab initio 
DFT using the VASP 5.4.4 program62. The generalized gradient approximation 
and Perdew–Burke–Ernzerhof exchange-correlation functional were adopted63–65. 
Grimme D3 correction was used to describe the interlayer van der Waals 
interactions66. A well-converged plane-wave cutoff of 400 eV was used and the 
atomic coordinates were allowed to relax until the forces on the ions were less 
than 0.03 eV Å−1. The electronic convergence criterion was set to 1 × 10−5 eV. The 
reduced Brillouin zone was sampled with a Γ-centred 2 × 1 × 1 k-point mesh 
for optimization and a 4 × 2 × 1 k-point mesh for static and electronic structure 
calculations67,68. A 15 Å vacuum space was used in all the calculations. We 
calculated the charge transfer based on a Bader analysis69,70. To simulate the STM 
images, a system with a bilayer boron sheet on a one-layer fixed Cu(111) substrate 
was adopted, which included 88 Cu atoms and 366 B atoms. The simulated STM 
image was constructed on the basis of Tersoff–Hamann theory and was visualized 
using the p4VASP program with the constant current mode71. The β12 monolayer 
on the Ag(111) model was constructed using a √3 × 1 supercell of Ag(111) and 
one unit cell of the β12 monolayer. The lattice mismatch between β12 and Ag(111) 
was no more than 1.5% (Ag(111), 2.90 and 5.00 Å; β12, 2.92 and 5.07 Å). The 
model for a bilayer boron sheet on Cu(111) was constructed using a √178 × √39 
supercell of Cu(111) and one unit cell of the bilayer boron. The lattice mismatch 
between the bilayer borophene and the Cu substrate was smaller than 0.3% 
(Cu(111), a = 16.2 Å, b = 34.0 Å and θ = 68.5°; bilayer boron, a = 16.1 Å, b = 34.2 Å, 
and θ = 69.2°). The k-mesh for the β12 unit cell and bilayer boron was 16 × 8 × 1 and 
2 × 1 × 1 for the reduced Brillouin zone.

Data availability
Data that support the finding of this study are available within the article and its 
Supplementary Information and data files. Data for the Supplementary figures and 
DFT-calculated structures are provided as Supplementary Data files. Source data 
are provided with this paper.
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