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Mo6S3Br6: An Anisotropic 2D Superatomic Semiconductor

Xinjue Zhong, Kihong Lee, Daniele Meggiolaro, Avalon H. Dismukes, Bonnie Choi, 
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Xavier Roy,* and Xiaoyang-Y. Zhu*

Two-dimensional (2D) van der Waals materials with in-plane anisotropy are 
of great interest for directional transport of charge and energy, as exemplified 
by recent studies on black phosphorus and α-phase molybdenum trioxide 
(α-MO3). Here, a layered van der Waals semiconductor with in-plane 
anisotropy built upon the superatomic units of Mo6S3Br6 is reported. This 
material possesses robust 2D characteristics with a direct gap of 1.64 eV, 
as determined by scanning tunneling spectroscopy and first-principles 
calculations. Polarization-dependent Raman spectroscopy measurement and 
density functional theory calculation reveal strong in-plane anisotropy. These 
results suggest an effective strategy to explore anisotropic 2D electronic 
and optoelectronic properties from superatomic building blocks with 
multifunctionality, emergent properties, and hierarchical control.
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for plasmon polaritons.[1–3] Likewise, in-
plane anisotropy in α-phase molybdenum 
trioxide (α-MoO3) has been demonstrated 
to yield ultra-low-loss phonon polaritons.[4] 
Besides, in rhenium dichalcogenides,[5] 
the in-plane anisotropy[6] can be used to 
fabricate unique photodetectors and filed-
effect transistors.[7] When compared to 
traditional 2D atomic solids, however, 
the structural diversity combined with 
in-plane anisotropy is limited, which has 
restricted their use.

Beyond atomic solids, there is a 
growing interest in designing 2D mate-
rials from complex, hierarchical, and 
tunable building blocks,[8] as exemplified 
by colloidal nanoparticle 2D superlat-

tices.[9–11] The use of zero-dimensional building blocks formed 
by atomic clusters, known as superatoms, is particularly attrac-
tive and advantageous due to their atomic precision, as well as 
the tunability of intercluster coupling.[12–14] Their assembly into 
strongly coupled hierarchical lattices has been shown to pro-
duce unique emergent material properties. For instance, three-
dimensional (3D) cluster-assembled solids such as Chevrel 
phases[15] and endohedral gallide cluster phases[16] are well-
known for their superconducting behaviors. In view of this, 2D 
structures with in-plane anisotropy promise unique physical 
properties and functions. However, there are very few examples 
of layered cluster-based structures[17–19] that can be exfoliated, 
and the existing ones typically have isotropic in-plane struc-
tures (e.g., Re6Se8Cl2).[20–22]

Here, we investigate Mo6S3Br6, a superatomic van der 
Waals material with strong in-plane anisotropy derived from 
the Chevrel phase in which [Mo6] octahedral cluster subunits 
are covalently linked into layers.[19,23] Each [Mo6] octahedron is 
tilted, enclosed in a cube of sulfur (S) and bromine (Br), and 
connected to two neighboring clusters along the c-axis via a 
shared S atom located at the apical positions as well as via an 
additional two bridging Br atoms (Figure  1a). The resulting 
corner-sharing one-dimensional (1D) chains of clusters are 
linked into layers in the bc-plane by means of two interchain 
Mo–S linkages along the b-axis. The clusters form in such a 
way that the S atoms are inside the layers and the Br atoms are 
at the surface, establishing the van der Waals planes. The weak 
van der Waals contacts between the layers along the a-axis and 
strong in-plane bonding give this material a robust 2D char-
acter with stronger coupling along the c-axis.

Mo6S3Br6 was discovered in 1983 by Perrin et  al.,[23] but its 
bulk physical properties are essentially unknown, and it has 

2D Superatomic Semiconductors

1. Introduction

Two-dimensional (2D) van der Waals materials with in-plane 
anisotropy are of interest for directional transport of charge and 
energy. One prominent example is black phosphorus, which 
has been shown to host highly anisotropic excitons and theo-
retically predicted to exhibit elliptic and hyperbolic dispersions 
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never been investigated as a mono- or few-layer material. One 
obstacle to such studies is that Mo6S3Br6 is typically obtained 
as small crystals (tens of micrometers), precluding mechanical 
exfoliation. In this work, we report a new synthetic approach 
to grow millimeter-size single crystals of Mo6S3Br6 that can be 
mechanically exfoliated. We focus on freshly cleaved surfaces 
of bulk crystals in all experiments based on scanning tun-
neling microscopy/spectroscopy (STM/STS) and polarization 
dependent Raman spectroscopy combined with first-principles 
calculations. We demonstrate the strong in-plane anisotropic 
electronic structure. Density functional theory (DFT) calcula-
tions support the pseudo-1D electronic structure of this material 
and reveal a direct bandgap with the valence band maximum 
(VBM) and the conduction band minimum (CBM) located 
at the Y (0, 0.5, 0) point in momentum space. The electronic 
bandgap determined by STS is 1.64 eV, with the Fermi level (EF) 
located 0.21 eV above the VBM, indicating p-type doping.

2. Results and Discussions

We synthesized microcrystalline Mo6S3Br6 by heating a stoichi-
ometric mixture of Mo6Br12, Mo, and S to 1175 °C in a fused 
silica tube sealed under vacuum. Remarkably, millimeter-size 
crystals (shown in the inset of Figure  1b) are obtained when 
a mixture of Mo and Nb (in a molar ratio of 92.5:7.5) is used 
instead of the pure Mo metal. In addition to microcrystalline 
Mo6S3Br6 powder and macroscopic crystals, the tube con-
tains a few crystals of NbBr5, which form in situ and presum-
ably acts as a chemical vapor transport agent that allow large 
Mo6S3Br6 crystals to grow. The flattened needle morphology 

of these crystals indicates different growth rates along the b- 
and c-axes, consistent with the anisotropic in-plane structure 
(inset of Figure 1b). The structure of the Mo6S3Br6 crystals was 
determined by single-crystal X-ray diffraction (SC-XRD). In 
agreement with previous reports, the structure is orthorhombic 
(space group: Cmcm), with lattice parameters a  = 17.27 Å, 
b  = 6.58 Å, c  = 11.90 Å at 297 K and c-axis corresponds to 
the elongated direction of the crystal (Figure S1, Supporting 
Information). Variable temperature SC-XRD measurements 
between 100 and 297 K show monotonic increase of the  
lattice due to thermal expansion, with no structural phase tran-
sitions (Figure S2, Supporting Information). The composition 
of Mo6S3Br6 crystals was confirmed by energy dispersive X-ray 
spectroscopy (Table S2, Supporting Information) and X-ray  
photoelectron spectroscopy (Figure S3, Supporting Information).

To demonstrate the feasibility of Mo6S3Br6 as a practical 2D 
material, we first mechanically exfoliated macroscopic crystals 
using the Scotch tap method[24] and determined the thicknesses 
of the resulting rectangular flakes by atomic force microscopy 
(AFM) under ambient conditions. The thinnest flakes obtained 
using this approach are bilayers (Figure  1b) with thickness of 
≈2.5  nm (marked by red arrows in Figure  1c) and sequential 
steps along the line profile are 2.1 nm on average (marked by 
blue arrows in Figure 1c), close to the height of two monolayers 
based on the SC-XRD data (≈1.8 nm). The apparent difference 
between the height measured by AFM and the SC-XRD data is 
mainly due to the AFM tip–surface interactions,[22,25,26] which 
overestimate the step height. Based on these exfoliation results, 
we explore the in-plane structural and electronic anisotropy 
of the material by conducting all measurements on freshly 
cleaved surfaces of bulk Mo6S3Br6. We emphasize that the AFM 
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Figure 1.  a) Crystal structure of Mo6S3Br6. Side view (top) of the ac-plane and top view (bottom) of the bc-plane. Unit cells are marked by the red boxes. 
One directional chain is along c-axis. Color code: Mo, blue; S, yellow; Br, brown (innercluster) and pink (intercluster bridging). b) AFM image on an 
exfoliated Mo6S3Br6 flake on a SiO2/Si substrate. Top inset: optical image (≈3 mm × 2 mm) of the macroscopic Mo6S3Br6 crystals. c) The height profile 
along the white line in (b). The thickness of the first layer and the sequential layers is marked by red and blue arrows, respectively.
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measurement serves to confirm the layered nature of the van 
der Waals crystal. Here, we focus on freshly cleaved surface of 
bulk Mo6S3Br6 single crystals, not monolayers.

We carried out real-space imaging of the (100) surface struc-
ture of Mo6S3Br6 using STM. The high-resolution STM image 
in Figure 2a features the bright spots arranged in a triangular 
pattern with periodicity of 6.5, 6.6, and 7.0 Å. These bright 
spots correspond to the positions of the intercluster bridging Br 
atoms, which are protruding from the plane of the layer (repre-
sented as pink spheres in Figure 1a,b). The Br atoms located at 
the vertex of the [Mo6S4Br4] clusters are topographically lower 
than the bridging Br atoms, and thus are not clearly resolved in 
the STM (represented as brown spheres in Figures 1a and 2b). 
A first Fourier transform (FFT) of the image (Figure 2c) identi-
fies the pseudo sixfold symmetry of the bridging Br atoms. Two 
more points (identified as yellow circles in Figure 2c) indicates 
a periodicity of 5.9 Å along one direction, in excellent agree-
ment with the c lattice parameter determined from SC-XRD 
(c/2 ≈ 5.97 Å). By comparing the simulated FFT calculated 
from the bridging Br atom lattice (inset in Figure 2c) with the 
experimental data, we determine the b [010] and c [001] direc-
tions (represented as black arrows in Figure  2a and as a box 
in Figure  2b). In addition to the crystal surface structure, we 
identify several types of defects in Figure 2a, including missing 
Br atoms or incomplete clusters. More details are included in 
Figure S4 of the Supporting Information.

We determine the single-particle electronic structure by cur-
rent–voltage (I–V) measurement in STS. Figure 2d displays I–V 

(blue) and dI/dV–V (red) curves. Each I–V or dI/dV–V curve is 
an average of over 80 curves under the same tunneling condi-
tions at multiple positions on the surface. The VBM is located 
at −0.20  ±  0.03  V and the CBM at 1.44  ±  0.03  eV. These give 
the electronic bandgap EG = ECBM − EVBM = 1.64 ± 0.05 eV; this 
value comes from the average measurements in multiple areas 
on three samples. The positions of the band edges relative to 
EF indicates p-doping. A weak and broad mid-gap feature near 
EF is attributed to surface defects. Despite the direct bandgap 
characteristic (see below), we found that photoluminescence 
emission from the bandgap transition in the current sample 
is negligibly, likely due to the defect mediated nonradiative 
recombination. Further experiments are necessary to improve 
the quality of the crystals. The high density of midgap states 
also prohibited reliable measurement on intrinsic transport 
properties.

To support our experimental observations, we performed 
DFT calculations of the electronic band structure of Mo6S3Br6 
using the Perdew–Burke–Ernzherof (PBE) functional[27] and 
refined the calculation with the Heyd–Scuseria–Ernzerhof 
(HSE06) functional.[28] Figure  3a displays the PBE bulk elec-
tronic band structure (black curves) and HSE06 refinements 
(blue dots) at selected high-symmetry points in the Brillouin 
zone. A direct bandgap of 0.90  eV is derived from PBE func-
tional, which typically underestimates bandgaps. The HSE06 
band structure, which generally overestimates bandgaps, indi-
cates a direct bandgap of 1.69 eV, slightly above the value deter-
mined by STS. Both VBM and CBM locate at Y (0, 0.5, 0) point 
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Figure 2.  a) High-resolution STM image of Mo6S3Br6 at 298 K (12 × 12 nm, U = 1.6 V, I = 60 pA). c- and b-axes are marked by the black arrows. Several 
types of defects are identified by the blue arrows. b) Zoom in STM image with overlaid atomic structures. The unit cell is marked by the rectangular 
box. c) Fast Fourier transform (FFT) of (a). Inset is the simulated FFT of the top layer of Br atoms. d) STS spectrum with I–V curve in blue and the dI/
dV–V curve in red. The VBM and CBM are marked by the black dashed lines, giving a bandgap of 1.64 ± 0.05 eV.
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in momentum space. To understand the properties of Mo6S3Br6 
in the 2D limit, we performed similar calculations on the 2D 
monolayer, as shown Figure 3b. The electronic band structure 
of monolayer Mo6S3Br6 is nearly identical to that of the bulk, 
indicating weak interlayer electronic interactions. The direct 
bandgaps calculated from PBE and HSE06 functional have the 
same values at Y (0, 0.5, 0) point as those of the bulk.

Strong anisotropy appears in the band structure along the 
principal direction Γ–Y (0, 0.5, 0) compared to Y–M (0.5, 0.5, 0). 
The electronic structure produces two free electron-like bands 
with starkly different effective masses for electrons and holes, 
respectively. Similar band structures have been observed in 
other anisotropic 2D materials, e.g., black phosphorus.[1,29] 
The strong in-plane anisotropy is also reflected in the Fermi 
surface of 2D Mo6S3Br6, both in the intrinsic and doped states. 
Figure 3c displays the Fermi surface for an intrinsic 2D mono
layer. By increasing the doping level to 0.5 hole per cluster, the 
band along the Γ–Y direction generates pseudo-1D electronic 
chains (Figure  3d), revealing highly anisotropic electronic 
properties.

The anisotropic properties of Mo6S3Br6 are confirmed 
experimentally in polarization dependent Raman spectro
scopy.[6,30–34] Figure 4a shows Raman spectra for parallel polari-
zation (PP, top) and cross polarization (CP, bottom) configura-
tions. Spectra were taken in a backscattering geometry, where 
the incident and scattered light are both perpendicular to the 
sample. The polarization angle is defined as the angle between 
the incident polarization and the crystal c-axis. Each Raman 
active mode has either two- or four-fold symmetry governed 

by the crystal symmetry. Since Mo6S3Br6 
has an orthorhombic structure with space 
group Cmcm, there are 45 Raman active 
modes (13Ag  + 11 Bg  + 9 B2g  +12 B3g),[35] 
among which 25 modes (13Ag  + 12 B3g)  
are detectable in the backscattering geom-
etry. Raman selection rules dictate that the Ag 
mode has twofold symmetry for PP and four-
fold symmetry for CP, while B3g mode has 
fourfold symmetry in either PP or CP config-
urations (details in the Supporting Informa-
tion). Figure  4b presents parallel-polarized 
Raman spectra at 0°, 30°, 60°, 90°:15 of the 
25 Raman modes are resolved and assigned 
to Ag or B3g mode based on DFT calculations 
(Table S3, Supporting Information). The non-
resonant Raman spectrum obtained from 
DFT calculations is shown in Figure S5 of 
the Supporting Information as a reference.

To highlight the variations of each peak as 
a function of angle, Figure 4c,d shows polar 
plots of two Ag modes (181.3 and 421.1 cm−1) 
in PP configuration. The Raman intensity 
of the 181.3 cm−1 Ag mode along the c-axis 
is higher than that along the b-axis, while the 
intensity along the b-axis shows a secondary 
maximum instead of a minimum, indicating 
a complex Raman tensor, as seen in other 2D 
materials.[36–38]

We performed quantitative analysis of the 
phonon anisotropy by extracting Raman tensors for Ag and B3g 
modes from the polarization dependent Raman spectra in par-
allel and cross polarized configurations. The Raman intensity 
can be expressed as I  ∝  |eiRes|2, where ei and es are the inci-
dent and scattered light vectors and R is the Raman tensor for a 
specific phonon mode.[39,40] For incident light perpendicular to 
the sample (i.e., parallel to the a-axis), the incident light vector 
ei =  (0, sinθ, cosθ) and the scattered light vector es =  (0, sinθ, 
cosθ) for PP configuration and es =  (0, −cosθ, sinθ) for CP con-
figuration. The Raman tensors of Ag and B3g are given by
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where a, b, c, and f are complex Raman tensor elements. The 
imaginary parts in the Raman tensor elements can be attrib-
uted to photon absorption[32,33,36,41] with excitation photon 
energy above the bandgap and birefringence effects[42] along 
b- and c-axes of the crystals. We obtain the tensor elements of 
each mode by fitting both parallel and cross polarized Raman 
spectra simultaneously (details in the Supporting Information). 
The fits, included in the polar plots in Figure 4c,d as blue solid 
lines, demonstrate an excellent agreement between experiment 
and theory. More polar plots of Raman active modes are pre-
sented in Figure S6 of the Supporting Information.

The strong in-plane anisotropy of Mo6S3Br6 is also reflected 
in the separation of the Ag modes in the PP configuration 
(Figure  4a): the maximum peak intensity of each Ag mode 
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Figure 3.  a,b) Calculated DFT band structure by using PBE functional (solid black line) and 
HSE06 functional (blue dots). Inset is the 2D Brillouin zone projected on (100) plane. a) The 3D 
bulk and b) the 2D monolayer. c) Fermi surface of an intrinsic 2D monolayer. d) Fermi surface 
of p-doped 2D monolayer with doping level of 0.5 holes per cluster.
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<270 cm−1 is at 0° or 180° while that >270 cm−1 is at 90° or 
270° (Table S4, Supporting Information). This anisotropy is 
evident when we compare the polar plots of Ag modes 181.3 
and 421.2 cm−1 shown in Figure 4c,d. This could be understood 
by taking nuclear motions of each mode into account. Raman 
active phonons below 270 cm−1 involves twisting modes of Mo6 
cluster units. Since in those modes two adjacent Mo6 units on 
the c-axis rotate in opposite directions, the phonons modulate 
MoS bonds of shared µ6-S bridge. This results in strong per-
turbation of electronically coupled 1D chains of corner-sharing 
clusters, agreeing with the discussions mentioned above. 
Phonons above 270 cm−1 consist of stretching modes of MoS 
bonds. Such vibrations exhibit the strongest effect along the b-
axis of the crystal, where [Mo6] cluster subunits are connected 
by two MoS linkages. The additional sulfur atom on the b-axis 
allows stretching mode phonons to heavily modulate polariza-
bility in that direction, explaining preferential Raman response 
in b-direction for high-frequency Ag modes. While there exists 
MoS stretching Ag mode in c-direction, its Raman cross-
section is significantly smaller and not experimentally resolved.

3. Conclusion

We have demonstrated that the layered van der Waals cluster 
solid Mo6S3Br6 is a novel 2D semiconductor with strong in-
plane anisotropy. This anisotropy is anticipated to produce 

directional transport of charge and energy, such as carriers, 
excitons, and polaritons. Moreover, in contrast to most con-
ventional 2D atomic solids, the presence of labile Br atoms at 
the surface of each 2D Mo6S3Br6 layer may allow the tuning 
of anisotropic properties by functionalizing their surface via 
halogen substitution.[22] The unique hierarchical structure 
of Mo6S3Br6 opens the door to new and exciting optoelec-
tronic devices that combine multifunctionality with in-plane 
anisotropy.

4. Experimental Section
Synthetic Details: Mo6S3Br6 was prepared in the following procedure, 

modified from Perrin et  al.[23] A stoichiometric mixture of Mo6Br12
[43] 

(200 mg, 0.13 mmol), S (25 mg, 0.78 mmol), Mo (70 mg, 0.73 mmol), 
and Nb (6 mg, 0.06 mmol) was ground with a mortar and pestle in an 
inert atmosphere, pressed into a pellet and sealed in a quartz tube under 
vacuum. The tube was then heated to 1175 °C in a box furnace with a 
ramp rate of 1 °C min−1, held for 72 h at the reaction temperature, and 
finally cooled to room temperature at a ramp of 0.5 °C min−1. Millimeter-
size crystals of Mo6S3Br6 are deposited in the cooler region of the tube.

SC-XRD: Data were collected on an Agilent SuperNova instrument 
using an MiTeGen Micromount and an Oxford-Diffraction Cryojet 
system to cool the sample to 100 K. Data collection was performed 
using CrysAlis Pro while solution and subsequent refinement was done 
using ShelXT[44] and ShelXL,[45] respectively. Olex2[46] was used to view 
and prepare CIF files. Table S1 of the Supporting Information includes 
details of collection parameters and data refinement.

Adv. Funct. Mater. 2019, 29, 1902951

Figure 4.  a) Image plots of polarization dependent Raman for parallel polarization (PP) (top) and cross polarization (CP) (bottom). 0° angle denotes 
the c-axis of the crystal. b) Representative parallel-polarized Raman spectra at 0°, 30°, 60°, and 90°. c) Polar plot of parallel polarized Raman intensity 
of Ag mode at 181.3 cm−1, showing preferential scattering along the c-axis. d) Polar plot of parallel polarized Raman intensity of Ag mode at 421.2 cm−1, 
showing strong response along the b-axis.
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STM/STS: Experiments were carried out on the freshly cleaved 
Mo6S3Br6 crystal on the Omicron scanning tunneling microscope 
at room temperature (292 K) in ultrahigh vacuum (base pressure 
<4.0 × 10−10 Torr). Images were obtained in the constant-current mode 
with an electrochemically etched tungsten tip. To avoid tip artifacts, 
the STM tip was calibrated on a clean Au (111) surface before all 
measurements. The differential conductance (dI/dV–V) spectra were 
performed with a lock-in amplifier at an AC modulation of 10  mV and 
at a frequency of 861.1  Hz. The corresponding current change was 
acquired by keeping the tip fixed above the surface with the feedback 
loop off. dI/dV–V spectra are consistent at various spots on the surface 
with different tips at the same tunneling conditions.

Polarization Dependent Raman: Polarization dependent Raman 
spectroscopy was performed with a Renishaw microscopic Raman 
spectrometer. Spectra were taken in a backscattering geometry, where 
the incident and scattered light are both perpendicular to the sample. 
A 1 mW 633 nm He-Ne laser was focused on the Mo6S3Br6 surface with 
≈1  µm spot size. A linear polarizing filter was used in the laser path 
before the sample for polarization purity, and an additional polarizer 
was placed between sample and detector to reject cross-polarized light 
at parallel polarizing configuration. After the polarizing filter within the 
incident path, a removable half waveplate was placed at a 45° angle 
between the fast axis and laser polarization, so that the parallel and 
cross polarizing configurations could be switched with ease. The sample 
was manually rotated by 15° for each measurement.

Computational Details: DFT calculations were performed on the 
3D-bulk and 2D phases of Mo6S3Br6. The Bravais lattice of the bulk 
system is orthorhombic with room temperature cell parameter a  = 
17.250 Å, b = 6.600 Å, c = 11.929 Å, α = β = γ = 90° and has 4 formula 
units (space group 63–Cmcm). Both geometry relaxations and electronic 
structure calculations were carried out in the primitive cell of Mo6S3Br6 
(a = b = 9.235 Å, c = 11.929 Å, α = β = 90°, γ = 41.87°, 2 formula units). 
The 2D sheet of Mo6S3Br6 was modeled in the supercell approach 
starting from the primitive cell and by introducing 10 Å of vacuum 
between in-plane layers.

All calculations were carried out in periodic boundary conditions 
by using plane waves basis set and pseudopotentials. Converged grid 
of k-points in the Brillouin zone was adopted throughout calculations. 
Equilibrium structures was found by using Ultrasoft pseudopotentials 
and the PBE exchange correlation functional[27] by relaxing ions positions 
until a threshold on forces of 0.001 Ry a.u.−1 was reached. A cutoff on 
the plane waves of 40 Ry (320 Ry on the charge density) was used. 
The electronic structure of 3D and 2D systems was further refined 
by performing single point calculations by using the hybrid HSE06 
functional[28] at the PBE relaxed geometries. Hybrid calculations were 
carried out by using Norm-conserving pseudopotentials with a cutoff on 
the wavefunction of 70 Ry (140 Ry on the Fock grid). All calculations 
were performed by using the Quantum-Espresso package.[47]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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