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Abstract
Spin orbit interaction can be strongly boosted when a heavy element is embedded into an inversion asymmetric crystal field. A simple
structure to realize this concept in a 2D crystal contains three atomic
layers, a middle one built up from heavy elements generating strong
atomic spin-orbit interaction and two neighboring atomic layers with
different electron negativity. BiTeI is a promising candidate for such
a 2D crystal, since it contains heavy Bi layer between Te and I layers. Recently the bulk form of BiTeI attracted considerable attention
due to its giant Rashba interaction, however, 2D form of this crystal
was not yet created. In this work we report the first exfoliation of
single layer BiTeI using a recently developed exfoliation technique on
stripped gold. Our combined scanning probe studies and first principles calculations show that SL BiTeI flakes with sizes of 100 µm were
achieved which are stable at ambient conditions. The giant Rashba
splitting and spin-momentum locking of this new member of 2D crystals open the way towards novel spintronic applications and synthetic
topological heterostructures.
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Introduction

Recently, the scientific interest and research activity of stacked two dimensional (2D) van der Waals heterostructures have opened a new horizon to
engineer materials at the nanoscale. These structures consist of single or few
atomic layer thick crystals stacked on top of each other. The first member
of the family of 2D materials was graphene, a zero-gap semiconductor, but it
includes metals, semiconductors, insulators, furthermore semimetals, superconductors or strongly correlated materials [1,2]. For the application of these
heterostructures in the field of spintronics and synthetic topological insulators, spin-momentum locking and band inversion are required, respectively,
which can be provided by single or few-layer 2D crystals with high spin-orbit
interaction (SOI) [3, 4]. Crystals or nanostructures that lack inversion symmetry are good candidates to demonstrate strong SOI [5–8]. Among these,
the polar semiconductor BiTeI is a very promising candidate due to its giant
Rashba splitting [9], but so far no fabrication of single layer BiTeI (SL BiTeI,
one triplet of Te-Bi-I atomic layers) flakes has been reported.
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BiTeI is a member of a new class of polar crystals with layered structure,
the class of ternary bismuth tellurohalides BiTeX (X = I, Br, Cl), that recently attracted considerable attention [3, 4, 10–32]. The key component is
Bi, which as a heavy element has a strong atomic SOI. Its triangular lattice
layer is asymmetrically stacked between a Te and an I (or Br or Cl) layer (see
Fig. 1a-b) [14]. The Bi layer along with tellurium forms a positively charged
(BiTe)+ layer with similar geometry to metallic bismuth, whereas the I−
layer is negatively charged [20]. This polar structure, the narrow band gap
and the same orbital character of the bands at the top valence band and
the bottom conduction band lead to the appearence of a giant Rashba spin
splitting [10, 11].
The Rashba effect leads to a Hamiltonian HR = α · σ(n × k), where α is
a coupling constant, σ is a vector of the Pauli matrices acting on the elecron
spin, n is a unit vector pointing out of the 2D plane of the crystal and k is
the in-plane electron wave vector [33]. The corresponding band structure is
shown at Fig. 1e. The Rashba effect dictates a spin momentum locking as
the lower inset shows and it induces an energy shift between opposite spin
direction, which is described by the Rashba-energy, ER . ER is exceptionally
high for BiTeI, for bulk BiTeI ER ≈ 110 meV [9,12]. This is four times higher
than energy scale of the room temperature thermal fluctuations (kB T =
25 meV), two orders of magnitude higher than the spin splitting measured
on a conventional InGaAs/InAlAs semiconductor interface, or measured on
the surface of Ag(111) or Au(111) [6, 14]. Only extremely sensitive surface
structures like Bi atoms on Ag surface existing only in ultra high vacuum have
higher Rashba energy [6]. This built-in giant spin-orbit interaction makes
BiTeI an attractive, novel component in van der Waals heterostructures.
Recently several theoretical works proposed combination of BiTeI with
other 2D crystals. According to first principles calculations of BiTeI/graphene [3,34] (and BiTeCl/graphene [35]) heterostructures, the strong Rashba
interaction of BiTeI is expected to exert a significant influence on the Dirac
electrons of graphene resulting in a nontrivial band structure, which paves
the way for a new class of robust artificial topological insulators with vast
possible application in spintronics. While in graphene the 2D Dirac states
originally do not have spin-momentum locking, it is also possible to combine
SL BiTeI with topological insulators that host 2D helical Dirac states, thus
resulting a prototype to examine various more complex spin transport effect
depending on the coupling strength between these systems [4]. Furthermore,
a pair of inversely stacked SL BiTeI itself also expected to show topological
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insulating behaviour [15, 16]. This shows the versatility of possible applications of SL BiTeI and the increasing demand for its production. However,
no experimental demonstration of SL BiTeI has been reported yet. Previous
studies only focussed on bulk properties [11, 13, 14, 17, 20–29, 32].
The standard mechanical exfoliation technique, using adhesive tape pressed and released on a SiO2 substrate, is successful for many 2D materials
such as graphene and hexagonal boron nitride (hBN) because of the strong
adhesion between these crystals and the SiO2 surface [36]. However, according to our early experience, in the case of BiTeI mechanical exfoliation results
in only 50-100 nm thin flakes with few micrometers of lateral dimensions and
very low yield. In the literature, BiTeI thin films of thickness from 70 nm
to 10 µm have been fabricated from polycrystalline powder using flash evaporation and their mechanical [37] and electrical [38] properties have been
investigated, but these polycrystalline samples are far thicker than a single
layer of the crystal.
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Results and Discussion

In the current work SL BiTeI flakes were exfoliated with a novel method
using freshly cleaved Au(111) substrate [39] that yields SL BiTeI flakes of
lateral dimensions up to 100 µm. The underlying principle of the method
that Te and I bonds to Au stronger than the cohesive energy between two
BiTeI layers. Thus the last layer of BiTeI remains on the gold surface when a
bulk BiTeI crystal comes into contact with Au surface and then detaches due
to sonication. To understand the exfoliation process we also performed density functional theory (DFT) based calculations to obtain the geometry and
binding energies. In the following we present our optical microscopy, STM
and AFM measurements made on three samples obtained by the fabrication
method presented in the Methods section, then compare them to the results
of our thoretical calculations.
A typical optical micrograph of a sample surface after exfoliation is shown
in Fig. 1c. In this picture, due to the channel-selective contrast enhancement,
the Au substrate is green and thick BiTeI crystals that stayed on the surface
after the sonications are blue. Some of the thick BiTeI crystals that detached
during sonication leave behind light green patches of several tens of microns
lateral size, like the pair marked by red arrows in Fig. 1c. In the following
we focus on these regions and show that SL BiTeI covers almost continously
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these patches.
As a next step, atomic resolution STM measurements were made on these
patches. Room temperature, ambient STM measurements revealed a trigonal
atomic pattern at the surface (see Fig. 2a), similar to the bulk crystal structure of BiTeI. To precisely measure the periodicity of the observed trigonal
pattern, we performed a two dimensional Fourier transform (see Fig. 2b) and
measured the positions of the maxima yielding a periodicity 4.2 ± 0.2 Å. This
is in agreement with the bulk lattice parameter of BiTeI in the layer plane
according to previous reports (4.3 Å [10, 40]), and is significantly different
from the gold lattice parameter in the (111) direction (2.9 Å [41]). Thus,
one can conclude that after sonication BiTeI is still present on the substrate.
Analyzing further Fig. 2a, one can also find defects with bright apperance
(see black circles). Comparing with bulk defect states of BiTeI [30, 31], the
absence of pronounced threefold symmetry and the small height of < 20 pm
suggest that they are antisites.
When zooming out for larger area scans, we found that the surface topology of the BiTeI flakes is also different from the pure Au substrate at the
lengthscale of 1 µm (see Fig. 3). The Au surfaces are well known to consist
of large (111) terraces separated by single or multiple steps along (112) or
(110) directions measuring 2.5 Å step heights (see Fig. 3a) [42,43]. The areas
which were covered by BiTeI crystal before sonication show characteristically
different landscape (see Fig. 3b). Let us call it “cloudy” texture in the following. In this pattern one can find distinctive terraces of atomically flat
regions similar to that of Au (111) faces, but in this case the boundaries of
the terraces are more ragged, their size is smaller, contains multiple terraces
on top of each other which are not present in the case of Au. The two surface
structures are also well distinguishable in larger scan ranges as a later AFM
image shows (see Fig. 4b). The trigonal atomic structure presented in Fig. 2a
can be generally found anywhere where the cloudy pattern is visible and it
is never present on the pure gold surface.
In order to identify whether the terraces are related to atomic steps of
BiTeI or to the substrate, we measured the height of dozens of the terraces
using linecuts in the scan direction, some of which are marked on Fig. 3ab using green and red segments for the clean Au and the BiTeI covered
surfaces, respectively. Step heights corresponding to the marked segments
are indicated by markers on the height colorbar in Fig. 3c. We found that
the measured step height of the cloudy pattern corresponds to that of the
Au (111) steps of 2.5 Å [42, 43], and is largely different from the bulk lattice
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parameters of BiTeI in the out-of-plane direction (6.5 Å [10]). This suggests
that these steps do not mark the border of BiTeI monolayers but the gold
terraces of the surface that the BiTeI layer follows closely. To identify the
thickness of the covering BiTeI layer we have to search for an area where the
flake ends on the optical image or the cloudy pattern ends in STM (called
“border regions”).
In Fig. 4a we show an AFM overview image of the investigated flake
depicted in Fig. 1a. The bright curvy line connecting the two red arrows
is the border of the flake, i.e. the top-left corner is the Au surface whereas
the larger part of the image bounded by the bright line is covered by BiTeI.
At the border of the flake a thick and broad pile of accumulated material
can be found. The width of this line is rather large, 2-4 µm, which is in
the same length scale as the surface roughness of the Au substrate, thus the
measurement of the layer thickness across the border can not be performed
reliably. Therefore we looked for holes in the flake such as the one marked
by the green square. In these holes the surface is deeper and the texture is
different.
After zooming on the area marked by the green square (Fig. 4b) one
can recognize the cloudy pattern of BiTeI (same as in STM measurement
at Fig. 3b) in the outer region whereas in the hole the original Au surface
is present, which corroborates the visual impression that the BiTeI layer is
missing in the hole. On the border of these holes the accumulated contamination is not present therefore it is possible to zoom in further (see Fig. 4c)
and measure directly the step height at the border (Fig. 4d). We investigated
the step height at various positions around the border of the hole similar to
Fig. 4c, measuring a couple of linecuts using various PID control parameters.
The measured step heights are in the range of 8.5 ± 1.2 Å, which is close to
the bulk lattice parameters of BiTeI in the out-of-plane direction (6.5 Å [10]
or 6.8 Å [40]). Thus we conclude that the measured step height corresponds
to a single layer step, and the regions showing the cloudy pattern are covered
by a monolayer of BiTeI crystal. The small mismatch of the measured height
and lattice parameter can be attributed to the fact that height measurement
on different substrate could deviate slightly in AFM profiles [44]. Thus, our
findings indicate that SL BiTeI can indeed be separated by stripped gold
exfoliation technique, thus, it is a powerful method to produce large size SL
2D crystals from materials beyond graphene and TMDCs [39]. The BiTeI
covered surface was analyzed several weeks after exfoliation as well and the
atomic structure of the BiTeI layer (as in Fig. 2) was still presented which
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shows the long term environmental stability of the BiTeI monolayer. This
finding is also remarkable, since TMDCs containing Te are usually unstable
in ambient conditions on the Au surface in the time scale of several hours
according to our previous experiments.
To support the experimental results, we performed first principles calculations. First, we investigated the electronic structure of the freestanding
single layer and compared to the calculated properties of the bulk reproduced
from Ref. [9]. Our calculated band structure of the freestanding SL BiTeI
is presented in Fig. 1e, which provided a band gap of Eg = 740 meV, and a
Rashba energy of ER = 35 meV.
As a next step SL BiTeI on Au surface was investigated (see Fig. 1d).
Geometry optimization left the Au surface largely unaltered, while it introduced a small buckling of 0.1 Å in the BiTeI layer irrespective of Te or I
was facing the Au substrate. The binding energies of the relevant bonds are
listed in Table 1. The energy relations clearly indicate that both the Tefaced and the I-faced BiTeI binds stronger to the Au surface than to another
BiTeI layer (see the first 3 rows), which is in agreement with the experimental findings that a SL BiTeI remains at the Au surface after sonication. As
a reference, we also included the bonding energies between the constituents
of a single BiTeI layer which are much higher than the previous ones. Thus,
it is highly unlikely that the BiTeI layer can be cleaved between Bi-Te or
Bi-I planes, leaving only a part of the single layer on the substrate. This
result further supports that the multiple terraces at the cloudy pattern (see
Fig. 3b) are not related to BiTeI but the underlying gold surface. On the
other hand, the strong adhesion between the BiTeI and the Au substrate can
be also a reason why the surface structure of the Au is significantly different
under BiTeI coverage (cloudy pattern): the strong bonds can block the Au
atoms which have otherwise high surface mobility; and also force the BiTeI
to follow the terraces. This surface reconstruction is likely to be induced by
the relative high temperature (T ≈ 90 C◦ ) that the sample was exposed to
during fabrication.
To further characterize the obtained flakes, we calculated the partial DOS
(PDOS) on the constituents with and without the presence of the Au substrate (see Fig. 5a-b, respectively). In the case of the freestanding SL BiTeI
one can see a gap of 0.76 eV where the PDOS is zero for all the components,
therefore we expect the SL BiTeI to show insulating behavior in this regime
(see Fig. 5a and Fig. 1e). In the whole investigated range of ±3 eV, the
position of the most prominent peaks in the PDoS are very similar for Bi, Te
7

Bond
Au –I–Bi–Te → Au + BiTeI
Au6 –Te–Bi–I → Au6 + BiTeI
BiTeI–BiTeI → BiTeI + BiTeI
Te–Bi–I → Te–Bi + I
I–Bi–Te → I–Bi + Te
6
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Binding energy
681 meV
969 meV
543 meV
2.74 eV
3.64 eV

Table 1: Binding energies calculated by PBE + Grimme method. The values
represent the energy needed to break the bond as marked by the arrow. The
results indicate that the BiTeI tends to stick to the Au surface stronger than
to another layer BiTeI, both Te or I-faced. The internal bonds are much
stronger than the interlayer binding energies, making it unlikely to leave
only part of the BiTeI layer on the substrate.
and I as well. One can observe that in the negative energy range the Te and
I have more contribution while the part of te Bi orbitals increases towards
higher energies. In the middle range, between 1 and 2 eV, the Te has the
highest PDOS.
Meanwhile, when the SL BiTeI is placed on the Au substrate, the PDOS
change significantly (see Fig. 5b). The influence of the Au substrate can depend on the orientation of the crystal structure of BiTeI with respect to the
Au substrate, whether it is placed on the substrate in the order Au6 -Te-Bi-I
(Te-side) or Au6 -I-Bi-Te (I-side). After evaluation of the PDOS structures
of the two cases, we indeed see a difference between the two sides, but it is
minor compared to the freestanding case. Therefore, we only illustrate the
effect of the Au substrate using the plot of the PDOS of Te-side (Fig. 5b).
One can clearly see the additional states of the Au substrate in the negative range and the smeared peaks of every component in the positive range.
Most importantly, the PDOS never reaches zero for any of the components,
meaning that the gap disappears due to the strong hybridization with the
Au substrate. Therefore insulating behavior is not expected in the case of
the SL BiTeI placed on the stripped gold substrate.
To confirm this prediction, tunneling current – voltage characteristics
measurements were performed. A typical example of a dI/dV curve measured
on the cloudy pattern is shown on Fig. 5c. The conductance never reaches
zero and there is no clear signature of a gap in the measurement, which is in
agreement with the calculated PDOS. However, even without hybridization
the presence of the Au substrate can add a strong, featureless background to
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the measured dI/dV characteristics by letting electrons tunnel through the
BiTeI layer directly into the Au substrate.
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Conclusion

We demonstrated for the first time that single layer flakes can be realized
from the giant Rashba spin-orbit material BiTeI. Stripped gold exfoliation
technique provides an efficient way to produce flakes with a size of 100 µm,
which are stable at ambient condition for at least several weeks. We showed
that after the exfoliation the position of the BiTeI flakes can be identified by
simple optical microscope. Atomic resolution STM measurements confirmed
the presence of BiTeI layer on the gold surface by resolving the in-plane crystal structure of BiTeI. AFM measurements showed that the flakes cover large
areas continuously with only few holes. Step height measurements across the
edges of these holes confirmed that the flake thickness corresponds to SL
BiTeI. Our first principles calculations also supported the formation of SL
BiTeI due to the strong bonding between Te and I to Au substrate. Moreover, BiTeI strongly hybridize with the Au substrate, which results in finite
DoS in the gap in accordance with the differential conduction measurements.
The first exfoliation of SL BiTeI adds a new member to the possible building blocks of van der Waals heterstructures with giant Rashba spin splitting,
and thereby opens the way to engineer novel 2D heterostructures with special
spin based functionality or topological protection.

Methods
Fabrication
Gold layers of 100 nm thickness were grown epitaxially on mica prior to exfoliation. Before use the mica-Au interface was freshly cleaved, thus obtaining
large area Au (111) surfaces where the exfoliation took place. Bulk BiTeI
crsytals were grown by the Bridgman method as described in Ref. [14]. Thick
BiTeI flakes were prepared on scotch tape by consecutive folding several times
and transferred on the Au (111) surface using a thermal release tape. After
the removal of the thermal release tape by heating the sample on a hot plate
up to 90 ◦ C, the sample was mildly sonicated in room temperature acetone.
The sonication causes some of the thick BiTeI flakes to fall off the substrate
9

leaving only SL BiTeI pieces on the surface. The SL BiTeI flakes can be
found by investigating these areas using channel-selective contrast-enhanced
optical microscopy as depicted in Fig. 1c.

Optical and scanning probe microscopy
A Zeiss Axio Imager optical microscope was used for the optical investigation
of the samples. We took 2.5x magnification pictures before and after the
sonication and compared them to find areas where the bulk crystals fell off
during the process (not shown in this paper). We found that the position of
the single layer BiTeI flakes can be localized using channel-selective contrastenhanced optical microscope images with 100x microscope lens (see Fig. 1c).
Scanning Tunneling Microscopy (STM) measurements were performed
on a Nanoscope E instrument using standard Pt-Ir 90%-10% tips created by
mechanical shearing. High resolution 2D maps were scanned at a setpoint
of 3 nA at 5 mV, large area 2D maps were scanned at 1 nA and 200 mV.
The differential conduction measurements were obtained by measuring I-V
characteristics at 1 nA and 200 mV, then a numerical differentiation was
applied to the average of dozens of individual measurements. Atomic Force
Microscope (AFM) was used in tapping mode. The used Bruker Multimode
8 Nanocope V. AFM instrument has larger scanning range than the STM device but sufficient resolution in the z axis to resolve atomic layer thicknesses.
All STM and AFM measurements were performed under ambient conditions.

First principles calculations
The density functional theory calculations were performed for two configurations: the first model consists of a freestanding SL BiTeI cell, the second
is the SL BiTeI placed on the Au substrate. In the case of the freestanding
single layer, the slabs were separated by a considerable thick vacuum of at
least 18.5 Å. For the SL BiTeI on Au, we considered the following geometry
(depicted in Fig. 1d) for calculating the binding energies and the density of
states (DoS) of SL BiTeI on the Au surface: the 2 × 2 supercell of the SL
BiTeI was placed on 6 layers of 3 × 3 supercell of (111) Au both Te and I
faced (latter is shown in Fig. 1d). The mismatch of the two lattices is 1.3%
only, which is albeit expected to alter the calculated properties slightly but
it is not expected to affect our conclusions. The slabs were also separated by
a vacuum of at least 18.5 Å.
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The geometry optimization, the binding energies and the DOS were calculated both using the projector augmented-wave method as implemented in
the VASP Package [45,46] and in the linear combination of atomical orbitals
method as implemented in the SIESTA package [47].
During optimization and the calculation of the binding energies the SOI
was neglected as previous works showed that these quantities are barely sensitive to it [3, 34]. The parameters used in the VASP calculation were the
following: the plane-wave cutoff was 500 eV, the Brilloiun zone was sampled
with the 12 × 12 × 1 Gamma-centered Monckhorst-Pack set. In the geometry
optimization we kept the lattice constant of the gold fixed and relaxed all
the atoms until the atomic forces fell below 3 meV/Å.
Next, the binding energies were calculated by substracting the total energies of the fully relaxed, separated fractions from the total energy of the fully
relaxed compound. To test the validity of the applied method the binding
energies of graphite layers (57 meV/atom) were considered and found to be in
good agreement with experimental data in the literature (62 ± 5 meV/atom)
[48]. In order to take the van der Waals interactions into account we deployed
the DFT-D3 Grimme corrections [49] for the Perdew–Burke–Ernzerhof (PBE)
functionals [50].
The parameters of the SIESTA computation were the following: the mesh
grid cutoff was 300 Ry, the Brilloiun zone was sampled with the 5 × 5 × 2
Gamma-centered Monckhorst-Pack set. The force tolerance in coordinate
optimization was 20 meV/Å. During relaxation we deployed the PBE functional. We used the pseudopotentials optimized by Rivero et al. [51]. The
basis size was the double-zeta polarized.
After relaxation a self-consistent single-point calculation was done with
SOI included [52, 53]. The sisl tool [54] was used to extract the partial
density of states from SIESTA calculations, sampling the Brillouin zone with
a 70 × 70 × 1 k-points set.
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Figure 1: (a-b) Top and side view of the structure of the BiTeI crystals,
respectively. The asymmetric stacking of the Te, Bi, I layers breaks the
inversion symmetry and leads to the polar structure. (c) Channel-selective
contrast enhanced optical micrograph of the BiTeI flake on stripped gold surface after sonication. The green background correspond to the Au substrate,
the blue flakes are the thick BiTeI crystals. The light green patches with
brown borders marked by red arrows are the SL BiTeI flakes. Brown glue
residues are also visible spluttered on the surface in the top right corner of the
image. The black square marks the location of the AFM measurements discussed in Fig. 4. (d) Illustration of the theoretically investigated BiTeI + Au
system (I faced). The unit cell (depicted with black dashed lines) consists
of 66 atom in total (54 gold atoms, 4 atoms of Bi, Te and I each). (e) Dispersion relation (energy versus momentum relationship) in freestanding SL
BiTeI along the K – Γ – M points. The band gap Eg , the momentum offset
k0 and the Rashba Energy ER are also indicated. Lower inset: schematic
representation of the spin-momentum locking effect on the vertical cut of the
dispersion relation along the marked green section.
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Figure 2: (a) STM image of the atomic structure of the SL BiTeI flake in
a 8 nm × 8 nm window. The observed trigonal pattern corresponds to the
crystal structure of the BiTeI. Black circles mark defect sites. (b) 2D FFT
spectrum of the structure. The peak positions correspond to 4.1 Å± 0.2 Å,
which is in agreement with the measured bulk lattice constants of BiTeI in
Refs. [10, 40].
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Figure 3: Comparison of surface topologies. (a), (b) STM image of a
typical pure Au (111) and BiTeI covered surface, respectively. The presence
of BiTeI alters the surface significantly. The steps are more pronounced
while the terraces are smaller in lateral extent leading to more steps present
on the same scan size. Scan size is 350 nm × 350 nm. The green and red
segments mark cuts along which step height measurements were performed
and indicated on the heat map. (c) Heat map used on the maps (a-b) and
marks of heights of the steps measured along the marked segments on panel
(a) (green) and panel (b) (red). The step heights measured on the BiTeI
cloudy pattern do not differ from those measured on pure gold. The STM
images were taken at ambient conditions.
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Figure 4: (a)AFM image of the location marked in Fig.1(a) by the black
square. The bright curved line marked by the red arrows is the top-left
border of the flake. The green square marks one of the hole locations where
the BiTeI layer is missing and the pure stripped gold surface is reproduced,
the region presented at panel (b). Its sharp contour and pronounced color
contrast is different from the dark and light spots across the image caused by
the height of the contamination accumulated on the border during the applied
polynomial background correction. (b) In the outer region the cloudy pattern
is visible which is characteristic of the BiTeI surfaces whereas the inner region
shows landscape typical for stripped gold surface. The blue square marks the
location of the layer thickness measurement shown in (c-d). (c) Example of
the layer thickness measurements and (d) the line plot of the corresponding
cut.
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Figure 5: (a) Calculated partial density of states (PDOS) of the freestanding
SL BiTeI. (b) PDOS of the SL BiTeI on Au, Te-side (i.e. Au6 -Te-Bi-I). (c)
Numerical derivative of a measured I-V curve on a SL BiTeI atomic structure.
The derivative does never go to zero which is in agreement with the calculated
PDOS curves of (b).
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