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The (0001) surface of BixTes is readily exposed by cleavage between two van der Waals (vdW)
bonded quintuple layers (QLs) and it is widely accepted to be the most stable surface. However, little
is known of the stability of other surfaces which may play important roles in growth, kinetics, and
electronics. In this work, we identify the stability of the non-vd W-exfoliated surfaces of Bis Tes using
first-principles density functional theory calculations. It is found that the energetics of the surfaces
follows the order of (0001)—(0115)—(1120)—(0110)— (011 10)—(0114)-A/B—(0111)-A /B—(0225),
which can be understood almost entirely in terms of the density of dangling bonds on each surface.
Using a modified Wulff construction theory, we determine an evolution diagram for sample geometry
as a function of the binding of BizTes to the substrate. As binding to the substrate increases, the
sample geometry transitions from 3-d to 2-d and from hexagonal to triangular in nature.

PACS numbers: 61.72.J-,71.70.Ej, 71.55.-1

I. INTRODUCTION

Topological insulators (TIs) are at the forefront of
modern condensed matter physics'®. The identifica-
tion of pnictogen chalcogenides, such as bismuth tel-
luride (BizTes), as three dimensional TIs has sparked
a tremendous amount of effort to prepare high-quality
samples for investigation and to realize exotic technolog-
ical applications. Molecular beam epitaxy (MBE) has
been widely used to generate high quality TI films as
it can be conducted under ultrahigh vacuum and can
be highly controlled. MBE growth of BisTes is a van
der Waals epitaxy process in the (0001)-orientation, pro-
ceeding quintuple layer(QL) by QL, so that large-scale
(0001) surfaces on the top of the samples are naturally
obtained® 8. In addition to MBE, chemical vapor de-
position (CVD) is another important method to gener-
ate high-quality pnictogen chalcogenide materials with
lower cost and greater flexibility. Even though the sample
sizes are more limited, the samples also exhibit dominant
(0001) surfaces® 10,

The (0001) surface has been clearly established as the
basal surface of pnictogen chalcogenides, however, very
little is known about the other surfaces which must ex-
ist on finite samples. While topological band theory re-
quires that each of the bounding surfaces for an isolated
TI sample have a topologically protected state, the de-
tails of the spin-texture and the location of the Dirac
point relative to the band edges can be substantially dif-
ferent on different surfaces'''2. As TIs become more
mature, knowledge of these terminal surfaces and their
effects on the spin-current, for instance, will become an
increasingly important factor for device design. While
the shapes of as-grown samples can often be understood
by the symmetry of the system!®'°, the commonly ob-

served flake-like shapes in MBE-grown BisTes samples
and the nano-structures in CVD-grown BisTes samples
differ based on growth conditions, being either triangu-
lar or hexagonal, both of which satisfy the Cs, symmetry
of BipTe3'%17. This indicates that under the experimen-
tally realizable growth conditions, various differences in
the surface stability may play an important role in de-
termining not only the shape of the sample, but also the
topological properties of the non-basal surfaces.

In this work, we systematically investigate the en-
ergetics of the surfaces of BisTes using first-principles
density functional theory (DFT) calculation. We show
that the stability of the surfaces follows the ordering
of (0001)—(0115)—(1120)—(0110)—(011 10) —(0114)-
A/B—(0111)-A/B—(0225), note that for readability we
will use the Roman numeral X to represent 10 in the
following. This energy ordering can be understood al-
most entirely in terms of the density of dangling bonds
on each surface. Due to the particularly low energy of
the (0115) surface (approximately 0.18 J/m? larger than
(0001)), the sidewalls of as-grown samples are predicted
to be (0115) surfaces, instead of being perpendicular to
the basal (0001) surface. Using a modified Wulff con-
struction theory, we determine an evolution diagram of
the sample geometries which minimize the total system
energy as a function of the binding of BisTes with sub-
strate.

II. METHODS

Our DFT calculations were performed with the Vienna
Ab initio Simulation Package (VASP).'® The interaction
between ion cores and valence electrons was described
by the projector augmented wave (PAW) method.'® We
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FIG. 1: (Color online) Determination of the LAP correction
parameter using the interaction energy curve between a Te
dimer and an Ar atom obtained by coupled-cluster method
with single, double, and perturbative triple excitations (or
CCSD(T) method)? used as a benchmark. The parameters
for this curve is co = 62 Ry Bohr, n = 6, veonst = 6.5 1074
Ry.

used a plane wave basis set with a kinetic energy cutoff
of 272 eV. Integration of Brillouin zone was performed
with sufficient k-point sampling?': 9 x 1 x 1, 5 x 4 x 1,
9x3x1,2x2x1and4x4x1 for (0110), (1120),
(011 10), (0225) and (0114)/(0111)/(0115) surfaces, re-
spectively. The surfaces were modeled by atomic slabs
separated by vacuum regions of approximately 10A. The
surfaces were modeled in supercells containing 13, 21,
26 and 27 atomic layers for the (1120)/(0115)/(011 10),
(0110), (0114)/(0111) and (0225) surfaces, respectively.
The thickness of the slabs were chosen such that increas-
ing the slab thickness led to a change in the calculated
surface energy of less than 0.001 J /m2. The supercell
used for the calculation of each surface is shown by the
solid lines in Fig. 4. All atoms were fully relaxed until
the forces on atoms were smaller than 0.025 eV/A.

As the generalized gradient approximation (GGA)??
consistently underestimates the strength of vdW interac-
tion, the primary functional used in these calculations is
based on the local density approximation(LDA)?3. How-
ever, GGA calculations for surface energies are also con-
ducted as in Fig. 3 (c) in order for comparison. Ad-
ditionally, calculations of the three low energy surfaces
(found within the LDA) were also performed using the
revised Perdew-Burke-Ernzerhof (revPBE) functional®*
which was modified by adding an attractive local atomic
potential (LAP)?® in order to more accurately reproduce
vdW interaction in this system. The procedure described
in Ref. 25 is used to determine the LAP parameters and
the interaction energy curve between a Te dimer and an
Ar atom obtained by coupled-cluster method with single,
double, and perturbative triple excitations (or CCSD(T)
method)?? was used as a benchmark, as is shown in Fig.

TABLE I: Lattice parameters of BizTes crystal. a and c are
measured in A, while u and v are dimensionless internal pa-
rameters. The experimental results are taken from Ref. 26.

a C u v
LDA 4.354 (-0.7%) | 29.87 (-2.1%) |0.4000.209
LDA+SO 4.369 (-0.4%)]29.60 (-3.0%)|0.4010.207
PBE 1,460 (1.7%) |31.52 (3.3%) |0.3980.214
revPBE+LAP [4.441 (1.3%) |31.15 (2.1%) |0.399[0.212
Exp. 4.336 30.50 0.400[0.210

1. It can be seen that after adding the LAPs, the equi-
librium binding distance and binding energy can both be
well reproduced in DFT calculations. The fitted LAP
parameters for Te (¢ = 62 Ry Bohr, n = 6, veonst =
6.5 10~* Ry) were directly applied to the calculations in
BisTes calculations.

Table I lists the calculated lattice parameters of BisTes
from these methods compared with experiment.?6 While
all methods yield reasonable agreement with the experi-
mental results, the internal parameters u and v and the
lateral lattice constants, a, are better described than
the lattice constant associated with the vdW interac-
tion, c. As is typical in vdW systems, LDA tends to
overbind yielding a slightly underestimated (= 2%) ¢ and
revPBE+LAP still tends to underbind, yielding c elon-
gated by ~ 2%. PBE further overestimates ¢ by 3.3%. As
spin-orbit interaction has been shown to qualitatively ef-
fect the energy ordering of defects in this system?”, LDA
calculations including spin-orbit interaction implemented
in the all-electron part of the PAW Hamiltonian were con-
ducted for each of the BisTes surfaces considered in this
work.

III. RESULTS AND DISCUSSION

The crystal structure of BisTes is rhombohedral with
the space group D3, (R3m)'®, and as shown in Fig.
2. The crystal is layered in the z-direction with strong
bonding within the quintuple layers (QLs), consisting of
Tel-Bi-Te2-Bi-Tel, and weak van der Waals bonding be-
tween QLs. Note that the bonding is primarily octo-
hedral and could be viewed as existing in a rock salt
structure (distorted along [111]) with a recurring miss-
ing layer of cations between the QLs. We take this
view in order to systematically identify potential low en-
ergy surfaces analogous to the low-energy surfaces (001),
(110), and (111) which are typically associated with rock
salt structures.?® 3! Hence, we calculate the surfaces of
BisTes which directly corresponded to the low-index sur-
faces of the rock salt structure, e.g. , (0115) to (001),
(011X) to (110), and also (0001) and (0225), both of
which corresponded to the (111) surface of the rock salt
structure.

In the rock salt structure, the (111) surfaces along dif-
ferent directions are identical, however, in BisTes, the
(0001) and (0225) surfaces both correspond to the (111)
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FIG. 2: (Color online) (a) Top and (b) side view of 3 QL
BizTes. Other than the basal (0001) surface, the other two

low-index surfaces, namely (1120) and (0110), are both per-
pendicular to the (0001) surface. In addition, the side view
in Fig. 2(b) clearly shows other possible cuts of the crystal,
which result in surfaces that are inclined from the [0001] direc-
tion, namely (0115), (011 10) and (022 5) non-polar surfaces
and (0114)-A/B and (0111)-A/B polar surfaces.

surface of rock salt, but are distinct due to distortion
and the missing cation layer in BisTes. In addition
to the missing cation layer, there is a relative slip be-
tween the two QLs, from which we find another two ad-
ditional types of polar surfaces (0114)-A/B and (0111)-
A /B, which are similar to the (111) polar surfaces of the
rock salt structure. In addition to these surfaces, we have
also calculated the low-index surfaces of BisTes which
are perpendicular to the basal (0001). The orientations
of each of these considered surfaces can be seen from the
cutting planes shown in Fig. 2(b) and the structure and
chemistry of the surface termination can be seen in Fig.
4. Note that while atomic relaxation of these cut sur-
faces allows for some reconstruction, we do not consider
reconstructions of the surface which include vacancies or
adatoms.

The surface energy, o, is calculated according to

=S w24, ()

where Eqa,(N) and Enuk(N) are the total energy of N
formula units of BisTes in a slab and bulk environment,
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FIG. 3: (Color online) Calculated surface energies as a func-
tion of the chemical potential of Te ute using (a) LDA, (b)
LDA with SOC interactions, (¢) PBE and (d) revPBE with
LAP corrections as xc functionals, respectively.

respectively, and 2A is the total exposed surface area
(corresponding to the two identical surfaces present in the
supercell calculation) of the slab. n; indicates the num-
ber of atoms of type i that have been added to (n; > 0)
or removed from (n; < 0) the supercell when the surface
is created, and p; are the corresponding chemical poten-
tials of these species. Under the Bi (Te) rich growth con-
ditions, the chemical potential of Bi (Te) is determined
from its bulk phase, while the chemical potential of Te
(Bi) is determined such that 2up;+3pTe = UBi,Tes, Where
[Bi,Tes i the energy per formula unit of bulk BisTes. In
our calculations, the hexagonal scalenohedral phase of Bi
as well as trigonal-trapezohedral phase of Te3” were used
as the reference elemental bulk phases for the chemical
potentials.

We first turn our attention to the basal (0001) sur-
face, which is the dominant surface of as-grown samples
and is readily exposed by cleaving between two QLs. As
shown in Fig. 3, all four methods yield the result that
the surface energy of the (0001) surface is significantly
smaller than other surfaces, consistent with the fact that
only vdW bonds are broken in its formation. Calcula-
tion also shows that the surface energy is well converged
(within 0.01 J/m?) even for a single QL and that there is
nearly no appreciable atomic relaxation relative to a bulk
terminated surface. According to LDA calculation, the
relaxation energy is less than 2.6 meV per surface unit
cell. Notably, the calculated (0001) surface energy using
the PBE functional almost entirely vanishes, highlighting
the importance of accounting for vdW interactions. Bet-
ter representing the vdW interaction through the LAP
correction increases this surface energy to 0.07 J/m?.

The energy ordering of the non-basal surfaces were
found to be quite insensitive to the functional used or
the inclusion of spin-orbit interaction, as seen in Fig. 3.
While the surface energies obtained from revPBE+LAP
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FIG. 4: (Color online) Relaxed structures of non-basal terminating surfaces. The orientation of each surface is labeled by three
different sets of indices separated by colons, corresponding to Miller-Bravais, hexagonal and rhomobohedral, respectively. The
supercell used for the calculation of each surface is shown by the solid lines. The number above each of the topmost atoms at
each surface indicate the numbers of bonds broken for that atom in the creation of the surface. The average number of broken
bonds per unit surface area (Az), for each surface, is indicated by the number to the right of the indices.



tend to be slightly lower than those calculated from LDA,
the overbinding in the LDA appears to be a somewhat
systematic error which yields a rigid shift in the calcu-
lated surface energies, not effecting the ordering of the
three lowest energy surfaces. The effect of the SOI is
also visible when comparing Fig. 3 (a) and (b). Here it
can be seen that SOI leaves the surface energy ordering
unchanged over nearly the entire range of chemical poten-
tial. The largest effect associated with SOI seems to be
the tendency to preferentially stabilize the non-basal sur-
faces, relative to (0001), which may be understood due
to the presence of Bi dangling bonds on these surfaces
and the large atomic SOI associated with Bi.

The lowest energy non-basal surface was found to be
the high-index (0115) surface, regardless of method or
pte. Considering that creating the (0001) surface re-
quires only to overcome vdW binding, the finding that
(0115) is only twice as energetic as (0001), within LDA,
is quite surprising (approximately 3.5 times as energetic
within revPBE+LAP). To understand this, we exam-
ine the chemical nature of the surface termination of
(0115), as shown in Fig. 4(c). While in bulk each atom
has six nearest neighbors (nn’s) (Bi and Te2 form cova-
lent/ionic bonds with all six nn’s, while Tel form three
covalent/ionic bonds with Bi and vdW bonds with Te in
the nearby QL), here on the topmost layer of a (0115)
surface, all atoms have only one less nn compared with
that in bulk. On average, this yields only 0.8 dangling
bonds per atom on the surface, and subsequently it has
a significantly lower surface energy than any of the other
non-basal surfaces. As mentioned previously, the (0115)
surface is analogous to the (001) surface of the rock salt
structure, and the low energy of the (0115) surface in
BisTes is consistent with the fact that the (001) surface
tends to be the lowest-energy surface in the rock salt
structure.

In considering the number of dangling bonds per unit
area at the surface, as given in Fig. 4, we find that this
almost entirely explains the observed ordering in surface
stability. The primary exception being the (0110) sur-
face, which from counting dangling bonds we would ex-
pect to be very slightly higher in energy than the (1120)
surface, but from Fig. 1, we see the opposite is true.
This exception can be understood due to the large sur-
face roughness of (0110) which allows for more stabi-
lization through the structural relaxation of Te at the
surface. As the surface energies of the polar surfaces
(0114)-A/B and (0111)-A/B are stoichiometrically dif-
ferent than bulk, they are explicit linear functions of the
chemical potential of Te, with the Te(Bi)-terminated sur-
face more favored under Te(Bi)-rich conditions. As can
be seen from their top view in Fig. 4, while the chemical
bonding of the (0114) and the (0111) surfaces are similar,
the exposed area of (0111) is smaller than (0114), lead-
ing to a surface energy of (0111) which is generally higher
than the (0114) surface. The exact (111)-corresponded
surface (0225) possesses somewhat unexpectedly high en-
ergy, this suggests that there may be charge polarization
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FIG. 5: (Color online) The top and side view of the BixTes
crystal constructed by using the Wulff construction the-
ory and the surface energies calculated with the PBE4+LAP
method (a) without substrate and (b) with substrate. The
lateral size and the thickness for the nanoplate without sub-
strate are labeled as lp and ho, and those for the nanoplate
with substrate are labeled as l;,, and h. The basal and lateral
surfaces are (0001) and (0115), respectively, and the angle be-
tween the lateral and basal surface is labeled as 0y,15. (c) The
size evolution of the nanoplate with constant volume under
thermo-equilibrium condition as the function of the binding
energy with substrate, with the left and right axis for the lat-
eral [;;s and vertical size h, respectively. The shapes at four
typical positions of the binding energy are also shown in the
figure pointed by the arrows.

within the surface due to the alternating Te and Bi ter-
mination for adjacent QLs, as can be seen in Fig. 4(e).

Based on the calculated surface energies, the overall
shape of the 3-d thermo-equilibrium crystal in vacuum
can be constructed following the 3-d Wulff construction
theory?® - wherein the distances of the crystal faces from
a point within the crystal (called a Wulff’s point) are
proportional to the corresponding specific surface ener-
gies of these faces. This lowest energy crystal shape is
shown in Fig. 5(a) and appears hexagonal in shape with
(0001) as the basal surfaces and (0115) as the lateral
surfaces which form an angle of 58° with the basal sur-
faces. The ratio between the lateral size (characterized by



the side length of the cross-section at the median height
of the nanoplate) Iy and the vertical thickness hg is ap-
proximately 2.1 within the PBE4LAP method (or 1.4
within LDA surface energies), both of which are rela-
tively small compared with experiment3® 4!, However,
we note that binding with the substrate can modify the
equilibrium shape of the crystal®®42, which may explain
the various shapes observed for nanoplate growth on sub-
strate in experiment®1°. For the case of binding to the
substrate, the top and bottom surface energies become
inequivalent— leading to a reduction in the symmetry of
the Wulff construction, as shown in the schematic Fig.
5(b). As the area of the surface bound to the substrate
becomes larger relative to the top basal surface, the shape
is now characterized by two inequivalent lateral dimen-
sions labeled lj(ong) and ls(port), in addition to hg.

The evolution of the dimensions of the energy min-
imizing shapes, for surface energies calculated with
revPBE+LAP, with increasing binding to the substrate
is shown in Fig. 5 (c), where we consider a sample of
constant volume Vq (corresponding to a nanoplate of 20
QLs height that satisfies the Wulff construction shown
in Fig. 5(a)). For weak binding, the 3-d Wulff construc-
tion theory is straightforwardly modified by considering
the energy of the bottom surface to be lowered by the
binding energy. Here it can be seen that as the binding
increases, the sample becomes flatter and more triangu-
lar as shown in inset (II), with h decreasing and I/l
increasing. Note that in actuality, the continuous curve
representing h in Fig. 5(c¢) should be quantized to integer
numbers of quintuple layers due to strong intralayer bind-
ing which is neglected in the Wulff construction which
assumes a continuous bulk medium. Furthermore, as the
binding becomes sufficiently large with i becoming 1QL,
the 3-d Wulff construction completely breaks down. Due
to the discrete nature of the quintuple layers, as h be-
comes 1QL we transition from 3-d to 2-d growth and h
can be diminished no further.

This transition from 3-d to 2-d growth occurs when
the binding energy to the substrate exceeds the bind-
ing between two QLs (~ 0.14 J/m?) and is delineated
by the shaded region in Fig. 5 (c¢). For 2-d growth,
the height of the resulting nanoplate is a single QL and
the overall shape of the nanoplate is determined from
the corresponding 2-d Wulff construction- where the dis-
tances of the crystal edges from a point within the 2-d
crystal plane are proportional to the corresponding edge
energies which are approximated from the surface and
binding energy*®. This yields an nonequiside hexagon
with lateral surfaces (0115) and (0115) as shown in in-
set (III) of Fig. 5 (¢). Increasing the binding further
yields continued reduction in /s and shrinks the area of
the corresponding (0115) surface until a secondary crit-

ical point in which [3=0, occurring when the substrate
binding becomes 0.28 J/m?. For larger substrate bind-
ing, the (0115) is no longer a terminal surface and the
equilibrium shape maintains an equilateral triangle con-
sisting of three lateral (0115) surfaces as shown in the in-
set labeled (IV). We note that for the LDA calculations,
the qualitative evolution of the energy minimizing shape
is identical to what has been found for revPBE+LAP,
the difference being the binding necessary to transition
between 3-d and 2-d growth and the transition to an equi-
lateral triangle occur at 0.32 and 0.46 J/m?, respectively.

IV. CONCLUSIONS

Using first-principles calculations, we have performed
a detailed study of the stability of the non-basal sur-
faces of BisTes. Quite insensitive to the level of theory,
we establish the stability in order of increasing energy
as (0001)—(0115)—(1120)—(0110)—(011 X)—(0114)-
A/B—(0111)-A/B—(0225). This result was unchanged
under the LDA and GGA functionals, with and without
the inclusion of spin-orbit interaction or LAP corrections
to account for the description of vdW interactions in the
self-consistent calculations. Furthermore, we have shown
that this energy ordering can be largely understood in the
context of simple counting of the dangling bonds associ-
ated with each surface. Given the great stability of the
(0115) surfaces, they are expected to be quite prominent
in as-grown samples leading to non-vertical termination
at the edges. The Wulff construction of free-standing
BiyTes, for example, is terminated by three (0115) and
three (0115) surfaces forming a regular hexagon mid-
plane. Binding to the substrate was found to greatly alter
this equilibrium shape, leading to an irregular hexagon
which transitions to a large flat triangle in the presence of
increasing substrate binding. Understanding the energet-
ics of the non-basal surfaces of BisTes not only provides
insight into as-grown samples, but may also aid in the
preparation of specific surfaces for topological applica-
tions.
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