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Topological states ruled by stacking faults in Bi,Se3 and Bi,Te3
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Extended defects like stacking faults (SFs) can originate topologically protected metallic states
in bulk topological insulators (TIs). These induced topological states are a response to the
weakening of the inter-layer van der Waals interactions due to the SF defect. In TI thin films, the
degeneracy of Dirac bands of opposite surfaces can be lifted upon the formation of SF defects.
Such slab asymmetry can promote a net spin current, in the absence of backscattering processes,
in thin film made of TIs. These results have been obtained by fully relativistic first principles
calculations. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773325]

. INTRODUCTION

Three dimensional topological insulators (TIs), like
Bi,Se; and Bi,Tes, exhibit energy gaps in the bulk phase,
while on the surfaces, they present metallic surface states
(SSs). A parity inversion on the (bulk) conduction and valence
bands, ruled by spin-orbit coupling, promotes the formation of
topologically protected metallic SSs, with linear energy band
dispersion, giving rise to the so called Dirac-points."* The
Dirac-cone SSs are characterized by a chiral spin-texture pro-
tected by time-reversal symmetry, and thus backscattering
processes by time-reversal invariant impurities or defects are
forbidden.”> The formation of intrinsic spin-polarized current
has been the strongest appeal for technological applications of
TIs, especially in spintronics. However, electronic scattering
channels have been observed in TIs due to the presence of
continuous bulk states near the Dirac-point.**

Structural parameters of TIs play an important role on the
electronic properties of those protected (metallic) SSs. For
instance, (i) the formation of an energy gap in thin films,
below six (three) quintuple layers (QLs) of BiySes (BiyTe3),
due to the interaction between the SSs of opposite edges™°
and (ii) the tuning process of the topological phase through
mechanical strain or alloy concentration, like in TIBiSe, and
Biz,xCaxSe}3 =9 1t is worth to note that in thin free standing
symmetric films of TTs, there is no finite net spin current, since
the (topologically protected) SSs of opposite edges are degen-
erated and present opposite helicities.'™'" There are several
ways to break such inversion symmetry, namely by applica-
tion of external field,'® interaction with a solid substrate,” and
adsorption of magnetic ions in one side of the TI thin
film.""'? In those asymmetric TI slabs, we may find a net spin
polarized current along a given direction parallel to the TI sur-
face, mostly localized on the topmost surface atoms.

Each QL of Bi,Se; (Bi,Tes) is composed by two atoms
of Bi and three atoms of Se (Te), attached by Bi—Se (Bi—Te)
chemical bonds, while the QL-QL interaction is weak,
mainly ruled by van der Waals (vdW) type interaction.
Indeed, recent studies indicate the formation of extended
defects like stacking-faults (SFs) and energetically stable
twin structures, along the [0001] direction of Bi;Se; and
Bi,Tes films.'*!* Based upon the scenario described above,
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we believe that it is worth to investigate, through ab initio at-
omistic simulations, the role played by such extended defects
on the structural and electronic properties of TIs.

In this work, we show that extended defects like SFs pro-
mote the formation of topologically protected metallic bands
embedded within the QLs of bulk TIs. Meanwhile, thin films
of TIs become asymmetric due to the presence of SFs, giving
rise to an energy splitting of the Dirac-points. Upon the pres-
ence of SFs near the TI surface, the binding energy of the
Dirac-point is reduced, lying above the continuous bulk states.
Those findings allow us to infer that we may have a finite net
spin current, in the absence of electronic back scattering chan-
nels, in thin films of TIs ruled by the presence of SFs.

Il. METHODOLOGY

We performed ab initio investigation, using the density
functional theory (DFT),IS’16 of SFs in Bi;Ses; and Bi,Te;
TIs. For the exchange and correlation potential, we have con-
sidered the local density approximation (LDA)'” for the cal-
culation of the QL—QL binding energies, while the electronic
band structure properties were calculated by using the gener-
alized gradient approximation (GGA)."® The spin-orbit inter-
actions were self-consistently treated by using the fully
relativistic pseudopotential within the projector augmented
wave (PAW) method.'” We used the Vienna ab initio simu-
lation package (VASP).?® A plane-wave basis set was used,
with a cut-off energy of 212eV. The Brillouin zone was
sampled, according to the Monkhorst-Pack scheme,?' by
using a number of k-points (mesh of 5 x 5 x 1) such that the
total energy was converged. The (111) surface of Bi,Se; and
Bi,Tes; was investigated using the slab method with a vac-
uum layer of at least 20 A. Here, we have used a thickness
up to 10 QLs, keeping the experimental lattice parameter.

lll. RESULTS

The bulk phase of BiySe; and Bi,Tes presents a rhom-
bohedral structure composed by QLs piled up along the ¢
axis of a hexagonal crystal lattice, [0001] direction. A set of
three QLs, sublattices A, B, and C in Fig. 1, represents the
periodic unit of Bi,Se; or Bi,Te;. The five atoms of a QL
are attached through covalent bonds, while the interaction

© 2013 American Institute of Physics
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between adjacent QLs is mostly ruled by vdW interactions.*?
In this case, we can infer that the formation of SFs and twin
structures along the ¢ axis, between QLs in Bi,Se; and
Bi,Tes, is quite likely processes.

The stacking configuration for the perfect system is
ABCABCABC, where each QL is rotated by 120  with
respect to the next one, Fig. 1(b). We have considered the for-
mation of SFs by (i) removing a QL, e.g., ABABCABC or (ii)
by adding an extra QL layer, e.g., ABBCABCABC, as
depicted in Figs. 1(c) and 1(d), respectively. In (i) we have the
so called intrinsic SF (ISF), and in (ii) we have an extrinsic SF
(ESF).? For each SF configuration, the equilibrium distance
between the QLs was obtained by minimizing the total energy
as a function of the vertical distance (Az) between two QLs.24
Our results of Az are shown in Fig. 2. We find that, indeed,
the perfect stacking (AB, BC, or CA) represents the energeti-
cally most favorable configuration, with a vertical equilibrium
distance of 2.15 A (BiySes) and 2.56 A (Bi,Te3), both in good
agreement with experimental results® and ab initio calcula-
tions.”*?® The vertical equilibrium distances and the total
energies increase upon the presence of SFs, and thus indicat-
ing that the formation of SFs is endothermic. For the ESF in
Bi;Se; and Bi,Te;, we find a total energy increase (AE) of
107 and 82 mJ/m?, respectively. At the equilibrium geome-
try, we obtain Az of 2.40 A (ESF in Bi,Ses) and 2.91 A (ESF
in Bi,Tes), that is, an increase of the interlayer spacing of
12% and 15%, respectively. Meanwhile for ISF in Bi,Se; and
Bi,Tes, we find Az of 3.15 and 3.76 A, respectively, and a AE
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FIG. 1. Structural representation of Bi,Se; and Bi,Tes. (a) Side view of
three inequivalent QLs stacking along the z-axis, [0001] direction. (b) Top
view of each QL: A, B, and C, respectively. The green cells and black

arrows represent the relative orientation among QLs. Structural models of
SFs, (c) intrinsic stacking fault, and (d) extrinsic stacking fault.
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FIG. 2. (a) Representation of the separation between QLs, Az. (b) Binding
energies between QLs, as a function of Az, for ISF and ESF in Bi,Ses (left)
and Bi,Tes (right).

increasing by 212 mJ/m? (ISF in Bi,Se3) and 196 mJ/m?
(ISF in Bi,Tes). It is worth to note that at the AC, CB, or CA
ISF interfaces, the Se or Te atoms are perfectly aligned along
the ¢ axis, weakening the QL—QL interaction and increasing
the vertical equilibrium distance up to 47%. Further total
energy comparison shows that the sequence of the energetic
stability pristine — ESF — ISF is ruled by the ion-ion elec-
trostatic interaction at the interface between the faulted QLs.
Our findings for SF formation energies are comparable to the
ones obtained for other materials like, Si 33 (ISF) and 26
(ESF) mJ/m?,** Ni 187 (ISF) 149 (ESF), and Rh 750 (ISF)
and 291 (ESF) mJ/m?.

The formation of SFs gives rise to electronic states lying
within the band-gap of the pristine bulk phase. Figure 3
presents the electronic band structure for wave vectors paral-
lel to the SF plane (I' — K and I' — M directions). Shaded
regions indicate the projected band structure of pristine
Bi,Se; and Bi,Tes systems. For ESF in Bi,Ses;, we find an
occupied state slightly above the valence band maximum
(VBM) at the I' point of pristine Bi,Ses, v1 in Fig. 3(b).
Here, similar to SFs in silicon,” v1 follows the energy dis-
persion of the (pristine) bulk system. Meanwhile, for ESF in
Bi,Tes, we find a parabolic SF band lying within the band-
gap [cl in Fig. 3(d)]. Here, different from Bi,Ses, the SF
state does not follow the energy dispersion of the Bi,Te;
(pristine) bulk phase. The presence of SF states, within the
band-gap, has been strengthened upon the formation of ISFs.
For ISF in Bi,Ses, the occupied SF state v1 no longer follows
the energy dispersion of the (pristine) bulk phase, Fig. 3(a).
In this case, along the I' — K direction, vl moves upward
within the band-gap, while along the I' — M direction, it
remains resonant within the valence band of Bi,Ses. In addi-
tion, we find an empty (parabolic) state, ¢l in Fig. 3(a),
slightly below the conduction band minimum at the I" point.
In strike contrast, we find topologically protected metallic
bands for ISF in Bi,Tes, c1, and ¢2 in Fig. 3(c). Those metal-
lic states are localized on the Te atoms at the SF interface.

The formation of electronic states within the band-gap
of TIs, by increasing the QL-QL distance, Az, is quite an
expected process. That is, the increase of Az promotes the
formation of surface-like environment at the (expanded)
interface region, giving rise to a topological/trivial (e.g.,
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FIG. 3. Electronic band structure of Bi,Se; bulk phase with an ISF (a) and
ESF (b). (c) and (d) The ISF and ESF Bi,Tes bulk phase. Shaded regions
indicate the bulk projected band structure.

Bi,Se; /vacuum) interface. In order to verify such statement,
we examined the evolution of the electronic states as a func-
tion of the “vacuum-size” between two consecutive QLs.
Our results, depicted in Fig. 4, reveal the formation of par-
tially occupied states for Az =5.15 A in Bi,Ses, while the
Dirac-point occurs at Az = 6.15 A. For BiyTe;, we find
smaller values of Az to obtain metallic bands (3.36 A) and
the Dirac-point (3.56 A). These latter results are in accord-
ance with the formation of topologically protected metallic
states due to the formation of ISF in Bi,Tes (Az = 3.76 A),

0.4

E-E(eV)

E-E(eV)

ReT->M RKeT—>M KT oM KT oM
FIG. 4. Evolution of the elegtronic states of Bi,Ses as function Qf the QL—-
QL distance, Az: (a) 2.50A, (b) 3.15A, (¢) 4.15A, (d) 7.15A; and for

BiyTes: () 291 A, () 3.26 A, (g) 3.76 A, (h) 7.56 A.
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as shown in Fig. 3(c). The smaller Az in Bi,Tes, to obtain
the protected metallic states, can be attributed to the smaller
forbidden energy gap in Bi,Tes, which favor the connection
between the topologically inverted bands and the trivial insu-
lator bands at the Bi, Te; /vacuum interface.

In accordance with previous theoretical studies,'® the
Dirac-point lies below the projected VBM, 0.06eV (Bi,Ses)
and 0.12eV (Bi,Tes). Such energy position of the Dirac-point
promotes the electronic scattering between the (metallic) SSs
near the Fermi level and the (continuous) projected bulk
states.* We find that the presence of SFs buried in the bulk
region, i.e., far from the surface region, weakly perturbs the
SSs of Bi,Se; and BiyTes. The energy position and dispersion
have been maintained as the ones of pristine systems. On the
other hand, for SFs nearby the surface layers, we face a differ-
ent scenario. For the Bi,Ses surface, an ESF gives rise to a
slightly upward displacement, by ~50 meV [Fig. 5(a)], of the
Dirac-point when compared with the one of the pristine sys-
tem. For the ISF, such upward (energy) displacement is
~94 meV [Fig. 5(b)]. Similar energy splitting at the Dirac-
point has been verified for thin films of Bi,Ses by the applica-
tion of an external electric field.'® For both SFs, we find that
the Dirac-point lies above the bulk projected VBM of Bi,Ses.
Here, we can infer that the presence of SF nearby the topmost
QLs may suppress the scattering channels between the metal-
lic SSs near the Dirac point and the continuous bulk states for
Bi,Ses;. However, different from the Bi,Se; surface, the for-
mation of SFs in Bi,Te; weakly perturbs the energy position
of the Dirac-point. Thus, scattering channels between the me-
tallic surface states and the continuous bulk states will be
maintained, even upon the presence of SFs in Bi, Te; surfaces.

There is no net spin-polarized current in symmetric thin
films of TIs, since the metallic SSs of opposite edges are
degenerated and present opposite helicities. On the other
hand, as depicted in Fig. 5, such energy degeneracy can be
removed upon the presence of SFs nearby the topmost

E-E(eV)

= Surface|
~— Bulk

K«T->M

FIG. 5. Electronic band structure of Bi,Se; at the presence of (a) ESF, and
(b) ISF in thin films of BiySes. Solid lines represent the electronic band
structure of the BiySes; (0001) surface at the presence of stacking faults,
dashed lines indicate the electronic band structure of the pristine system, and
the shaded regions represent the projected Bi,Se; bulk band structure. EESF
(E})SF) indicates the energy position of the Dirac point at the presence of ESF
(ISF), and EOD indicates the energy position of the Dirac point for the pristine
system.
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surface layers. The formation of ESF in Bi;Se; surface pro-
motes an upward displacement, by 50 meV, of the Dirac-
point [solid lines in Fig. 5(a)] when compared with the one
of the pristine Bi,Se; surface, that is, EEF — E) = 50 meV.
Meanwhile for the ISF, we find E5F — EY = 94 meV as
shown in Fig. 5(b). Those results allow us to predict a finite
net spin-polarized current, composed by holes (electrons) on
the edge with (without) SFs, by considering electronic chem-
ical potential (x,) within the following energy window,
E) < p, < EESF or BY < u, < ESF. That is, addressing the
development of spintronic devices, we find that spin-
polarized current can be obtained by tuning, in a suitable
way, the position of the electronic chemical potential near
the Dirac point in thin films of TIs upon the presence of SFs.

IV. SUMMARY

In summary, based on ab initio total energy calculations,
we examined the electronic and structural properties of stack-
ing faults in Bi,Ses and Bi,Tes TIs. We find the formation of
topologically protected states embedded at the faulted inter-
face of Bi,Tes; bulk system. Meanwhile, the insulating charac-
ter has been preserved in BiySes; bulk upon the presence of
stacking faults. For stacking faults nearby the surface layers of
BiySes;, we find that the Dirac-point moves upward with
respect to the one of the pristine system, lying above the con-
tinuous bulk states. In this case, there is a suppression of the
scattering channels between the topologically protected metal-
lic surface states and the continuous Bi,Se; bulk states. By
considering thin films of Bi,Ses, it becomes asymmetric upon
the presence of stacking faults near one surface edge. Such
asymmetry promotes a net spin current on the TI surface, for
the electronic states near the Dirac-point. Those results open a
door for potential applications of TIs in spintronic devices.
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