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First-principles calculations based on the density functional theory were performed to systematically study the elec-
tronic properties of the thin film of antimony in (111) orientation. By considering the spin—orbit interaction, for stoichiomet-
ric surface, the topological states keep robust for six-bilayer case, and can be recovered in the three-bilayer film, which are
guaranteed by time-reversal symmetry and inverse symmetry. For reduced surface doped by non-magnetic Bi or magnetic
Mn atom, localized three-fold symmetric features can be identified. Moreover, band structures show that the non-trivial
topological states stand for non-magnetic substitutional Bi atom, while can be eliminated by adsorbed or substitutional

magnetic Mn atom.
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1. Introduction

A new state of quantum matter, topological insulator
(TI), has received amount of attention in condensed matter
physics.[!?! The realization of TI HgTe both from theoretical
prediction and experimental observation,>*! opens up oppor-
tunities for its potential application in semiconductor spintron-
ics. It is believed that the quantum spin Hall effect as well as
the time-reversal symmetry plays an important role in the new
material, protecting the system from being disturbed by small
perturbation caused by defects. This urges people to desire
for more other promising materials, such as the Bi-based alloy
Bi;_,Sb,, and layered compound Bi> X3 (X = Se, Te).[>-8! Re-
cently, due to its novel topological properties, the semimetal-
lic antimony (Sb) has become the ideal proto-type system for
studying TI, thus has been investigated both theoretically and
experimentally.*-1!

Theoretically, it has been proposed that the spin—orbit in-
teraction (SOI) gives rise to the inverted structures between
the valance and conduction band, and hence nontrivial gap-
less edge states emerge on the surface of Tls.[*! These stud-
ies revealed that the SOI plays a dominant role in character-
izing the surface states of Sb,°! and the properties of surface
states depend on the thickness of this kind of two-dimensional
(2D) material.['*13] Experimental researches identified that
the spin-split surface bands of Sb within its bulk band gap
are connected to the conduction band and valence band.[%!0]
Moreover, the topologically nontrivial Sb thin films exhibit
novel properties and provide a promising playground for spin-
tronic applications in low dimensions, such as device design
and integration. !

Nevertheless, there exist still many unanswered questions
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about the electronic structures of Sb. For Sb(111) surface, it
is desirable to identify the layer-dependence of the topological
states of Sb thin film, and the modulating of the surface prop-
erties by impurities with or without magnetic moment.[16-17]
Moreover, the understanding of properties of Sb(111) surface
can greatly facilitate the research of interaction between ad-
sorbates and Sb(111) surface.l'?) Therefore, it would be in-
structive to explore the electronic structures of Sb to make a
thorough comprehension about the topological properties.
The density functional theory (DFT) calculations based
on first-principles method have proved to be an effective ap-
proach for studying the structural and electronic properties

18231 1n the present work, we

of materials including TIs.
study the properties of Sb(111) surface by performing first-
principles calculations. The bulk band structure of Sb is pre-
sented to reveal the domination of SOI for topological prop-
erties of Sb. For the stoichiometric Sb(111) surface, we in-
vestigate the layer-dependence of the surface states of Sb thin
film. Moreover, we calculate the surface properties of Sb when
impurities are introduced, including nonmagnetic Bi and 3d
transition metal ion Mn. The reason why we choose Bi as the
doped impurity is that bismuth—antimony alloy has been in-
vestigated as a topological insulator, and it has potential ap-
plication in developing next-generation quantum computing

5.[24-26] If the impurity carries a magnetic moment, the

device
time-reversal symmetry is explicitly broken, and a local en-
ergy gap will be opened up near the Dirac point.!'”l More-

[27] has been

over, transition metal element Mn doped HgTe
theoretically predicted to show the quantum anomalous Hall
(QAR) effect. Hence Mn exhibits unique magnetic properties

involved in the TI materials. While up to now further relevant
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study about Mn doped TIs is still lacking, we choose Mn as
the doped magnetic impurity to have a direct and intuitional
sight into it.

This paper is outlined as follows. Firstly, the calculation
method employed in our works is briefly introduced. Sec-
ondly, we present and discuss our results for the surface prop-
erties of Sb(111). Finally, we provide a summary.

2. Calculation method

The calculations were performed by using the density
functional theory, as implemented in the Vienna ab-initio sim-
ulation package (VASP).!”8! The Perdew—Burke—Ernzerhof
(PBE)*! parametrization of the generalized gradient approx-
imation (GGA) was used for the exchange—correlation energy,

(30] were em-

and the projector-augmented wave potentials
ployed to describe the electron—ion interaction. Here the Sb 5s
and Sp electrons were treated as valence electrons. The plane-
wave cutoff energy was set to be 400 eV, with a smearing
parameter®! of 0.1 eV. The SOI was also included throughout

the calculations.
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Fig. 1. Atomic structure of bulk Sb and Sb(111) surface. The non-
equivalent antimony atoms are represented by blue and red balls separ-
atively: (a) primitive cell of bulk Sb, (b) hexagonal unit cell of bulk Sb
and (c) slab model of Sb(111) surface.

The crystal structure of Sb is rhombohedral with the space
group Dg y (R3m), with two non-equivalent Sb atoms in the trig-
onal primitive cell (see Fig. 1(a)). We can also present it in
terms of a hexagonally arranged layer structure, as shown in
Fig. 1(b). The hexagonal unit cell can be regarded as three
sets of bilayers, where each bilayer consists of two Sb atoms.
Structurally, bilayers in Sb form a stable unit with strong intra-
bilayer bonds, while the interbilayer bonding is much weaker.

To identify nonequivalent atoms in the slab structure, different
layers of Sb are labeled with different colors in the hexag-
onal cell. The Sb(111) surface is modeled by a slab com-
posing of several (1-6) bilayers (BLs) and a vacuum region
of 20 A as shown in Fig. 1(c). Integration over the Bril-
louin zone was done by using a 21x21x1 Monkhorst—Pack
k-point mesh 32! for the p(1x1) surface, in which each mono-
layer contains one Sb atom; for the p(3x3) surface, in which
each monolayer contains nine Sb atoms, 7x7x1 grid points
are used. The structures of slabs were fully optimized until
the absolute value of the atomic force on each atom was below
0.02 eV/A. The computed lattice constants of rhombohedral
Sb are ¢ = 4.39 A and ¢ = 11.43 A, which are in agreement
with the experimental data a = 4.3007 A and ¢ = 11.222 A.[33

3. Results and discussion

It has been proposed that Sb is a promising TI by calculat-
ing its Z invariant v (= 1) from the knowledge of the parity
of the occupied Bloch wave function at the time-reversal in-
variant I" point in the Brillouin zone.>* This means that the
SOI dominates the electronic nature of Sb, and one can under-
stand it from the band structure (see Fig. 2). It is clear that
the band gap is very small without SOI. While as the SOI is
taken into consideration, the band gap is enlarged up to about
0.24 eV. We notice that the GGA calculations generally tend
to underestimate the band gap for nonmetals.?*! Nevertheless,
previous study with standard DFT correctly described the band
properties of TIs, such as BiySe3>*3 and BiyTes.!% There-
fore, our calculations still yield physically reasonable results
about the general properties of band energy of Sb. Moreover,
because of its topological electronic nature, we can expect the
existence of gapless surface states. Therefore, in the follow-
ing we will focus our attention on the properties of Sb(111)

N

surface.

Energy (eV)
=

K r M K
Fig. 2. Bulk band structure without SOI (a) and with SOI (b). The

energy zero is set at the valence band maximum.

Generally speaking, the surface topological properties are
sensitive to the thickness of the TI thin film. For thinner film,
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the coupling between the top and bottom surfaces is strong
enough to open up a whole insulating gap. With increasing
thickness, the inter-surface coupling becomes weaker and the
topological features will be recovered. This is the same case
for Sb(111) surface. As illustrated in Fig. 3, we show the evo-
lution of band structure of Sb films with the thickness from
the single BL to six BLs. In a single BL film, the Sb electronic
states (mainly from Sp orbital) split into two parts forming a
gap around the Fermi level. The gap is as large as about 0.9 eV,
implying the strong coupling between two surfaces. In the
case of two BLs films, the splitting of 5p states decrease with
the decline of the coupling, leading to a semimetallic elec-
tronic structure. Obviously, the topological features start to
appear in the three BLs case, where a non-trivial helical edge
state (Vg = 1) below the Fermi level at I" point can be identi-
fied. This helical state is consist of two surface states degener-
ated at I point but separated in energy elsewhere by SOIL[!!]
Nevertheless, it is noticeable that for the case of four BLs and
five BLs films, the gaps are opened up again at I point. This
can be attributed to the inverse asymmetry of the films with
four and five BLs. While the topological states should be re-
covered when the number of BLs of the film is multiples of
three, which conserves the inverse symmetry. As expected,
it can be seen that the topological states are recovered for six
BLs, which are consistent with the previous computational and
experimental results.!'>] The double degenerate Sb(111) sur-
face states contain a single Dirac cone at the I point, which is
robust and topologically protected by time-reversal symmetry.
The Dirac point is about 0.16 eV below the Fermi level, within
the bulk band gap. Compared with the experimental value of
0.23 eV,[? the difference may arise from the subsurface de-
fects observed in the experiment.

3
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Fig. 3. Surface band structure with one to six bilayer thickness. The
energy zero is set at the valence band maximum.

Various impurities may have different impact on the de-
generacy and topological properties of Sb energy bands, which

will be illustrated in the following discussions based on the
six BLs film. It has been shown that the alloy Bi;_,Sb, is a
3D TL1?42336] Here it would be interesting to investigate the
surface state properties of reduced Sb(111) surface with the
existence of Bi as a nonmagnetic impurity. Moreover, as a
comparison, a magnetic impurity (Mn atom) is also taken into
consideration. During the calculations, the p(3x3) surface is
adopted, and impurities are symmetrically introduced on both
sides of the slab.

We found that the substitutional Bi or Mn atoms take
the position of one subsurface Sb2 atoms, and the adsorbed
Mn atoms are found to be energetically stable at the hcp sites
above Sb(111) surfaces. As depicted in the upper panels of
Fig. 4, the introduced Bi is about 0.06 A lower than the adja-
cent Sb2 atom, and causes only slightly distortion of surround-
ing atoms. The substitutional Mn atom is 0.56 A lower than
the adjecent Sb2 atom, and causes the move of the surface Sb1
atom (0.31 A downwards). The adsorbed Mn atom is higher
than the outmost surface by 0.56 A, and causes only slightly
move of the surface atoms.

Fig. 4. Structures of Sb(111) surfaces with impurities (upper panels)
and surface charge density distributions (lower panels, in e/A%) at the
height of 2.0 A above the Sb(111) surface: (a) Bi-substitutional, (b)
Mn-substitutional and (c) Mn-adsorbed. The Bi and Mn atoms are rep-
resented by purple and orange balls, respectively.

To explore the bonding information between impurities
and surface, we calculated the charge density distributions of
Sb(111) surfaces with impurities. As shown in Fig. 4, the lo-
calized three-fold symmetric features can be identified from all
of the surfaces, especially for the Mn-doped ones. For the Bi-
substitutional surface, only tiny difference exists between the
region above the Bi atom and others, and this can be attributed
to that Bi and Sb belong to the same chemical group and pos-
sess the same number of valence electrons. As a result, the
Bi-doped Sb(111) surface may maintain the topological fea-
tures, which will be illustrated later by the band structure. For
the Mn-doped surfaces, however, more evident different fea-
tures can be observed. It is noticeable that the charge distribu-
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tion is strongly depleted at the position just above the substitu-
tional Mn atom, while the adsorbed Mn atom can be identified
clearly by the charge accumulation. Keeping in mind the mag-
netism of Mn atom, we will see that the magnetic impurity can
have significant effect on the surface states of Sb(111) surface.

The band structure of Bi-doped Sb(111) surface is pre-
sented in Fig. 5(b). For comparison, in Fig. 5 we show the
Sb bulk band structure projected onto the surface Brillouin
zone, and also in next series of surface band structures. The
band structure of stoichiometric p(3x3) Sb(111) surface is
also shown in Fig. 5(a). It is clear that the topological surface
state remains to be robust despite of the existence of Bi impu-
rity, and the Dirac point of this reduced surface almost stays
at the same position as that of the stoichiometric surface, i.e.,
residing in the bulk valence band gap. This can be attributed to
the following reasons. (1) The time-reversal symmetry stands
against nonmagnetic impurities. (2) The energy bands of Bi-
doped system remain degenerate thus keep gapless. Moreover,
from the PDOS of Bi we determined that the doped Bi atom
contributes little to the band structure near the Fermi level and
the Dirac point, thus the topological features of Sb keep ro-
bust, which also consists with the fact that the alloy Bi;_,Sb,
is a 3D Tl inherited from Sb.[*!
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Fig. 5. The band structure of clean (a) and Bi substitutional (b) Sb(111)
surface. Blue shaded areas correspond to the Sb bulk band structure
projected onto the surface Brillouin zone.

For magnetic Mn-doped Sb(111) surface, we found that
the magnetic impurities can obviously lift the degeneracy pro-
tected by the time-reversal symmetry. For clarity, here we plot
the lifted band structures of Mn-substitutional and adsorbed
Sb(111) surfaces dividedly in Figs. 6 and 7, labeled by spin-
up and spin-down, respectively. It can be seen that both of the
magnetic impurities eliminate the Dirac point by opening up a
gap at I point, corresponding to the position of band gap of
the bulk valence band. As depicted by the PDOS (Figs. 6(c)
and 7(c)), compared with the doped Bi atom, the magnetic
d orbital of Mn atom contributes much to the states near the

Dirac point, hence clearly breaks the time-reversal symme-
try. As expected,!!” a ferromagnetic ground state is formed
on the TI surface by the introduced magnetic Mn impurity. As
to the aforementioned QAH effect appearing in TIs, the Mn-
doped HgTe[?”l and Cr(Fe)-doped Bi>Se;*”! exhibit insulat-
ing magnetic state, and QAH effect emerges. However, we
can see from the PDOS that the metallic states are obtained
for Mn-doped Sb(111) surface, similar to that for Ti(V)-doped
Bi,Ses3,*” which is topologically trivial.
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Fig. 6. The band structure of Mn-substitutional Sb(111) surface: (a)
spin-up, (b) spin-down and (c) the PDOS of the Mn atomic d-bands.
Blue shaded areas correspond to the Sb bulk band structure projected
onto the surface Brillouin zone.
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Fig. 7. The band structure of Mn-adsorbed Sb(111) surface: (a) spin-
up, (b) spin-down and (c) the PDOS of the Mn atomic d-bands. Blue
shaded areas correspond to the Sb bulk band structure projected onto
the surface Brillouin zone.

4. Conclusion

In summary, we used the first-principles method to study
We found
that the stoichiometric Sb(111) surface possesses single Dirac

the topological properties of Sb(111) surface.

point protected by the time-reversal symmetry and inverse
symmetry. And the topological states are layer dependent and
keep robust for six bilayers film. Moreover, we revealed that
the non-trivial topological states stand for non-magnetic sub-
stitutional Bi, while the substitutional or adsorbed magnetic
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Mn atom can obviously destroy the topological states by elim-

inating the Dirac point. The present work may contribute to

the further study in topological insulator.

References

(1
(2]
(3]
[4]
[5]
(6]

(71

(8]
[9]
[10]
[11]
[12]

[13]
[14]

[15]

Hasan M Z and Kane C L 2010 Rev. Mod. Phys. 82 3045

Qi X L and Zhang S C 2011 Rev. Mod. Phys. 83 1057

Bernevig B A, Hughes T L and Zhang S C 2006 Science 314 1757
Konig M, Wiedmann S, Briine C, Roth A, Buhmann H, Molenkamp L
W, Qi X L and Zhang S C 2007 Science 318 766

Xia Y, Qian D, Hsieh D, Wray L, Pal A, Lin H, Bansil A, Grauer D,
Hor Y S, Cava R J and Hasan M Z 2009 Nat. Phys. 5 398

Zhang H, Liu C X, Qi X L, Dai X, Fang Z and Zhang S C 2009 Nat.
Phys. 5438

Chen Y L, Analytis J G, ChuJ H, Liu Z K, Mo S K, Qi X L, Zhang H
J,Lu D H, Dai X, Fang Z, Zhang S C, Fisher I R, Hussain Z and Shen
Z X 2009 Science 325 178

Zhang T, Cheng P, Chen X, Jia J F, Ma X, He K, Wang L, Zhang H,
Dai X, Fang Z, Xie X and Xue Q K 2009 Phys. Rev. Lett. 103 266803
Sugawara K, Sato T, Souma S, Takahashi T, Arai M and Sasaki T 2006
Phys. Rev. Lett. 96 046411

Hsieh D, Xia Y, Wray L, Qian D, Pal A, Dil ] H, Osterwalder J, Meier
F, Bihlmayer G, Kane C L, Hor Y S, Cava R J and Hasan M Z 2009
Science 323919

Bian G, Miller T and Chiang T C 2011 Phys. Rev. Lett. 107 036802
She L, Yu Y, Wu P, Zhang Y, Qin Z, Huang M and Cao G 2012 J. Chem.
Phys. 136 144707

Zhang P, Liu Z, Duan W, Liu F and Wu J 2012 Phys. Rev. B 85 201410
Ares P, Palacios J, Abellan G, Herrero J and Zamora F 2018 Adv. Mater.
30 1703771

Bian G, Wang X, Kowalczyk P J, Maerkl T, Brown S A and Chiang T
C 2019 J. Phys. Chem. Solid 128 109

[16]
[17]

[18]
[19]

[20]
[21]

[22]
(23]
[24]
[25]

[26]

[27]

[28]
[29]
(30]
[31]
[32]
[33]
[34]

[35]
[36]
[37]

047105-5

Qi X L, Hughes T L and Zhang S C 2008 Phys. Rev. B 78 195424

Liu Q, Liu C X, Xu C, Qi X L and Zhang S C 2009 Phys. Rev. Lett. 102
156603

Sun B, Liu S J and Zhu W J 2006 Acta Phys. Sin. 55 6589 (in Chinese)
Sun B, Liu S J, Duan S Q and Zhu W J 2007 Acta Phys. Sin. 56 1598
(in Chinese)

Qiu A N, WuJ S and Zhang L T 2007 Acta Phys. Sin. 56 4891 (in
Chinese)

Liu K, Wang F H and Shang J X 2017 Acta Phys. Sin. 66 216801 (in
Chinese)

Wang Z H, Gao X P A and Zhang Z D 2018 Chin. Phys. B 27 107901
Su Z, Kang Y, Zhang B and Jiang H 2019 Chin. Phys. B 28 117301

Fu L and Kane C L 2007 Phys. Rev. B 76 045302

Hsieh D, Qian D, Wray L, Xia Y, Hor Y S, Cava R J and Hasan M Z
2008 Nature 452 970

Nakamura F, Kousa Y, Taskin A A, Takeichi Y, Nishide A, Kakizaki
A, D’Angelo M, Lefevre P, Bertran F, Taleb-Ibrahimi A, Komori F,
Kimura S I, Kondo H, Ando Y and Matsuda I 2011 Phys. Rev. B 84
235308

Liu C X, Qi X L, Dai X, Fang Z and Zhang S C 2008 Phys. Rev. Lett.
101 146802

Kresse G and Furthmuller J 1996 Phys. Rev. B 54 11169

Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
Kresse G and Joubert D 1999 Phys. Rev. B 59 1758

Weinert M and Davenport J W 1992 Phys. Rev. B 45 13709
Monkhorst H J and Pack J D 1976 Phys. Rev. B 13 5188

Barrett C S, Cucka P and Haefner K 1963 Acta. Cryst. 16 451

Martin R 2008 Electronic Structure: Basic Theory and Practical Meth-
ods (Cambridge: Cambridge University Press)

Wang S and Zhang P 2020 Phys. Lett. A 384 126281

Jeffrey C, Teo Y, Fu L and Kane C L 2008 Phys. Rev. B 78 045426
YuR, Zhang W, Zhang H J, Zhang S C, Dai X and Fang Z 2010 Science
32961


http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1103/RevModPhys.83.1057
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1038/nphys1274
http://dx.doi.org/10.1038/nphys1270
http://dx.doi.org/10.1038/nphys1270
http://dx.doi.org/10.1126/science.1173034
http://dx.doi.org/10.1103/PhysRevLett.103.266803
http://dx.doi.org/10.1103/PhysRevLett.96.046411
http://dx.doi.org/10.1103/PhysRevLett.96.046411
http://dx.doi.org/10.1126/science.1167733
http://dx.doi.org/10.1126/science.1167733
http://dx.doi.org/10.1103/PhysRevLett.107.036802
http://dx.doi.org/10.1063/1.3702784
http://dx.doi.org/10.1063/1.3702784
http://dx.doi.org/10.1103/PhysRevB.85.201410
http://dx.doi.org/10.1002/adma.v30.2
http://dx.doi.org/10.1002/adma.v30.2
http://dx.doi.org/10.1016/j.jpcs.2017.07.027
http://dx.doi.org/10.1103/PhysRevB.78.195424
http://dx.doi.org/10.1103/PhysRevLett.102.156603
http://dx.doi.org/10.1103/PhysRevLett.102.156603
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.7498/aps
http://dx.doi.org/10.1088/1674-1056/27/10/107901
http://dx.doi.org/10.1088/1674-1056/ab4582
http://dx.doi.org/10.1103/PhysRevB.76.045302
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1103/PhysRevB.84.235308
http://dx.doi.org/10.1103/PhysRevB.84.235308
http://dx.doi.org/10.1103/PhysRevLett.101.146802
http://dx.doi.org/10.1103/PhysRevLett.101.146802
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1103/PhysRevB.45.13709
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1107/S0365110X63001262
http://dx.doi.org/10.1016/j.physleta.2020.126281
http://dx.doi.org/10.1103/PhysRevB.78.045426
http://dx.doi.org/10.1126/science.1187485
http://dx.doi.org/10.1126/science.1187485

	1. Introduction
	2. Calculation method
	3. Results and discussion
	4. Conclusion
	References

