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Topological insulators possess time reversal symmetry protected metallic surface states over the
insulating bulk, where these surface states are expected to be immune to small disorder, chemical
passivation of the surface or temperature change. However, significant discrepancy from such behav-
ior has been found experimentally in various materials. Here, we review some of our recent results on
the electronic structure of a typical topological insulator, BiaSes. Both, the band structure results
and high resolution angle resolved photoemission data reveal significantly different surface electronic
structure for different surface terminations. Furthermore, oxygen impurity on Se terminated surface
exhibits an electron doping scenario, while oxygen on Bi terminated surface corresponds to a hole
doping scenario. The intensity of the Dirac states reduces with aging indicating fragility of the

topological order due to surface impurities.

PACS numbers: 73.20.At, 03.65.V{, 68.43.-h

INTRODUCTION

Insulators are materials having an energy gap between
the highest occupied band (valence band) and the lowest
unoccupied band (conduction band). Topological insula-
tors are a special type of such materials, which possess
gapless states with novel electromagnetic properties pro-
tected by time reversal symmetry at the surface of bulk
insulators [1, 2]. The speciality of these surface states is
that they are protected from backscattering due to the
time reversal symmetry as such processes in the presence
of time reversal symmetry requires a spin-flip, which is
different from a typical two-dimensional surface states.
Thus, the electric current due to the topologically or-
dered states is expected to be non-dissipative. The topo-
logically ordered energy bands exhibit linear dispersion
forming a Dirac cone. The formation of such states re-
quires strong spin-orbit coupling and breaking of inver-
sion symmetry.

Topological insulators have been theoretically pre-
dicted [3] and presumably for the first time, experimen-
tally observed in HgTe [4]. Since then enormous research
has been carried out as these materials are expected to
bring immense technological advances and new possibil-
ities in the fields of spintronics, quantum computation,
dissipationless charge transfer etc. [2]. Several materials
have been discovered exhibiting surface states with topo-
logical order along with significant deviation from the
theoretical predictions for such systems. For example,
the bulk electronic structure of almost all the materials
studied exhibits large density of states at the Fermi level
[5]. Experiments show contrasting scenarios often with
instability of the topologically ordered states. Thus, find-
ing of an ideal topological insulator as per the definition
continues to be an outstanding puzzle.

In this paper, we review some of our recent works on
the stability of the topologically ordered surface states
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FIG. 1. Crystal structure of BisSes (left panel) and its Bril-
louin zone (right panel). Sel and Se2 are two non-equivalent
Se atoms. S1, S2, S3 and S4 are the surface layers for differ-
ent surface terminations. The square box shows the quintuple
layer.

of an archetypical topological insulator, BisSes [6, 7].
BisSes forms in a layered structure as shown in Fig. 1
with the quintuple layers of Sel-Bi-Se2-Bi-Sel (Sel and
Se2 are the two non-equivalent Se atoms) stacked to-
gether by Van der Waals force [8]. The surface electronic
structure of BisSes exhibits topological order with the
apex of the Dirac cone, called the Dirac Point (DP) ap-
pearing far away from the Fermi level, Er due to the
charge carrier doping arising from impurities, imperfec-
tions, etc. [9-11]. These states often show instability
with time and complex time evolutions [5, 12], which has
been attributed to different phenomena such as relax-
ation of the Van der Waals bond [13], the surface band
bending [5], dangling surface states [14], etc. Some ob-
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servations indicate formation of two dimensional electron
gas (2DEG) and Rashba states with time that has been
explained employing impurity induced band bending sce-
nario [15-17]. In order to reveal microscopic details un-
derlying such complex electronic properties, we calcu-
lated the electronic band structure for both surface and
bulk of the material employing density functional theory,
and carried out high resolution photoemission measure-
ments with angle resolution and varied bulk sensitivity.
The experimental results show exceptional behavior of
the surface states due to different terminations and ag-
ing, which could be corroborated well by band structure
calculations.

EXPERIMENTAL AND THEORETICAL
DETAILS

Photoemission measurements were carried out on sin-
gle crystalline BisSes samples grown by Bridgemann
method and characterized by z-ray diffraction, Laue
diffraction etc. Hard z-ray photoemission (HXP) mea-
surements were carried out using 5947.9 eV photon en-
ergy at the P09 beamline of Petra III, Hamburg, Ger-
many and Phoibos analyzer (energy resolution = 150
meV). For angle resolved and conventional z-ray (Al Ka;
hy = 1486.6 eV) photoelectron spectroscopy (ARPES
and XPS), a Gammadata Scienta R4000 WAL analyzer
and monochromatic photon sources were used with en-
ergy resolution 10 meV and 380 meV, respectively and an
angular resolution of about 0.1°. The pressure of the pho-
toemission chamber was maintained at about 5 x 10~'°
torr during the measurements with the photon sources
on. The sample was cleaved in situ using a top post glued
on top of the sample. The cleanliness of the cleaved sam-
ple surface was checked using XPS & HXP wide scans
and the surface crystallinity was verified by sharp & in-
tense low energy electron diffraction (LEED) spots. All
the data presented here are collected at temperature be-
low 30 K using an open cycle He cryostat.

The electronic band structure calculation of BisSes
was carried out using full potential linearized augmented
plane wave method [18]. The bulk electronic structure
was calculated using the lattice constants, a = b= 4.18 A,
c=287A a=p=90° and v = 120° obtained from
Ref. [19]. In order to investigate the surface electronic
structure, we considered the lattice in a ’slab’ configu-
ration with at least 5 quintuple layers within the unit
cell - the total number of layers varies for different sur-
face terminations. Calculations were carried out for the
surface terminations, S1 (Sel terminated), S2 (Bi termi-
nated), S3 (Se2 terminated) and S4 (one Sel layer over
the quintuple layer) as defined in Fig. 1. We calculated
the electronic structure for both the pristine surface and
a layer of oxygen over it. The exchange and correlation
potential was included using the generalized gradient ap-
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FIG. 2. Band structure results for (a) Sel (S1l-case) and (b)
Bi (S2-case) terminated surface. The band structure for one
layer oxygen deposited on S1 ans S2 terminations are shown
in (¢) and (d). (e) The Fermi level position with respect to
the Bulk Fermi level.

proximation (GGA) [20] and the spin-orbit interaction
was included for Bi and Se atoms. The energy conver-
gence was achieved using 10 x 10 x 1 k points mesh.

RESULTS AND DISCUSSIONS

We studied the electronic band structure for four dif-
ferent surface terminations, S1, S2, S3 and S4 as shown
in Fig. 1. The energy bands near er consist primarily
of Se 4p and Bi 6p characters. The results for all the
surface terminations exhibit the surface bands crossing
the Fermi level between surface projected time reversal
invariant momenta (TRIM), ['-M odd number of times
implying that the material belong to a strong topologi-
cal insulator class [2, 7]. However, the signature of Dirac
cone was observed only for Sel, Se2 and Bi terminated
surfaces denoted by S1, S2 and S3, respectively. The S4
case (one Sel layer over the quintuple layer) exhibits two
dimensional surface states with no signature of the Dirac
cone.

The calculated results [6] for experimentally observed
surfaces, S1 and S2 terminations, are shown in Fig. 2.
The lines show the results of the slab calculation and
the shaded region represents the projected bulk bands
(PBB). The inclusion of spin-orbit coupling in the calcu-
lation led to the Dirac cone like structure in the bands.
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FIG. 3. ARPES spectra for (a) S1 and (b) S2 surface termi-
nations. The corresponding energy distribution curves (EDC)
are shown in (c) and (d).

The Dirac cone like structure in the energy band disper-
sion with DP at Er is evident for both the surface termi-
nations. DP appears close to the top of the valence band
for Se terminated surface (S1 case) and in the vicinity
of the bottom of the conduction band for Bi-terminated
surface (S2 case).

Surface/bulk impurities and/or defects play an impor-
tant role in the electronic structure leading to charge car-
rier doping, disorder induced local character to the charge
carriers etc. [21-23] Since we observed signature of oxy-
gen impurities on the sample surface with aging, we have
calculated the electronic structure considering one mono-
layer (ML) oxygen on the surface. The presence of 1 ML
oxygen on the S1 and S2 surfaces changes the bands near
Er drastically as shown in Figs. 2(c) and 2(d). The thick
lines show the energy bands with at least 50% contribu-
tion from O 2p. On Oxygen deposition, the DP on S1
shifts to higher binding energy and the O 2p contribution
appears at the Fermi level. For S2 case, the DP becomes
better defined and shifts away from the bulk conduction
band due to oxygen deposition. Interestingly, O 2p states
do not contribute to the Dirac cone. While O 2p bands
appear at Er with DP at higher binding energy in S1
case, the reverse scenario is observed in S2 case with DP
at EFr and O 2p bands at higher binding energies. Thus,
the Dirac states appear to be more accessible to derive
various thermodynamic/electronic properties in the case
of oxygen deposited Bi terminated surface.

Different surface termination of the samples results
into significantly different chemical potential of the sys-

tem as shown in Fig. 2(e), where Er is shown with re-
spect to the bulk Fr. While S2, S3 and S4 cases show
an increase in Fermi energy, the Fermi energy becomes
smaller than the bulk Fermi energy in S1 case. The Bi
terminated surface exhibits the highest energy difference.
Oxygen deposition leads to a shift of the Fermi level
towards higher energies suggesting an effective electron
doping into the system for all the Se terminations. The
deposition of oxygen on Bi terminated surface (S2 case),
on the other hand, leads to a shift of Er in the opposite
direction - towards lower energies suggesting an effective
hole doping in this case.
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FIG. 4. EDCs collected at different time delays. Sl-case: (a)
0 hr, (b) 40 hrs after cleaving [(c) rescaled 40 hrs delay data
shown in (b)]. S2-case: (d) 0 hr, (e) 40 hrs [(f) rescaled 40
hrs data] after cleaving. Comparison of the 0 hr and 40 hrs
delay spectra at I-point for (g) S1 and (h) S2 terminations.

Various experiments showed that exposure of differ-
ent surface terminations is possible in samples having
different concentration of defects/impurities in the sam-
ple. However, we observe exposure of different surface
terminations on cleaving the same sample. The cleav-
ing required a top post removal method indicating inter-
quintuple layer coupling significantly strong. All these
results indicate that the sample used in our study pos-
sessed a critical concentration of the defects that makes
exposure of both surfaces possible, which enabled us to
study the effect of different surface terminations without
changing the defect/impurity level. The ARPES results
on S1 and S2 terminations are shown in Fig. 3 - the char-
acterization to S1 and S2 terminations is done later in the



text. In both the cases, the Dirac cone is manifested in
the surface energy bands within the energy gap of the
bulk bands. Interestingly, the DP appear at significantly
different binding energies for these two cases; 0.3 eV and
0.45 eV for S1 and S2 terminations, respectively.

The most interesting phenomena occur with aging of
the sample surfaces. The aging of S1 case is shown in
Figs. 4(a), 4(b) [4(c) is the rescaled data shown in 4(b)]
exhibiting a shift of DP towards higher binding energy
indicating electron doping scenario. In contrast, Figs.
4(d), 4(e) [4(f) is the rescaled data shown in 4(e)] rep-
resenting the S2 case exhibit a shift of the DP in the
opposite direction - towards lower binding energy indi-
cating a hole doping scenario. The shift of DP with ag-
ing has been observed in other studies, where the elec-
tronic structure changes could be attributed largely to
the impurity/defect level present in the sample [12, 24].
However, the opposite shift of DP from the same sample
for different surface termination is extraordinary and in-
dicate the important role of surface terminations rather
than the level of defects/impurities.
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FIG. 5. (a) Top panel: Normal emission (NE) Se 3d core level
spectra using Al Ka source (XPS) for S1 (solid circle) and
S2 (open circles) surfaces. Middle panel: Al K« spectra for
S1 surface collected at normal emission (solid circles) and 60°
angled emission (line). Lower panel: Hard z-ray spectrum
(HXP) at normal emission from S1 surface. The lines repre-
sent the fit of the spectrum and component peaks. (b) O 1s
spectra from S1 and S2 terminations after 6 hours of cleaving.
Lines are the corresponding fit data.

In order to investigate the cleaved surfaces in more
detail, we investigate the core level spectra obtained us-
ing z-ray photoemission spectroscopy employing Al Ka
source (XPS) and significantly bulk sensitive case with
hard z-ray photoemission (HXP). The Se 3d spectra,
shown in Fig. 5(a), exhibit difference in the lineshape
of the spectra from S1 and S2 surfaces. Signature of
three distinct features could be observed in the spectra as
marked by ‘1, ‘2’ and ‘3’ at the binding energies 53.55 eV,
53.25 eV and 53.05 eV, respectively. A change in emission
angle from normal emission to 60° off-normal emission
from the S1 surface containing Sel as the surface termi-

nation exhibit additional modification of the lineshape.
At 60° emission, the electron escape depth, A becomes
half of its normal emission value of about 20A [25, 26].
On the other hand, the Se 3d spectrum from hard z-
ray photoemission corresponding to a A value close to
40A will represent essentially the bulk electronic struc-
ture [27, 28]. The HXP spectrum from S1 surface peaks
at 53.25 eV and 54.1 eV binding energies representing
spin-orbit split Se 3ds5/, (Peak ‘2’) and 3ds/, features,
respectively. The presence of the component peaks are
verified by fitting the data at different surface sensitiv-
ities consistently [29]. A typical case is shown in Fig.
5(a). The feature ‘1’ becomes relatively stronger in the
XPS spectrum and enhances further with the increase in
surface sensitivity. Thus, the features ‘1’ and ‘2’ can be
attributed to the surface and bulk Se in the case of Sel
terminated surface. The feature ‘3’ has been attributed
to the photoemission core level signal from Se2 in the
Bi terminated case (S2). Since, Se2 is sandwiched by
two Bi layers from both sides with strong hybridization,
the Se 3d core hole will be better screened in this case
compared to the core hole in Sel layers in other cases.
This will lead to a relatively lower binding energy for the
corresponding core level feature. These results clearly
demonstrate the identification of S1 and S2 termination
in these measurements.

We observe that the freshly cleaved sample do not show
signature of any impurity feature in the XPS spectrum.
With the aging of the cleaved surface, oxygen signal ap-
pears and gradually grows up with time delay [6]. Typical
spectra at 6 hrs delay is shown in Fig. 5(b). There are
three distinct features, A, B and C in the O 1s signal.
The feature B is not observed in the O 1s signal from S2
surface indicating its relation to the bonding to surface
Se-layers in S1 case.

All the above results suggest that the energy shift of
the Dirac point occurs due to the adsorption of oxy-
gen on the sample surface. Such energy shift has also
been predicted in the band structure results shown in
Fig. 2(e). Interestingly the trend observed in the cal-
culation matches well with the experimental results in-
dicating such energy shift to be a simple band structure
effect. Se and O belong to the same group in the Peri-
odic table with O being the topmost element with higher
electronegativity. Therefore, O on Se surface forms SeO,
complex. Se-O bonding will attract electron cloud from
the neighborhood reducing the electron density in the
other Bi-Se neighborhoods. Since the conduction band
consists of Bi 6p and Se 4p electrons, this would lead to
an effective electron doping in the conduction band. On
the other hand, oxygen on Bi-terminated surface would
form BiO, complexes leading to more charge localiza-
tion in the vicinity of oxygens reducing the Fermi surface
volume; an effective hole doping scenario.

It is important to note here that while the Dirac states
shifts differently in energy due to aging, the intensity of



the Dirac states gradually decreases with aging as shown
in Fig. 4(g) and 4(h) for both the surface terminations.
This demonstrates that the hybridization with the highly
electronegative oxygen on the sample surface leads to
a partial breakdown of the connectivity of the surface
states to the bulk that presumably induces fragility in
the topological order leading to the emergence of simple
two-dimensional surface states. While there have been
several observation of the surface band bending induced
by adsorption of residual gases [17, 30-32], more studies
are required to investigate such competing behavior of
the topological order and the simple surface state behav-
ior.

CONCLUSIONS

In summary, we studied the detailed electronic struc-
ture of a typical topological insulator, Bi;Ses employing
high resolution photoemission spectroscopy and ab initio
band structure calculations. In our study, the same sam-
ple could be cleaved to different surface terminations that
enabled us to study the role of surface termination on the
topological order without any influence from the change
in impurity/defect level in this system. The Dirac cone
representing the topological order of the surface states
shifts in energy with aging due to the accumulation of
oxygen impurities on the sample surface. The energy
shift is different on Se and Bi terminated surfaces. In
addition, the surface impurities seem to induce fragility
in the topological order of the surface states.
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