SCIENTIFIC REPLIRTS

Exceptional surface and bulk
electronic structuresina
topological insulator, Bi,Se;

Received:23June 2015 peepnarayan Biswas?, Sangeeta Thakur!, Geetha Balakrishnan? & Kalobaran Maiti

Accepted: 29 October 2015 :
Published: 08 December 2015 . The outstanding problem in topological |nsulat?rs is tl:le bulk metallicity underne.ath topologically
ordered surface states and the appearance of Dirac point far away from the Fermi energy. Enormous
efforts are being devoted to get the Dirac point at the Fermi level via exposure to foreign materials so
that these materials can be used in technology and realize novel fundamental physics. Ironically, the
conclusion of bulk metallicity in the electronic structure is essentially based on the angle resolved
photoemission spectroscopy, a highly surface sensitive technique. Here, we employed state-of-the-art
hard x-ray photoemission spectroscopy with judiciously chosen experiment geometry to delineate the
bulk electronic structure of a topological insulator and a potential thermoelectric material, Bi,Se;. The
results exhibit signature of insulating bulk electronic structure with tiny intensities at ¢, akin to defect/
vacancy induced doped states in the semiconductors. The core level spectra exhibit intense plasmon
peak associated to core level excitations manifesting the signature of coupling of electrons to the
collective excitations, a possible case of plasmon-phonon coupling. In addition, a new loss feature
appear in the core level spectra indicating presence of additional collective excitations in the system.

Recent experiments discovered that spin-orbit coupling can lead to new phases of quantum matter with highly
nontrivial collective quantum effects. Topological insulators are one such realization, where surface states of a bulk
insulator exhibit Dirac point quite distinct from graphene'. The surface states of a strong topological insulator
are metallic with novel electromagnetic properties protected by the time reversal symmetry. One of the most
studied topological insulators, Bi,Se; is an archetypical thermoelectric material®. It forms in rhombohedral crystal
structure with the space group D, (R3m). Extensive study of Bi,Se; revealed topologically protected surface states
possessing time reversal symmetry'>*~". Ironically, the electronic structure exhibits numerous anomalies such as
signature of metallic bulk, lattice termination dependence of the surface states®-!%, significant sensitivity of the
surface states to aging*~’, etc. Some observations indicate formation of two dimensional electron gas (2DEG) and
Rashba states with time that has been explained employing impurity induced band bending scenario®!12,
Evidently, the behavior of the real materials is quite complex and far from idealistic scenario. While both the
thermoelectricity and topological insulating behavior envisage bulk semiconductors as better candidates, exper-
iments based on photoemission spectroscopy often exhibit bulk metallicity of these materials. One possibility of
the absence of insulating bulk electronic structure in the experimental spectra could be the surface sensitivity of
the angle resolved photoemission (ARPES) techniques'*~'¢ employed to probe the electronic structure that man-
ifests the metallicity of the subsurface layers, while the bulk is indeed insulating as predicted from band structure
studies!”!8. In order to reveal the bulk electronic structure, we employed high resolution hard x-ray photoemission
spectroscopy'®?. The use of multiple photon sources, different experimental conditions and high energy resolution
enabled us to identify the surface-bulk differences of the experimental spectral features. The valence band and core
level spectra reveal exceptional scenario related to the topological order and thermoelectricity of this materials.
The escape depth, A of the photoelectrons enhances with the increase in their kinetic energy, KE for
KE > 150 eV**!', Therefore, photoemission with higher photon energy will be more sensitive to the bulk electronic
structure. On the other hand, the enhancement of the electron emission angle with the surface normal at the same
photon energy will enhance the surface sensitivity. The emission angle dependence is demonstrated in the schematic
diagram in Fig. 1(a). We have exploited both the processes to identify the surface and bulk electronic structures. It
is important to be noted that unchanged experimental geometry preserves the symmetry of photoemission as the
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Figure 1. (a) A schematic of the experimental setup showing photon source, electron detector and sample for
different electron emission angles. (b) CXP (Al Ka) and HXP spectra of Se 3d level exhibiting unusual change in
spin-orbit split features.

light polarization direction remains protected, while the same photon energy helps to protect the photoemission
cross section. This latter procedure is often helpful to probe the core level photoemission spectra, which are less
sensitive to the polarization of incident light.

We investigate the Se 3d photoemission spectra measured at normal emission geometry with different pho-
ton energies. The spectra collected using hard x-ray (hv = 5947.9 eV, energy resolution = 150 meV) and Al K«
(hv=1486.6 eV, energy resolution = 380 meV) energies are shown in Fig. 1(b). The hard x-ray photoemission
(HXP) spectrum is convoluted with a suitable gaussian to compensate the resolution broadening of the Al Ko
data, called as conventional x-ray photoemission (CXP) in this paper. The spectra are normalized by the intensity
at the 3d;, peak. Two distinct peaks are observed corresponding to the spin-orbit split 3ds, and 3d;, signals. The
intensity ratio of the spin-orbit split features depends on the ratio of their multiplicity, 2j+ 1 (j=1+s;j, [ and s are
total, orbital and spin angular momenta, respectively), which is 3:2 for 3d;,, and 3d;), features. The experimental
data reveal an apparent breakdown of such scenario exhibiting different intensity ratio at different photon energies
and none of them matches with 3:2 intensity ratio. The relative intensity of the 3d;, feature seem to be higher in
the CXP spectrum compared to that in HXP data. The reproducibility of such anomaly has been confirmed by
collecting several sets of data with different surface sensitivities.

To probe this deviation quantitatively, we simulated the experimental spectra using a set of asymmetric
peaks following earlier studies? - the asymmetry comes due to low energy excitations across the Fermi level.
Consideration of at least two sets of spin-orbit split features is found to capture the intensity scaling to their multi-
plicities at all the experimental conditions studied. Typical fit for three different experimental setups are shown in
Fig. 2 exhibiting remarkable representation of the experimental spectra. The spin-orbit split 3ds, and 3d;, features
appear around 53.3 eV and 54.1 eV binding energies, respectively; spin-orbit splitting = 0.8 eV. The second set of
spectra appear at 0.23 eV higher binding energies. The relative intensities of the second set with respect to the first
set is calculated by the ratio of the integrated area under the corresponding curves and found to be of about 0.21,
0.46 and 1.01 at HXP (10° emission), CXP (normal emission) and CXP (60° emission), respectively.

Photoemission spectral intensity, I (¢) can be expressed as

I(e) = j;d F(e)e ™ Mdx + j;oo 1°(e)e ™ dx )

where, I (¢) and I” (¢) are the surface and bulk electronic structures, d represents the thickness of the surface layer
and ) is the electron escape depth. Thus,

I(e) = F()(1 — ¥ 4 P (e)e ¥/ o

Therefore, the ratio of the surface and bulk contributions in the photoemission spectra can be expressed as

surface R
bulk 3)
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Figure 2. (a) HXP spectrum at 10° emission, CXP spectra at (b) normal emission & (c) 60° emission. Open
circles represent experimental data and the superimposed lines represent the fit. The shaded regions show the
component peaks simulating the experimental spectra.

From the relative intensities of the surface and bulk contributions in the experimental spectra, we calculated
the d/ )\ values to be 0.19, 0.378 and 0.698 employing the equation (3). While it is difficult to calculate d and A
independently, from our experience, we often found ) to be about 20 A for the valence electrons in CXP measure-
ments. Therefore, one can calculate d to be about 7.5 A and ) to be about 39.5 A, 19.8 A and 10.7 A for HXP, CXP
(normal emission) and CXP (60° angled emission), respectively. These values of A follows the energy dependence
of /KE consistent with the universal curve as well as our previous experiments'*'4, These results unambiguously
link the higher binding energy features to the electronic structure of surface Se.

The analysis of the Se 3d spectra indicate a Se-termination of the sample upon cleaving. This is verified further
by the angle resolved photoemission spectroscopy (ARPES). The high resolution ARPES data are shown in Fig. 3(a)
and the corresponding energy distribution curves (EDC) are shown in Fig. 3(b). The experimental spectra exhibit
a Dirac cone formed by the topologically ordered surface states with its apex at 0.3 eV binding energy confirming
the Se-termination of the surface®.

The valence band (VB) spectra collected using various photon energies at normal emission are compared
with the theoretically calculated spectral functions in Fig. 3(c,d). In order to calculate the spectral functions, we
employed full potential linearized augmented plane wave (FLAPW) method as implemented in the Wien2k soft-
ware?2. The valence band is found to be constituted primarily by the Bi 6p and Se 4p partial density of states (PDOS).
The CXP and HXP spectra were calculated considering photoionization cross-sections® of the PDOS, their layer
resolved contributions® due to the inelastic scattering loss, and the resolution broadening. The theoretical results
shown in Fig. 3(c,d) corroborate well with the experimental results; most of the features are reproduced in the
calculations. However, it was necessary to shift the calculated results by 0.8 eV towards higher binding energies
to match with the experimental results. While such rigid shift without spectral redistribution often appears due
to electron correlation induced effect in semiconductors/insulators?, the correlation induced effects are weak in
Bi,Se;. Here, the energy shift can be attributed to the defect/vacancy induced electron doping.

The lineshape of the CXP and HXP experimental spectra appears to be different with a relatively larger intensity
around 2 eV in the CXP spectrum. This can be explained considering the difference in the photoionization
cross-section at different photon energies as follows. The photoemission cross-section ratio of Se 4p and Bi 6p
states ( Z (Sedp ; ) is about 5.5 times stronger in CXP than that at HXP?* suggesting enhancement of Se 4p contribu-
tions in CXP spectra. The enhancement of the intensity at 2 eV in the CXP spectrum indicates that it is primarily
constituted by the Se p contributions. This is also manifested in the theoretical results; the constituent spectra
obtained from Bi p and Se p partial DOS shown in the figure exhibit primary contribution from Se p states in the
CXP valence band compared to the HXP valence band.

In addition to the above discussed cross-section induced effects in the photoemission spectra, there could be
an influence from the change in surface sensitivity of the technique. This is investigated in Fig. 4(a), where the
HXP valence band spectra taken at 10°, 45°, 60° emission angle and CXP data at normal emission are stacked
together. In Fig. 4(b), we superimposed the HXP data collected at different emission angles and observe significant
enhancement of intensity at 2eV as the emission angle increases. Since the photon energy is same in this case,
the cross-section induced effect is absent here and the change in intensities must be due to the change in surface
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Figure 3. (a) ARPES data exhibiting the Dirac cone (DC) and (b) the corresponding energy distribution curves
(EDCs). (¢) CXP and (d) HXP valence band spectra along with corresponding theoretical spectral functions
exhibiting a good representation. The component Bi p and Se p contributions are also shown by area plots.

sensitivity of the technique. Thus, the intensities at 2 eV represent surface electronic structure with dominant Se
p contributions.

The intensities close to e, in all the experimental spectra appear to be nonexistent. This is unusual as the ARPES
data revealed signature of significant bulk spectral intensity in addition to the metallic topologically ordered surface
bands. In order to investigate this, we collected the data close to ¢, with good signal to noise ratio at different
emission angles and different energies as shown in Fig. 4(c). The data reveal presence of finite intensity near e; it
was possible to reveal such tiny contributions due to the employment of high energy resolution. Interestingly, the
relative intensity is somewhat higher for HXP at 10° emission than those found in Al Ko spectrum as well as at
other emission angles of the HXP photoemission. This establishes presumably for the first time that the contribu-
tions at € indeed possess dominant bulk character. Such weak but finite intensity of the charge carriers can arise
due to defects and/or vacancies® as observed in various other semiconducting systems?”?%. All the spectra exhibit
adip at 0.3eV below e, which corresponds to the energy position of the bulk band gap and the Dirac point of the
surface bands as observed in the ARPES data shown in Fig. 3(a).

The above results establish that the energy bands close to the Fermi level possess bulk character arising pre-
sumably due to the defects/vacancy induced doping and the surface electronic structure consists of Dirac states
with topological order. The large energy shift arises due to the population of the bulk conduction band by the
doped states. Now, the question remains to be answered involves good thermoelectricity of these materials. The
features in the core level photoemission spectra represent the excited states with a core hole present in the system.
The CXP spectra of Bi 4flevels from uncleaved (dirty) and cleaved (clean) sample surface are superimposed over
the HXP data in Fig. 5(a). Spin-orbit split Bi 4f,/, and Bi 4f;,, peaks appear around 158 eV and 163.3 eV binding
energies with the spin-orbit splitting of 5.3 eV. Each spin-orbit split feature exhibit additional features at higher
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Figure 4. (a) HXP data at 10°, 45° & 60° emission angle, and CXP data at normal emission. (b,c) show the
superimposed spectra shown in (a) at an enhanced intensity scale near 1.5eV and near Fermi level, respectively.

binding energies. The features, o at 159.4eV and o’ at 164.65 eV are most prominent in the spectrum from dirty
sample and absent in the spectrum from cleaved sample. These features are attributed to the 4f emission from Bi
close to the sample surface bonded to impurity oxygens forming BiO,?**.

The features, 5 and 3’ appear at higher binding energies (160eV and 165.7 ¢V), and are weak in the CXP
spectrum. The intensity of these peaks become significantly strong in the HXP data. Some studies interpreted
these peaks as Bi 4f satellites arising due to correlation induced effects®, whereas some other studies claimed them
to be due to Se 3p contributions*?**. This puzzle can be resolved considering the spectral evolution with varied
experimental conditions such as change in photon energy from Al Ko to hard x-ray photon energy and emission
angles. We observed that the relative intensity of the features, 5and 3 do not change with the change in emission
angle with the same photon energy. This rules out the possibility of surface-bulk differences as an origin of the
above mentioned intensity change.

The satellite-main peak description of the core level photoemission is as follows. The intense feature at 158 eV
can be considered as the well screened feature, where the core hole is screened by a conduction/ligand electron.
The feature at 160 eV can be described as the poorly screened feature/satellite. Such multiple features are observed
to appear in correlated electron systems due to strong electron-electron Coulomb repulsion energy. This is unlikely
to be applicable here as the electron correlation is found to be significantly weak in this system - the valence band is
constituted by highly extended p states and is well described within the local density approximations. The intensity
ratio of the screened and unscreened features corresponding to the photoemission from the same Bi 4flevel is
unlikely to be so significantly different in the CXP and HXP spectra shown in Fig. 5(a,b). Moreover, the energy
separation between (3 and 3’ is larger (~5.7 V) than the spin-orbit splitting of Bi 4f level. Thus, it is unlikely that
these features are satellite signal to Bi 4f photoemission.

o (Se3p)

o (Bi4f)
smaller than its value in HXP energy (CXP value is about 20% of its HXP value), which corroborates well with the
change in intensity in the experimental results. Thus, the features, 5 and 3’ can unambiguously be attributed to
the Se 3p character. In order to verify this assertion further, we simulated the Bi 4f spectral region in a large energy
window as shown in Fig. 5(b). Three distinct features are visible in the energy range 168-185¢V as shown by arrows
and * in the inset of Fig. 5(b). We observe that all the features in the experimental spectra could be captured

The photoemission cross-section of Se 3p states relative to Bi 4f states at Al Ko energy is significantly
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Figure 5. (a) CXP and HXP spectra of Bi 4flevel collected from cleaved and uncleaved (dirty) sample surface. (b) Bi
4fHXP spectrum (symbols) and the fitted spectrum (line). Area plots represent the component features constituting
the spectral function. The inset shows the satellites (marked by arrows and *) in an expanded intensity scales.
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Figure 6. Bi4d HXP spectrum. The symbols are the experimental result and the line represents the fit. The
shaded regions represent the features constituting the experimental features.

remarkably well along with their intensity scaling with the corresponding multiplicity ratio of Bi 4f and Se 3p
photo-excitations. The simulated spectrum provides an wonderful representation of the experimental spectra as
shown by solid line superimposed over the experimental spectrum.

The experimental spectrum and its simulated results in Fig. 5(b) reveal an interesting scenario. Two distinctly
intense features appear at higher binding energies possessing similar energy separation and intensity ratio as that
of the Bi 4f photoemission features due to the plasmon excitations in the final states of the 4f electron photoemis-
sion. These loss features are broad (FWHM 6 eV) compare to the main peaks (FWHM 0.4eV), appear about 17 eV
away from the main peak and can be attributed to the plasmon excitation induced loss features. Most interestingly,
there is an additional set of two peaks structure (blue area plots) with intensity ratio and energy separation similar
to the 4f spin-orbit split features. Distinct signature of the feature around 170 eV is demonstrated in the raw data
- see the ¥ in the inset of Fig. 5(b). Therefore, these features (about 6.7 eV away from main peak) appear to be
linked to the final state effects in the Bi 4f photo-excitations. The signature of these features could not be observed
in the CXP spectra due to the appearance of Se Auger peaks in this energy range.

In order to ascertain the assignments of the origin of the features in Bi 4f spectra further, we investigate the
HXP spectrum of Bi 4d level collected at 30 K shown in Fig. 6. Intense Bi 4d;, and 4d,,, features appear around
441.1eV and 464.8 eV binding energies, respectively. The features around 458.2 eV and 481.9 eV represent the
plasmon loss features consistent with the scenario in Bi 4f spectrum. In addition, there are distinct signatures of
two features around 447.5eV and 471.4eV. To disentangle the constituent features in the 4d spectrum, we fit the

SCIENTIFIC REPORTS | 5:17351 | DOI: 10.1038/srep17351 6



www.nature.com/scientificreports/

spectral function following the procedure similar to the case of 4flevel. The results demonstrate the presence of the
447.5 and 471.4 eV features in addition to the plasmon loss features, which are quite similar to those appeared in
the Bi 4f spectrum. The appearance of these features in all the core level spectra indicates that their origin involves
the energy loss due to collective excitations in the materials.

Bi,Se; has been considered to be a good candidate for thermoelectric devices. The figure of merit of a thermo-
electric material can be expressed as "SZT, where o is the electrical conductivity, S is the Seebeck coefficient, T is
temperature and  is the thermal conductivity. Evidently, a good electrical conductor and a bad thermal conductor
(small gap semiconductors) with high atomic number, Z are expected to be good materials for such behavior. While
stoichiometric Bi,Se; is expected to be a band insulator®!1”13, the experiments show metallicity in their electronic
structure', which is now established to be due to the defect/vacancy induced electron doping present in these
materials?®. Thus, the conduction band gets populated by such effects as observed in the ARPES spectra shown in
Fig. 3, making electron pockets in the Fermi surface around I"-point.

The core level spectra exhibit signature of strong plasmon excitations, which involve collective excitations of
charge-density oscillation. The additional features discovered between the main peak and the plasmon peak in
both Bi 4fand 44 core level spectra correspond to some collective excitation induced loss features. The presence of
strong plasmon mode in the core level spectra manifests signature of coupling of electrons to the collective excita-
tions and hence the possibility of significant plasmon-phonon coupling®**. Signature of phonon excitations has
been observed in photoemission spectra in earlier studies®. This could be the reason for strong phonon scattering
in this material leading to an enhancement of the figure of merit in their thermoelectric property. Clearly, more
studies are required to understand the origin of such spectral functions.

In summary, we have studied the detailed electronic structure of Bi,Se; employing high resolution hard x-ray
photoemission spectroscopy. The valence band could be described well within the generalized gradient approxi-
mation (GGA) method indicating weak influence from electron correlation. High energy resolution enabled us to
identify tiny features close to the Fermi level forming the topologically ordered surface states and the bulk bands
arising due to defects/vacancies in the system. These results establish that Bi,Se; is basically a semiconductor with
impurity states populating the bottom of the conduction band. Thus, the appearance of the Dirac point to the Fermi
level depends primarily on the concentration of the defects/impurities in the material rather than deposition of
donor/acceptor impurities. The core level spectra exhibit strong plasmon excitation peaks indicating signature
of the coupling of electrons to the collective excitations. In addition, we discover a new loss feature appearing in
between the main peak and plasmon satellite suggesting further the link of the electron excitations to various
collective modes in the system - further studies are required to find the origin of such features.

Method

High quality single crystal samples were prepared by the modified Bridgman method and x-ray laue diffraction was
used to ascertain the crystalline quality. Hard x-ray photoemission (HXP) measurements were carried out at the
P09 beamline of Petra III, Hamburg, Germany using 5947.9 eV photon energy and Phoibos analyzer. The energy
resolution during the measurements was set to 150 meV. Conventional x-ray photoemission (CXP) measurements
were carried out at the electron spectroscopy laboratory of TIFR, India using monochromatic Al Ko photon source
(hv=1486.6eV) and R4000 WAL electron analyzer from Gammadata Scienta. The energy resolution for the CXP
measurements were set to 380 meV to get good signal to noise ratio. Angle resolved photoelectron spectroscopic
(ARPES) measurements were carried out using a monochromatic He I (hv=21.2eV) source with an energy res-
olution of 10 meV and angle resolution of 0.1°. The CXP and ARPES measurements were carried out on cleaved
surfaces at a base pressure better than 1 x 107'° torr. The vacuum during HXP measurements was 2 x 10! torr.
The in situ cleaving was done using a top-post removal method. The experiment temperature of 30 K was achieved
by an open cycle liquid He cryostat.

Electronic structure calculations were carried out using full potential linearized augmented plane wave
(FLAPW) method?? and generalized gradient approximations (GGA)*". In order to calculate the layer resolved
density of states, we carried out a slab calculation, where we considered a Se terminated slab containing 5 quintuple
layers (Se-Bi-Se-Bi-Se layers) in symmetric geometry. The spin orbit coupling was included as a perturbation. The
required lattice parameters were taken from the literature’®.

In order to compare the experimental and theoretical results, we calculated the spectral functions from the par-
tial density of states. The procedure adopted is as follows - first, the partial density of states from each of the layers
constituting the valence band were multiplied by the corresponding photoionization cross-sections® separately. The
contribution of these layer-resolved results to the valence band are calculated considering the escape depth for CXP
and HXP measurements from each of the layers. All these contributions are then convoluted by the Fermi-Dirac
function and the resolution broadening function (FWHM = 380 meV for CXP and 150 meV for HXP data).

References

1. Hasan, M. Z. & Kane, C. L. Topological insulators. Rev. Mod. Phys. 82, 3045 (2010).

2. Fu, L., Kane, C. L. & Mele, E. J. Topological Insulators in Three Dimensions. Phys. Rev. Letts. 98, 106803 (2007).

3. Black, J., Conwell, E. M., Seigle, L. & Spencer, C. W. Electrical and Optical Properties of some M;/*BNSV =8 Semiconductors. J. Phys.
Chem. Solids 2, 240 (1957).

4. Hsieh, D. et al. A tunable topological insulator in the spin helical Dirac transport regime. Nature 460, 1101 (2009).

5. Kong, D. et al. Rapid Surface Oxidation as a Source of Surface Degradation Factor for Bi,Se;. ACS Nano 5, 4698 (2011).

6. Benia, H. M, Lin, C,, Kern, K. & Ast, C. R. Reactive Chemical Doping of the Bi,Se; Topological Insulator. Phys. Rev. Letts. 107, 177602
(2011).

7. Zhu, Z. H. et al. Rashba Spin-Splitting Control at the Surface of the Topological Insulator Bi,Se;. Phys. Rev. Letts. 107, 186405 (2011).

8. Biswas, D., Thakur, S., Ali, K., Balakrishnan, G. & Maiti, K. Anomalies of a topologically ordered surface. Sci. Rep. 5 10260 (2015),
arXiv 1411.0801v1.

SCIENTIFICREPORTS | 5:17351 | DOI: 10.1038/srep17351 7



www.nature.com/scientificreports/

9. Lin Hsin et al. Topological Dangling Bonds with Large Spin Splitting and Enhanced Spin Polarization on the Surfaces of Bi,Se;. Nano

Lett. 13, 1915 (2013).

10. Biswas, D. & Maiti, K. Surface-interface anomalies and topological order in Bi,Se;. EuroPhys. Lett. 110, 17001 (2015), arXiv
1502.03631v1.

11. King, P. D. C. et al. Large Tunable Rashba Spin Splitting of a Two-Dimensional Electron Gas in Bi,Se;. Phys. Rev. Letts. 107, 096802
(2011).

12. Bianchi, M. et al. Coexistence of the topological state and a two-dimensional electron gas on the surface of Bi,Se;. Nat. Commun. 1,
128 (2010).

13. Seah, M. P. & Dench, W. A. Quantitative Electron Spectroscopy of Surfaces: A Standard Data Base for Electron Inelastic Mean Free
Paths in Solids. Surf. Interf. Anal. 1, 2 (1979).

14. Maiti, K. et al. Understanding the bulk electronic structure of Ca,_,Sr,VO;. Phys. Rev. B 73, 052508 (2006).

15. Takizawa, M. et al. Manifestation of correlation effects in the photoemission spectra of Ca, _,Sr,RuQOs. Phys. Rev. B 72, 060404(R)
(2005).

16. Singh, R. S., Medicherla, V. R. R., Maiti, K. & Sampathkumaran, E. V. Evidence for strong 5d electron correlations in the pyrochlore
Y,1Ir,0; studied using high-resolution photoemission spectroscopy. Phys. Rev. B 77, 201102(R) (2008).

17. Larson, P, Greanya, V. A., Tonjes, W. C., Liu, R. & Mahanti, S. D. Electronic structure of Bi,X; (X=S$, Se, T) compounds: Comparison
of theoretical calculations with photoemission studies. Phys. Rev. B 65, 085108 (2002).

18. Mishra, S. K, Satpathy, S. & Jepsen, O. Electronic structure and thermoelectric properties of bismuth telluride and bismuth selenide.
J. Phys.: Condens. Matter 9, 461 (1997).

19. Thakur, S. et al. Surface bulk differences in a conventional superconductor, ZrB,,. J. Appl. Phys. 114, 053904 (2013).

20. Maiti, K. et al. Doping dependence of the chemical potential and surface electronic structure in Yba,Cu;Oq,, and La, ,Sr,CuO,
using hard x-ray photoemission spectroscopy. Phys. Rev. B 80, 165132 (2009).

21. Singh, R. S. & Maiti, K. Manifestation of screening effects and A-O covalency in the core level spectra of A site elements in the ABO,
structure of Ca, _,Sr,RuO; Phys. Rev. B 76, 085102 (2007).

22. Blaha, P, Schwarz, K., Madsen, G. K. H., Kvasnicka, D. & Luitz, . [WIEN2k An Augmented Plane Wave + Local Orbitals Program
for Calculating Crystal Properties.] [Schwarz, K. (ed.)] (Techn. Universitat Wien, Austria, 2001).

23. Yeh, J. J. & Lindau, I. Atomic Subshell Photoionization Cross Sections and Asymmetry Parameters: 1<Z<103. Atomic Data and
Nuclear Data Tables 32, 1 (1985).

24. Maiti, K., Mahadevan, P. & Sarma, D. D. Evolution of Spectral Function in a Doped Mott Insulator: Surface vs Bulk Contributions.
Phys. Rev. Letts. 80, 2885 (1998).

25. Sarma, D. D. et al. Band Theory for Ground-State Properties and Excitation Spectra of Perovskite LaMO; (M = Mn, Fe, Co, Ni). Phys.
Rev. Letts. 75, 1126 (1995).

26. Hor, Y. S. et al. p-type Bi,Se; for topological insulator and low-temperature thermoelectric applications. Phys. Rev. B79, 195208 (2009).

27. Maiti, K., Medicherla, V. R. R,, Patil, S. & Singh, R. S. Revelation of the Role of Impurities and Conduction Electron Density in the
High Resolution Photoemission Study of Ferromagnetic Hexaborides. Phys. Rev. Letts. 99, 266401 (2007).

28. Maiti, K. Role of vacancies and impurities in the ferromagnetism of semiconducting CaBg. Europhys. Letts. 82, 67006 (2008).

29. Kong, D. et al. Rapid Surface Oxidation as a Source of Surface Degradation Factor for Bi,Se;. ACS Nano 5, 4698 (2011).

30. Bando, H. ef al. The time-dependent process of oxidation of the surface of Bi,Te; studied by x-ray photoelectron spectroscopy. J.
Phys.: Condens. Matter 12, 5607 (2000).

31. Zhang, G. et al. Quintuple-layer epitaxy of thin films of topological insulator Bi,Se;. Appl. Phys. Letts. 95, 053114 (2009).

32. Yashina, L. V. et al. Negligible Surface Reactivity of Topological Insulators Bi,Se; and Bi,Te; towards Oxygen and Water. ACS Nano
7,5181 (2013).

33. Golyashov, V. A. et al. Inertness and degradation of (0001) surface of Bi,Se; topological insulator. J. Appl. Phys. 112, 113702 (2012).

34. Hwang, E. H. & Sarma, S. D. Plasmon-phonon coupling in one-dimensional semiconductor quantum-wire structures. Phys. Rev. B
52, 8668(R) (1995).

35. Hwang, E. H,, Sensarma, R. & Sarma, S. Das. Plasmon-phonon coupling in graphene. arXiv:1008.0862v1 (2010).

36. Maiti, K., Singh, R. S. & Medicherla V. R. R. Observation of particle hole asymmetry and phonon excitations in non-Fermi-liquid
systems: A high-resolution photoemission study of ruthenates. Europhys. Lett. 78, 17002 (2007).

37. Perdew, J. P,, Bruke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Letts. 77, 3865 (1996).

38. Zargarova, M. I, Babaeva, P. K., Azhdarova, D. S., Melikova, Z. D. & Mekhtieva, S. A. Inorg. Mater. 31, 263 (1995).

Acknowledgements

The authors acknowledge financial support from DAE, Govt. of India & the DST-DESY project to perform the
experiments at P09 beamline at PETRA III, Hamburg, Germany. The authors gratefully acknowledge Dr. Indranil
Sarkar for his help during the measurements. K.M. acknowledges the Department of Science and Technology for
financial assistance under the Swarnajayanti Fellowship Programme. G.B. acknowledges financial support from
EPSRC, UK (EP/L014963/1).

Author Contributions

D.B., S.T. and K.M. carried out the photoemission measurements. G.B. prepared the sample and characterized
them. Data analysis, preparation of figures and the manuscript preparation are done by D.B. and K.M. All the
authors read the paper and commented.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Biswas, D. et al. Exceptional surface and bulk electronic structures in a topological
insulator, Bi,Se;. Sci. Rep. 5, 17351; doi: 10.1038/srep17351 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 5:17351 | DOI: 10.1038/srep17351 8


http://creativecommons.org/licenses/by/4.0/

	Exceptional surface and bulk electronic structures in a topological insulator, Bi2Se3

	Method

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) A schematic of the experimental setup showing photon source, electron detector and sample for different electron emission angles.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) HXP spectrum at 10° emission, CXP spectra at (b) normal emission & (c) 60° emission.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) ARPES data exhibiting the Dirac cone (DC) and (b) the corresponding energy distribution curves (EDCs).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) HXP data at 10°, 45° & 60° emission angle, and CXP data at normal emission.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) CXP and HXP spectra of Bi 4f level collected from cleaved and uncleaved (dirty) sample surface.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Bi 4d HXP spectrum.



 
    
       
          application/pdf
          
             
                Exceptional surface and bulk electronic structures in a topological insulator, Bi2Se3
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17351
            
         
          
             
                Deepnarayan Biswas
                Sangeeta Thakur
                Geetha Balakrishnan
                Kalobaran Maiti
            
         
          doi:10.1038/srep17351
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17351
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17351
            
         
      
       
          
          
          
             
                doi:10.1038/srep17351
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17351
            
         
          
          
      
       
       
          True
      
   




