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Orbital contributions in the element-resolved valence electronic structure of Bi,Se;
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In this work, we studied the bulk band structure of a topological insulator (TI) Bi,Se; and determined
the contributions of the Bi and Se orbital states to the valence bands using standing-wave excited hard x-ray
photoemission spectroscopy (SW-HAXPES). This SW technique can provide the element-resolved information
and extract individual Bi and Se contributions to the Bi,Se; valence band. Comparisons with density-functional
theory calculations (local density approximation and GW) reveal that the Bi 6s, Bi 6p, and Se 4p states are
dominant in the Bi,Se; HAXPES valence band. These findings pave a way for studying the element-resolved
band structure and orbital contributions of this class of TIs.
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I. INTRODUCTION

In the last few years, topological insulators (TIs) have been
extensively studied due to their unique physical properties
and great potential for device applications [1,2]. Bi,Ses is
a prototype material of a three-dimensional (3D) TI with a
bulk band gap (~0.3 eV) and a gapless surface state con-
sisting of a single Dirac cone, which has been discovered
both theoretically and experimentally [3,4]. Prior to density-
functional theory (DFT) calculations, models starting from
atomic energy levels and considering the crystal-field splitting
and spin-orbit coupling successfully predicted band inver-
sion and the existence of a single Dirac cone within a band
gap [4,5]. Thereby, however, a simplified picture has been
used by assuming that the p orbitals of Bi and Se atoms
mainly contribute to the electronic behavior near the Fermi
surface, thus neglecting the contributions of s orbitals. The
neglect of s orbitals might be acceptable for the prediction of
topological states. However, it is important to have more quan-
titative information regarding the contributions of individual
atomic orbital states to the valence states, because it helps to
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understand the bulk band structure of Bi,Ses, as well the
nature of its band gap and band-gap energy. Recently, more
efforts in terms of DFT calculations have been done to study
the total and partial densities of states (DOSs) in Bi,Ses
[6-8]. Compared to the theoretical studies, less experimental
approaches have been utilized in this aspect. An experimental
determination of partial DOSs with both element- and orbital-
projected information in Bi,Se; and in the long term for the
whole class of 3D TIs is needed.

Numerous studies using synchrotron-based angle-resolved
photoemission spectroscopy (ARPES) with excitation ener-
gies of 20—150 eV have been employed to study the electronic
properties of this family of 3D TIs [1]. Low-energy ARPES
is one of the key experimental techniques for investigating
the electronic structure of TIs and its high energy resolution
shows strength in resolving the topological and electronic
states in the valence band (VB) [9-11]. However, the short
inelastic mean-free path of photoelectrons limits the probing
depth, adding an extra challenge to differentiate the bulk and
surface electronic structure. Nonetheless, Bianchi et al. tuned
the k, of Bi,Se; by varying the incidence photon energies
and successfully differentiated the bulk and surface electronic
states near the Fermi level [12]. Some ARPES experiments
were carried out by using a laser source of 6 ~ 7eV [13,14]
or Xe lamp of 8.4 eV [15-18], which can enhance depth
sensitivity, but the purpose was to improve the intensity and
k resolution for studying the physics of Dirac cone, which

©2021 American Physical Society
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FIG. 1. (a) Rhombohedral crystal structure of Bi,Se;. A quintu-
ple layer with Sel-Bi-Se2-Bi-Sel is indicated by the blue rectangle.
(b) Side view of the standing wave (SW) generated by the Bi,Se;
(006) reflection and different atomic species are excited with differ-
ent intensity of SW electric field depending on the position of the
SW nodes and antinodes.

is beyond the scope of our work. Hard x-ray photoemission
spectroscopy (HAXPES) extends the probing depth and is
more sensitive to the bulk electronic structure. It is therefore
useful for investigating the VB spectra of materials [19,20].
The drawbacks of HAXPES are relatively low energy resolu-
tion (~hundred meV) and phonon effects, which may limit
its potential for resolving fine features in the VB and the
k-resolved electronic structure [19,21,22]. Another advantage
of HAXPES is the capability of generating a standing-wave
(SW) electric field within the desirable material by matching
the length scale of the natural crystallographic atomic planes.
SW-HAXPES collect photoelectrons modulated by the SW
field from different depths in the ¢ axis, and it is a unique
technique to determine the spatial distribution of composition
and the element- or layer-resolved DOSs within a unit cell
of a material, which has been applied in numerous systems
[23-31].

In this work, we employed SW-HAXPES in studying
BiySes; and successfully observed the SW effects in both
core-level and valence photoelectrons, providing the element-
resolved information. Additionally, we discuss the Bi,Ses
bulk electronic structure in terms of the element-resolved
valence spectra (the Bi- and Se-projected matrix-element
weighted DOSs) directly in comparison to DFT calculations
based on an all-electron method and subsequent GW calcula-
tions. Our results reveal the contributions of atomic orbitals
(e.g., Bi 6s, p states) and attribute the quantity of each in-
dividual state to the Bi,Se; HAXPES VB. Furthermore, the
understanding of the Bi,Se; band structure will be beneficial
to both experimental and theoretical studies of the emergent
properties in this class of TI.

II. RESULTS AND DISCUSSION

Bi;Se; has a rhombohedral crystal structure with space
group (R3m) [32], as shown in Fig. 1(a). The material has
a layered structure with five atomic layers forming one unit
cell, known as a quintuple layer [3]. Each quintuple layer

consists of two equivalent Se atomic layers (denoted as Sel),
two equivalent Bi atomic layers (denoted as Bi), and a third
Se atomic layer (denoted as Se2). The quintuple layers are
held by weak van der Waals bonds. The Bi, Sel, and Se2
layers are well separated along the vertical axis, allowing the
SW technique to derive site-specific information. Figure 1(b)
shows the cross-section view geometry of the SW pattern gen-
erated in a BipSe; crystal. A SW with its isointensity planes
parallel to the diffracting planes is created by the interference
between the incident and diffracted waves while satisfying the
Bragg condition [33,34]. The phase difference between the
incident and diffracted wave fields changes by m when the
incidence angle moves from below to above the Bragg angle,
thus scanning the SW by half of the wavelength with respect
to the diffracting planes. Depending on the vertical locations
of these atomic layers, the incidence-angle dependence of the
core-level photoelectron intensity yields will show distinct
modulations as to both shape and magnitude.

The SW-HAXPES measurements were performed at the
beamline GALAXIES of SOLEIL. The details of this beam-
line can be found elsewhere [35,36]. The measurement was
carried out at an excitation energy of 3000 eV and at room
temperature. At this energy, the total experimental resolution
is estimated to be about 300 meV. The Bi,Se; crystal (HQ
graphene) was in situ cleaved prior to the SW-HAXPES mea-
surements. The survey spectrum shows no indication of the
C Is and O ls surface contaminants. In this work, we have
chosen the (006) instead of the (003) reflection as the vertical
locations of Bi, Sel, and Se2 layers lead to the cancellation of
SW modulation for (003) reflection. Figure 2 shows the SW-
HAXPES results for core-level spectra and intensity yields
as a function of incidence angle. The photoelectron spectra
of Se 2p3,, and Bi 4d at an off-Bragg angle are shown in
Figs. 2(a) and 2(b). In the Se 2p3,, spectrum [Fig. 2(a)], only
one component centered at 1422.4 eV is observed. We were
expecting to observe two different chemical states for Sel and
Se2 since they are located at different positions. However, the
observation of a single component in the Se 2p3,, spectrum
indicates that the chemical states of Sel and Se2 layers can-
not be discriminated experimentally. As a consequence, we
attribute the Se 2p3/, photoemission yield to both Sel and
Se2 layers. In the Bi 4d spectrum [Fig. 2(b)], the spin-orbit
splitting of bulk Bi 4d5/2 (4407 CV) and 4d3/2 (4646 CV)
peaks are dominant (green line); in addition, we observed two
additional features (blue and magenta line). The first feature
(blue line) at 447.8 and 471.4 eV arises from plasmon-phonon
coupling and the second feature (magenta line) at 458.3 and
481.8 eV arises from plasmon losses, both of which have been
discovered and assigned by Biswas et al. [37]. As these three
components originate from the bulk crystal, their photoemis-
sion yields show no difference.

Figures 2(c) and 2(d) show the SW photoemission yields of
Se 2p3» and Bi 4d core levels (open circle) with the incidence
angle ranging from 25.3° to 26.3°. These intensity scans are
normalized to 1 at off-Bragg positions and have been simu-
lated by SW theory (curve) [31,34]. The SW modeling shows
good agreement with experiments. We observed that the Se
2p3/> and Bi 4d photoemission yields for (006) reflection are
out of phase; the Se 2p3/, yield shows a maximum and the Bi
4d yield shows a minimum in intensity at ~25.8°. The yield
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FIG. 2. SW-HAXPES core-level spectra and yields from the
BiySe; at hv = 3000 eV. Core-level spectra of (a) Se 2ps3, and (b) Bi
4d at an off-Bragg incidence angle. The core-level peak intensities
are derived by fitting with a Voigt line shape (in green, blue, and
magenta) and a Shirley background (in black). The corresponding
experimental photoemission intensity yields of Se 2p3,, and Bi 4d
are plotted in (c) and (d), respectively, along with the SW theory
simulations.

intensity modulation of Bi 4d is around 7%. The modulation
in intensity for the Se 2p3,; yield is relatively small (~3%)
due to the slight phase cancellation between the Sel and Se2
layers. This observation of out-of-phase core-level photoemis-
sion yields allows the forthcoming extraction of individual Bi
and Se photoemission cross-section weighted partial DOSs
from the Bi,Se; valence band, which will be discussed later.
Note that since the contributions from the Sel and Se2 layers
are indistinguishable in the Se 2p core level, we can only
extract partial DOSs from the sum of the Sel and Se2 layers.

To resolve the Bi and Se contributions to the Bi,Se; VB,
we use the following procedure. Under the influence of a
SW electric field intensity, the Bi;Se; VB yield Iyg(Ep, Oinc)
depends on the core-level yields [Isezp(Ginc) OF Iidq(Gine)]
and photoemission cross-section weighted partial DOSs [i.e.,
Dg (Ep)], as given by the following equation [23-31]:

Iy(Ep, 6inc) = Dse(Ep)se2p(Oinc) + Dii(Ep)Iiaq (Ginc). (1)

The core-level yields are normalized to 1 away from
the Bragg reflection and adjusted in amplitude accord-

. . . : . d”Se4s.4p dUSeZp
1dng to the differential cross-section ratios —;5-*/—&* and
OBi6s,6p

2o/ % The photoemission cross-section weighted par-
tial DOSs in Eq. (1) are related to the partial densities
of states p(Ep) and differential photoelectric cross sec-
tions do /d2 of the dominant orbitals [38]. For example,
Ds.(Ep) = Zi:Se4s,4p %pi(EB). By using a least-square fit-
ting method to each curve in Iyg(Eg, 6inc) at an Ep with

Ise2p(Bine) and Ipjsq(Ginc) as basis functions, we have deter-

mined the elemental contributions Dge-: . (Ep) to the valence

band D]e;g’sle2 (Eg)(or abbreviated as Dg;f;e3). As mentioned
earlier, this methodology in x-ray SW photoemission has
been proved valid and successfully applied to many systems
[23-31], but not yet to a 3D TI, BiySes, which is unique to
this study. It is important to mention that Eq. (1) reduces to
the following equation when the SW field is absent; this is
consistent with a generic form of photoemission cross-section
weighted DOSs:

Dgi,se,(Ep) = Dse(Ep) + Dgi(Ep)

dO'l' dU_'

i=Seds,4p j=Bibs,6p

The experimental Se- and Bi-resolved DOSs, that are la-
beled as DS and Dy, are used to compare with the partial
DOSs obtained from the DFT calculations after taking pho-
toemission cross section into consideration, distinguishing
the individual contributions. The DFT and GW calculations
were carried out using the full-potential linearized augmented
planewave (FLAPW) method as implemented in the FLEUR
code [39] and the SPEX code [40], respectively. The lo-
cal density approximation (LDA) [41] was employed for
the exchange-correlation potential of DFT. The product of
muffin-tin radii times plane-wave cutoff energy was 9.7 and
a 5 x 5 x 5 Monkhorst-Pack k-point mesh was used for the
self-consistent calculations (400 k points and the tetrahedron
method for the DOS calculations). The converge parameters
for the GW calculations are the same as those reported in
Ref. [42] except that the k-point sampling employed here
is denser (8 x 8 x 8). The theoretical DOSs that are gener-
ated by more sophisticated GW calculations are demonstrated
along with experiments and LDA results for comparison in
Figs. 3-5. We see that the theoretical DOSs by LDA and GW
are practically unchanged, but the band gap of 0.34 eV is in
better agreement with experimental data [43].

Figure 3(a) shows the experimental VB photoemission
signal of Bi,Ses, Dy/'g.,. along with Bi-and Se-resolved con-
tributions, Dgipt and Dg’;pt, which were derived from Eq. (1).
The theoretical photoemission cross-section weighted total
DOSs, and Se as well as Bi DOSs calculated by LDA
and GW are demonstrated for comparison in Figs. 3(b)
and 3(c), respectively. The theoretical DOSs were calculated
considering photoemission cross-section ratios (oBisp/oBi6s ™~
1.91, 0'5645/0']3163 ~ 168, and USe4p/0Bi63 ~ 186) [44,45]
The theoretical results were shifted 0.4 eV with respect to
higher binding energies to match the experimental results. The
energy shift could be due to the electron doping induced by
defects in the naturally grown Bi,Ses crystal, which is quite
usual [4]. We notice that the experimental DOSs generally
have broader features in energy as compared to the theoretical
DOSs—-in spite of the high energy resolution—-even though
the center positions of these features have good agreements. In
the experimental VB photoemission signal, two main features
centered at ~1.5 and ~4 eV and a smaller feature centered
at ~5.5 eV are observed. One can observe that the topological
surface states are significantly suppressed due to the low cross
section in HAXPES. In the experimental Se-resolved DOSs,
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comparison.

there is one broad feature centered at ~1.7 eV; its shape
shows good agreement with the theories. Three features cen-
tered at ~1.2, 3.8, and 5.5 eVs are found in the experimental

Intensity (arb. units)

LDA/IGW Y
0 Bi 6s

x3

8 6 4 2 0
Binding energy (eV)

FIG. 4. Theoretical atomic orbital contributions to the Bi,Ses
valence band. The LDA results are color curves and GW results are
color dots.

Bi-resolved DOSs. The center positions of these features
agree with the theoretical Bi-resolved DOSs.

However, two disagreements are observed between the ex-
perimental and theoretical DOSs. First, the peak at ~1.2 eV
in the D;™ is underestimated in D5PA and DSY. Second, the
relative integrated intensity of the experimental Bi-resolved
DOSs is larger than the theoretical DOSs. The photoemission
cross-section weighted DOS D(Ep) depends on the partial
densities of states p(Ep) derived from DFT calculations and
differential photoelectric cross sections do /d €2, as mentioned
earlier. The discrepancies between the experimental and the-
oretical curves may be related to either or both of them.
It is known that the LDA and GW results of Bi,Ses; show
fairly good agreements with the ARPES results [42,43]. Ad-
ditionally, a few prior studies reported that the cross sections
for valence electrons of other solid-state materials are not
known quite well [25-28,46,47]; therefore, the tabulated pho-
toemission cross sections of the atomic orbital states may be
the main cause of the discrepancies. The theoretical DOSs
of Bi s, p states (oBiss,6p) and Se s, p (0sess,4p) States are
shown in Fig. 4. Fitting these theoretical orbital states to
the experimental element-resolved DOSs, one can obtain the
corrected values of photoemission cross sections, solving the
mentioned two disagreements. We find that the relative cross
section needs to be multiplied by an additional factor of 2 for
theoretical Se 4s and Bi 6s DOSs in order to improve agree-
ments in terms of the shape of Se- and Bi-resolved DOSs. The
second disagreement of underestimated intensity of theoret-
ical Bi-resolved DOSs can be corrected using the integrated
intensity ratio DS /D" ~ 1.4. These types of corrections
have previously been found in SW-HAXPES studies of vari-
ous transition-metal oxide systems for accurate interpretations
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DSSY (Eg). (b) Comparison of experimental Bi-resolved DOS, DP'(Ep), and corrected theoretical orbital contributions to DIPA(Eg) and
DgiGW (Eg). The corrected LDA and corrected GW are labeled as c-LDA and c-GW, respectively. In (a) and (b), the c-LDA results are color
curves and c-GW results are color dots. (¢) and (d) show comparisons of experimental VB D;’;’;% (Ep) and c-LDA as well as c-GW results.

of orbital contributions to HAXPES VB yields [25,27,28].
Additionally, the relatively large values of the s- or p-level
cross sections in the HAXPES VB spectra have widely been
found in various systems [19-28,46,47] and the cause can
be attributed to the deviation between solid state and atomic
cross sections. Figure 5 compares the resulting corrected
theoretical element-resolved and total DOSs with the exper-
imental results. The corrected results show good agreements
with the experimental ones.

The resulting corrected theoretical orbital contributions to
DSEPA(or DEEY) and DGEPA (or DEEW) have been compiled
in Figs. 5(a) and 5(b), respectively, along with D5 and Dg;™
(curve for LDA and dot for GW). The corrected LDA and
corrected GW are labeled as c-LDA and c-GW, respectively.
The Se 4p states dominate D5 and its main feature peaked
at ~1.7 eV agrees well with the experimental results. On the
contrary, Se 4s contributions are negligible in DG. In addi-
tion, the experimental D]e;:pt consists of Bi 65 and 6p states, as
shown in Fig. 5(b). The Bi 6p states contribute to the strong
feature at the region of 2—6 eV, while Bi 6s states contribute to
other features at region of ~0.5-1.5 eV. Figures 5(c) and 5(d)
shows a comparison of atomic orbital contributions from Bi
6s, Bi 6p, Se 4s, and Se 4p states in the Bi,Se; HAXPES
VB by c-LDA and c-GW, respectively. The Se 4p and Bi
6p states are main components in the valence band and the
intensity of Bi 6s states is relatively weak, but the states
are located very close to the valence-band maximum (VBM)
edge of BiySe;. Although the Bi 6p states are dominant in
D", the contributions of the Bi 6s states are still signifi-
cant, especially in a relatively narrow and pronounced feature
(0.5-1.5 eV), which is located in the proximity of the VBM,

Dirac cone, and Fermi level. As discussed in the beginning,
despite a successful prediction of the existence of topological
surface states and the insulating energy gap of Bi,Ses, these
prior works assume that the p orbitals of Bi and Se atoms
mainly contribute to the electronic behavior near the Fermi
surface and neglect the contributions of the s orbitals [3—8].
Our experimental SW-HAXPES results clearly show that the
contributions of Bi 6s states have been underestimated so far
regardless of calculation methods. Since both DFT results
(LDA and GW) show no significant difference in pgics, oOne
can conclude that the underestimation of Bi 6s states might
mainly originate from the deviation between solid state and
atomic cross sections, as discussed earlier.

To have a quantitative estimate of the composition of these
states near the VBM edge, one can integrate their DOS inten-
sities along binding energies (0 ~ 1.2 eV) and then normalize
them by the sum of total integrated intensities. The small
amount of theoretical DOSs intensity at binding energies
between 0 and 0.3 eV for all the states is not taken into
consideration, because these theoretical DOSs stem from the
conduction-band minimum edge. Using the c-LDA results as
an example, in the Bi;Se; VBM edge, it consists of 64.9%
Se 4p, 22.9% Bi 6s, 10.6% Bi 6p, and 1.6% Se 4s states.
Interestingly, the composition of Bi 6s states is even higher
than that of Bi 6p states near the VBM. The electronic states in
the region between 1 eV and the Fermi level can be attributed
to the bulk and surface band structure [37], surface topological
states [4,48], and the quantity of orbital-selective spin texture
[13]. Therefore, our findings suggest that it is important to
consider the contributions of s-orbital states in the electronic
properties for the future studies. These findings should help
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the future theoretical calculations of Bi,Se; band structures
and the interpretation of the photoelectron valence band.

III. CONCLUSION

In summary, we have used SW-HAXPES to study the bulk
band structure of a 3D TI, Bi,Se;. By SW-HAXPES, we
observed the Se 2p3/; and Bi 4d photoemission yields are out
of phase, allowing us to extract individual Bi and Se photoe-
mission cross-section weighted DOSs from a photoelectron
Bi,Se; valence-band yield. Upon the comparison between
experimental and DFT results (LDA and GW), we find that Se
4p, Bi 6s, and Bi 6p states are dominant in the Bi,Se; VBM
edge after accurately determining solid-state cross sections.
A pronounced feature at the region of 0.5-1.5 eV, which is
in the proximity of the VBM and Fermi level, is attributed to
the contributions of Bi 6s states. These findings are beneficial
to the future studies of emergent properties of BiSes; both
experimentally and theoretically. As demonstrated, Bragg-
reflection SW photoemission is thus promising for studying
Bi,Ses and the class of similar 3D TIs, such as Bi,Tez and
Sb2T63.
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