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A B S T R A C T

A proper understanding of the electronic structure of topological insulators in terms of bulk states as well as
surface spin polarized states is essential for the development of spintronic devices. In this work, we investigated
the electronic structure of Bi2Se3, a typical n-type topological insulator. Experimentally, we measured the band
dispersions along Γ̄-𝑀̄ and the constant energy contours in the entire three-dimensional Brillouin zone, and
confirmed that the valence band maximum is located at the Γ point with a binding energy 65±15 meV higher
than that of the Dirac point. The theoretical calculations performed by a quasi-particle self-consistent 𝐺𝑊
method show good agreement with the experimental results on the bulk band structure. The present results
indicate that Bi2Se3 is a suitable candidate for next-generation spintronic devices.
1. Introduction

Three-dimensional (3D) topological insulators (TIs) are unique ma-
terials with topologically protected metallic surface states with Dirac-
cone (DC) shape that span the bulk band gap and are characterized
by linear dispersion and helical spin texture with spin locked perpen-
dicular to momentum. The binding energy (𝐸B) of the Dirac point
(DP) with respect to the Fermi level (𝐸F) can be controlled by charge
doping [1–3], allowing a transition between p-type and n-type TI,
where the DP is located at a 𝐸B lower and higher than that of 𝐸F,
respectively. These properties make the TIs promising candidates for
next-generation spintronics devices such as topological p–n junction [4]
and charge-to-spin conversion device via the Edelstein effect [5].

Bi2Se3 is a typical n-type TI [2,6,7] due to thermodynamically
stable Se defects and Bi substitution of Se formed during the crystal
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growth [8–11]. Its structure is formed by a rhombohedral unit cell
(Fig. 1(a)) composed of Se1-Bi-Se2-Bi-Se1 quintuple layers (QLs) stacked
by weak van der Waals interaction along the [111] direction (Fig. 1(b)).
Single crystals of Bi2Se3 are easily cleaved in the (111) plane and the
Se1 plane appears at the surface [12]. To exploit the many fascinating
properties associated with the Bi2Se3 topological surface states, only
the DC should cross 𝐸F and the bulk band gap must be fully open. It
is therefore significant to determine the bulk band structure as well as
the DC surface states.

While previous studies agreed that the conduction band minimum
(CBM) is located at the Γ point of the 3D Brillouin zone (BZ) (Fig. 1(c)),
there is still a debate about the position of the valence band maximum
(VBM); it is unclear whether the bulk bands have an indirect or di-
rect band gap. Previous density functional theory (DFT) calculations
reported that the VBM of Bi2Se3 is located on the 𝑍-𝐹 line of the 3D
https://doi.org/10.1016/j.vacuum.2024.113944
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Fig. 1. (a) The rhombohedral primitive unit cell of Bi2Se3. (b) The layered structure of Bi2Se3 with the Se1-Bi-Se2-Bi-Se1 quintuple layer (QL) stacked along the [111] direction.
c) The 3D Brillouin zone and the 2D Brillouin zone projected onto the (111) plane.
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BZ, which corresponds to the Γ̄-𝑀̄ line of the two-dimensional (2D) BZ,
and at an 𝐸B lower than or equal to that of the DP [6,7,13–15]. The
ulk DFT calculations were performed with the full-potential linearized
ugmented plane-wave method (FLAPW) within the generalized gra-
ient approximation (GGA) [16] or the plane-wave pseudopotential

method (PWP) within the local density approximation (LDA) [17]. This
heoretically obtained VBM location was also supported experimentally
y a scanning tunneling microscope (STM) measurement [14]. On the

other hand, bulk calculations performed by linearized muffin-tin orbital
ethod (LMTO) within LDA [18] and 𝐺 𝑊 methods show that the VBM

s located at the Γ point [19–21], indicating the bulk band to have a
irect band gap. The direct band gap nature of Bi2Se3 was experimen-
ally supported using photoluminescence, infrared transmission and
alvanomagnetic property measurements [22–25]. An angle-resolved

photoelectron spectroscopy (ARPES) study [19] performed using a
highly electron doped Bi2Se3 also suggested that the VBM is located
at the Γ̄ point and at a 𝐸B higher than that of the DP.

In this study, we experimentally investigate the band structure of
Bi2Se3 not only along the high symmetry lines but also in the whole
D BZ with the complementary use of a conventional ARPES setup
nd a photoelectron momentum microscope. The VBM is found to be
ocated at the Γ̄ point and at a 𝐸B higher than that of the DP. These
esults are well reproduced by our theoretical calculations obtained by
 quasi-particle self-consistent 𝐺 𝑊 (QSGW) calculation [26,27].

2. Materials and methods

The ARPES measurements were performed using two different
types of analyzers. To observe the band dispersions along 𝑘∕∕, a high-
esolution hemispherical electron energy analyzer (SES2002, SCIENTA)
ith an overall energy resolution better than 60 meV was used at

he beamline BL-7 of the Hiroshima Synchrotron Radiation Center
HiSOR), Japan. To observe the constant energy contours at different
𝐸B throughout the entire 3D BZ, we used a photoelectron momentum

icroscope type analyzer (KREIOS 150MM, SPECS) at the BL6U [28] of
he UVSOR synchrotron facility, Institute for Molecular Science, Japan.
he overall energy resolution and momentum resolution of this system
ere better than 20 meV and 0.01 Å−1, respectively. The 𝑘𝑧 value was
btained using Eq. (1) assuming a free-electron final state:

√

2
ℏ𝑘𝑧 = 2𝑚𝑒(𝐸k in cos 𝜃 + 𝑉0). (1) a

2 
Here, 𝐸k in and 𝜃 are the kinetic energy and emission angle of photoelec-
trons, and 𝑉0 is the inner potential. In this study, we used 𝑉0 = 11.8 eV
ccording to the value reported in the former studies of Bi2Se3 [2,6].

High-quality single-crystalline Bi2Se3 samples, grown by the Bridg-
man method, were cleaved 𝑖𝑛 𝑠𝑖𝑡𝑢 at room temperature using the Scotch
tape method at UVSOR and using the post-knocking method at HiSOR
to obtain clean surfaces. The sizes of the samples were approximately
2.6 × 2.1 × 0.5 mm3 at HiSOR and 3.6 × 2.6 × 0.5 mm3 at UVSOR. The
ARPES measurements were performed at 50 K at UVSOR and at 10 K at
HiSOR. The base pressures of the ARPES measurement chambers were
< 2.0 × 10−8 Pa at UVSOR and < 2.1 × 10−8 Pa at HiSOR. Samples were
checked for in-plane orientation by Laue diffraction before being placed
in the vacuum chamber.

Theoretical calculations were performed using the QSGW method
(QSGW-60 [29]) and the LDA method implemented in the ecalj pack-
age [26,27,30]. The QSGW method incorporating many-body effects is
n excellent method to evaluate the band gaps [29]. The experimentally

determined cell parameters [31,32] of the rhombohedral primitive cell,
which show good agreement with the computational ones obtained
rom the relaxation procedure within the GGA calculations [19], were

used in the calculations. The spin–orbit coupling (SOC) effect was
included perturbatively, and a 𝑘-point mesh of 8 × 8 × 8 was adopted
for the electronic band structure calculations.

3. Results and discussion

In order to obtain information of the position of the VBM relative
to the DP, we have measured the band dispersions of Bi2Se3 along
̄ -𝑀̄ with photon energies (ℎ𝜈) from 35 to 89 eV in 2 eV step, a
𝜈 range that has not been used in the previous study [19]. This ℎ𝜈

range corresponds to a 𝑘𝑧 range from 3.33 to 5.03 Å−1 under the
direct emission condition at 𝐸F. In Figs. 2(a-d) are the band dispersions
along Γ̄-𝑀̄ at four different ℎ𝜈. The DC is clearly seen and the DP is
ound at 𝐸B= 0.3 eV. By considering the difference in 𝐸B of the CBM
nd DP reported in former studies [2,33–35], the results in Figs. 2(a-
) indicate that the conduction band (CB) of the present sample is
rossing the 𝐸F. The valence band (VB) is clearly observed around the
Γ̄ point at ℎ𝜈 = 57 eV and together with an upward-convex-shaped
band with a local maximum at around 0.45 Å−1 at ℎ𝜈 = 47 and 77 eV.

aking into account that Bi2Se3 has been reported to have its VBM at
round 𝑘 = 0.3 Å−1 along Γ̄-𝑀̄ [14], we investigated the 𝑘 -dependent
∕∕ 𝑧
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Fig. 2. Band dispersions along Γ̄-𝑀̄ of Bi2Se3(111) measured at ℎ𝜈 = (a) 47 eV, (b) 57 eV, (c) 67 eV and (d) 77 eV. (e) ℎ𝜈 dependent-EDCs at 𝑘∕∕ = 0.10, 0.30, 0.45 and 0.55 Å−1

along Γ̄-𝑀̄ measured with ℎ𝜈 from 35 to 89 eV in 2 eV steps. The EDCs in 𝛥𝑘∕∕ = 0.05 Å−1 were averaged in (e). The EDC at ℎ𝜈 = 53 eV was excluded due to the strong
contribution from the Se 3d peak excited by the second-order light. The red dotted lines denote the 𝐸B of the DP. The measurements were performed at 10 K.
energy distribution curves (ECDs) at 𝑘∕∕ = 0.10, 0.30, 0.45, 0.55 Å−1 to
determine the VBM. The red dotted lines in Fig. 2(e) indicate the 𝐸B
of the DP. At any points of 𝑘∕∕, the bulk VB is located at 𝐸B higher
than 0.4 eV, which indicates that the VB along Γ̄-𝑀̄ is always located
at 𝐸B higher than that of the DP. Furthermore, as 𝑘∕∕ value moves from
0.10 Å−1 to 0.55 Å−1, the VB goes downward toward the high 𝐸B side.
These results indicate that the VBM is located at the Γ̄ point. Since the
VBM can exist at 𝑘∕∕ other than on the Γ̄-𝑀̄ line, we measured the
constant energy contours of Bi2Se3 from ℎ𝜈 = 60 eV to 120 eV in 4 eV
step. This ℎ𝜈 range covers more than two 3D BZs in the Γ-𝑍 direction
(Γ-𝑍 = 0.33 Å−1). In Fig. 3 are the constant energy contours at 𝐸B =
0.1, 0.3, 0.5 and 0.7 eV measured using ℎ𝜈 = 72, 80, 92, 100, 116, and
120 eV, which correspond to 𝑘𝑧 = 4.56, 4.78, 5.10, 5.30, 5.69, and
5.78 Å−1 under the direct emission condition at 𝐸F. The dashed lines
represent the 2D BZ of Bi2Se3, and its symmetry points Γ̄, 𝑀̄ , and 𝐾̄ are
indicated in the top-left image of Fig. 3(a). (The fullset of the constant
energy contours are shown in Figs. S2 and S3 of the supplementary
material [36].) At 𝐸B = 0.10 eV (Fig. 3(a)), all contours consist of
circles centered at Γ̄. As the 𝐸B increases, the radii of circles become
smaller, reach a minimum value at around 𝐸B= 0.3 eV (Fig. 3(b)) and
become larger again at higher 𝐸B (Fig. 3(c)). The minimum value of
the radius indicates the DP to be located at 𝐸B= 0.3 eV, which agrees
well with the results in Fig. 2. Since the CBM is reported to be at a 𝐸B
0.2 eV lower than that of the DP [2,33–35], the CBM should be located
at 𝐸B = 0.1 eV. The radius at 𝐸B = 0.1 eV is changing depending on
the ℎ𝜈, and it indicates the contribution of not only the DC and but also
the bulk CB. (Note that the change in radius is visible due to the finite
energy window caused by the energy resolution of the system.) Blurred
features appear along the Γ̄-𝑀̄ direction at 𝐸B = 0.5 eV, when using
ℎ𝜈 = 92 eV (Fig. 3(c)), and they become clearer at 𝐸B = 0.7 eV, when
using ℎ𝜈 =80, 92, and 100 eV (Fig. 3(d)). The features exhibit strong ℎ𝜈
dependence and thus are attributed to the bulk VB. The contours at 𝐸B
= 0.7 eV at ℎ𝜈 = 80 and 116 eV exhibit six-fold rotational symmetry.
On the other hand, the contours at ℎ𝜈 = 72, 92, 100, and 120 eV have
three-fold rotational symmetry with a three-bladed propeller-like shape
whose direction is reversed between ℎ𝜈 =72 and 120 eV and ℎ𝜈 = 92
and 100 eV. The six-fold patterns are attributed to the bands on the 𝑘∕∕
plane either centered at the Γ point or the 𝑍 point in the 3D BZ, and
the three-fold ones are to the bands on the 𝑘∕∕ planes between those
two planes.

To investigate the origin of the contradictory location of the VBM in
former theoretical studies, we have performed calculations using two
different methods, QSGW and LDA. In Fig. 4 is the bulk band structure
3 
along the high-symmetry lines of the 3D BZ calculated by QSGW and
LDA, with and without including the SOC. As shown in Figs. 4(a,b), the
uppermost VB exhibits convex shapes around the Γ point and on the
𝑍-𝐹 line, and the 𝐸B of the top of the convex on the 𝑍-𝐹 line is higher
than that at the Γ point in the two calculations performed without
SOC. Note that in calculations without SOC, the band gap calculated by
QSGW is usually larger than that obtained by LDA owing to the way
of handling many-body effects [29]. When the SOC is perturbatively
included, the convex-shaped VB at Γ undergoes the band inversion with
the CB, and the band structures obtained by LDA and QSGW show a
significant difference. In the LDA calculation, the significant overlap of
the VB and CB resulting from the small band gap before including SOC
makes the band inversion area large and changes the convex-shaped
VB at Γ to a camelback shape [21]. Consequently, the top of the VB
around the Γ has almost the same 𝐸B as that of the convex shape on
the 𝑍-𝐹 line (Fig. 4(c)). In the QSGW calculation, the small overlap of
the VB and CB due to the large band gap before including SOC produces
only a small inversion area that is not sufficient to change the shape of
the VB at the Γ point. The convex shape at Γ is preserved and its 𝐸B
remains lower than that of the top along the 𝑍-𝐹 line (Fig. 4(d)). Since
the Bi 6𝑝𝑧 and Se1 4𝑝𝑧 states are involved in the band inversion [13],
we discuss the contribution of the Bi 𝑝𝑧 and Se1 𝑝𝑧 orbitals to the bulk
VB and CB around the Γ point to get insight into the SOC-driven band
inversion. The color scale 𝐼 in Fig. 4 defined by Eq. (2) indicates the
contribution of the two orbitals.

𝐼 =
−𝑝2𝑧(Se1) + 𝑝2𝑧(Bi)
𝑝2𝑧(Se1) + 𝑝2𝑧(Bi)

. (2)

Here, 𝑝𝑧(Bi) and 𝑝𝑧(Se1) are the projections of the Bi 𝑝𝑧 and Se1 𝑝𝑧
orbital bases onto the LDA or QSGW wave functions. In the calcula-
tions performed without SOC, each 𝑝𝑧 state is completely separated,
i.e. the CB and VB are composed of only Bi 𝑝𝑧 (blue) and Se1 𝑝𝑧 (red),
respectively. In the case of including SOC, both calculations exhibit the
band inversion at the Γ point, i.e. the CB and VB consist of Se1 𝑝𝑧 (red)
and Bi 𝑝𝑧 (blue), respectively. This means that, although the VB shape
at Γ does not change significantly, band inversion occurs in the QSGW
calculation as well.

The 3D bulk band dispersion is projected onto the (111) plane of
Bi2Se3 in Fig. 5 to compare the theoretically obtained bands with those
obtained experimentally. The band dispersion by LDA including SOC
indicates that the VBM is in the middle of the Γ̄-𝑀̄ line (Fig. 5(a)). On
the other hand, the QSGW including SOC shows that the VBM is located
at Γ̄ and reproduces well the VBM obtained experimentally (Fig. 5(b)).
Moreover, not only the location of the VBM but also the dispersion
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Fig. 3. Constant energy contours (−1.0 Å
−1

< 𝑘∕∕ < 1.0 Å
−1

) of Bi2Se3(111) at 𝐸B of (a) 0.10 eV, (b) 0.30 eV, (c) 0.50 eV and (d) 0.70 eV measured with ℎ𝜈 = 72, 80, 92, 100,
116, 120 eV at 50 K. The 𝑘𝑧 values on the left are calculated under the direct emission condition at 𝐸F. The dashed line on the each image represents the 2D BZ of Bi2Se3.
Fig. 4. Bulk band dispersions of Bi2Se3 obtained by (a) LDA and (b) QSGW without
(w/o) SOC, and those obtained by (c) LDA and (d) QSGW with (w/) SOC. The color
of the band along 𝐹 -Γ-𝐿 represents the contribution of the Bi 𝑝𝑧 and Se1 𝑝𝑧 orbitals as
indicated in the scale bar.

feature from Γ̄ to 𝑀̄ obtained with QSGW shows good agreement
with the experimentally obtained dispersion, including the nearly flat
dispersion around the midpoint of Γ̄-𝑀̄ and the downward dispersion
toward 𝑀̄ .

The constant energy contours of the (111) plane of Bi2Se3 obtained
by QSGW including SOC for several 𝑘𝑧 are shown in Fig. 6 to compare
the experimentally obtained constant energy contours with the theo-
retical ones. (Those calculated using LDA including SOC are shown in
Fig. S3 of the supplementary material [36].) At 𝐸 − 𝐸 = 0.05 eV
B VBM

4 
Fig. 5. Bulk band dispersions of Bi2Se3 projected on the 2D BZ along 𝑀̄-Γ̄-𝐾̄ using
(a) LDA and (b) QSGW including SOC.

(Fig. 6(a)), a contour centered at Γ̄ is found only at 𝑘𝑧 = 0.00 Å−1,
indicating that the VBM is located at the Γ point of the 3D BZ. This
result is in consistent with the experimentally obtained 𝑘 value of
the VBM. As 𝐸B − 𝐸VBM becomes higher at 𝑘𝑧 = 0 Å−1, the contour
centered at Γ̄ becomes larger. At 𝐸B − 𝐸VBM = 0.25, 0.35 eV, the
contours at 𝑘𝑧 = 0 Å−1 (Γ) and 0.33 Å−1 (𝑍) have shapes with six-fold
rotational symmetry, which agree with those obtained experimentally
at the 𝑘∕∕ planes centered at the Γ point or the 𝑍 point in Figs. 3(c,d).
The contours at 𝑘𝑧 = 0.08, 0.16, 0.25 Å−1 have three-fold rotational
symmetry, which are also consistent with the experimental results.

Although the calculated bulk band dispersions and constant energy
contours reproduce well the ARPES results, the band gap obtained by
QSGW with SOC at Γ̄, 0.09 eV, is much smaller than the experimental
value that is larger than 0.2 eV. The calculated band gap will be further
improved by treating the SOC effect in a self-consistent way rather
than in a perturbative way, but it is beyond the scope of this work.
Furthermore, the present result does not agree with the former STM
study [14], which suggested that the VBM is located in the middle
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Fig. 6. Constant energy contours of Bi2Se3(111) calculated using QSGW with SOC at 𝐸B − 𝐸VBM = (a) 0.05 eV, (b) 0.15 eV, (c) 0.25 eV and (d) 0.35 eV. The 𝑘𝑧 values on the
left indicate the positions in the 3D BZ; 𝑘𝑧 = 0.00 Å−1 is the Γ point and 𝑘𝑧 = 0.33 Å−1 is the 𝑍 point. The hexagon colored in gray on each image represents the 2D BZ of
Bi2Se3. A small part of the contours is missing at 𝐸B −𝐸VBM = 0.25 eV and 𝑘𝑧 = 0.25 Å−1 because the number of the 𝑘 points for the band structure calculation was insufficient
to resolve it.
a

of the Γ̄-𝑀̄ line with its 𝐸B almost the same as that of the DP. In
this STM study, the location of the VBM was discussed based on the
fast Fourier transformation (FFT) of the 𝑑 𝐼∕𝑑 𝑉 images, which show
the possibility of electron scattering between the surface DC state and
ulk electronic states. However, since the scattering vector obtained
rom the FFT patterns shows almost no 𝐸B dependence, the interference
attern observed in FFT might not be a result from the surface-bulk
cattering but rather a phenomenon related to surface electrons trapped
n non-dispersive impurity levels.

4. Conclusions

In conclusion, we have investigated the electronic structure of
i2Se3 using both experimental and computational methods. By mea-
uring the band structure along the high symmetry Γ̄-𝑀̄ line and the

constant energy contours at different 𝐸B using a wide range of ℎ𝜈,
e found that the bulk VBM is located at the Γ point of the 3D
Z. This result indicates that the bulk electronic structure of Bi2Se3
as a direct band gap with the VBM at the Γ point. Regarding the

computational results, the projected bulk band dispersion and constant
nergy contours obtained by the QSGW method well reproduce the

ARPES results. Furthermore, the QSGW calculations show that the
band inversion occurs at the Γ point. This shows the usefulness of
high-precision calculations that include electron many-body effects
for the determination of the actual electronic structure of topological
insulators. Taking into account that it is possible to dope hole into the
n-type Bi2Se3, the present results demonstrate the high prospects of
his material for future spintronics applications such as topological p–n

junction.
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