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We characterize the occupied and unoccupied electronic structure of the topological insulator
Bi2Se3 by one-photon and two-photon angle-resolved photoemission spectroscopy and slab band
structure calculations. We reveal a second, unoccupied Dirac surface state with similar electronic
structure and physical origin to the well-known topological surface state. This state is energetically
located 1.5 eV above the conduction band, which permits it to be directly excited by the output of
a Ti:Sapphire laser. This discovery demonstrates the feasibility of direct ultrafast optical coupling
to a topologically protected, spin-textured surface state.

PACS numbers: 73.20.-r, 79.60.Bm, 78.47.J-

Three dimensional topological insulators (TIs) are ma-
terials characterized by an insulating bulk and a conduc-
tive surface electronic structure. The hallmark of a TI is
its linearly dispersing surface state (SS) which is guaran-
teed to cross the band gap separating the bulk valence
band (VB) and conduction band (CB) [1–4]. In addi-
tion to this so-called topological protection, the SS has a
chiral spin texture [5, 6] which offers the electrons pro-
tection against backscattering and has great appeal for
spintronics applications [7, 8]. A number of interesting
phenomena are associated with optical coupling to TIs,
such as colossal Kerr rotation [9], divergent photon ab-
sorption [10], spin transport [11, 12], and a long-lived SS
population [13]. To exploit these phenomena, a detailed
understanding of the response to optical excitation is re-
quired. A number of studies have investigated electron
and phonon dynamics initiated by ultrafast optical exci-
tation either by optical reflectivity [14, 15], second har-
monic generation [16], or time- and angle- resolved pho-
toemission spectroscopy (trARPES) [13, 17–19]. How-
ever, these studies have not explicitly addressed the elec-
tronic transition driven by the excitation. A detailed
understanding of the unoccupied electronic structure is
required to understand precisely how photons couple to
electrons in these materials. Inverse photoemission has
previously been applied to Bi2Se3, but the energy res-
olution of 0.56 eV and lack of momentum information
precluded the ability to get a detailed picture of the un-
occupied states [20]. More recently, significant progress
was made by Niesner et. al., who used two-photon pho-
toemission spectroscopy to investigate the material fam-
ily Bi2TexSe3−x [21]. Remarkably, they identified sig-
natures of a second SS in the unoccupied states which
is expected to have the same topological protection and

chiral spin texture [21, 22].

In this work, we use a combination of one-photon
photoemission (1PPE) and two-photon photoemission
(2PPE) to resolve the occupied and unoccupied elec-
tronic structure of p− and n−type Bi2Se3, which is sub-
stantiated with theoretical band structure calculations.
The energy and momentum resolution is drastically im-
proved over previous work [21], allowing an unambiguous
identification of the second SS. Moreover, we show that in
n-type samples, 1.5 eV photons drive a direct transition
precisely into this state, thereby laying the foundation
for direct ultrafast optical coupling to topological SSs.

Single crystals of p-type Bi2Se3 were synthesized as de-
scribed in Ref. 13. These samples were cleaved in-situ
prior to measurement at a pressure < 5 × 10−11 torr.
Thin film n-type Bi2Se3 was grown on a sapphire sub-
strate by molecular beam epitaxy as described in Ref.
23 and transported while under vacuum to our exper-
imental chamber for measurement. Photoemission was
performed with linearly polarized 5.98 eV and 1.5 eV
photons derived from a Ti:Sapphire oscillator operating
at a repetition rate of 80 MHz. The photoelectron ki-
netic energy and emission angle were resolved by a hemi-
spherical electron analyzer. The energy resolution was
determined to be 16 meV. All measurements were per-
formed with the sample at low temperature (between 10
and 20K). Additional details on the experimental setup
are given in Ref. 13.

The density functional theory calculations were done
with the PBE exchange functional [24] using the full
potential (linearized) augmented plane-wave method as
implemented in the wien2k package[25]. The calcula-
tions were based on the experimentally determined crys-
tal structure reported in Ref. 26. The Bi2Se3 slab con-
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FIG. 1. (Color online) (a) Schematic of the 1PPE and 2PPE
processes utilized in this work. (b) 2PPE and 1PPE spec-
tra of p-type Bi2Se3. The 1PPE spectrum contains only a
narrow band of intensity from the occupied portion of the
VB above the low-energy cutoff. The 2PPE spectrum re-
veals states from EF up to Evac, including the well-known
Dirac state around ∼ 0.5 eV, as well as a second Dirac state
around ∼ 1.8 eV. The intensities are rescaled exponentially as
a function of energy to make all features visible on the same
image. (c) Momentum-integrated energy distribution curves
showing the dynamic range of the 2PPE intensity. (d) Slab
band structure calculation, which shows a one-to-one corre-
spondence with the observed features.

sists of 6 quintuple layers, separated by a vacuum of
∼ 25Å. We used a k-mesh size of 15×15×1, and utilized
spin-orbit coupling in the self-consistent calculations un-
less otherwise indicated.

Unless otherwise specified, the measurements in this
work were performed with 5.98 eV photons via 1PPE or
2PPE processes. In a 1PPE process, which is the basis
for conventional ARPES measurements, a single photon
promotes an electron from below the Fermi level EF to
above the vacuum level Evac. It is thereby emitted from
the sample surface and collected by a photoelectron an-
alyzer [27]. In 2PPE a photon first promotes an electron

FIG. 2. (Color online) (a) 2PPE spectrum of the unoccupied
states and (b) peak positions obtained from EDC fitting. The
unoccupied Dirac cone is unambiguously resolved and crosses
the gap between two bulk states. (c) and (d) Theoretical band
structure calculations without and with spin-orbit coupling,
respectively. Both Dirac cones only exist with SOI, suggesting
a similar physical origin for both states.

from below EF to an unoccupied intermediate state, and
a second photon subsequently excites the electron above
Evac [28–31]. Due to the finite time duration of the laser
pulses (of order 100 fs in our case), electron relaxation
processes can occur in the intermediate states before the
electron is photoemitted. These processes are illustrated
in Fig. 1(a). Conceptually, the primary distinction is
that 1PPE can measure only occupied states, while 2PPE
grants access to unoccupied states. Our experimental
configuration is identical for both measurements, except
for the incident photon intensity. Since 1PPE scales lin-
early with peak intensity and 2PPE scales quadratically,
we switch between 1PPE and 2PPE acquisition modes
merely by tuning the intensity. We stress that this is
a significant distinction between our measurement and
standard 2PPE measurements: Conventional 2PPE is
performed with the photon energies chosen to be less than
the sample work function, so that an overwhelmingly in-
tense 1PPE signal is avoided. Here we deliberately use
photon energies larger than the work function, allowing
us to perform both 1PPE and 2PPE. To avoid the intense
1PPE signal while measuring in 2PPE mode, we operate
the analyzer such that only electrons with energy > EF

are collected, as illustrated in the cartoon of Fig. 1(a).

We begin by presenting the 2PPE and 1PPE spectra of
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p-type Bi2Se3 in the upper and lower panels, respectively,
of Fig. 1(b). The 1PPE spectrum consists of only a
narrow band of intensity from the occupied portion of
the VB above the low-energy cutoff. The reason for this
narrow band is that the work function of 5.97 eV is barely
exceeded by the photon energy of 5.98 eV. Due to the p-
type doping, the SS and CB are above EF , and are absent
in the 1PPE spectrum [13].

To identify the more novel spectral features, we now
turn to the 2PPE spectrum, which reveals states all the
way from EF up to Evac. Here we observe the famil-
iar CB and Dirac SS between E − EF = 0 and 0.7 eV.
These states have the usual characteristics observed in
conventional ARPES measurements of n-type materials:
There is a bandgap of ∼0.2 eV which is crossed by the
linearly dispersive SS [3, 4, 32]. We now focus our atten-
tion on states which lie at higher energy. We note that
the spectral intensity spans a dynamic range of ∼3 orders
of magnitude (see Fig.1(c)) and so the intensities of Fig.
1(b) are rescaled exponentially with energy to allow all
features to be displayed simultaneously.

A multitude of features are present in the 2PPE spec-
trum. In principle, the 2PPE spectral intensity can be
complicated by contributions from initial and final states,
in addition to the intermediate states which we wish to
study [29, 30]. To help clarify the origin of the observed
features, we display the calculated band structure in Fig.
1(d). While the energy scales are not reproduced exactly,
there is an unambiguous one-to-one correspondence be-
tween the observed features and those appearing in the
calculation. This gives us confidence that the 2PPE spec-
trum is representative of the intermediate states.

The most intriguing spectral features exist between 1.3
and 2.4 eV, and are shown in detail in Fig. 2(a). Four
dispersive bands are observed in this window; for greater
clarity, the peak positions obtained by energy distribu-
tion curve (EDC) fitting are shown in panel (b). The
band structure is strikingly similar to the VB, CB, and
SS bands near EF . In fact, Niesner et. al. identified
the linearly dispersive band as an unoccupied topologi-
cally protected, spin chiral SS, while the upper and lower
bands are the corresponding bulk bands[21]. To distin-
guish these two sets of bands, we refer to the Dirac cone
near EF as the 1st SS, and the higher energy Dirac cone
as the 2nd SS. The corresponding bulk bands are referred
to as the 1st and 2nd VB and CB. We note that the exper-
imental resolution in the previous work did not allow for
an unambiguous identification of the 2nd SS in the gap
between the bulk states. Here the spectral separation
between the four bands is clearly resolved, allowing us to
study the band structure in greater detail. In particu-
lar, we resolve the two bulk bands separated by a gap of
530 meV, which is crossed by the linearly dispersive SS.
Note, however, that this estimate for the band gap must
be regarded as an upper bound for the true value, since it
is not known whether the observed electrons are probed

FIG. 3. (Color online) (a) 6 eV 2PPE spectrum of the 2nd SS
on an n-type Bi2Se3 thin film. (b)-(f) Constant energy maps.
The electronic structure evolves from a hexagonal VB, to a
circular SS, to a hexagonal CB. Energies are referenced to the
Dirac point ED. (g) Schematic of the band geometry.

from kz = 0 [27]. The 2nd SS disperses with a velocity of
3.3× 105 m/s at the Dirac point, which is comparable to
the velocity of 5.4 × 105 m/s typically measured for the
Fermi velocity of the 1st SS [33]. Our calculations con-
firm the assignment of these bands to bulk and surface
states (Fig. 1(d)). Moreover, just like the 1st SS, the 2nd

SS exists only in the presence of crystal spin-orbit cou-
pling, as evidenced by the calculations in Fig. 2(c) and
(d). This suggests that both SSs share the same physical
origin, as they both arise due to symmetry inversion of
bulk states in the presence of strong spin-orbit coupling.

To better characterize the 2nd SS, we performed a band
mapping to determine its 2-dimensional dispersion. Since
band mapping entails rotation of the sample relative to
the analyzer, it benefits greatly from having a flat and
homogeneous sample. For this we used Bi2Se3 thin films
grown by molecular beam epitaxy. These films have n-
type doping, but we have confirmed that the band struc-
ture, including the 1st and 2nd SSs, is equivalent to that
of the p-type crystals. Most importantly, they are ex-
tremely flat due to the sapphire substrate upon which
they were grown [23].

The results of the band mapping are summarized in
the constant energy maps of Fig. 3. All energies are
referenced to the Dirac point ED of the 2nd SS, as shown
in panel (a). These results demonstrate that the band
structure evolves from a hexagonal bulk band (b), to a
circular SS (c-e), to a hexagonal bulk band (f). This is
illustrated schematically in Fig. 3(g). This is reminiscent
of the 1st SS, which is known to have a circular geometry
and be situated between the hexagonal VB and CB [32,
33]. The similarity of their band geometries provides
further evidence that the 1st and 2nd SSs have similar
physical origins.

We now discuss the relevance of the 2nd SS to stud-
ies and applications utilizing ultrafast optical excita-
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FIG. 4. (Color online) (a) 2PPE spectrum of 2nd SS using
6 eV photons on the p-type sample. (b) ARPES spectrum
of n-type Bi2Se3 in the vicinity of EF . Both the 1st SS and
CB are occupied. Note that the energy axis is referenced
to the Dirac point of the 2nd SS. (c) 2PPE spectrum using
1.5 eV photons to populate the 2nd SS, and 6 eV photons to
photoemit. (d) Multiplication of the spectra in (a) and (b),
showing that the 2PPE spectrum in (c) can be understood
as a projection of initial states onto intermediate states. (e)
Schematic illustration of the 1.5 eV photoexcitation process
in Bi2Se3.

tion. These applications typically use a photon energy
of 1.5 eV due to the use of a Ti:Sapphire laser source, so
we investigate the use of 1.5 eV photons to couple to the
2nd SS. In Fig. 4(a) we again show the unoccupied 2nd

SS obtained by 6 eV 2PPE, and in (b) we show the occu-
pied bandstructure of the n-type sample obtained by 6 eV
1PPE. Coincidentally, we see that the 2nd Dirac point is
located almost precisely 1.5 eV above the 1st CB edge,
which suggests the possibility of direct ultrafast optical
excitation of the 2nd SS by driving a transition from the
1st CB. We demonstrate the feasibility of this approach
in Fig. 4(c), which is a 2PPE spectrum in which 1.5 eV
photons are used to transiently populate the unoccupied
states, and 6 eV photons to photoemit. No electrons are
excited to states above E −ED = 0.17 eV since the cor-
responding initial states lie above EF (region I in panel
(b)). However, as we expected, the 1.5 eV excitation
causes the 2nd SS to get populated with electrons from

between EF and the CB edge (region II). The states be-
tween -0.24 and 0 eV get only weakly populated, reflect-
ing the fact that few initial states are available due to the
bulk bandgap (region III). However, a weak population
is observed due to electrons being excited from the 1st

SS. The population below -0.24 eV is attributable to a
transition from the 1st VB (region IV ) to the 2nd VB.

The spectrum of Fig. 4(c) can be understood intu-
itively as the projection of the initial states below EF to
the unoccupied intermediate states. Fig. 4(a) and (b)
can be taken as approximations to the intermediate and
initial state band structures, respectively, and we mul-
tiply these two spectra as a way of approximating the
projection. The result, shown in Fig. 4(d), indeed bears
a strong resemblance to the actual 2PPE spectrum in
(c). The product spectrum correctly shows the popula-
tion of the 2nd SS attributable to the 1st CB in region II,
as well as the population in region IV due to the transi-
tion between the two VBs. The only shortcoming is that
it overstates the population coming from the 1st SS in
region III. However, since this discussion has neglected
matrix elements and final state effects, it provides only
a qualitative picture. A cartoon illustration of 1.5 eV
photoexcitation of Bi2Se3 is provided in Fig. 4(e).

In summary, we have characterized the electronic
structure of Bi2Se3 with a combination of 1PPE and
2PPE techniques. 1PPE with 6 eV photons probes the
electronic structure below EF , as is typical for conven-
tional ARPES measurements, while 2PPE with 6 eV pho-
tons illuminates the states between EF and Evac. This
technique reveals a 2nd Dirac SS located 1.5 eV above the
1st CB edge, and we have further shown that excitation
with 1.5 eV photons drives a direct transition between
these two states.

There are a number of interesting implications of these
results. First, to our knowledge, this is the first measure-
ment on any material using a single photon energy for
both 1PPE and 2PPE. This is achieved by using a pho-
ton energy exceeding the sample work function, which
has conventionally been avoided in 2PPE measurements.
Since the only experimental parameter tuned between
1PPE and 2PPE modes of operation is the intensity, this
represents an exceptionally simple method to determine
both the occupied and unoccupied band structure of a
material. This has exciting implications, for example,
for materials such as the high-Tc cuprates, where a mea-
surement of both the occupied and unoccupied sides of
the energy gap would provide insight on the particle-hole
asymmetry of the superconducting and pseudogap states
[34, 35].

Next, we emphasize how this work builds on that of
Niesner et. al. by using superior spectral resolution to
provide unambiguous evidence of the 2nd SS [21]. This
state is expected to have all the novel topological and spin
properties which characterize the well-known 1st Dirac SS
of TIs [21, 22]. Our demonstration that it is populated
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by 1.5 eV photons could have relevance for the number of
existing studies on n-type TIs which have utilized 1.5 eV
photons [12, 14–19]. These experiments have been inter-
preted without knowledge of the unoccupied topological
SS, and it would be interesting to evaluate whether the
transition into this state plays a role in the physics dis-
cussed in those results. Finally, the fact that it can be
accessed by 1.5 eV photons is particularly appropriate
for applications, since this is the fundamental photon en-
ergy provided by commercial ultrafast Ti:Sapphire lasers.
This discovery therefore demonstrates a unique opportu-
nity for direct ultrafast optical coupling to TI SSs.
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