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We  characterize  the  topological  insulator  Bi2Se3 using  time-  and  angle-resolved  photoemission  spec-
troscopy.  By  employing  two-photon  photoemission,  a complete  picture  of  the unoccupied  electronic
structure  from  the Fermi  level  up to  the  vacuum  level  is obtained.  We  demonstrate  that  the  unoccupied
states  host  a second  Dirac  surface  state  which  can  be resonantly  excited  by 1.5  eV  photons.  We  then
study  the  ultrafast  relaxation  processes  following  optical  excitation.  We  find  that  they  culminate  in a
persistent  non-equilibrium  population  of  the first  Dirac  surface  state,  which  is  maintained  by a meta-
stable population  of the  bulk  conduction  band.  Finally,  we perform  a temperature-dependent  study  of
the electron–phonon  scattering  processes  in  the conduction  band,  and find  the  unexpected  result  that
eywords:
opological insulator
ime- and angle-resolved photoemission
wo-photon photoemission
lectron–phonon scattering

their  rates  decrease  with  increasing  sample  temperature.  We  develop  a model  of  phonon  emission  and
absorption  from  a population  of  electrons,  and  show  that  this  counter-intuitive  trend  is the  natural  con-
sequence  of fundamental  electron–phonon  scattering  processes.  This analysis  serves  as  an important
reminder  that the  decay  rates  extracted  by  time-resolved  photoemission  are  not  in  general  equal  to
single  electron  scattering  rates, but include  contributions  from  filling  and  emptying  processes  from  a
continuum  of states.
. Introduction

Three dimensional topological insulators (TIs) are fascinating
aterials characterized by an insulating bulk electronic band struc-

ure with a metallic, conductive surface state (SS). The SS can be
escribed by a Dirac equation for massless fermions, and is guar-
nteed to cross the band gap separating the bulk valence band
VB) and conduction band (CB) [1–5]. In addition, the SS is strongly
pin-polarized with the electrons’ spin-orientations locked perpen-
icular to their momenta [6,7]. This novel spin texture results in
uppressed backscattering [8] and makes the materials attractive
or spintronics applications [9,10].

Because of these intriguing properties, TIs have been the subject

f intense investigation using ultrafast time-resolved techniques.
hese studies aim to unveil the fundamental scattering proper-
ies of electrons in TIs by resolving their dynamical processes in

∗ Corresponding author. Tel.: +1 6509263522.
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xshen@stanford.edu (Z.-X. Shen).
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real time. Ultrafast optical techniques monitor transient changes
in the optical properties of a material, such as reflectivity. These
studies have yielded valuable insights on coherent phonon gen-
eration [11–13], spatial diffusion of photoexcited carriers [12],
and the timescales for electron–phonon scattering [11–14]. A
shortcoming of these techniques is that they lack momentum
and energy resolution, and are limited in their ability to directly
distinguish surface and bulk effects. Time- and angle- resolved pho-
toemission spectroscopy (trARPES) overcomes these limitations
by adding momentum and energy resolution, allowing the mate-
rial’s response to be studied directly within its electronic band
structure. With these capabilities, trARPES has provided deeper
understanding on issues such as bulk-to-surface scattering [15–18],
electron–phonon coupling [15–20], unoccupied electronic struc-
ture [21,22], and novel topological states of matter [23].

In this article we  demonstrate the wealth of information that
can be gained about TIs from trARPES experiments. In particular,

we employ both one-photon photoemission spectroscopy (1PPE)
and two-photon photoemission spectroscopy (2PPE) to study the
electronic structure and dynamics of the prototypical TI Bi2Se3. We
first show that 2PPE resolves the unoccupied electronic structure

dx.doi.org/10.1016/j.elspec.2014.01.005
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
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Fig. 2. (a) The experimental setup used for the pump-probe photoemission exper-
iments described in this work. A laser generates ultrafast laser pulses at 820 nm
(1.5 eV). A portion of the beam is used to optically excite the sample, and the
remaining beam is frequency quadrupled to 205 nm (6.0 eV) to probe by pho-
toemission. A variable path length allows for a tunable delay between the two
optical paths. (b) Schematic of the photoemission processes utilized in this work. (i)
Monochromatic 2PPE using 6 eV photons, (ii) Bichromatic 2PPE using time-delayed
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ith unprecedented clarity. This allows us to unambiguously iden-
ify a second SS well above the Fermi level EF. We  find that optical
xcitation of n-type Bi2Se3 with 1.5 eV photons drives a direct opti-
al transition precisely into this state, thereby laying the foundation
or direct ultrafast optical coupling to a topological SS [22].

We  continue by reporting the electron dynamics following this
.5 eV excitation using time-resolved 2PPE. For this study we  utilize
-type Bi2Se3, which has a completely unoccupied SS in equilib-
ium, thereby granting us a clear view of the electron relaxation
hrough the SS. We  resolve the rapid decay of electrons to lower
nergy states via inter- and intra-band phonon-mediated scatter-
ng processes. Within 2 ps a meta-stable population forms at the CB
dge. This population acts as an electron reservoir which fills the
S with a steady supply of carriers for ∼10 ps. This persistent occu-
ation of a metallic state is a unique situation, since the absence of

 bandgap in metallic bands typically means that there is no bar-
ier to rapid recombination. This long-lived spin-textured metallic
opulation may  present a channel in which to drive transient spin-
olarized currents [15].

Finally, we examine the role of electron–phonon scattering pro-
esses by studying the dynamics of the CB as a function of sample
emperature. We  discover decreasing population relaxation rates
ith increasing sample temperature. As higher temperatures cor-

espond to higher phonon occupations, this result might seem
ounter-intuitive at first glance. However, we show that this behav-
or is reproduced by a straightforward electron–phonon scattering

odel. While we aim to achieve only qualitative agreement in this
ork, this model has the potential to extract detailed, quantitative

nformation about electron–phonon coupling from trARPES data.

. Methods

Single crystals of Bi2Se3 were synthesized as described in Ref.
15]. p-type crystals were achieved by Mg-doping. Fig. 1 shows typ-
cal ARPES spectra for the samples used in this work. The difference
n the doping levels of n- and p-type samples is clearly exhibited by
he energetic position of EF and thus the band filling.

We  illustrate our setup for trARPES in Fig. 2(a). A Ti-Sapphire
scillator operating at 80 MHz, or regenerative amplifier at 310 kHz,
enerates 820 nm (1.5 eV) infrared laser pulses which are split into
wo paths. In one path the pulse frequency is quadrupled to produce

 205 nm (6.0 eV) ultraviolet beam. The other path includes a delay

tage which varies the optical path length. Both beams are focused
n the sample in an ultrahigh vacuum chamber. By tuning the delay
tage, the temporal delay between both pulses can be varied.

min

max
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EF

p-type
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V
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-0.2 0.0 0.2
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ig. 1. The band structure of the topological insulator Bi2Se3 as measured by ARPES.
he  band filling is determined by the bulk doping level. In an n-type sample (left), the
onduction band, surface state, and valence band are occupied. In a p-type sample
right), only the valence band is occupied.
1.5 and 6 eV photons, and (iii) 1PPE using 6 eV photons. The photoelectrons are
collected by a hemispherical photoelectron analyzer.

This setup permits three primary modes of measurement, as
summarized in Fig. 2(b). Process (i) represents 2PPE performed
with the 6 eV pulses. The entire two-photon process occurs within
the pulse duration of the incident 6 eV pulse. Since no time delay
is introduced, this is a static measurement. However, 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. As will be shown below, this
mode of measurement grants access to the unoccupied electronic
structure between EF and the vacuum level Evac [24–26].

Process (ii) represents time-resolved 2PPE performed with
time-delayed 1.5 and 6 eV pulses. Here the 1.5 eV photon plays
the role of a pump by optically exciting electrons within the
material’s band structure, while the 6 eV photon serves to probe
the transiently modified electron distribution by photoemission.
A complete movie of the excitation and relaxation dynamics is
obtained by measuring the photoemission spectrum as a function
of pump-probe delay [24–26].

Finally, process (iii) represents 1PPE performed with 6 eV pulses.
This is equivalent to conventional ARPES, and permits measure-
ment of the equilibrium, occupied electronic structure [27].

We note the simplicity and flexibility of the setup which is
achieved by using the same 6 eV photon energy for both 1PPE
and 2PPE processes. Our experimental configuration is identical
for all measurements, except for the incident photon intensities.
Since 1PPE scales linearly with peak light intensity and 2PPE scales
quadratically, we  switch between 1PPE and 2PPE acquisition modes

merely by tuning the intensity. This is a significant distinction
between our measurement and standard 2PPE measurements:
Conventional 2PPE is performed with the photon energies chosen
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o be less than the sample work function, so that an overwhelmingly
ntense 1PPE signal is avoided. Here we deliberately use a photon
nergy larger than the work function, allowing us to perform both
PPE and 2PPE with the same 6 eV pulses. To avoid the intense 1PPE
ignal while measuring in mode (i), we operate the analyzer such
hat only electrons with energy >EF are collected.

All measurements are performed in an ultrahigh vacuum cham-
er with pressure maintained below 1×10−10 Torr to minimize
ample aging. The emission angle and kinetic energy of the pho-
oelectrons are resolved by a hemispherical electron analyzer. The
etup has a total energy resolution of <22 meV  (limited by the
andwidth of the 6 eV pulses) and angular resolution <0.5◦. The
emporal resolution, defined by the cross-correlation of the 1.5 and

 eV pulses, is about 160 fs.
The density functional theory calculations were done with the

BE exchange functional [28] using the full potential (linearized)
ugmented plane-wave method as implemented in the wien2k
ackage[29]. The calculations were based on the experimentally
etermined crystal structure reported in Ref. [30]. The Bi2Se3 slab
onsists of 6 quintuple layers, separated by a vacuum of ∼25 Å. We
sed a k-mesh size of 15 × 15 × 1, and utilized spin–orbit coupling

n the self-consistent calculations unless otherwise indicated.

. Results and discussion

.1. Optical coupling to a second Dirac surface state

We  begin by presenting the 2PPE and 1PPE spectra of p-type
i2Se3 in the upper and lower panels of Fig. 3(a). These spectra
orrespond to processes (i) and (iii) of Fig. 2(b). The 1PPE spec-

rum consists of only a narrow band of intensity from the occupied
ortion of the VB above the low-energy cutoff, as in Fig. 1 [15]. The
PPE spectrum, on the other hand, reveals states all the way  from EF

p to Evac. Just above EF we find the familiar CB and SS, which would
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ig. 3. (a) 2PPE and 1PPE spectra of p-type Bi2Se3. The 1PPE spectrum contains only a na
utoff. The 2PPE spectrum reveals states from EF up to Evac, including the well-known Dirac
re  rescaled exponentially as a function of energy to make all features visible on the same 

ange  of the 2PPE intensity. (c) Slab band structure calculation, which shows a one-to-o
Copyright 2013 by the American Physical Society).
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be occupied in an n-type sample. Note that the spectral intensity
spans a dynamic range of ∼3 orders of magnitude (see Fig. 3(b))
and so the intensities of Fig. 3(a) are rescaled exponentially with
energy to allow all features to be displayed simultaneously.

Before discussing these results in greater detail, it is important
to understand the origin of the observed spectral features. In princi-
ple, the 2PPE spectral intensity can be complicated by contributions
from both initial and final states, in addition to the intermediate
states which are the subject of our study [25,26]. To check whether
this is the case, we  show the calculated band structure in Fig. 3(c).
While the energy scales are not reproduced exactly, there is an
unambiguous one-to-one correspondence between the observed
and calculated features. This demonstrates that the 2PPE spectrum
is dominated by the intermediate states.

It is not immediately clear why  a strong dependence of the initial
states is not observed. This is likely due to the fact that the electronic
states populated by the 6 eV photons are very high in energy, which
means there is a large phase space for decay, with correspond-
ingly short lifetimes (∼1 fs) [31]. We  therefore expect significant
inter-and intra- band scattering to occur within the duration of the
6 eV pulse. In effect, these relaxation processes rapidly redistribute
electrons among all the unoccupied bands.

Now that we understand the origin of the 2PPE spectral features,
we proceed by discussing the electronic states located between 1.3
and 2.4 eV of Fig. 3(a). The band structure here is strikingly simi-
lar to the VB, CB, and SS bands near EF. In fact, Niesner et al. first
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 distinguish 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. 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

10
-1

(c)

ity (au)

ΓM K

0 1

Surface Bi contri bution

rrow band of intensity from the occupied portion of the VB above the low-energy
 state around ∼0.5 eV, as well as a second Dirac state around ∼1.8 eV. The intensities
image. (b) Momentum-integrated energy distribution curves showing the dynamic
ne correspondence with the observed features. Figure reproduced from Ref. [22]
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Fig. 4. Optical excitation of the 2nd Dirac cone using 1.5 eV photons on n-type
Bi2Se3. Dashed lines are guides to the eye. (a) For reference, a 6 eV 2PPE spectrum
of  the 2nd Dirac cone is shown. (b) 2PPE spectrum using 1.5 eV photons to populate
the  2nd SS, and 6 eV photons to photoemit. (c) 6 eV 1PPE measurement of the occu-
pied states. Panels (d) and (e) are the same measurements, but for a sample with a
higher level of n-type doping. (f) Cartoon picture of the 1.5 eV excitation, 6 eV probe
p
s
a

v
t
l
s
t
s

r
e
a
c
e

o
F
a
w
o
m
i

l
r
2
m
t
i
S
l

a
i
a
e
p
2
r
a
i

rocess. The resulting 2PPE spectrum can be understood as a projection of the initial
tates onto the intermediate states. Both resonant and non-resonant 2PPE processes
re resolved. Green shading represents the resonant processes.

elocity of the 1st SS [32]. Calculations confirm the assignment of
hese bands to bulk and surface states [21,22,33]. Moreover, just
ike the 1st SS, the 2nd SS exists only in the presence of crystal
pin–orbit interaction [21,22,33]. This suggests that both SSs share
he same physical origin, as they both arise due to symmetry inver-
ion of bulk states in the presence of strong spin–orbit coupling.

As we shall show, the existence of the 2nd SS could be highly
elevant to studies utilizing ultrafast optical excitation of TIs. These
xperiments typically use a photon energy of 1.5 eV due to the use of

 Ti:Sapphire laser source. Furthermore, n-type samples are more
ommonly used than p-type. We  have therefore investigated the
ffect of optically exciting n-type Bi2Se3 with 1.5 eV photons.

In Fig. 4(a) we first show for reference the unoccupied 2nd SS
btained by 6 eV 2PPE. The effect of 1.5 eV excitation is shown in
ig. 4(b). Specifically, we use 1.5 eV to optically excite the sample,
nd 6 eV to photoemit. This corresponds to process (ii) of Fig. 2(b),
ith the time delay set to zero. The corresponding 1PPE spectrum

f the occupied band structure is shown in Fig. 4(c). A similar set of
easurements, but for a sample with a slightly higher doping level,

s shown in Figs. 4(d) and (e).
The most striking feature in the spectra of Figs. 4(b) and (d) is a

inearly dispersing feature. At first glance, this would appear to rep-
esent the 2nd SS, with features above and below representing the
nd CB and VB. However, the appearance of these spectra is highly
isleading: Comparison with Fig. 4(a) shows that this cannot be

he 2nd SS, since the energies of the Dirac points do not match. We
nstead identify the linearly dispersing feature as 2PPE from the 1st
S. This assignment is supported by the fact that its Dirac point is
ocated precisely 1.5 eV above the Dirac point of the 1st SS.

In general, the spectra of Figs. 4(b) and (d) can be understood as
 projection of the initial states (represented by (c) and (e)) onto the
ntermediate states 1.5 eV above (represented by (a)). The features
re brightest where the initial and intermediate states overlap in
nergy and momentum. This is most dramatic in Fig. 4(b), where the
rojection of the upper half of the 1st SS onto the lower half of the

nd SS results in two brights spots of intensity. These are known as
esonant 2PPE processes, since the 1.5 eV photon resonantly excites

 state 1.5 eV above the initial state at the same wave vector. The less
ntense features represent non-resonant 2PPE processes [25,26].
nd Related Phenomena 195 (2014) 249–257

A cartoon summary is provided in Fig. 4(f), where resonant 2PPE
processes are highlighted in green.

We note a significant difference between the 2PPE results of
Figs. 3 and 4. For Fig. 3 we emphasized that the dispersion of the
initial states plays a negligible role in the appearance of the 2PPE
spectrum, while the results of Fig. 4 are a complicated combination
of initial- and intermediate-state effects. While the reason for this
difference is not fully understood, we believe it is related to the
fact that 1.5 eV photons promote electrons to much lower energy
than 6 eV photons. This means there is substantially less phase
space for decay of the photo-excited electrons, and correspondingly
longer electron lifetimes. Therefore, the rapid scattering processes
which are responsible for washing out the initial state effects for
6 + 6 eV 2PPE are much less significant in the case of 1.5 + 6 eV
2PPE.

3.2. Persistent surface state population

We  now use time-resolved 2PPE to investigate the ultrafast
dynamics of optically excited electrons in Bi2Se3. We  confine
our attention to the 1st SS, CB, and VB. Full details of this
experiment are reported in Ref. [15]. For this study we  utilize
p-type samples, since the initially unoccupied SS provides for
an exceptionally clear view of electron relaxation through the
SS.

An overview of the dynamics upon 1.5 eV excitation with
26 �J/cm2 absorbed fluence is shown in Fig. 5(a): Starting in equilib-
rium (t < 0), the SS and CB are initially unoccupied. Upon excitation,
high-lying electronic states like those in Fig. 4 are populated. After
∼0.7 ps those electrons scatter to lower energy, populating the
SS and CB. After ∼2.5 ps the SS and CB populations have signifi-
cantly decayed and energetically relaxed towards the bottom of
their respective bands. The subsequent dynamics is much slower
and persists for >9 ps. Obstructed from further decay due to the
bandgap, the CB electrons form a meta-stable population at the
CB edge. Intriguingly, this CB population is accompanied by a per-
sistent population in the SS, but only energetically below the CB
edge.

The observation of a long-lived CB population is not unusual in
semiconductors [34]. The longevity of this population is due to the
fact that the electron–phonon scattering processes responsible for
energy relaxation within the band are incapable of recombining
electrons with the VB. This is because the highest phonon energy
in Bi2Se3 is ≈23 meV  [35], while the bandgap is 200 meV  [36]. The
simultaneous persistence of the metallic SS population, however,
is surprising since the absence of a bandgap means there is no
barrier to rapid recombination. We  attribute this SS population
to a continuous filling from the meta-stable CB population. Evi-
dence for this can be found in the population dynamics. In Fig. 5(b)
we plot the transient photoemission intensity obtained by inte-
grating within the windows indicated in Fig. 5(c). Above the CB,
the SS decays with a single exponential. However, below the CB
a second slower component is observed, reflecting the presence
of an additional filling channel. Moreover, the decay rate of this
slower component matches that of the population decay at the
CB edge (see curves #6 and #10). The agreement of these decay
rates is direct evidence that the persistent SS population is due
to continuous filling from the meta-stable CB population. A car-
toon summarizing these processes is shown in Fig. 5(d). We  note
that similar bulk-to-surface scattering behavior has been observed
in Si, which however lacks a metallic SS crossing EF [37,38]. More
recently, trARPES experiments on n-type Bi2Se3 have also identi-

fied signatures of a bulk-to-surface scattering channel mediated by
phonons [16–18].

An exponential fit to the CB population decay (curve #10 in
Fig. 5(b)) gives a population lifetime of 5.95(2) ps. The decay
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S  population. Figure adapted from Ref. [22].

echanisms responsible for this lifetime may  have several con-
ributions. We  have argued that electron–phonon coupling cannot
e responsible for recombination due to the low phonon ener-
ies. Direct recombination via photon emission is a possibility,
hough the timescale for such a process is typically �1 ns, and
hus seems unlikely to be relevant on our measurement timescale
39]. The CB decay could also be attributed to spatial diffusion of CB
lectrons away from the probed volume of the sample. A charac-
eristic timescale for this process was estimated to be ∼21 ps [15].
f course, the inter-band scattering channel into the SS provides
nother effective recombination mechanism. Future studies utiliz-

ng Bi2Se3 thin films to mitigate spatial diffusion may  be helpful in
isentangling these processes.
function of temperature and energy. The rates at the CB edge (E = ECB) are marked
with triangles and plotted as a function of temperature in (c). The smooth curve is
a  quadratic fit to the data points.

3.3. Energy relaxation via electron–phonon scattering in the
conduction band

We have argued that the optically excited electron population in
the CB relaxes via electron–phonon scattering processes. Since the
phonon population changes with sample temperature, we expect
the relaxation rates to exhibit a temperature dependence. Accord-
ingly, we have performed temperature-dependent studies of the
electron relaxation in the CB of p-type Bi2Se3.

Fig. 6(a) shows the transient photoemission intensity at a fixed
energy relative to the band edge ECB for temperatures from 40 to
200 K in 20 K steps using an absorbed pump fluence of 1.3 �J/cm2.
We utilize this low fluence to minimize sample heating and thus
have a well defined sample temperature. While the initial rise
of the population does not exhibit any pronounced temperature
dependence, the subsequent decay slows down with increasing
temperature. We  fit a single exponential to the initial decay and plot
the resulting decay rates as function of energy in Fig. 6(b). There
are two  distinct temperature dependencies: near ECB the rates
increase with increasing temperature, and at higher energies the
rates decrease with increasing temperature. To understand the ori-
gin of these two  behaviors, we must distinguish between two types
of scattering processes: intra-band scattering, which conserves the
electron number in the band, and band-emptying processes. The
decay rate at E = ECB cannot represent intra-band scattering, since
the phase space for decay at the band edge is strictly zero. Instead,
the decay rate at ECB must represent a band-emptying rate. The
emptying rate extracted from the data is plotted as a function of
temperature in Fig. 6(c).

We  proceed to discuss the intra-band scattering processes that
dominate away from ECB. The dramatic decrease of these rates with
increasing sample temperature seems counter-intuitive when one
considers that the phonon population n increases with increasing
temperature T for all phonon energies ω, as represented by the
Bose-Einstein distribution [40]:

n(ω) = 1
eω/kBT − 1

(1)

This poses the question of what mechanism can result in
To address this question we model the change in electron
distribution due to absorption and emission of phonons. The corre-
sponding scattering rates follow from Fermi’s golden rule [40]. For
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implicity, we neglect any momentum dependence in the follow-
ng discussion. Under these assumptions, the rate for an electron to
catter out of the state at � due to coupling with a phonon of energy

 is given by:

abs(�, ω) = 2�

�
|G(ω)|2n(ω)N(� + ω)(1 − f (� + ω)) (2)

emis(�, ω) = 2�

�
|G(ω)|2(1 + n(ω))N(� − ω)(1 − f (�  − ω)) (3)

Here �abs (�emis) denotes the rate attributable to phonon
bsorption (emission), N(�) is the electronic density of states (DOS)
nd f(�) is the electron occupation, which is a number between 0
nd 1. G(ω) is the matrix element describing the scattering process.
hysically, it encodes the electron coupling strength to phonons of
nergy ω.

In addition to scattering out of the state at �, we  must also
onsider scattering in from other states. There are therefore four
rocesses which must be included, as represented in Fig. 7. We

ntroduce the phonon DOS F(ω) to integrate over all ω, and obtain
ate equations describing the time evolution of f(�):

∂fout(�)
∫

N(�)
∂t

= dω F(ω)[�abs(�, ω)N(�)f (�)

+�emis(�, ω)N(�)f (�)]

(4)
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N(�)
∂fin(�)

∂t
=

∫
dω F(ω)[�abs(� − ω, ω)N(� − ω)f (� − ω)

+�emis(� + ω, ω)N(� + ω)f (� + ω)]

(5)

The complete dynamics of the model are then described by:

∂f (�)
∂t

= ∂fin(�)
∂t

− ∂fout(�)
∂t

− �escf (�) (6)

The last term �esc represents the rate at which electrons escape
the band. This term can be set to zero to limit the calculation to
intra-band processes only and conserve the electron number in the
band.

For the numerical calculation we  shall assume (1  − f (�)) ≈ 1 in
Eqs. (2) and (3). This is not required for the calculation, but is a rea-
sonable assumption for the CB of p-type Bi2Se3 since it is completely
unoccupied in equilibrium, and only perturbatively populated by
the optical excitation. The lattice temperature enters through the
temperature dependence of the Bose-Einstein distribution n(ω). In
this formulation we  assume that the lattice temperature remains
constant during the electron relaxation process. This assumption
is consistent with experiments in which the lattice undergoes a
much smaller transient change in temperature as compared to the
electrons due to its significantly higher specific heat [41,42].

Four quantities need to be specified to proceed with the cal-
culation: N(�), |G(ω)|2, F(ω), and f(�)|t=0, which defines the initial
condition for the evolution of the electron distribution.

For N(�) we assume a linearly increasing DOS, as shown in
Fig. 8(a). We  base this assumption on a comparison to the DOS mea-
sured by scanning tunneling experiments [43]. Note that we only
specify N(�) up to a proportionality factor. This implies that the
temporal units of our calculation will be arbitrary. Nevertheless,
this will be sufficient to understand the qualitative behavior. The
choice of |G(ω)|2 is less straightforward. We  found that the choice of
|G(ω)|2 does not qualitatively change the results. To avoid detailed
calculations of electron–phonon coupling matrix elements, we
shall assume that all phonon modes couple equally well to all elec-
trons, so that |G(ω)|2 is simply a constant. The F(ω) used for our
modeling is shown in Fig. 8(b). This choice is an approximation to
the measured phonon DOS [44]. Finally, we can use our trARPES
with �0 = 0.2 eV.
With these four assumptions, it is straightforward to compute

the temporal evolution of f(�) for any T and �esc. The results for
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he population decay rates for varying sample temperature. �esc is set to the
emperature-dependent values extracted from the fit in Fig. 6(c). (b) The population
ecay rates, but with �esc set to the temperature-independent value of 0.17.

 = 100 K with �esc = 0 are shown in Fig. 8(c). Interestingly, the elec-
ronic distribution remains essentially exponential as it evolves,
nd eventually saturates to a steady-state solution. In Fig. 8(d)
e extract a transient electronic temperature by fitting f(�) to an

xponential distribution at each time. Reassuringly, the electronic
emperature settles at 100 K. This demonstrates that this simple

odel captures the process by which electrons reach thermal equi-
ibrium with the lattice. In fact, it can be shown analytically that
∂fin
∂t

= ∂fout
∂t

for f ∝ e−�/T, where T is the lattice temperature. In other
ords, the steady-state electronic distribution is a Boltzmann func-

ion at thermal equilibrium with the lattice (Note that Fermi–Dirac
tatistics need not be considered here due to the assumption f � 1
ade in this analysis).
Now that we understand the behavior of this model for fixed T,

e continue by varying the temperature. Because the behavior of
he rate curves of Fig. 6(b) are strongly affected by the temperature-
ependence of the emptying rate at ECB, we set �esc equal to the
tted values in Fig. 6(c). In Fig. 9(a) we show the extracted exponen-
ial decay rate as a function of � and T. The result agrees remarkably
ell with the experimental data of Fig. 6(b). In particular, away from

he band edge it exhibits a monotonic decrease of relaxation rate
ith increasing T. In addition, the model reproduces the flattening

f the rate curve at the value of �esc near the band edge.
While the T-dependent �esc is required to reproduce the

ehavior of the experimental data near ECB, we find it instruc-
ive to repeat the calculation for a fixed, T-independent value
f �esc. The resulting rates are shown in Fig. 9(b). With the T-
ependence of �esc removed, only the temperature dependence of
he intra-band electron–phonon scattering processes remains. This
learly demonstrates that the counter-intuitive trend of increasing
ecay rates with decreasing T can be attributed to fundamental
lectron–phonon scattering processes alone.

. Conclusions and outlook

In summary, we have characterized the electronic structure of
i2Se3 with a combination of 1PPE and 2PPE techniques, performed
ime-resolved measurements on p-type Bi2Se3, and elucidated the
ich electron dynamics generated by optical excitation. In particu-
ar, we demonstrated that 2PPE with 6 eV photons illuminates the
tates between EF and Evac. This technique reveals a 2nd Dirac SS
ocated 1.5 eV above the 1st CB edge, and we showed how excita-

ion with 1.5 eV photons drives a direct optical transition between
hese two states.

To our knowledge, this is the first measurement on any mate-
ial using a single photon energy for both 1PPE and 2PPE. This is
nd Related Phenomena 195 (2014) 249–257 255

achieved by using a photon energy exceeding the sample work
function, which has conventionally been avoided in 2PPE measure-
ments. Since the only experimental parameter tuned between 1PPE
and 2PPE modes of measurement is the intensity, this represents an
exceptionally simple method to determine both the occupied and
unoccupied band structure of a material. This has exciting implica-
tions, for example, for materials such as the high-Tc cuprates, where
a measurement 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 [45,46].

The demonstrated ability to optically excite the 2nd SS has a
number of interesting implications. The 2nd SS is expected to have
all the novel topological and spin properties which characterize
the well-known 1st Dirac SS of TIs [21,33]. The results of Fig. 4
demonstrate that it is resonantly populated by 1.5 eV photons.
This could have relevance for the number of existing studies on n-
type TIs which have utilized 1.5 eV photons [11,12,14,17,16,19,47].
These experiments have been interpreted without knowledge of
the unoccupied topological SS, and it would be interesting to eval-
uate whether the transition into this state plays a role in the physics
discussed 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 energy provided by commercial
ultrafast Ti:Sapphire lasers. This discovery therefore demonstrates
a unique opportunity for direct ultrafast optical coupling to TI SSs.

We then proceeded to study the electron dynamics initiated by
optical excitation of p-type Bi2Se3. We  found that the dynamics
culminate in a persistent non-equilibrium population of the spin-
textured SS, which is attributed to continuous filling from a meta-
stable population in the CB. We  note that excitation with any above-
bandgap photon energy should lead to the same SS filling behavior,
since inter- and intra-band scattering processes inevitably lead to
relaxation of carriers toward the CB edge. This phenomenon could
find a role in applications requiring ultrafast optical control of a
spin-polarized surface conduction channel.

Finally, we focused on the relaxation of electrons in the CB of p-
type Bi2Se3. We found an unexpected decrease of relaxation rates
with increasing sample temperature, and showed that this behav-
ior is reproduced by a simple electron–phonon scattering model.
While we have demonstrated this for a nearly-empty band far from
EF, we  believe these considerations to be equally significant for
dynamics near EF. In fact, it is straightforward to extend this model
to this regime by simply removing the assumption that f � 1. This
is not within the scope of the current work, but believe it would be
an interesting avenue for future study.

This analysis serves as an important reminder that the popu-
lation decay rate extracted by trARPES is not in general equal to
the single electron scattering rate. Rather, the dynamics measured
by trARPES is that of a distribution of electrons, which naturally
includes a combination of filling and emptying processes from
a continuum of states. In general, the contributions from all co-
existing processes must be carefully considered when interpreting
transients from trARPES data.
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