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Origin of spin-polarized photocurrents in the topological surface states of Bi,Se;
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For the generation of spin-polarized photocurrents in topological insulators, a coupling between photon
angular momentum and electron spin is often assumed. Such a coupling seems to be supported by dichroism
reported in E(k,)-intensity maps in photoemission. We show in three dimensional two-photon photoemission
and one-step photoemission calculations that the circular dichroism is in fact threefold in E(k,, k,) maps
although it may appear antisymmetric in E(k,). The threefold symmetry is inconsistent with the previously
assumed coupling between photon momentum and electron’s chiral spin via the orbital momentum. Instead it
reflects the surface point group. The only antisymmetric patterns appear in the energy range in which surface
and bulk states hybridize. In general, a threefold-symmetric dichroic signal does not support unidirectional
photocurrents. Nevertheless, the residual asymmetry of up to 3.5% in our photoemission spectra is compatible
with previously observed helicity-dependent photocurrents.
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I. INTRODUCTION

Topological insulators (TIs) are one representative of
topological matter with intrinsic properties promising for
spintronic applications [1-8]. The topological surface states
(TSSs) of three-dimensional TIs exhibit the linear dispersion
of a Dirac cone. Spin and momentum are locked, i.e., the
spins are oriented perpendicular to the electron’s momentum
and form a helical spin texture [9]. One direct consequence
of spin-momentum locking is that currents flowing in the
TSS are spin polarized. BiySe; is the primary TI, for which
helicity-dependent photocurrents were observed upon excita-
tion with near-infrared (NIR) frequencies [10,11]. Picoampere
(pA) photocurrents were assigned to originate from the TSSs
[12] suggesting that they are indeed spin polarized. In com-
plete contrast, experimental studies using THz excitation or
recording THz emission attribute photocurrents to anisotropic
carrier scattering [13] or charge shifts [14] questioning in
either case their spin-polarized character. Recent photoemis-
sion studies show again evidence on transient photocurrents
driven by direct optical excitation with midinfrared pulses
in the TSS of SbyTes [15,16]. Transport measurements in
electrically gated (Bi;_,Sb,),Te; thin films identify the cir-
cular photogalvanic effect as the dominant source for helicity-
dependent photocurrents [17,18]. The observed pA currents
are attributed to optical transitions between the topological
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surface state and bulk bands [17]. This conclusion is in
line with a generic theoretical model predicting that helicity-
dependent photogalvanic currents are strongly suppressed
when considering only the Dirac cone of TIs [19].

The narrow band gap and intrinsic doping of most three-
dimensional TIs and the resulting bulk conductivity make the
investigation and application of surface currents difficult. This
is also true for the first TSS of Bi,Ses, the spectral function of
which is depicted in Fig. 1(a). Since Bi,Ses is intrinsically
n doped, the Fermi level Ef lies close above the conduc-
tion band (CB) bottom and the first TSS is fully occupied.
However, Niesner et al. have shown that Bi;Se; exhibits an
additional unoccupied TSS between the second and third CB,
1.7 eV above the occupied TSS [20]. Hence, photoexciting
carriers from the first to the second TSS may be the underlying
mechanism driving spin-polarized photocurrents with NIR
pulses insensitive to details of the bulk doping and position
of E [17]. Note that these optically excited currents are not
addressed by THz excitation [13].

Lateral photocurrents correspond to asymmetric carrier
populations in momentum space, which can be directly
mapped by means of angle-resolved two-photon photoemis-
sion (2PPE) using femtosecond laser pulses [21]. In contrast
to photocurrent signals and THz emission, 2PPE is state
selective and allows us to directly reveal the photocurrent-
carrying states [15,16]. Our pump-probe approach is illus-
trated in Fig. 1. The circularly polarized NIR pump pulse
excites carriers from the first to the second TSS of Bi,Ses,
while the s-polarized ultraviolet (UV) probe pulse maps the
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FIG. 1. (a) Spectral function of Bi,Se;: The red arrow indicates
interband transitions between first and second TSSs for resonant
excitation (hv = 1.7 eV) with left or right circularly polarized light.
An s-polarized laser pulse (hv = 4.7 eV, blue arrow) was used to
map the electron distribution. (b) Experimental geometry: Pump and
probe beams come in along I'M at an angle of 45° to record CDAD
patterns in a cone around the surface normal with +15° opening
angle.

(ky, ky)-momentum distribution of photoelectrons onto a po-
sition sensitive detector. The polarization of the probe pulse
is chosen to achieve a uniform photoemission from the ex-
cited states. Patterns of the circular dichroism in the angular
distribution (CDAD) are obtained by subtracting individual
photoelectron intensity maps excited with left and right cir-
cularly polarized pump pulses normalized to the combined
photoelectron intensity,

Iepap = [1(O) = I(O)/(O) + I(O)]. ey

If circularly polarized light incident in the x direction couples
to the spin texture of the TSS during excitation, the CDAD
signal at corresponding (kinetic) energy would be asymmetric
with respect to k, momentum, reflecting a spin-polarized
current in the y direction.

In the present study, we compare energy-selective (k,, ky)
momentum maps recorded by 2PPE with one-step photoemis-
sion calculations. Using circularly polarized pulses with 1.7
and 1.9 eV photon energy, electrons were excited resonantly
and off resonantly from the occupied to the unoccupied TSS of
Bi,Ses [20,22,23]. We find that the dichroic signal originates
from the initial states, i.e., the pump step in 2PPE. Therefore
our results are directly comparable to the measurements of
lateral photocurrents [10,11]. The observed CDAD patterns of
the occupied TSS reflect the crystal symmetry. Evaluating the
asymmetry with respect to k, momentum we observe residual
asymmetries of < 3.5% in our photoemission experiment.
These asymmetries are compatible with photocurrents in the
picoampere range [10,17]. However, contrary to previously
reported results [10] asymmetries in &, and k, directions, i.e.,
photocurrents running parallel or perpendicular to the photon
angular momentum, have the same order of magnitude. In line
with the threefold symmetry of the CDAD patterns, calculated
photoemission maps show negligible asymmetry (< 0.09%).
Only in the energy range where surface and bulk states,
which are neither topologically protected nor a priori spin

polarized, hybridize do we observe patterns indicating lateral
photocurrents in the k, direction.

II. EXPERIMENT

To generate ultrashort infrared pump pulses, an optical
parametric amplifier driven by a regenerative Ti:Sa amplifier
was used. The circular polarization of the pump pulses was
achieved with a quarter-wave plate in combination with a
Soleil-Babinet compensator to precompensate polarization
changes induced by following mirrors and the window of the
vacuum chamber. The probe pulse with a photon energy of
4.7 eV was obtained by frequency tripling of the Ti:Sa funda-
mental. The UV photon energy is not sufficient to overcome
the Bi,Se; work function of 5.61 eV [23], but enough to fully
access the unoccupied TSS. Pump and probe pulses had a
cross correlation of 80 fs. Photoelectrons were analyzed by
an angle-resolving time-of-flight (ToF) spectrometer (Themis,
SPECS GmbH), which allowed for simultaneous recording of
their kinetic energy and parallel momentum (k,, k,) with a
polar acceptance angle of £15°.

BiySe; crystals were grown in sealed quartz ampules
coated with a carbon layer from elementary Bi and Se with
99.999% purity by a vertical variant of the modified Bridgman
method. The resulting ingots consisted of one or several
single-crystalline blocks and were naturally n doped with
carrier concentrations in the range of 10'8-10!" cm™3. The
samples were cleaved at 2 x 10~° mbar and transferred to
our photoemission chamber with a base pressure of 6 X
10~ mbar within less than 2 min. There, the samples were
kept at 100 K throughout the entire measurement. Sample
orientation and surface order were controlled by low-energy
electron diffraction.

III. THEORY

Self-consistent electronic structure calculations were per-
formed within the ab initio framework of spin-density func-
tional theory using Vosko, Wilk, and Nusair parametrization
for the exchange and correlation potential [24]. The electronic
structure was calculated in a fully relativistic way by solv-
ing the corresponding Dirac equation using the relativistic
multiple-scattering formalism in the tight-binding Korringa-
Kohn-Rostocker (KKR) mode [25,26]. The resulting half-
space electronic structure represented by single-site scattering
matrices for the different layers and the corresponding wave
functions for initial- and final-state energies serve as input
quantities for the corresponding photocurrent calculations.
They are based on the fully relativistic one-step model in its
spin-density matrix formulation [27]. This approach allows us
to properly describe the complete spin-polarization vector. We
include a Rundgren-Malmstrom-type surface potential [28]
into the formalism as an additional layer to obtain the correct
description of the energetics and dispersion of all surface-
related features [cf. Fig. 1(a)]. Furthermore, the relative inten-
sities of surface states and resonances are quantitatively ac-
counted for by calculating the corresponding matrix elements
in the surface region [29]. The energy-dependent retarded
KKR Green’s function which represents the initial state has
been calculated for complex energies E, with a constant
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FIG. 2. (a),(d) Sketch of the 2PPE process for resonant (upper row) and off-resonant (lower row) excitation from the first to the second
TSS. Dashed lines indicate the virtual intermediate state. Yellow highlighted rectangles in (a) and (d) mark the energy vs k, range of the
displayed 2PPE maps. (b),(e) 2PPE intensity along £T'K for excitation with unpolarized NIR light and probing with s-polarized UV pulses.
Orange lines mark the expected position of the TSSs. (c),(f) CDAD resulting from excitation with circularly polarized pulses at 1.7 and 1.9 eV
photon energy, respectively. The left and right branches of the first TSS exhibit an asymmetry of up to 60%.

imaginary part V;(E) = 0.004eV, to account for damping
effects due to inelastic scattering events. This way the finite
lifetime of the initial state has been considered. Also in the
final-state calculation many-body effects have been included
phenomenologically by use of a weakly energy-dependent,
complex inner potential [30,31].

IV. RESULTS AND DISCUSSION

Figure 2 comprise 2PPE schemes and intensity maps for
resonant (upper row) and off-resonant (lower row) excitation
from the first to the second TSS. All 2PPE maps show
photoemission perpendicular to the plane of incidence of
the light, i.e., along T-K (%£k,-direction). The 2PPE process
describing resonant excitation is sketched in Fig. 2(a). The
rectangle highlighted in yellow marks the energy vs k, section
depicted in Figs. 2(b) and 2(c) (upper row). Upon excitation
with unpolarized pulses of 1.7 eV photon energy and probing
with s-polarized pulses of 4.7 eV photon energy, the 2PPE

map shows the signature of a single Dirac cone [highlighted
by the orange line in Fig. 2(b)]. Additionally to the TSS, a
strong 2PPE signal is obtained for transitions from the VB to
the second CB overlaying the Dirac point at 0.4 eV kinetic
energy, and a much weaker signal around 0.9 eV correspond-
ing to excitations from the occupied part of the first CB into
the third CB. Detuning the unpolarized NIR pump pulse to
1.9 eV for off-resonant excitation reveals signatures of both
TSSs [Figs. 2(d) and 2(e), lower row]. The 2PPE signal of
the occupied first TSS (initial state) is displaced by 0.2 eV to
higher kinetic energy. The position of the unoccupied second
TSS (intermediate state) remains unchanged compared to
resonant excitation since it only depends on the probe pulse
photon energy. As expected, off-resonant excitation results
in an overall decrease of the 2PPE signal of both TSSs.
These results prove that resonant excitation between the two
topological surface states is possible at 1.7 eV photon energy.
Figures 2(b) and 2(d) show that excitation with unpolarized
light leads to an equal intensity of the left and right k, branch
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FIG. 3. 2PPE and CDAD maps of the first TSS for sections in the (k,, k,) parallel momentum plane at selected kinetic energies Eyi,
indicated by the horizontal lines in Fig. 2. The experimental maps were averaged over an energy range of Ey, £ 15 meV. Upper and middle
row show maps for resonant (hv = 1.7 eV) and off-resonant (hv = 1.9 eV) excitation, respectively. s-polarized probe pulses of 4.7 eV photon
energy were used. The lower row shows patterns obtained from one-step photoemission calculations (see text). Column (a): 2PPE map for
unpolarized excitation. Columns (b) and (c): CDAD patterns extracted below and above the Dirac point (DP) of the first TSS. Column (d):

CDAD pattern observed at the bottom of the first CB.

of the Dirac cone. Even more important, the probe step with
s-polarized UV light does not affect the angular distribution.
Furthermore, previous studies have shown that the final states
for our excitation energy have s-like character [32-35], so
their influence on the circular dichroism should be minimal.
The dichroism observed by 2PPE upon pumping with
circularly polarized light is unaffected by the probe step and
reveals the transient (de)population of the TSSs. CDAD maps,
Eq. (1), for resonant and off-resonant excitation are depicted
in Figs. 2(c) and 2(f), respectively. The opposite branches of
the first TSS, which have opposite spin polarization, exhibit a
strong opposite dichroic contrast of 20-60%. This observation
is similar to the results of Kuroda et al. [15,16] and would
support the hypothesis of the light coupling predominantly
to electrons whose spin corresponds to the photon angular
momentum [10]. For off-resonant excitation the CDAD of
the first occupied TSS remains, but we do not observe a
dichroic contrast for the second unoccupied TSS. Resonant
excitation from the VB and/or ultrafast repopulation of the
unoccupied TSS by electrons excited to the second and third
CBs may diminish the CDAD. However, since photoexcited
holes in the occupied TSS have about 10-100 times longer
lifetime [11] T compared to the photoexcited electrons in the
second TSS [23], the photocurrents will be mainly carried
by holes. In conclusion, the CDAD patterns recorded along
£k, i.e., a single azimuth, would suggest that the previously
observed photocurrents [10,11] in Bi,Se; result from excit-

ing the occupied TSS and are insensitive to the exact NIR
photon energy. These currents could be indeed strongly spin
polarized.

However, to identify the true origin of the circular dichro-
ism it is essential to study the complete CDAD pattern [20].
Figure 3 shows cuts in the (ky, k,) parallel momentum plane
for selected kinetic energies indicated by the horizontal lines
in Fig. 2. Upper and middle rows comprise patterns of the
first TSS recorded for resonant and off-resonant excitation,
respectively. The lower row shows corresponding one-step
photoemission calculations. The two panels in column (a)
of Fig. 3 depict a cut through the upper branch of the TSS
for excitation with unpolarized light. The 2PPE pattern is
fairly isotropic, but shows a small threefold modulation of
the intensity, which is a signature of a weak warping of the
Dirac cone. This small deviation from the circular shape is
also perceivable in the calculations (bottom row) for direct
photoemission with 4.7 eV photon energy from the second
Dirac cone. These calculations assume an isotropic population
of the second TSS (intermediate state) and therefore confirm
that the s-polarized probe pulse does not influence the CDAD
patterns.

The full CDAD maps in Fig. 3 reveal clear threefold
symmetric patterns both at energies below and above the Dirac
point of the first TSS: Below the Dirac point [Fig. 3, col-
umn (b)], a strong threefold pattern can be seen that extends
uniformly over the entire measured k| range. Above the Dirac
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point [Fig. 3, column (c)], a threefold pattern of reversed
orientation shows up at the constant energy surface of the
TSS. Such threefold symmetric patterns, provided they are
perfect, would not lead to a photocurrent, since the dichroic
contribution along any arbitrary in-plane direction k; cancels
with the sum of the by +120° rotated, symmetry-equivalent
components projected along —k; and vice versa. Therefore it
is not sufficient to record helicity-dependent photoemission
signals along a fixed azimuth Xk; to prove the origin of
spin currents. Instead, the threefold patterns reflect the bulk
symmetry, even though the initial state is of surface character.
For off-resonant excitation (middle row) the CDAD signal
from the first, occupied TSS manifests very strong similarities
to the case of resonant excitation (upper row). In contrast,
no distinct features in the energy range that corresponds
to photoelectrons from the second, unoccupied TSS were
observed [cf. Figs. 2(d)-2(f)]. Antisymmetric patterns, the
signature of photocurrents, can only be seen in energy ranges
in which the TSS hybridizes with the bulk bands [Fig. 3,
column (d)]. In all cases the CDAD results from excitation
of the initial states by the pump pulse. This is corroborated
by time-resolved measurements (see Supplemental Material
[36]): CDAD is only observed when pump and probe pulses
overlap. It vanishes at pump-probe delays exceeding the 80-fs
cross correlation, when the 2PPE signal is dominated by the
intermediate state [37].

As is evident from closer inspection of Fig. 3 the measured
CDAD patterns are not perfectly threefold symmetric and
these deviations can support currents. To relate our photoe-
mission data to transport measurements, we estimated the
photocurrent density j(k,) along k,, i.e., perpendicular to the
incoming laser beam, via the helicity-dependent asymmetry
A(ky),

Zku Icpap(K)p) cos ¢y,

ZkH COS @,
](ky) = nexevA(ky)- (2)

A(ky) =

ok, = Lky Ky,

The cos ¢, projects the momentum k| onto the k, direction,
which accounts for the projection of the group velocity v
of the carriers onto the y direction. From the two measured
CDAD patterns of the Dirac cone [Figs. 3(b) and 3(c)] we
derive maximal asymmetries A(k,) = 3.5%, while those in
k, are somewhat smaller, A(k,) = 1.8%. In the range where
the TSS hybridizes with the bulk bands the asymmetry is
more pronounced [A(ky) =5.6% vs A(ky) =0.5%], as is
also obvious from Fig. 3(d).

In the following, we present an estimation of the pho-
tocurrent resulting from the residual asymmetry, based on
upper limits for the total density of excited carriers and
for the photohole lifetimes. Furthermore, we take it as read
that the slope of the Dirac cone is constant fiv ~ 3.2eV A
(cf. Fig. 2). As an upper limit we assume that 1% of the
electrons in the occupied Dirac cone n ~ 2 x 10'3 cm ™2 are
photoexcited by the pump pulse ., = 0.01x. This yields total
surface-photocurrent densities of j = 2-3 x 10> ecm™'fs~!.
The typical lifetimes of photoexcited carriers in the TSS close
to the Fermi level, i.e., the momentum-dependent population
decay times, are in the order of 1 ps [16,22,38], leading to
around 103 excited electrons/cm per laser pulse. Finally, with

a laser repetition rate of 300 kHz and spot diameter of 200 um
we estimate a photocurrent of 108 e/s, which corresponds
to 10 pA. We note that the pump-pulse intensity and its
average power (< 100mW) in our photoemission experi-
ment are comparable to those used in reported photocurrent
measurements [10,11,17]. Therefore, the asymmetry of the
measured CDAD patterns is compatible with the reported
picoampere photocurrents. Our time-resolved measurements
show that the CDAD patterns in the excited states persists for
more than 50 fs (cf. the Supplemental Material [36]), making
the estimated photocurrent still on the order of a picoampere
and therefore comparable to the currents observed by Mclver
et al. [10], especially if we assume slightly higher excitation
densities.

Generally, the circular dichroism from TIs stems from
the complex interplay between the involved initial, interme-
diate, and final states [32]. To further test the influence of
the intermediate state, we compare our results to one-step
photoemission calculations with the combined photon energy
of 6.4 eV. This corresponds to a direct transition from initial
to final states. The obtained theoretical predictions for CDAD
patterns are compiled in the bottom row of Fig. 3. We find very
good agreement for photoemission from the lower and upper
branch of the first TSS, which supports our hypothesis that the
recorded CDAD patterns reflect the coupling of the circularly
polarized photons to the orbital symmetry of the occupied
TSS. However, the calculations are not able to reproduce the
asymmetric patterns we observe close to the Fermi level. This
indicates that these patterns include the complicated physical
nature of the intermediate state. This state in principle must be
described by the two-time dependent lesser Green’s function
and not by the much simpler retarded Green’s function which
is typically used in a one-step photoemission calculation [39].
Note that the lifetime of excited electrons in the intermediate
state is only t ~ 70fs (see Ref. [23] and the Supplemental
Material [36]) and photocurrents are dominated by holes
generated in the initial state. The calculated dichroism patterns
show very small asymmetries of 0.09% and 0.02% projected
onto the k, and k, direction, respectively. We attribute these
to residuals from numerical discretization unavoidable in
quantitative calculations rather than to an intrinsic property
of the CDAD. This suggests that the experimentally deter-
mined asymmetries equally stem from small experimental
errors. This can also explain the observed asymmetries along
the plane of incidence of the light, which are in principle
symmetry forbidden. As our experiments are performed under
UHYV conditions and we do not observe surface band bending
[40], we cannot exclude Rashba surface states as the source of
photocurrents observed under ambient conditions. However,
we want to emphasize that our measurements exclude the
TSSs as the primary source.

V. CONCLUSION

In conclusion, the circular dichroism we observe for the
TSSs of Bi,Ses; stems from coupling of the circularly po-
larized light of 1.7 and 1.9 eV photon energy to the initial
states. Neither the intermediate TSS nor the final states or
the s-polarized probe photons influence these patterns. The
CDAD patterns therefore reflect the excitation patterns of
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Bi;Se; with circularly polarized light. The CDAD patterns
we observe from the occupied Dirac cone show threefold
rotational symmetry and are insensitive to the exact excitation
energy. We measure asymmetries of below 3.5%. From this,
we can estimate surface photocurrents in the picoampere
range, which are in agreement with previously reported pho-
tocurrents. This is mutually reinforcing, since both the estima-
tion of macroscopic currents from 2PPE and the pinpointing
of current origins from transport measurements are rather
involved. Based on the excellent agreement between mea-
sured dichroism patterns of the occupied Dirac cone and one-
step photoemission calculations, we conclude that helicity-
dependent photocurrents do not reflect an intrinsic property
of the topological surface state of BiySe;. Furthermore, we
emphasize that the threefold symmetrical excitation patterns
in the energy range of the TSS can only be observed by
recording the full parallel momentum range, while cuts along
a single k;; direction are misleading. Indeed for a threefold
symmetric pattern a £k, asymmetry can be expected. How-
ever, a current along -k, is canceled by the projection of
the two threefold-symmetry-equivalent components onto the

—k, direction. We only observe an antisymmetric twofold
excitation pattern at the CB bottom, where the TSS hybridizes
with bulk states. Since these states are not symmetry pro-
tected they carry photocurrents which are a priori not spin
polarized.
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