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1 Exposé

1.1 Introduction
In this thesis, the transport properties of a special phase of condensed matter - the so
called topological insulator - are investigated. Like an ordinary insulator, a topological
insulator has a bulk energy gap separating the highest occupied electronic band from
the lowest unoccupied band. In contrast to a trivial insulator, the bulk band gap of the
topological insulator is closed by boundary states leading to a conducting state at the
surface.
Topological insulators are based on a fundamental connection between the insulating bulk
and conducting surface states. The so-called bulk-boundary correspondence relates the
conducting surface states to the non-trivial topology of the bulk bands, which explains
the robustness of the surface states against imperfections [1–4]. Depending on the
spatial dimensionality and symmetry of the system, various different types of topological
insulators can arise [5]. Here, we focus on three-dimensional topological insulators with
time-reversal symmetry. This material class was predicted in 2006 [6–8]. The name
“topological insulator” was coined by Moore and Balents [7] and the connection between
the bulk topology and the existence of conducting surface states was established by Fu,
Kane and Mele [6]. After the theoretical prediction, Bi1−xSbx was discovered as the
first three-dimensional topological insulator, followed by the discovery of the "second
generation" of three-dimensional topological insulators consisting of Bi2Se3, Bi2Te3 and
Sb2Te3 [9–11].
A topological insulator is distinguished from a trivial insulator by non-zero values of
topological invariants that are assigned to the bulk bands. The materials used in this
thesis belong to the second generation of three-dimensional topological insulators, which
are characterized by a Z2 invariant ν0 [6]. For ν0 = 1, the bulk bands possess a non-
trivial topology. This implies, in the simplest case, that the conducting surface states
form a single Dirac cone in the two-dimensional surface Brillouin zone. Consequently,
the surface states have a linear dispersion like massless Dirac fermions. They are also
helical, i.e., electrons with opposite momenta have opposite spins. In addition, the
surface states are Kramers degenerate at a time-reversal invariant momentum k ≡ −k
(modulo a reciprocal lattice vector). The point where Kramers degeneracy is enforced is
called Dirac point. This results from the time-reversal symmetry according to which the
surface states must appear in Kramers pairs at momentum k and −k with opposite spins.
Thus, backscattering from k to −k is forbidden, provided that no time-reversal-breaking
perturbations are introduced in the system and the bulk energy gap does not close. The
surface states are therefore called topologically protected.
In real materials, the surface states can be probed experimentally by scanning tunneling
microscopy. In this way, the linear dispersion relation and the suppressed backscattering
of the surface states can be detected [12–14]. Topological insulator materials can also
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Figure 1.1: (a,b) ARPES measurements of the surface electronic band dispersion on Bi2Se3 (111)
are displayed. The electron dispersion data measured near the Γ-point along the (a) Γ–M and
(b) Γ–K momentum-space cuts are shown. Adapted from [11]. (c) The spin-polarized current
due to the circular photogalvanic effect.

be identified by measuring their band structure through angle-resolved photoelectron
spectroscopy (ARPES) [11, 15–17]. An example of the obtained band structure for
Bi2Se3 (111), which is used for the nanowires in this thesis, is provided in Fig. 1.1. The
crossing of the surface states forming the Dirac point at the Γ point and the linear
dispersion close to the Dirac point within the bulk band gap of 300 meV are visible [11].
The spin orientation of the surface states can be verified by using spin-resolved ARPES
[15], by discussing the circular dichroism [18], or by using ultrafast laser spectroscopy to
measure the magneto-optical Kerr rotation [19, 20].
The intense attention brought towards topological insulators is based on the helical
surface states and their protection against elastic backscattering. Due to the spin-
momentum locking, every charge current flowing at the surface is spin-polarized. This
makes topological insulators a promising material class for the field of spintronics.
Exciting photocurrents at the surface of a topological insulator is one of the possibilities to
generate and control spin-polarized currents. This was first demonstrated experimentally
by McIver et al. [21] for Bi2Se3 at room temperature. They detected a sign change in
the photocurrent depending on the helicity of the excitation light. This observation can
be explained with the circular photogalvanic effect (CPGE), which was predicted by
Ivchenko, Pikus [22], and Belinicher [23] and first observed in GaAs/AlGaAs quantum
wells by Ganichev et al. [24, 25]. This effect denotes the process in which illumination
of a material with circular-polarized light generates an asymmetric carrier population in
the k-space which causes a spin-polarized current flow. When a topological insulator is
illuminated with circular-polarized light, the light couples to spins which are aligned or
antialigned to the wave vector of the light depending on the polarization of the light
[26]. For the polarization chosen in Fig. 1.1(c), electrons with a spin component parallel
to the wave vector (+ky, red) are transferred to higher energies in the band structure.
The electrons with a spin component in −ky-direction (blue) are generally not excited
and thus, dominate the surface state population. This asymmetric population causes a
spin-polarized charge current, see Fig. 1.1(c). Changing the helicity of the laser light
inverts the direction of the current flow.

2



1.1 Introduction

The CPGE has been exploited in a variety of photocurrent measurements on three-
dimensional topological insulators, which differ by the excitation wavelength, pulse rate
and choice of material [27–31]. Kastl et al. [27], for example, used ultrafast laser pulses
within the visible range to separate the helicity-dependent photocurrents at the surface
from the polarization-independent photocurrents on a picosecond time scale. They
demonstrated that the direction of the spin-polarized currents is helicity-dependent.
Okada et al. [28] used laser light with a wavelength in the near infrared regime for their
photocurrent experiments on a series of (Bi1−xSbx)2 Te3. Here, the parameter x defines
the position of the Fermi energy with respect to the Dirac point. They observed that
the CPGE increases when the Fermi energy is close to the Dirac point. Braun et al. [30]
used femtosecond laser pulses to generate terahertz radiation by illuminating Bi2Se3.
They discovered, that the helicity-dependent photocurrent is dominated by an ultrafast
charge transfer along the Se–Bi bonds.
In this thesis, we investigate the spatial distribution of the photocurrent by scanning
large areas of the sample surface with a small laser spot and measuring the induced
photocurrent at each laser spot position. In this way, the influence of the substrate, the
contacts, and the edges of the topological insulator on the spin-polarized current can be
deduced from the experimental data. Our measurement setup is introduced in Sec. 1.2.
Two types of samples are investigated. Namely, Bi2Se3 nanowires and (Bi0.57Sb0.43)2 Te3
Hall bar devices. These devices differ by their topological insulator material and their
physical dimensions.
Most of the measurements reported so far use ultrathin topological-insulator crystals
or grown thin films. Although their thickness can be 8 nm or larger, their width, even
when structured into Hall bar devices, is in the micrometer range. For nanowires, the
surface-to-volume ratio is significantly larger. This enhances the contribution of the
surface states to the photocurrent relative to the bulk contribution. Thus, the main
focus in this thesis is the generation of spin-polarized currents in topological nanowires.
To actually obtain the spin-polarized current from the photocurrent data, it has to be
separated from other current contributions, like the thermoelectric current, by exploiting
the polarization of the excitation beam. This is discussed in detail in Sec. 1.3. In
this way, we can demonstrate for the first time the generation and optical control of
spin-polarized currents in Bi2Se3 nanowires (see article I).
At the interface between the metallic contacts and the topological nanowire, we observe
a strong enhancement of the spin-polarized current as well as the thermoelectric current
(see article II). This phenomenon is reproduced for various different nanowires and
contact geometries in Sec. 1.4. A similar enhancement of the spin-polarized current
is observed at the edges of the Hall bar devices (see article III). We find that the
enhancement of the thermoelectric current can be explained with the Schottky effect
(see Sec. 1.5). The enhancement of the spin-polarized current, on the other hand, is
correlated with the spatial distribution of the thermoelectric current. Differences in the
spatial distribution indicate the occurrence of temperature gradients which cause spin-
dependent deflections of the surface electrons via the spin Nernst effect (see Sec. 1.6).
In total, our results show that the spatial distribution of both current contributions
- the spin-polarized and the thermoelectric current - are necessary to gain a deeper
understanding of the generation of spin-polarized currents in topological insulators.
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1 Exposé

1.2 Measurement setup and technique

This section describes the samples and the experimental setup for the photocurrent mea-
surements. The measurements are done on either Bi2Se3 nanowires or (Bi0.57Sb0.43)2 Te3
Hall bar devices. A representative microscope image of each sample is displayed in
Fig. 1.2.
The Bi2Se3 nanowires are grown by the gold-nanoparticle-assisted catalytic vapor liquid
solid method. Further information on the fabrication of the nanowire and various
transport measurements which indicate the existence of topologically-protected surface
states can be found in refs. [32, 33]. The (Bi0.57Sb0.43)2 Te3 thin films are grown using
molecular-beam epitaxy. Afterwards, they are structured into Hall bar devices by using
optical lithography and Ar+dry etching [34]. The ratio of bismuth and antimony defines
the relative position of the Fermi level compared to the Dirac point in the band gap [35].
The doping of the topological layer changes from n-doped to p-doped when the antimony
content increases from 0% to 100%. At around 43% of antimony, the Fermi level crosses
the Dirac point and the compensation point is reached. Hence, the topological insulator
that is used for the Hall bar devices in this thesis is intrinsic [34, 36]. In this way, the bulk
charge-carrier concentration is reduced to 2 · 1020 cm−3, while the carrier concentration
of the surface states is on the order of 3 · 1013 cm−2 [34, 35, 37].
The setup displayed in Fig. 1.3 is used for the photocurrent measurements on the Hall bar
and nanowire devices. It consists of an optical part, which generates the photocurrent
j (α) at a controlled position on the sample and an electrical detection part. The light
source is a cw diode laser with a wavelength λ = 785 nm modulated at f = 77 Hz by a
square-function generator. The corresponding photon energy Ephoton = 1.55 eV is larger
than the bulk band gap. Thus, transitions from the surface states to the bulk states and
from the valence band to the conduction band in the bulk are possible. The possible
transitions between the bulk bands do not contribute to the spin-polarized current, since
the associated states do not possess a linear dispersion. The CPGE is exclusively driven
by the depopulation of the surface states.
After leaving the diode laser, the laser beam passes a half-wave plate (HWP) to control
the laser power and two lenses, which form a Kepler telescope to minimize the diver-
gence of the laser beam. Afterwards, the laser beam is guided through a linear polarizer
combined with a rotatable quarter-wave plate (QWP) for polarization control before

10µm

150µm(a) (b)

Figure 1.2: Microscope image of (a) a Bi2Se3 nanowire on Si/SiO substrate (gray areas) with
two gold contacts (yellow areas) placed on top of the nanowire and (b) a (Bi0.57Sb0.43)2 Te3 Hall
bar device on Si (111) (dark gray areas) with gold contacts (yellow areas) on top. Adapted from
articles II and III, Sec. 3.3 and Sec. 3.4.
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1.2 Measurement setup and technique

Figure 1.3: The experimental setup with its optical (picture) and electric (sketched on top of
the picture) components. The various colors mark the different recorded parameters of the
measurement and the path of the laser light.

impinging on the sample surface at an angle of incidence of θ = 45◦. The power density
on the sample surface is Plinear ≈ 200 W/cm−2. The QWP is characterized before and
after every measurement, which allows us to identify the polarization of the laser light by
measuring the rotation angle α of the QWP during the photocurrent experiment. The
QWP is characterized by placing it between two linear polarizers and measuring the laser
power behind the second polarizer. The linear polarizers are arranged in such a way that
their transmission axes are perpendicular to each other. Consequently, the measured
power is zero when the QWP generates linear polarized light with an oscillation plane
perpendicular to the transmission axis of the second linear polarizer. This is the case
for α = n · 90◦ (see Fig. 1.4) with integer n. The QWP emits circular polarized light
when the laser power reaches its maximum at an angle of α = 45◦ + n · 90◦. Taking into
account the position of the fast axis on the QWP, left- and right-circular polarized light
is generated at the angles specified in Fig. 1.4.
The laser light is focused to a spot size of 2.90(8)µm× 3.40(12)µm (full width at half
maximum (FWHM) along the horizontal and the vertical direction) on the sample
surface. The exact spot size in each measurement differs by less than 1µm for every
measurement on a different sample. This is due to the elliptical shape of the laser
spot on the sample surface and the orientation of the edge chosen for the knife-edge
method [38] to determine the spot size. When the orientation of the edge changes, the
orientation and size of the two measured laser spot axes changes, while the shape of the
ellipse remains constant.
After the laser light impinges on the sample, the reflected intensity Iref(α) is collimated
by a second objective. The laser light is either recorded by a CCD camera or reflected
by a flip mirror and recorded by a photodiode. The later case is sketched in Fig. 1.3.
The CCD camera, in combination with a lamp which illuminates the sample surface,
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Figure 1.4: Characterization of the quarter-wave plate (QWP). The arrows on top indicate the
polarization of the laser light behind the QWP. Adapted from article I, sec 3.2.
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Figure 1.5: (a) The photovoltage v (α) measured on the nanowire at position 1 in Fig. 1.5(b).
(b) Reflectivity map with the outline of the contacts (orange lines) and the nanowire (black line).
The yellow cross marks the position where the photovoltage v (α) in Fig. 1.5(a) is measured.
Adapted from article I, sec 3.2.

enables the observation of the laser spot and a small area of the sample at the same time.
Thus, the position of the laser spot can be monitored while the laser spot is moved to
the starting point of the scans via the two step motors attached to the sample holder
(see Fig. 1.3). During the photocurrent measurements, the photodiode is used to detect
the reflected intensity Iref (α) simultaneously with the photocurrent j (α). This allows
us to distinguish areas with different refractive indices like the gold contact from the
silicon substrate in Fig. 1.5(b).
The photocurrent j (α) of the sample and the reflected intensity Iref (α) are detected with
lock-in amplifiers, which are based on the phase-sensitive detection of an ac-signal. The
periodically-generated photocurrent j (α) is measured with the frequency of the function
generator f = 77 Hz as the reference frequency, which increases the signal to noise ratio.
Depending on which lock-in amplifier input is used, either a photocurrent j(α) or a
photovoltage v(α) is detected. We observed that the quality of our measurements is
unaffected by the choice of the lock-in amplifier input. In the following, we will show
representative results for both the photocurrent and photovoltage measurements.
The measured photocurrent j (α) is mapped to the polarization state of the excitation
light via the QWP’s rotational angle α at a fixed position (m, n). The QWP is rotated
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1.3 Photocurrent contributions

at every laser spot position (m, n) from α = 0◦ to 360◦ with a step size of ∆α = 6◦.
This generates a set of 60 values for each position (m, n), as presented in Fig. 1.5(a),
as well as 60 values for the reflected intensity Iref (α). The spatially-resolved maps of
the reflected intensity and photocurrent are obtained by moving the laser vertically
and horizontally across the sample with the step motors in a defined area. The laser
spot positions (m, n) are arranged in a equidistant grid. For the nanowire samples, the
distance in the vertical and horizontal direction is ∆m = ∆n = 1µm.
The reflected intensity is mapped to the position of the laser spot by taking one value
for α = 0◦. In this way, the reflected intensity can be displayed as a two-dimensional
map to reveal the positions of the gold contacts, topological insulator, and the silicon
substrate as shown in Fig. 1.5(b).
For the analysis of the photocurrent, it is necessary to identify its individual contribu-
tions. The different contributions are determined via their polarization-dependence at
every laser spot position. The results are then summarized in the two-dimensional maps.
The different photocurrent contributions are discussed in the next section.

1.3 Photocurrent contributions
The photocurrent can be described phenomenologically via a taylor expansion in the
power of the electric field ~E (ω, ~q) of the excitation beam at the frequency ω and the
photon momentum ~q inside the material [25]. The electric field is assumed to be a plane
wave ~E (~r, t) = ~E (ω, ~q) exp (−iωt+ i~q~r) + ~E∗ (ω, ~q) exp (+iωt− i~q~r). In the following,
the amplitude ~E (ω, ~q) is written as Eµ. The lowest non-vanishing order of the expansion
yields the DC current density jλ described by [25, 39]

jλ = σλµνEµE
∗
ν

= χλµνEµE
∗
ν + TλδµνqδEµE∗

ν + c.c. ,
(1.1)

where summation over repeated indices λ, µ, ν, δ is implied. The index λ can be the
x- or y-direction on the sample surface and the indices µ and ν run over the cartesian
coordinates x, y, and z. σλµν is the third-rank photocurrent conductivity tensor. χλµν
and Tλδµν are third-rank and fourth-rank tensors. The first term in Eq. (1.1) describes
the photogalvanic effect and the second term describes the photon drag effect. The
latter depends on the photon momentum, while the first one does not. Both effects can
be expanded further into a circular and a linear contribution by splitting the tensors into
real and imaginary parts. The resulting expressions can be found in refs. [39, 40]. Due to
symmetry restrictions, the photogalvanic effect can only occur in non-centrosymmetric
materials. Thus, it occurs on the surface of Bi2Se3 and (Bi0.57Sb0.43)2 Te3 but not in
the bulk [29]. The photon drag effect occurs both in the bulk and on the surface.
Taking into account the crystal symmetry of the sample surface and the polarization of
the excitation beam as a function of the angle α, the photocurrent can be described
phenomenologically by [21, 41]

j (α) = C sin(2α) + L1 sin(4α) + L2 cos(4α) +D . (1.2)

The parameters C, L1, L2, and D are the amplitudes of different current contributions.
In Bi2Se3, this functional dependence was first observed by McIver et al..
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Figure 1.6: (a) The photovoltage v (α) (black squares) measured on the nanowire at position 1
in Fig. 1.5(b). The data is fitted to Eq. (1.2). (b) The values for C, L1 , L2, and D and their
uncertainties from the fit are displayed as a bar chart. Adapted from article I, sec 3.2.

The first term C sin(2α) of Eq. (1.2) modulates the difference in the photocurrent for left-
and right-circular polarized light and is zero if the excitation light is linear polarized. The
amplitude C is half the difference between the photovoltages for opposite helicities (see
Fig. 1.6(a)). The first term is the only one in Eq. (1.2) that is influenced by the helicity
of the circular polarized light. The physical mechanism that generates the helicity-
dependent photocurrent is still under discussion. One candidate for this mechanism is
the circular photogalvanic effect, as suggested by photocurrent measurements on Bi2Se3
crystals by McIver et al. [21]. A second candidate is the so called circular photon drag
effect (CPDE). This effect has been observed by Shalygin et al. [42] in (110)-grown
quantum wells. The difference between these two effects will be discussed in Sec. 1.3.1.
The second term L1 sin(4α) and the third term L2 cos(4α) have the same frequency but
are phase shifted. The second term is zero for linear- and circular-polarized light and
reaches its extremal values for elliptic polarized light. The third term, on the other
hand, reaches its extremal values for linear- and circular-polarized light and is zero for
elliptic polarized light. Both current contributions are not spin-polarized and can arise
from the linear photogalvanic effect and the linear photon drag effect [21, 43, 44]. Both
contributions will not be addressed in the following, since the focus of this thesis is the
generation and detection of spin-polarized currents.
The last termD in Eq. (1.2) is independent of the polarization. Hence, every polarization-
independent absorption effect like the polarization-independent photogalvanic and photon
drag effect can contribute to it. In addition, the laser light locally heats the sample,
since the laser spot is smaller than the distance between the gold contacts. This creates
a net temperature gradient that changes its direction and magnitude as the laser spot is
moved across the sample surface. This temperature gradient generates a thermoelectric
current, due to the Seebeck effect, which can also contribute to the parameter D. The
physical origin of this parameter will be discussed in Sec. 1.3.2.
In the following, Eq. (1.2) is used as a fit function to determine the four parameter
C, L1, L2, and D for each photocurrent measurement at every laser spot position (m,
n) of the grid. One example for the measured photocurrent (black squares) and the
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Figure 1.7: Band structure of a two-dimensional topological insulator. (a) The edge states are
symmetrically populated. Thus, only spin currents but no charge currents flow along the edges.
(b) Spin-up electrons are depopulated through absorption of circular-polarized light (red arrow).
The asymmetrically-populated edge states generate a net spin-polarized charge current. (c)
The asymmetric population of the Dirac cone for a three-dimensional topological insulator is
depicted. The propagation direction (blue arrow) of the electrons remaining in the Dirac cone
is depicted on a simplified sample (gray cuboid). (d) The map shows the spatially resolved
amplitude C of the spin-polarized current. The vertical contour plot shows the values of C along
the nanowire (dark green line) and the horizontal contour plots (violet, grey, pink, and light
green lines) perpendicular to the nanowire. Adapted from article I, sec 3.2.

resulting fit function (red line) is provided in Fig. 1.6(a). The fit function (1.2) is in
good agreement with the data. The values of the four parameters and their uncertainties
are displayed in a bar chart in Fig. 1.6(b), showing that the parameter D is roughly
one order of magnitude larger than L1 and L2 and roughly two orders of magnitude
larger than the parameter C. The values for C, L1, L2, and D are then summarized for
the whole measured area by displaying them as two-dimensional maps. An exemplary
two-dimensional map of C is displayed in Fig. 1.7(d). The two axes represent the
horizontal and vertical positions of the laser spot and the color indicates the sign and
the value of the displayed amplitude. The focus of this thesis are the results for the
parameter C, which is related to the spin-polarized current, and the amplitude D, which
is polarization independent.

1.3.1 The spin-polarized current

There are several effects based on photon absorption, which generate polarization-
dependent photocurrents. Here, we focus on two types of effects, which generate
spin-polarized currents. Both effects are based on the absorption of circular polarized
light, hence the word “circular” is added to their title. One effect cited as a possible
origin for helicity-dependent photocurrents is the circular photon drag effect (CPDE),
which represents an electrical current arising due to a simultaneous transfer of linear and
angular momentum from the excitation photons to the free charge carriers in the solid
[45–47]. A second effect is the circular photogalvanic effect (CPGE). This effect is based
on an asymmetric population of the electrons in k-space, which causes a spin-polarized
charge current. The asymmetric population is caused by interband transitions where the
photon energy is absorbed according to the optical selection rules. The two effects differ
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by their responses under inversion of the photon momentum ~q. If the helicity-dependent
term changes its sign when the sample is illuminated from the front and the back (i.e.
~q → −~q), the CPDE is the orgin of the first term in Eq. (1.2). If the sign remains
unchanged, the CPGE is the cause of the contribution. In our setup, we can attribute
the first term in Eq. (1.2) to the CPGE as in refs. [21, 31] so that the amount of
spin-polarized current generated in the samples is determined by the parameter C.
The CPGE is well-known in semiconductors with lifted spin-degeneracy [24, 25]. In
quantum wells, the asymmetric scattering of the charge electrons causes the asymmetric
population. At the surface of a topological insulator, the spin-momentum locking
forbids electron scattering between electrons with opposite spin orientations. But the
spin-momentum locking opens up another way to generate spin-polarized currents based
on the CPGE, as demonstrated in Fig. 1.7(a) and (b) for a two-dimensional topological
insulator. When the topological insulator is not illuminated, the edge states are equally
filled up to the Fermi energy for the two spin orientations (see Fig. 1.7(a)). Since the spin
orientation is locked to the electron momentum, electrons with opposite spin propagate
in opposite directions along the edges. Hence, there is no net charge transfer along the
edges. Only a pure spin current flows along the edges. When the topological insulator
is illuminated with circular polarized light, electrons are excited out of the edge states
if the transition fulfills the optical selection rules. The helicity determines whether
spin-up or spin-down electrons are excited. In the example in Fig. 1.7(b), left-circular
polarized light excites spin-up electrons, which creates an asymmetric population of the
edge states. Thus, the two counterpropagating spin currents at the edges transport an
unequal amount of charge carriers, creating in total a spin-polarized charge current. For
right-circular polarized light, the spin-polarized charge current flows in the opposite
direction.
The Bi2Se3 nanowires and the (Bi0.57Sb0.43)2 Te3 Hall bar devices used in this thesis
are three-dimensional topological insulators, since their thickness and width are larger
than the hybridization limit for the surface states [48]. Even though the surface states
are now two-dimensional and form a Dirac cone, spin-momentum locking still allows for
the generation of spin-polarized charge currents. What changes is that the propagation
direction of the excitation light now also influences the direction of the spin-polarized
charge current. When left- (right-) circular polarized light illuminates the topological
insulator, the electrons with a spin component parallel (antiparallel) to the incoming laser
light are excited (see Fig. 1.7(c)). This creates an asymmetric population of the surface
states, which generates a spin-polarized charge current propagating perpendicular to
the plane of incidence. Changing the helicity of the circular-polarized light reverses the
propagation direction of the spin-polarized current, as before. This reversal is encoded
into the parameter C, since C is the difference between the photocurrent for left- and
right-circular polarized light divided by two. Therefore, we expect that C has the same
values at each nanowire position in our measurements.
The results for C derived from one measurement on a Bi2Se3 nanowire with a contact
spacing of 14µm are shown in Fig. 1.7(d). Here, the gold contacts are displayed in light
orange. The size and the position of the gold contacts with respect to the nanowire are
determined by comparing a microscope image of the sample with the reflected intensity
in Fig. 1.6(b). The position of the nanowire, marked by a black line in Fig. 1.7(d), is
identified in the same manner. In the middle of the nanowire, the amplitude C is negative
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1.3 Photocurrent contributions

and approximately constant, as we expected. When the laser spot is moved closer to the
contacts, C changes its sign and increases rapidly. The contour plot along the vertical
dark green line confirms that the spin-polarized currents change significantly in the
vicinity of the contacts. Far away from the contacts, C reaches its largest value when
the nanowire is directly illuminated, as the contour plots perpendicular to the nanowire
demonstrate. When the center of the laser spot is moved away from the nanowire along
the horizontal direction, the voltage C drops to zero, because the topologically trivial
silicon substrate does not generate spin-polarized currents. Non-zero values of C are only
possible when the Bi2Se3 nanowire is illuminated. Therefore, spin-polarized currents are
optically generated when the nanowire is illuminated. The impact of the gold contacts
on the spin-polarized currents will be discussed in more detail in Sec. 1.6.

1.3.2 The thermoelectric current

All the effects discussed so far are based on optical transitions in the band structure.
They depend on the optical selection rules and are thus represented by the polarization-
dependent terms in Eq. (1.2). In addition to optical transitions, also thermoelectric
effects contribute to the measured photocurrent, since the laser spot is smaller than the
dimensions of the contact spacing for the nanowires and the Hall bar structure. The
samples are heated unevenly along the lateral direction, which generates temperature
gradients on the sample surface. This causes a thermovoltage based on the Seebeck
effect which contributes to the polarization-independent parameter D in Eq. (1.2).
The Seebeck effect is named after Thomas Johann Seebeck based on his experiments in
1821 [49] and the additional explanation of Hans Christian Ørsted, who coined the term
“thermoelectricity” [50]. Phenomenologically, the Seebeck effect describes the generation
of a voltage difference ∆V across a conductor or semiconductor due to the diffusion of
charge carriers along the temperature gradient ∆T = Thot − Tcold, since the mobility of
the electrons at the heated position is higher than the mobility of the colder electrons.
In the open-circuit condition, the charge carriers will accumulate in the cold region,
resulting in the formation of an electric potential difference. The equilibrium state is
reached when the charge movement is compensated by an internal electric field. The
sign of the potential differs depending on whether electrons or holes are the majority
charge carriers. The Seebeck coefficient S describes the magnitude of the Seebeck effect.
For small temperature changes, it is given by [51, 52]

S = ∆V
∆T . (1.3)

The Seebeck coefficient of a specific material is usually determined by forming a thermo-
couple with a second material with a known Seebeck coefficient.
In the following, we consider a thermocouple, which consists of two materials A and B
with different Seebeck coefficients SA and SB as in Fig. 1.8(a). The two materials are in
electrical and thermal contact and a voltmeter is used to measure the thermovoltage. The
temperature gradient is created by heating one junction. Specifically, the temperature
T2 of the second junction is higher than the temperature T1 of the first junction. The
voltmeter has a third temperature TV . Applying Eq. (1.3) to the three sections of the
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Figure 1.8: (a) Sketch of a thermocouple which mimics the device formed by the nanowire and
the two contacts. (b) The map shows the parameter D which is related to the thermovoltage.
The vertical contour plot in the right inset shows the parameter D along the nanowire and the
horizontal contour perpendicular to the nanowire. The gold contacts are again marked by light
orange shapes. The drain (source) electrode is at the top (bottom). Adapted from article I,
sec 3.2.

closed circuit in Fig. 1.8(a), leads to

Φ2 − Φ∗
2 = −SB (T2 − TV )

Φ2 − Φ1 = −SA (T2 − T1)
Φ∗

1 − Φ1 = −SB (TV − T1) ,
(1.4)

where Φi and Φ∗
j with i, j = 1, 2 are the potentials at positions indicated in Fig. 1.8(a).

Based on Eq. (1.4), we get the net voltage

V = Φ∗
2 − Φ∗

1 = (SB − SA) (T2 − T1) (1.5)

detected by the voltmeter. In our measurement geometry for the nanowire devices, we
expect that the thermovoltage contributes exclusively to the polarization-independent
parameter D. For simplicity, we omit the 5 nm thick chromium interlayer and treat the
contacts as a pure gold layer. The thermovoltage for the nanowire devices can then be
written as

V = VD − VS = (SAu − STI)(TD − TS) , (1.6)

where SAu is the Seebeck coefficient of the gold contact, STI is the nanowire Seebeck
coefficient, TD is the drain temperature (ground electrode), and TS is the source tem-
perature (minus pole). We have SAu − STI > 0 in Eq. (1.6), since SAu = 1.94µV/K at
300 K and STI ≈ −100µV/K at 300 K [33]. When the drain electrode is illuminated,
we get TD > TS which results in a positive thermovoltage V according to Eq. (1.6).
Illuminating the source electrode reverses the sign of the voltage.
In the following, we compare Eq. (1.6) with the spatial dependence of the parameter D.
The experimental results for D are shown in Fig. 1.8(b). We observe that D changes
its sign from positive at the top electrode (drain electrode) to negative at the lower
electrode (source electrode). This is in good agreement with Eq. (1.6), as we now explain.
Qualitatively, the laser light heats the sample locally. Hence, two temperature gradients
with opposite signs are generated which point from the laser-spot position towards the
two colder contacts. These temperature gradients add up to a net temperature gradient.
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1.3 Photocurrent contributions

If the laser spot is closer to one contact than to the other one, the magnitude of the
temperature gradients differ. Therefore, the position of the laser spot with respect to
the contacts determines the magnitude of the net temperature gradient and the size and
sign of the thermovoltage according to Eq. (1.6). When the laser spot is in the center
between the contacts, the two temperature gradients cancel and the thermovoltage
vanishes. The zero crossing occurs at the vertical position of 13µm in Fig. 1.8(b) in the
contour plot along the nanowire (green line).
The contour plots perpendicular to the nanowire (in purple, gray and pink) reveal that
the highest values of D are reached when the center of the laser spot matches the
horizontal position of the nanowire at 13µm. If the laser spot is moved away from the
nanowire along the horizontal direction, the values decrease. This means the silicon
substrate does not contribute to the parameter D.
In summary, the polarization-independent parameter D results from the Seebeck effect.
Possible contributions of the polarization-independent photon drag and photogalvanic
effect appear to be negligible. Because of this, we assume that the direction and magni-
tude of the net temperature gradient at every laser spot position is encoded in the color
map of D. By comparing the two-dimensional maps of C and D, we can connect the
spin-polarized currents with the temperature distribution of the nanowire.
As before with C, we observe an enhancement of the thermovoltage D when the gold
contacts and the nanowire underneath are illuminated. In our measurements, the
enhancement appears at vertical positions above 21µm and below 11µm as shown in
Fig. 1.8(b). Along the nanowire, the thermovoltage increases non-linearly in the vicinity
of the contacts. This non-linearity cannot be explained by the Seebeck effect in Eq. (1.6),
since the thermovoltage depends linearly on the temperature gradient. We relegate
further discussion of the non-linear enhancement to Sec. 1.5.
The thermovoltage vanishes at a vertical position of 13µm, which is 4µm away from the
center between the contacts. This shift was reproduced for multiple different nanowire
samples and several measurements. We can exclude a misalignment of the laser beam
as the reason for the shift, because the reflected intensity is invariant under a shift
α 7→ α + 180◦ of the QWP. This means that the same polarization state is reached,
as required for a properly aligned laser beam. In addition, we can exclude that the
QWP is tilted with respect to the laser beam. In previous experiments, the QWP was
tilted on purpose by less than 1◦ in such a way that the laser beam does not enter the
QWP under an angle of 90◦. This causes an additional motion of the laser spot on
the sample surface, when rotating the QWP. As a result, the photocurrent contains an
additional contribution with a period of 720◦, since the Seebeck effect depends on the
laser spot position. In the present experiments, we did not detect a contribution with
this frequency and so we can exclude the QWP tilting as the reason for the shift.
A possible reason for the shift of the zero-crossing could be the asymmetrical heating of
the laser beam. The Gaussian heat profile is not symmetrical at an angle of incidence of
45◦. Another reason could be the enhancement of the thermovoltage at the Au/TI layer
combined with the laser spot size. The FWHM of the laser spot in vertical direction is
2.86(6)µm. When the center of the laser is 3µm away from the contacts, the Au/TI layer
is still heated and contributes to the measured thermovoltage. In addition, the nanowire
in this experiment is slightly bent as shown in Fig. 1.8(b) and the thermovoltage changes
drastically when the laser spot is moved along the horizontal direction. Hence, the center

13



1 Exposé

of the laser light does not always match the center of the nanowire when the laser spot
is moved along the vertical direction, leading to small changes of the thermovoltage.

1.4 Photocurrent enhancement in the vicinity of the metallic
contacts

In the previous section, the spin-polarized current and the thermovoltage were discussed
in the area between the contacts via the two-dimensional maps for C and D. In both
cases, we observed an enhancement of their values in the vicinity of the metal contacts.
To show that this enhancement is not an artefact of a specific nanowire, we repeated
the photocurrent measurements on a new set of nanowires. The measurements are
performed under identical conditions as before with respect to the laser setup and the
contact distance. However, some specific measurement settings are changed and the
influence of different contact configurations is explored, to test the robustness of the
enhancement. Our results are summarized in Figs. 1.9 and 1.10.
Fig. 1.9 shows the results for C and D on one of these new nanowires. In contrast to
the nanowire used in the previous section, the new nanowire is oriented perpendicular
to the oscillation plane of the excitation beam. In addition, the photocurrent is mea-
sured instead of the photovoltage. Inspite of these differences, the measured data is
qualitatively in good agreement with the previous results in Fig. 1.7(d) and Fig. 1.8(b).
In particular, we again observe the enhancement in the vicinity of the contacts. Specifi-
cally, the thermoelectric current reaches its extremal values of D = −19.63(15) nA and
D = 14.90(11) nA at the crossing of the contact pads and the nanowire. In Fig. 1.9(c),
the spin-polarized current reaches a maximum of C = 0.34(9) nA at the left side of
the right-hand contact and a minimum of C = −0.54(12) nA at the right side of the
right-hand contact. In contrast to the thermoelectric current, the spin-polarized current
changes its sign at opposite sides of the same contact pad. We return to this point in
Sec. 1.6.2.
Fig. 1.10 shows the results for the parameter D on a third nanowire for two different
contact configurations, which we denote as axisymmetric and point symmetric. In both
cases, the nanowire is oriented perpendicular to the oscillation plane of the excitation
beam and the photovoltage is measured. The results for D are taken from two consecu-
tive measurements of the same nanowire. The sample is kept in its holder and only the
electrical connections to the sample holder are switched between the two measurements.
For both contact geometries, we observe enhanced values at the crossing of the contacts
and the nanowire, which is in good agreement with the previous results. Since the
photovoltage is measured, the results for the thermovoltage can be compared quantita-
tively with Fig. 1.8(b). The thermovoltage in Fig. 1.10(a) reaches D = 15.55(15)µV
at the drain electrode (left electrode) and goes down to D = 1.11(10)µV at position
(12,9). These values are significantly smaller than in Fig. 1.8(b). One reason for this
decrease is the different orientation of the oscillation plane of the excitation beam. This
changes the amount of laser light absorbed by the sample, since the absorption rate for
s- and p-polarized light is different (In our case, the nanowire is rotated instead of the
oscillation plane, but the result remains the same.). The main reason for the smaller
values of D can be attributed to a poorer quality of the bond pads in Fig. 1.10. Here,
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10µm

(a)
(b) (c)

Figure 1.9: Photocurrent measurement on a Bi2Se3 nanowire with a 14µm gap with the drain
(source) electrode on the right (left). (a) The micrograph of the measured area. (b, c) Spatially
resolved results for the thermoelectric current D and the spin-polarized current C, including
contour plots along the nanowire (green lines), the contacts (pink and gray lines) and through
the center of the nanowire (violet lines). Adapted from article II, sec 3.3.

(d)

(c)

(b)

(a)

14µm 14µm

Figure 1.10: Thermovoltage D measurements on a Bi2Se3 nanowire for different contacts. (a)
Thermovoltage D for the axisymmetric bonding. (b) The axisymmetric bonding is marked in
black on a micrograph of the sample. (c) Thermovoltage D for the point-symmetric bonding.
(d) Sketch of the point-symmetric bonding is displayed. The contour plots in (a) and (c) along
the nanowire (green lines) and along the contacts (pink and gray lines) are displayed next to the
maps. Adapted from article II, sec 3.3.

the contact pads are not in good contact with the substrate and the nanowire, leading
to a decrease in the amount of electrons transitioning from the nanowire into the metal
contact.
Inspite of this, the characteristic features - the sign change and the enhancement of
the thermovoltage close to the metal contacts - are visible for both contact geometries.
This proves that different contact configurations do not influence the thermovoltage as
Fig. 1.10(a) and (c) give nearly identical results.

1.5 The Schottky effect and the thermoelectric current

Having established the robustness of the enhancement at the metallic contacts, we now
discuss its origin for the thermovoltage D. The mechanism which is responsible for the
enhancement of the spin-polarized current C will be discussed later in Sec. 1.6. The
band gap of Bi2Se3 is 300 meV [11] which is in the range of a semiconductor band gap.
At the interface between the nanowire and the metallic contact, band bending occurs
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Figure 1.11: Illustration of the band bending at the contact/nanowire/contact interfaces.
Adapted from article II, sec 3.3.

similar to the scheme in Fig. 1.11 to compensate the different work functions of the
Bi2Se3 nanowire and the metal contact. Due to the band bending, a positive (negative)
space-charge region forms in the contact (nanowire) close to the interface at the drain
electrode.
When the laser illuminates the nanowire underneath the drain electrode, an electron-hole
pair is created. The electron will be accelerated to the drain electrode and the hole
to the center of the nanowire, driven by the electric field around the interface. The
electrons entering the drain electrode will contribute to a net-positive current while the
holes annihilate with electrons originating from the source electrode. The photoelectrons
generated close to the source electrode contribute to a net-negative current, since the
electric field of the space-charge region changes its sign.
The enhancement at the drain electrode has a maximum at position (7,7) and decreases
when the laser spot is moved away from there. The decrease is due to the Gaussian
laser intensity profile. When the laser spot is moved away from position (7,7), less
photons illuminate the interface of the nanowire and the metal contact and the current
decreases. The same effect appears at the source electrode but with an opposite sign. To
summarize, the enhancement of the thermovoltage at the interface between the nanowire
and the metallic contacts arises due to the Schottky effect.
This explanation is in good agreement with photovoltage measurements on ZnO and
Si semiconductor nanowires contacted by metallic contact pads [53, 54]. Park et al.
and Ahn et al. both also observe an enhancement of the photocurrent at the interface
between the topologically-trivial semiconductor nanowire and the metallic contact when
illuminated, which agrees qualitatively with the results for the topologically non-trivial
Bi2Se3 nanowires discussed in this thesis.
We exclude a second explanation for the enhancement discussed by Leonard et al., who
performed spatially-resolved optoelectronic measurements on GaN/AlGaN core shell
nanowires and observed a similar enhancement of the photovoltage at the interface [55].
They ruled out the Schottky effect, since their contacts show an ohmic behavior and the
metal contacts absorb most of the laser light before it reaches the nanowire underneath
the contact. Hence, no electron-hole pairs are created at the interface between the
metal contact and the nanowire. Instead, they model the metal contacts on top of the
nanowire as a thin film with a heat transfer at the bottom. They estimate that the heat
dissipation takes roughly 5 ns, which is too fast for the measurement technique used in
this thesis. Hence, we rule out the heat transfer from the metal contact through the
nanowire as the origin of the enhaced values.
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1.6 The spin Nernst effect and the spin-polarized current

Up to now, we have treated the thermoelectric current D and the spin-polarized current
C as independent quantities. However, an inhomogeneous temperature distribution can
generate additional spin-polarized currents via the spin Nernst effect. In the following,
we investigate this correlation between C and D for the (Bi0.57Sb0.43)2 Te3 thin film
Hall bar structures in Sec. 1.6.1 and for the Bi2Se3 nanowires in Sec. 1.6.2.

1.6.1 Hall bar devices

The typical geometry of the Hall bar devices is displayed as a microscope image in
Fig. 1.12(a). In this image, three areas can be distinguished: The Hall bar, colored in
light gray, is the three-dimensional topological insulator, the yellow areas are the gold
contacts and the dark gray areas are Si (111), i.e. the uppermost layer of the substrate.
The topological material for the Hall bar structure is (Bi0.57Sb0.43)2 Te3, a ternary layer
structure with a total thickness of 16 nm. The sample is bonded in the same manner
as the nanowire samples in the previous sections. The laser settings (λ = 785 nm,
f = 77 Hz) and the spot size (FWHM ≈ 3µm) of the photocurrent measurements are
also identical. The distance between the two contacts marked on the microscope image
in Fig. 1.12(a) is 150µm, which is roughly one order of magnitude larger than the
contact spacing of the nanowire samples.
The measurement on the Hall bar device is carried out as described in Sec. 1.2 with a step
size of 10µm in the vertical and horizontal direction. The measured reflected intensity
in Fig. 1.12(b) is again used to determine the position of the topological insulator Hall
bar (dark gray area), the beginning of the four gold contacts on top of the Hall bar
(white areas), and the silicon substrate (black areas).
The thermovoltage is displayed in Fig. 1.12(c). The sign of the thermovoltage changes
when the laser spot is moved from the first electrode to the second electrode. This is in
good agreement with the Seebeck effect and the nanowire measurements in Fig. 1.8(b).
The contour plot in the vertical direction along the Hall bar (black line) clearly shows
the linear functional dependence of the thermovoltage until the laser spot reaches the
vicinity of the crossing of the Hall bar. Here, the large values at the edges of the
triangular-shaped ends contribute, since the contour plot averages over the total width
(20µm) of the Hall bar. In the horizontal direction (gray line), the thermovoltage D
reaches the largest values around 0.3 mV and drops down to zero when the substrate is
illuminated. The thermovoltage also drops to zero at the overlap of the gold contacts
and the TI, in direct contrast to the enhancement observed for the nanowire samples.
The contact layer is probably too thick, so the laser light is mostly absorbed in the
metal layer before generating electron-hole pairs at the contact/topological insulator
interface. As a result, the Schottky effect can not occur here.
The measured values for C in Fig. 1.12(d) are in the range of −4µV to +4µV which is
two orders of magnitude smaller than the thermovoltage. Along the horizontal direction
(gray line), the values fluctuate around zero. The color map does not show any organized
structure and the values of C for the substrate and the Hall bar are indistinguishable.
Based on this data, it is not clear if a spin-polarized current is generated in the Hall bar
device.
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(a)

(b)

(c) (d)

Figure 1.12: Results for photocurrent measurements with a coarse scanning grid on a Hall bar.
(a) Microscope image of the sample. The bonds are marked in black. (b) Intensity of the reflected
laser light. The gold contacts (white), the Si substrate (black), and the topological insulator
(gray) can be clearly distinguished. (c,d) Two-dimensional maps of the thermovoltage D and
the voltage C induced by the spin-polarized current. For both parameters, contour plots along
(black) and perpendicular to (gray) the Hall bar are shown. Adapted from article III, sec 3.4.

(a) (b) (c)

Figure 1.13: Results for photocurrent measurements with a fine scanning grid on a Hall bar. (a,
b) Two-dimensional map of the thermovoltage D and the voltage C induced by the spin-polarized
current. The contour plots along the Hall bar (black line) are averaged over its total width of
20µm. The contour plots perpendicular to the topological insulator (TI) Hall bar (gray line)
are averaged over 50µm. (c) Spin accumulation at the Hall bar edges due the spin-dependent
deflection of the electrons via the spin Nernst effect. (a, b) Adapted from article III, sec 3.4.

To investigate whether a spin-polarized current can be generated in the Hall bar devices,
the photocurrent measurements are repeated using a finer grid with a step size of 1µm
in the horizontal and 2µm in the vertical direction. The result for C and D are shown in
Fig. 1.13 (a) and (b). The thermovoltage decreases linearly from the top to the bottom
of the Hall bar, as shown in the vertical contour plot. This is in good agreement with the
results for the coarser grid in Fig. 1.12(c). Along the Hall bar, the voltage C fluctuates
between −0.5µV and +0.5µV. Hence, no spin-polarized current is generated in the
Hall bar center. Closer to its edges, which are marked by black stripes in Fig. 1.13(b),
C reaches positive values at the left edge and negative values at the right edge. The
contour plot along the horizontal direction averaged over 50µm reveals that C reaches
up to +1.9µV at the left and down to −2µV at the right edge. This result is surprising,
since we would expect that C has the same sign across the entire Hall bar.
The sign conversion of C at the two edges can be explained by the spin Nernst effect,
which describes the spin separation caused by a thermal flow of electrons. This generates
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(b)(a)

(c)

Figure 1.14: Voltage C on a Bi2Se3 nanowire for different contacts. (a) and (b) show maps of
the voltage C for axi- and point-symmetric configurations, respectively. The contour plots along
the nanowire (green lines) and along the contacts (pink and gray lines) are displayed next to the
maps. (c) Spin accumulation at the drain electrode due the spin-dependent deflection of the
electrons via the spin Nernst effect. The sketch provides a side view of the interface, with the
gold contacts (Au) sitting on top of the nanowire (NW). Adapted from article II, sec 3.3.

a transverse spin current js which is driven by a temperature gradient ∇T . Specifically,
the spin-up and spin-down electrons are deflected perpendicular to the temperature
gradient in opposite directions. This leads to a transverse spin current [56]. From the
vertical contour plot of Fig. 1.13(a), we can deduce that a temperature gradient parallel
to the Hall bar exists and so electrons with opposite spin are deflected towards opposite
Hall bar edges via the spin Nernst effect. For concreteness, let us assume that spin-down
(spin-up) electrons are deflected towards the left (right) edge. Then more spin-down
electrons populate the surface states than spin-up electrons at the left edge. This causes
an asymmetric population of the surface states at the left edge. At the right edge, the
opposite is true, leading to a mirrored asymmetric population of the surface states, see
Fig. 1.13(c). Consequently, spin-polarized currents of opposite signs emerge at the two
edges, which explains our experimental results.

1.6.2 Nanowires

We can not observe the exact same effect on the nanowire due to its comparatively
smaller width with respect to the 3µm laser-spot size. Hence, it is not possible to
illuminate the opposite sides of the nanowire separately. Thus, no spin accumulation
can be detected at opposite sides of the nanowire. However, the spin Nernst effect
provides an explanation for the enhanced values of C in the vicinity of the metallic
contacts. In particular, the sign change of C at opposite sides of the same contact pad
can be explained with the spin Nernst effect. This sign change was first observed in
Fig. 1.9(c) and is reproduced in Fig. 1.14(a) and (b) for the nanowire with axisymmetric
and point-symmetric contacts. Qualitatively, the distribution of the C values stays the
same for the two contact geometries. Hence, fluctuations of the spin-polarized current
as in ref. [27] can not cause the enhancement in our measurements.
The sign conversion at the two sides of each contact bear close resemblance to the
spin accumulation at the Hall bar edges discussed above. During the analysis of the
thermovoltage at the metal contacts in Sec. 1.4, we already discussed that a temperature
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gradient exists, which decreases radially from the center of the contact, see Fig 1.10.
Hence, the temperature gradient has a component pointing along the nanowire. As shown
for the drain electrode (left electrode) in Fig. 1.14(c), the direction of the temperature
gradient ∇T is different for the two contact edges. Because of the spin Nernst effect,
electrons with opposite spin orientations are deflected perpendicular to the temperature
gradient ∇T in opposite directions, which generates a spin current js. When the laser
spot illuminates the left edge, the spin-up electrons (depicted in blue) are deflected
towards the interface and can enter the gold layer. Hence, the population of the Dirac
cone is asymmetric. At the right edge, the temperature gradient ∇T points in the
opposite direction. Thus, the spin-down electrons (depicted in red) are deflected into
the gold layer. This means more surface states are populated by spin-up than spin-down
electrons. Thus, the spin-polarized currents at the two edges of the drain electrode have
opposite sign, leading to a sign change of C from positive at the left edge to negative at
the right edge. Analogous results follow for the source electrode (right electrode), with
inverted roles for its left and right edge since the sign of the temperature gradient is
reversed.

1.7 Conclusion and outlook

In this thesis, we performed photocurrent measurements on the surface of three-
dimensional topological insulators. Specifically, the nanowires are made of Bi2Se3
and the Hall bars consist of (Bi0.57Sb0.43)2 Te3. We focused on the spatial distribution
of the photocurrent and its dependence on the polarization of the excitation light. From
these measurements, we obtained two-dimensional maps of the polarization-independent
and helicity-dependent components of the photocurrents.
We find that the polarization-independent component D is dominated by the Seebeck
effect and thus driven by thermoelectric currents. Potential contributions from the
polarization-independent photogalvanic and photon drag effect are negligible. The
helicity-dependent component C, on the other hand, is driven by the spin-polarized
currents that emerge from the topologically non-trivial helical surface states via the
CPGE.
First and foremost, our experiments demonstrate that topological insulator nanowires
provide a promising platform for the generation of spin-polarized currents, whose direc-
tion can be controlled via the helicity of the excitation light. They also highlight the
importance of analyzing the spatial distribution of the photocurrent, as we observe a
strong enhancement of the spin-polarized current C and the thermoelectric current D
at the interface between the nanowire and the metallic contacts.
As our analysis shows, the Schottky effect enhances the thermoelectric current at the
contacts. The enhancement of the spin-polarized current C is correlated with D. For
the nanowires, a temperature gradient from the nanowire into the contacts is observed
in the distribution of the thermoelectric current. This temperature gradient in turn
generates spin-polarized currents via the spin Nernst effect which are the reason for the
enhancement of C at the contacts. We observe a similar effect at the edges of the Hall
bar devices, where spin accumulation is again driven by a temperature gradient along
the topological insulator and thus the spin Nernst effect.
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To further investigate the increase of the spin-polarized current at the contacts, it would
be interesting to change the sample design. For example, measuring the spin-polarized
current of a nanowire device with broader metal contacts, which also cover the end of
the nanowire. This would allow us to identify whether the nanowire end, the contact
edge, or the nanowire underneath the metal contact causes the enhancement of the
spin-polarized current.
In this thesis, the composition of the nanowires is the same for all samples. By changing
the composition and thus the doping of the topological insulator nanowire the bulk-
carrier conduction can be further suppressed relative to the surface conduction. This
would increase the magnitude of the spin-polarized current C compared to the other
photocurrent contributions. Large values of C compared to the other photocurrent
contributions are an essential requirement for any potential applications of topological
insulators in the field of spintronics.
Beyond the present experimental setup, our experimental technique is a suitable tool
to measure two-dimensional current maps of a combination of two or more topological
insulator nanowires, which are arranged crosswise. Such samples could, e.g., be built
from nanoribbons which have recently been successfully fabricated by Rosenbach et
al. [57]. These nanoribbons, in contrast to the nanowires in this thesis, yield the
advantage of controlling the nanoribbon placement on the substrate. Crossed nanowires
and nanoribbons could be used to generate circular-polarized THz radiation. If the
correct excitation frequency is used, each nanowire should emit linear-polarized THz
radiation like Seifert et al. [58] reported for Bi2Te2Se nanowires. Consequently, circular
polarized THz radiation is generated through interference, since the two nanowires are
arranged perpendicular to each other.
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ABSTRACT

Circular photogalvanic currents are a promising approach for spin-optoelectronics. To date, such currents have been induced in topological
insulator flakes or extended films. It is not clear whether they can be generated in nanodevices. In this paper, we demonstrate the generation
of circular photogalvanic currents in Bi2Se3 nanowires. Each nanowire shows topological surface states. Here, we generate and distinguish
the different photocurrent contributions via the driving light wave. We separate the circular photogalvanic currents from those due to
thermal Seebeck effects through controlling laser light polarization. The results reveal a spin-polarized surface-Dirac electron flow in the
nanowires arising from spin-momentum locking and spin–orbit effects. The second photocurrent contribution described in this Letter is
caused by the thermal Seebeck effect. By scanning the photocurrent, it can be spatially resolved; upon reversing the gradient direction along
the nanowire, the photocurrent changes its sign, and close to the gold contacts, the amplitudes of the different photocurrent contributions
are affected by the proximity to the contacts. In the center of the nanowires, where the effects from the gold contact/topological insulator
stacks vanish, the spin-polarized current remains constant along the nanowires. This allows the all-optical spin current generation in topo-
logical insulator nanowires and hybrid structures on the nanoscale, one goal of spin-orbitronics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142837

In the last decade, a class of topological matter, the so-called
quantum spin Hall (QSH) insulators or topological insulators (TIs),
theoretically predicted in 2005 by Kane and Mele and realized in two-
dimensional (2D) in 2007 by K€onig et al. in CdTe/HgTe quantum
wells,1,2 has attracted great attention. This class of matter has the inter-
esting property of an energy gap between the valence and conduction
bands that are closed at the boundaries by gapless surface states with
high mobility and strong spin polarization.3 The surface states are pre-
dicted to be topologically protected since their origin lies in intrinsic
bulk properties such as large spin–orbit coupling, opposite parity of
the bulk bands, band inversion, and time-reversal symmetry, which
suppress backscattering and thereby decrease the sensitivity to surface
impurities or defects. Additionally, the direction of the spin and
momentum for the surface states are locked, giving rise to a strong
spin polarization that makes these materials very interesting for
spintronic applications, e.g., as spin injectors.4

After the realization of a 1D topologically nontrivial edge state,
3D topological insulators consisting of Bi1�xSbx; Bi2Se3; Bi2Te3, and
Sb2Te3 were also realized.5,6 Over the last decade, the electronic prop-
erties of Bi2Se3 and Bi2Te3 have been extensively studied, with

optimization of the properties of their topologically protected surface
states. This has been carried out mainly by investigating the band
structure of the surface electrons by imaging the band structure using
angle resolved photoemission spectroscopy (ARPES),7,8 including the
spin-resolved variant, and time-resolved two-photon photoelectron
(2PPE) spectroscopy.9 Scanning tunneling microscopy (STM) can also
be used to prove the existence of a linear dispersion relation and sup-
pressed backscattering.10

To make use of these surface states in spintronics, it is essential
not only to demonstrate the existence of spin-polarized surface states
but also to control them. One approach for controlling these surface
states is to create an asymmetrically populated Dirac cone, which leads
to spin-polarized currents on the surface due to spin-momentum lock-
ing. This idea has been realized among others for exfoliated Bi2Se3

11

and other materials and is enabled by strong spin–orbit coupling in
topological insulators such as Bi2Se3, lifting the spin degeneracy of the
electrons in the surface states. As a result, the selection rules for inter-
band transitions depend on the electron spin. Therefore, it is possible
to use circular polarized light to selectively excite surface electrons
with a parallel or antiparallel spin component with respect to the

Appl. Phys. Lett. 116, 172402 (2020); doi: 10.1063/1.5142837 116, 172402-1
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photon momentum and depending on helicity. This creates an asym-
metric population of surface states in k-space, which, due to the spin-
momentum locking, leads to a spin-polarized electrical current [see
Fig. 1(a)]. This effect of generating a spin-polarized charge current by
creating an asymmetric carrier population in k-space by exciting opti-
cal transitions with circular polarized light imposed by optical selec-
tion rules is referred to as the circular photogalvanic effect (CPGE)
and has been previously realized in semiconductor quantum wells.12

More recently, several studies have performed photocurrent mea-
surements of the Bi1�xSbx; Bi2Se3; Bi2Te3, and Sb2Te3 group using
photon wavelengths ranging from the visible to the terahertz to the
infrared regime.13–17 In this work, we demonstrate spin-polarized pho-
togalvanic effects in Bi2Se3 nanowires with a cross section in the nano-
meter range instead of micrometer-wide Hall bar structures used in
previous experiments.11,18 From a geometrical point of view, the ratio
of surface to bulk states in nanowires should be higher due to their
more rectangular cross section, which might lead to an increased ratio
of spin-polarized currents to photocurrents originating from the bulk
states.

Bi2Se3 nanowires were synthesized by the Au-catalyzed vapor–li-
quid–solid method on a Si(111) substrate (as described in Ref. 19).
The cross section of the nanowires is either rectangular or trapezoidal,
resulting from the layered crystal structure. The width of the nano-
wires is on the scale of 50 nm, and the thickness is in the range of
50 nm–150 nm. This length scales are above 10 nm, where hybridiza-
tion of the topological surface states followed by a gap opening at the
Dirac point appears.19,20 The length can be as long as several tens of
micrometers. The nanowire presented in Fig. 2(a) has a total length of
36 lm. The Bi2Se3 nanowires are grown in the [110] direction as a
single-crystal structure and have a smooth surface. The chemical com-
position can be characterized using an energy dispersive spectrometer
in the scanning TEM mode. The measured ratio is 2:3 as expected for
Bi2Se3. The grown nanowires are mechanically transferred onto a Si
(111) substrate, and the gold contacts separated by a 14lm gap are
fabricated on top of the nanowire by lithography. Figure 2(a) shows a
micrograph of one of the nanowire devices with two contacts, which
are connected to two gold pads on the left- and right-hand sides of the

nanowire.21 The sample is mounted with silver paste onto a chip car-
rier and connected with 25 nm diameter gold wires by wire bonding.

The light source for the photocurrent measurements is a diode
laser with a wavelength of 785 nm 1:55 eVð Þmodulated at a frequency
of 77Hz. The laser light passes through a linear polarizer and a
quarter-wave plate (qwp) prior to impinging on the sample surface
at an angle of incidence of 45�. The rotation angle a of the qwp
is controlled by a step motor to change the polarization of the excita-
tion beam [see Fig. 1(b)]. The laser light is focused down to
4:360:11ð Þ lm� 2:8960:08ð Þ lm on the sample surface. The inten-
sity of the light reflected from the sample surface is measured using a
photodiode. The photocurrent between the two contacts and the light
reflected from the sample surface are simultaneously measured using a
lock-in amplifier. The laser spot can be moved across the sample sur-
face along the vertical and horizontal directions by two step motors
with a minimum step size smaller than 1 lm and an error of 200 nm.
The raster pattern of the laser spot (red dots) is depicted in Fig. 2(a), as
drawn in a light microscopy image of the sample. The measurement
starts with the laser spot in the right upper corner [position (22, 30) in
Fig. 2(a)]. Then, the qwp is rotated by Da ¼ 6� steps to carry out a full

FIG. 1. (a) depicts a schematic band structure of Bi2Se3 in the presence of the cir-
cular photogalvanic effect. The asymmetric population of the surface states (implied
by the unequal number of red and blue dots) is generated by the absorbed circular
polarized light (red arrow) and generates a net spin-polarized electrical current due
to spin momentum locking. In (b), the setup geometry is depicted. The red arrows
represent the incoming and reflected beam that hits the sample surface at an angle
of incident of 45�. The polarization of the exciting light changes with the angle a of
the qwp.

FIG. 2. (a) shows a light microscopy image of the used sample. The nanowire
(dark gray vertical line) is placed on a Si (111) substrate (gray). The gold contacts
(yellow) are on top of the nanowire. The two closer parallel edges of the gold con-
tacts are separated by 14 lm. The red dots mark the center of the laser spot on the
sample surface. The actual FWHM of the laser spot is four times larger than the
dots. The black arrows indicate the direction of the movement of the laser spot.
The raster pattern starts at (22, 30) and ends at (1, 6). (b) The edges of the gold
contacts (orange) and the position of the nanowire (black line) are marked on the
spatially resolved reflected light intensity. Three positions on the nanowire are
marked and numbered by 1, 2, and 3 (yellow).
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rotation, while the photovoltage and the intensity of the reflected
beam are measured. Afterwards, the laser spot is moved down by
1lm to the position (22, 29) as depicted by the raster pattern in Fig.
2(a), repeating the measurement procedure until the bottom left posi-
tion is reached.

For each data point in the two-dimensional voltage maps, the
photovoltage between the two contacts is measured, while the qwp is
rotated by 360� in total, changing the polarization from linear polar-
ized (a ¼ 0�), to left-circular polarized (a ¼ 45�), to linear polarized
(a ¼ 90�), to right-circular polarized (a ¼ 135�), to linear polarized
(a ¼ 180�), to left-circular polarized (a ¼ 225�), and so on and so
forth (the characterization of the qwp is given in the supplementary
material in Fig. S1). The measured photovoltage v is a sum of four
contributions,

v að Þ ¼ C sin ð2aÞ þ L1 sin ð4aÞ þ L2 cos ð4aÞ þ D: (1)

The contributions in Eq. (1) can be distinguished by their depen-
dence on the polarization of the exciting laser light, as it has been done
previously by McIver et al. for photocurrent measurements in the
exfoliated Bi2Se3 Hall bar devices.11 The first term C sin ð2aÞ of Eq.
(1) modulates the difference in the photovoltage for left and right cir-
cular polarized light and is zero if the exciting light is linear polarized.
According to McIver et al., this term describes the amount of spin-
polarized voltage generated by the CPGE, while previous measure-
ments by Shalygin et al.22 show that the circular photon drag effect
can also cause a similar voltage in (110)-grown quantum wells. In this
paper, we relate the first term in Eq. (1) to the CPGE following the
notation of recent works.11,23 Therefore, the magnitude of amplitude
C, which is half of the difference between the photovoltage for differ-
ent helicities (see Fig. 3), is used as a measure for the size of the spin-

polarized voltage. The second term L1 sin ð4aÞ and third term
L2 cos ð4aÞ describe the contributions that arise from the linear photo-
galvanic effect and the photon drag effect.11,24,25 As we show below,
the last term D is independent of the polarization and arises from the
Seebeck effect. Possible contributions of polarization independent
photogalvanic and photon drag effects are negligible. The polarization
dependent absorption is modulated by the third term (see Fig. S2 in
the supplementary material). The Seebeck effect is caused by heating
due to the laser spot, which is smaller than the distance between the
gold contacts and, therefore, creates an overall temperature gradient
that can change the direction and size as the laser spot is moved across
the sample surface. In the following, Eq. (1) is the fitfunction and the
four amplitudes C, L1, L2, and D are determined by fitting Eq. (1) to
the measured photovoltage at every laser spot position. The resulting
fitfunctions and the measured photovoltage for three positions are
shown in Fig. 3, and the results for all four parameters are shown in
Fig. S3 in the supplementary material. The horizontal and vertical
positions of the laser spot are then used as the spatial coordinates for
the extracted amplitudes as in Fig. 4 for the thermoelectric contribu-
tion represented by D and the spin-polarized contribution represented
by C. At the same time, the intensity of the reflected light for every
value of the photovoltage is measured using a second lock-in amplifier.
Instead of fitting Eq. (1) to the obtained values, we take the value for a
fixed polarization at a ¼ 0� and again use the position of the laser
spot as the coordinates for the reflectivity to obtain a two-dimensional
map of the reflectivity [see Fig. 2(b)], which allows us to identify the
positions of the nanowires and the gold contacts.

In the reflectivity map [Fig. 2(b)], three different areas can be dis-
tinguished. The area with the highest intensity (white) shows the posi-
tion of the Au contacts, while the region with the lowest reflectivity
(black) represents the 300 nm SiO on top of the Si substrate. The
nanowire can be clearly distinguished between the contacts (in dark
gray). Its size looks exaggerated since its width (150 nm) is smaller
than the spot size of the laser beam, and so it acts as a scattering center.
Therefore, the reflectivity map proves that the area shown in Fig. 2(a)
is illuminated and indicates the position of the nanowire. The nano-
wire is marked in the photovoltage maps (Fig. 4) by a black line.

The three selected photovoltage measurements in Fig. 3 at three
different positions along the nanowire [marked in yellow in Fig. 2(b)]
show good agreement between Eq. (1) and the measured voltage. It is
also observed that thermoelectric contribution D, which is equal to the
shift along the vertical direction, is at least one order of magnitude
larger than spin-polarized contribution C. The spatially resolved maps
in Fig. 4 enable a more detailed inspection of the two contributions.
The thermoelectric amplitude D [Fig. 4(a)] changes its sign from posi-
tive at the top electrode to negative at the lower electrode. Note that
the thermoelectric current that creates the thermoelectric voltage is
generated by two temperature gradients with opposite signs that point
from the laser spot position toward the two colder contacts. Therefore,
the position of the laser spot with respect to the contacts determines
the size and sign of the thermoelectric voltage. When the laser spot is
in the center between the contacts, the two temperature gradients can-
cel, and thus, the net temperature gradient and D vanish. In our mea-
surements [Fig. 4(a)], the direction of the net temperature gradient is
encoded in red and blue, corresponding to the gradients pointing
toward the lower or upper contacts, respectively. At the vertical posi-
tion of 13 lm in Fig. 4(a), the thermoelectric contribution D becomes

FIG. 3. The measured photovoltage (black squares) and the analysis results using
Eq. (1) (blue line) as a function of the rotation angle a for three laser spot positions
[see Fig. 2(b)] are displayed. In addition, the photovoltages for left and right circular
polarized light (indicated by green and red lines) are marked. The difference
between these photovoltage values is equal to 2C. The results for the parameter in
Eq. (1) are shown in Fig. S3 in the supplementary material.
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zero. Once the laser spot is moved toward one of the electrodes, the net
temperature gradient is nonzero, and a net current is generated by the
Seebeck effect. The sign of the thermoelectric current changes from top
to bottom since the direction of the net temperature gradient is
reversed. Thus, the voltage of the contour plot in the vertical direction
along the nanowire changes its sign from top to bottom [shown in Fig.
4(a)]. The contour plots perpendicular to the nanowire reveal that the
highest values of D are reached when the center of the laser spot
matches the horizontal position of the nanowire at 13lm. If the laser
spot center is moved away from the nanowire along the horizontal
direction, then the values decrease. When the laser spot center is 4lm,
which is equal to the full width at half maximum (FWHM) of the laser
spot diameter, or further away from the nanowire, the thermovoltage
drops down to nearly zero. This means that there is no contribution to
thermoelectric contribution D transferred through the substrate.

A slight enhancement of the voltage is observed when not only
the nanowire but also the nanowire underneath the gold contact is par-
tially illuminated. This appears for the vertical positions above 21 lm
and below 11 lm and is manifested by the nonlinear increase in the
photovoltage in the vertical contour plot and also by the circular shape
of the lines in the 2D map in Fig. 4(a). In addition, the thermoelectric
voltage reaches zero at a vertical position of 13 lm, which is 4lm
away from the geometric center of the nanowire. One possible reason
for this shift of zero-crossing might be the asymmetrical heating of the
laser beam since its gaussian heat profile is no longer symmetrical due
to the angle of incidence of 45�. Another reason might be the enhance-
ment of the thermoelectric voltage at the Au/TI layer combined with
the laser spot size. The FWHM of the laser spot in the vertical direction
is 2:89lm. When the center of the laser is 3lm away from the con-
tacts, the Au/TI layer is still heated and contributes to the measured
thermoelectric voltage. As a result, the slope toward the lower contact
(negative photovoltage) is steeper compared to the slope toward the
higher contact (positive photovoltage). In addition, the nanowire in
this experiment slightly bends as shown in Fig. 4(a) and the thermo-
electric voltage changes drastically, when the laser spot is moved in the
horizontal direction. Hence, the center of the laser light might not
always match to the center of the nanowire when moved in the vertical
direction, leading to small changes in the thermoelectric voltage. This
enhancement of photovoltage when illuminating a nanowire under-
neath a metallic contact is also observed for measurements of GaN,
ZnO, and Si nanowires. In these materials, the observed increase is a
result of the Schottky effect.26–28 In our case, the gold contact is metallic
and the TI can act as a semiconducting layer. The sign of the current
caused by band bending at the metal/semiconductor interface changes
between the contacts since the band bending is symmetrical with
regard to the center of the nanowire; this is in good agreement with the
behavior of thermoelectric voltage D observed in this work.

To exclude the influence of the contacts, we focus on the spin-
polarized contribution C in this work in the area between 15 and
20lm along the vertical axes displayed in Fig. 4(b) in green. The con-
tour plots along the horizontal direction show that the spin-polarized
voltage C decreases when the center of the laser spot does not match
the position of the nanowire at the horizontal position of 13 lm. This
proves that the substrate does not contribute to the spin-polarized
voltage. The largest value with a modulus of 0:5lV is reached when
the laser spot center matches the nanowire, which is a factor of 80
smaller than the largest value for the thermoelectric contribution
D ¼ 40lV. The largest values are reached on the small plateau shown
in the vertical contour plot over a range of 4 lm. Closer to the con-
tacts, the spin-polarized voltage decreases.

In summary, we performed photocurrent measurements on
Bi2Se3 nanowires and analyzed the spatially resolved results for the
spin-polarized and thermoelectric contributions. For the thermoelec-
tric contribution, we observe a sign change of D along and on the
nanowire. This indicates that the parameter D is dominated by the
Seebeck effect and potential contributions of polarization independent
photogalvanic and photon drag effects are negligible. In addition, we
detect an enhancement of the thermoelectric and the spin-polarized
contribution when the nanowire underneath the gold contacts is illu-
minated in comparison to illuminating only the TI. We also show that
spin-polarized currents can be generated in nanowires within the
range of 5 lm along the nanowire by using circular polarized light.

FIG. 4. (a) The map shows the amplitude D related to the thermoelectric voltage at
different laser spot positions in the 14 lm gap between the gold contacts. The verti-
cal contour plot shows the amplitude D along the nanowire position, and the hori-
zontal contour plots show how the thermoelectric voltage drops when the center of
the laser spot is moved away from the nanowire. (b) The map shows the spatially
resolved amplitude C, related to the spin-polarized current. The vertical contour plot
shows the spin-polarized voltage along the nanowire (green line), and the four hori-
zontal contour plots prove that the spin-polarized voltage increases when the nano-
wire is illuminated.
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Thus, we have demonstrated the ability to drive photogalvanic
currents in nanowires, which shows their promising potential for use
in photospintronic applications in the future.

See the supplementary material for the characterization of the
qwp, more information about the polarization dependent absorption,
and the results for the parameters C, L1, L2, and D for position 1, 2,
and 3 in Fig. 2(b).

We are grateful to the German Science Foundation (DFG) for
financial support through priority program SPP1666: “Topological
insulators: materials, fundamental properties, devices” (No.
MU1780/10-2).
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FIG. S1. The characterization of the used qwp is presented. The measurement setup consists of
one linear polarizer, the qwp, a second linear polarizer (analyzer) rotated by 90◦ with respect to
the first linear polarizer, and an optical power meter. During the measurements the two linear
polarizers and the power meter are fixed, while the qwp is rotated stepwise by 360◦. The measured
power is than displayed together with the angle α of the qwp. The measured power is minimal when
the light leaving the qwp is linear polarized perpendicular to the orientation of the analyzer and
reaches it maximum, when the light leaving the qwp is circular polarized. The resulting polarization
behind the qwp is sketched by the arrows (black, green and red) on top of the graph. The analyzer
and the power meter are removed from the setup when the photo current measurements are carried
out. The linear polarizer in front of the qwp and the qwp remain within the setup.
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FIG. S2. The percent change of the absorption (black squares) calculated by the measured re-
flected intensity is displayed averaged over eight different positions along and on the nanowire
between the contacts. The absorption percent change for the linear polarized light for α =
90◦, 180◦, 270◦ and 360◦ and for the circular polarized light α = 45◦, 135◦, 225◦, and 315◦ is con-
stant with respect to the statistic errors. The modulation of the absorption matches a cos (4α)
function (red line) which is in good agreement with the term L2 cos (4α) in Eq.(1) in the main
manuscript. Hence, the polarization dependence of the Seebeck effect is modulated by the term
L2 cos (4α).
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FIG. S3. The results for the parameters C, L1, L2 and D for (a) position 3, (b) position 2 and (c)
position 1 in FIG. 2(b) in the main manuscript are displayed. The values for D are divided by a
factor of 10.
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ABSTRACT

Recently, a quantum phase, the topological insulator, has been vividly investigated in a variety of materials. Its unique band structure allows for
optical generation and control of spin-polarized currents based on the circular photogalvanic effect. In this paper, we generate and distinguish
the different photocurrent contributions via the polarization of the driving light wave. We discuss the helicity-dependent spin-polarized current
and the polarization-independent thermoelectric current as spatially resolved maps, focusing on the influence of the topological insulator/
metallic contact interface. We observe for both current contributions a significant enhancement of the current values at the topological insula-
tor/metallic contact interface. In the case of the thermoelectric current, the enhancement is localized at the center of the interface. The spin-
polarized current reaches two extrema per contact, which differ by their sign and are localized nearby the contact edges. We discuss the general
behavior of the thermovoltage as a three-material Seebeck effect and explain the enhanced values by the acceleration of the photoelectrons gen-
erated in the space charge region of the topological insulator/metallic contact interface. Furthermore, we interpret the temperature gradient
together with the spin Nernst effect as a possible origin for the enhancement and spatial distribution of the spin-polarized current.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0019044

Recently, topological order gained a lot of attention among physi-
cists after the discovery of topological insulators (TIs)1–3 in solid state
materials. This additional state of quantum matter differs from trivial
insulators by hosting a bulk energy gap, while the surface possesses
gapless electronic states. The nanowires investigated in this paper con-
sist of Bi2Se3. This material is a three-dimensional topological insula-
tor with time-reversal symmetry.4,5 Thus, the surface states of Bi2Se3
are helical and the spin degeneracy is lifted at the surface. Also the
backscattering of the surface electrons is suppressed.6,7 Those three
properties make Bi2Se3 a promising candidate for spintronics- or
optoelectronics applications.

The surface states make those materials suitable for polarization-
sensitive detectors based on the polarization-dependent photovoltaic
or photogalvanic effects.8,9 Both effects are based on creating an
asymmetric population of the spin-polarized surface states. Since the
momentum and spin orientation are locked at the surface, the
asymmetry in the surface state population generates a spin-polarized
electrical current. When the asymmetry is generated by exciting the

surface states with circular-polarized light, the effect is known as the
circular photogalvanic effect (CPGE).10 The CPGE has been observed
in several optoelectronic experiments, which demonstrate the direc-
tion control of spin-polarized currents by circular-polarized light in TI
materials.11–13 The dimensions of those investigated TIs are in the
micrometer range. Little is known about those effects when the dimen-
sions of TIs decrease toward the nanometer scale, e.g., in nanowires.
There is one example for all-optical control in Bi2Te3Se nanowires by
Seifert et al.13 They observe an enhancement of the THz amplitude in
the vicinity of the gold contacts which they explain by a locally
enhanced spin-polarized current. In a previous work, we measured
the polarization-dependent photocurrent while scanning the Bi2Se3
nanowire.14 We observed that the polarization-independent current
contribution is dominated by the Seebeck effect. We also detect a
helicity-dependent current contribution caused by the CPGE. In both
cases, we observed that the values of the contributions increase in the
vicinity of the gold contacts, but we did not discuss the origin in detail.
In this paper, we explicitly discuss the influence of the metallic
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contacts on the thermoelectric and spin-polarized current. We gener-
ate the two-dimensional scans for both contributions to discuss the
origin of their enhancement close to the topological insulator/metallic
contact interface.

The photoelectric measurements in this paper are performed on
Bi2Se3 nanowires synthesized by the gold-catalyzed vapor–liquid–solid
method (for more details on the nanowire growth, see Shin et al.15).
The nanowires are grown in the [110] direction as single-crystal struc-
tures assuring a smooth surface. The nanowire width is on the order
of 50 nm and the thickness spans from 50nm to 150nm, thus hybridi-
zation of the topological surfaces states can be excluded.15,16 The nano-
wires are transferred mechanically to a Si(111) substrate with 100lm
of SiOx . The contact pads of 5 nm Cr underneath 50nm Au are pat-
terned on top of the nanowire with a spacing of 14lm. The photoelec-
tric measurements are recorded using a well-established lock-in
technique. The light source is a diode laser with a wavelength of
785nm (1.55 eV) modulated at 77Hz by a square-function generator.
The laser beam is guided through a linear polarizer combined with a
rotatable quarter-wave plate (qwp) for polarization control before
impinging at an angle of incidence of h ¼ 45� on the sample surface.
The laser light is focused down to a spot size of ð2:96 0:08Þ lm
�ð3:46 0:12Þ lm on the sample surface. The measured photocurrent
jðaÞ [photovoltage vðaÞ] is mapped to the polarization state via the
qwp rotational angle a. Thus, the photocurrent is measured at fixed
positions (k,j) for linear, left-circular, and right-circular polarized light,
scanning the sample surface vertically and horizontally by moving the
laser across the sample surface with stepper motors. At the same time,
the light intensity reflected from the sample surface IðaÞ is recorded
by a second lock-in amplifier via a photodiode. The qwp rotates at
every laser spot position (k,j) from a ¼ 0;Da;…; 360� with a step size
of Da ¼ 6�. Afterwards, the laser spot is moved in the vertical direc-
tion by Dj ¼ 1 lm to the next position ðk; j� DjÞ. There, the photo-
current jðaÞ and the reflected intensity IðaÞ are measured again for a
full qwp rotation. This generates a set of 60 current (voltage) values at
each position (j,k) as presented in Fig. 1(a).

The data are evaluated by identifying the contributions in the
measured photocurrent (voltage) by their polarization dependence.
We use the ansatz suggested by McIver et al.11 that includes four
contributions:

j að Þ ¼ C sin ð2aÞ þ L1 sin ð4aÞ þ L2 cos ð4aÞ þ D: (1)

In our measurements, the laser light is linear polarized at
a ¼ 0; 90; 180; 270 and 360�, left-circular polarized rþ at a ¼ 45
and 225�, and right-circular polarized r� at a ¼ 135 and 345�. The
term C sin ð2aÞ in Eq. (1) represents the spin-polarized helicity-depen-
dent current. The amplitude 2C is the photocurrent difference between
rþ- and r�-light. The qwp phase is set so that sin ð2aÞ is zero for linear
polarized light. The physical origin of this term is still under discussion.
Measurements by Shalygin et al. on (110)-grown GaAs/AlGaAs quan-
tum wells prove that the circular photon drag effect can cause a helicity-
dependent current,17 while later measurements on exfoliated Bi2Se3
Hall bar devices by McIver et al.11 relate the helicity-dependent cur-
rents to the CPGE. The lifted spin degeneracy of surface electrons
in a TI enables to generate an asymmetrical population of the spin-
polarized surface states in the k-space by circular polarized light,
since the optical selection rules for interband transitions have to be
fulfilled. The asymmetric populated surface states cause an

electrical spin-polarized current, since the spin and its momentum
are locked on the surface of a TI. That exciting the spin-polarized
surface states optically can lead to spin-polarized photocurrents
has among others been demonstrated by Takeno et al.18 by per-
forming time-domain terahertz wave measurements and time-
resolved magneto-optical Kerr rotation measurements. Hence, it is
possible to generate a measurable helicity-dependent photocurrent
due to the CPGE, which is spin-polarized.10,12,13,19–21 Therefore,
we relate the first term C sin ð2aÞ in Eq. (1) to the CPGE following
the notation established in the recent studies11,22 and discuss the
amount of spin-polarized current by displaying the amplitude C.

The second term L1 sin ð4aÞ and third term L2 cos ð4aÞ in
Eq. (1), have a different frequency than the first term. Thus, they do
not affect the first term. The third term L2 cos ð4aÞ represents the
polarization-dependent absorption. The physical effects related to the
two contributions are still under discussion both being sometimes
related to the linear photogalvanic effect or the photon drag
effect.11,23,24 The last term D is polarization-independent and can orig-
inate from the polarization-independent photogalvanic effect, the pho-
ton drag effect and, due to the laser light heating, the Seebeck effect.
We observed in a previous work Ref. 14, that the contributions of the
polarization-independent photogalvanic and photon drag effect to the
overall behavior of D seem to be small compared to the contribution
of the Seebeck effect.

For data analysis, the function jðaÞ (vðaÞ) is fitted to the experi-
mental data to extract the parameters C, L1, L2, and D at each position
(j, k) as in Fig. 1(a). The values for the four parameters and their
uncertainties are displayed in Fig. 1(b). The parameters C and D are
displayed in two dimensional maps as a function of the laser spot posi-
tion, see Figs. 2(b) and 2(c). The contact pad positions (edges are
marked by orange lines) and the nanowire (black line) are determined
from the reflectivity data and are in good agreement with the micro-
scope images of the area of interest [see Figs. 2(a), 3(c), and 3(f)]. In
the following, we concentrate on the parameters C andD to investigate
the influence of the thermoelectric current on the spin-polarized pho-
tocurrent and their enhancement in the vicinity of the contact pads.

The two-dimensional map of the parameter D in Fig. 2(b) shows
that the thermocurrent reaches the largest values at the crossing of the
nanowire and the contacts. This is visible in the contour plots in gray

FIG. 1. Measured photovoltage vðaÞ for a ¼ 0;Da;…; 360 with Da ¼ 6� at posi-
tion (17,8) in Fig. 3(d). In (a), the measured data (black squares) and the fit function
(blue line) are displayed. The arrows represent the polarization state of the laser
light. In (b), the fitting parameters C; L1; L2 andD=10 and their uncertainties are
displayed.
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and pink in Fig. 2(b). The contour plot [green line in Fig. 2(b)] along
the nanowire demonstrates that the increase is located at the metal
contacts. Between the contacts, the thermocurrent changes it sign and
the slope of the thermocurrent is small, just like in Ref. 14. When the
laser partly illuminates the crossing of the nanowire and metal contact,
the thermocurrent increases drastically until it reaches its largest value
at a horizontal position of 35lm. The origin of this enhancement is
discussed later in the manuscript.

The current map of the spin-polarized current, represented by
the parameter C, is displayed in Fig. 2(c). C is constant in the middle
of the nanowire where the contact pads can be neglected and thus the
transport is entirely determined by the surface states. This matches
prior research.14 When the laser spot illuminates the nanowire close to
the contact pads, the spin-polarized current increases and reaches its
extremal values nearby the contact edges.

The measurement was repeated on a second nanowire, maintain-
ing the contact distance and laser conditions, but changing the contact
geometry. The results for axisymmetric contacts or point-symmetric
contacts are shown in Fig. 3. For the thermoelectric contribution, we
observe for both contact geometries enhanced values at the crossing of
the contacts and the nanowire. The thermovoltage in Fig. 3(a) reaches
D ¼ 15:13 lV at the drain electrode and goes down to D¼ 0.85lV at
position (12,7) on the nanowire, which qualitatively matches the find-
ings for the thermoelectric current in Fig. 2. In Figs. 3(b) and 3(e),
the voltage C generated by the spin-polarized current for the two
contact geometries is displayed. The voltage C reaches a minimum of
C ¼ �1:84 lV at (22,8) close to the source electrode and decreases to
C ¼ �0:52 lV at (14,8) at the nanowire center. Nearby the crossing
of the contact pad and the nanowire, the voltage C reaches its extrema,
which is in good agreement with the results observed in Fig. 2(c).
Switching between the axisymmetric and the point-symmetric con-
tacts does not affect the shape of the distribution or the sign of the
voltage C at different areas [see Figs. 3(b) and 3(e)].

The two-interface Seebeck effect discussed in the supplementary
material explains why the thermovoltage depends linear on the laser
spot position. Thus, the two-interface Seebeck effect in the supplemen-
tary material explains the linear region of the contour plot in Figs. 3(a)
and 3(d) but not the enhancement of the thermovoltage at the metal
contacts. Hence, an additional effect is needed to explain the thermo-
voltage enhancement at the nanowire/contact interface. The bandgap
of Bi2Se3 is 300meV which is typical for semiconductors. Therefore,
we expect a band bending at the interface as sketched in Fig. 3(g). Due
to the band bending, a positive (negative) space charge zone forms at
the contact (nanowire) at the interface. When the laser illuminates the
nanowire underneath the drain electrode, an electron-hole pair is cre-
ated. The electron will be accelerated to the drain electrode and the
hole to the center of the nanowire, driven by the electric field around
the interface. The electrons entering the drain electrode will contribute
to the net-positive current when the holes annihilate with electrons,
originating from the source electrode. The photoelectrons generated
close to the source electrode contribute to the net-negative current,
since the electric field of the space charge region changes it sign. The
enhancement at the drain electrode has a maximum at position (7,7)
and decreases when the laser spot is moved away from this position.
The decrease is due to the Gaussian laser intensity profile. When the
laser spot is moved away from position (7,7), less photons illuminate
the interface and the current contributing to the measured voltage
decreases. The same effect appears at the source electrode, but with an
opposite sign.

Comparing the position of the extremal voltage C in Fig. 3(e) to
the device layout shows that the largest and smallest spin-polarized
current values are located at the edges of the contacts. This is similar
to our earlier observations25 on photocurrent measurements on
ðBi0:57Sb0:43Þ2Te3 Hall bars. There we report the accumulation of
spin-polarized current at the Hall bar edges, with a different sign at

FIG. 2. Photocurrent measurement on a Bi2Se3 nanowire with a 14lm gap with
the drain (source) electrode on the right (left). (a) shows the micrograph of the mea-
sured area. The spatially resolved results for (b) the thermoelectric current D and
(c) the spin-polarized current C are presented, including contour plots along the
nanowire (green lines), the contacts (pink and gray lines) and through the center of
the nanowire (violet lines).
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opposite edges. We explained this by the spin Nernst effect, which
describes the separation of electrons with opposite spin orienta-
tions due to a transverse temperature gradient. How the spin
Nernst effect can enhance the values for C in the nanowire (NW)
devices is depicted for the drain electrode in Fig. 3(h). When the
laser spot illuminates the left edge of the drain electrode the elec-
trons with opposite spin orientations are deflected perpendicular
to the temperature gradient rT . The spin-up electrons (depicted
in blue) are deflected toward the interface and can enter the gold
layer. Hence, the population of the Dirac cone is asymmetric,
before taking optical transitions into account. At the right edge of
the drain electrode, the temperature gradient rT points in the
opposite direction. Thus, the spin-down electrons (depicted in red)
are deflected into the gold layer. This means more surface states
are populated by spin-up than spin-down electrons. Taking the
optical excitation with left-circular polarized light into account,
decreases (increases) the asymmetry of the surface state population
at the left (right) edge of the drain electrode. For right-circular
polarized light, the asymmetry would increase (decreases) at the
left (right) edge of the drain electrode. Since C is the photovoltage
difference for left- and right-circular polarized light, it is positive
(negative) at the left (right) side of the drain electrode. This leads
to an increase in C at the contact edges on top of the nanowire [see
Figs. 3(e) and 3(b)]. At the source electrode, the temperature gradi-
ent is negative compared to the drain electrode [see Fig. 3(a)].
Hence, we expect a similar distribution of C with opposite sign,
i.e., we expect C to be positive (negative) at the right side (left) of
the source electrode in Fig. 3(e).

In summary, spatially resolved photocurrent measurements on
Bi2Se3 nanowires were performed, focusing on the influence of the
contact/nanowire interface on the polarization-independent and the
spin-polarized current. Photocurrent measurements on several nano-
wires yield qualitatively similar results. The polarization-independent
contribution on the contact/nanowire interface is a combination of the
Seebeck effect and the band bending at the contact/nanowire interface.
The Seebeck effect explains the sign change of the thermovoltage along
the nanowire. The acceleration of the photoelectrons generated in the
space charge region of the contact/nanowire interface causes the
enhancement. The Gaussian profile of the laser spot leads to the radial
symmetry of the enhancement located at the nanowire contact
crossing. We observe for the spin-polarized current C (or voltage C
generated by a spin-polarized current, respectively) a constant region
in the middle of the nanowire and an enhancement of the current at
the contact edges together with a sign change of the spin-polarized
current at each contact. The enhancement of the spin-polarized cur-
rent close to the nanowire/metallic contact interface might be caused
by the spin Nernst effect. We show that the influence of the gold
contacts to the overall behavior of the nanowire is significant. The
enhancement of the spin-polarized current, created in the vicinity
of the contact pads, is in good agreement with the findings
reported by Seifert et al.13 However, in our low excitation regime,
the enhancement is caused by band-bending effects at the contact/
nanowire interface and the spin Nernst effect. Enhancing spin-
polarized currents in TI nanowires opens up further possibilities
for spin current engineering, e.g., generating circular-polarized
THz radiation by crossed nanowires.

FIG. 3. Photovoltage measurements on a Bi2Se3 nanowire for different contacts. In (a), the thermovoltage D and in (b), the voltage C generated by the spin-polarized current
for the axisymmetric contacts are displayed. In (c), the axisymetric bonding is marked in black on a micrograph of the sample. In (d), the thermovoltage D and in (e), the volt-
age C generated by the spin-polarized current are displayed for point-symmetric bonding. The bond position is marked in (f) on a micrograph of the sample. The contour plots
along the nanowire (green lines) and along the contacts (pink and gray lines) are displayed next to the maps. In (g), the influence of the band bending at the contact/nanowire
interface on the photoelectrons is illustrated. In (h), the two-step process for the spin accumulation at one contact is shown. The deflection of the spin-polarized electrons is
sketched in the upper panel and the asymmetric population at the left and right contact edge is shown in the lower panel.
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See the supplementary material for the discussion of the two-
interface Seebeck model for the nanowire devices.
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The position dependence of the thermovoltage can be described by a two-interface Seebeck

model. The device can be simplified to a combination of two metal contacts connected by

one nanowire and in contact with a voltmeter. We omit the 5 nm thick chromium interlayer

and treat the contacts as pure gold layers. The thermovoltage ∆V measured between the

two metal contacts is then given by

∆V = VD − Vs = (SAu − STI)(TD − TS) (1)

where SAu is the Seebeck coefficient of the gold contact, STI is nanowire Seebeck coefficient,

TD is the drain temperature (ground electrode), and TS is the source temperature (minus

pole). We have SAu − STI > 0 in Eq.(1), since the Seebeck coefficient for gold is SAu =

1.94µV/K at 300 K and for Bi2Se3 nanowires is STI ≈ 100µV/K at 300 K1. When the

drain electrode is illuminated, we get TD > TS which results in a positive thermovoltage

∆V . This is in good agreement with FIG. 3(d) in the main manuscript. Illuminating the

source electrode would reverse the voltage which matches the results in FIG. 3(d). Changing

the contact geometry from axisymmteric to point-symmetric (see FIG. 3(a) in the main

manuscript) does not effect the temperature gradient. Hence, the results in FIG. 3(a) and

(f) are the same. Since the temperature difference TD − TS changes linear with the laser

spot position, the thermovoltage in Eq. (1) should also depend linearly on the laser spot

position. Thus, the two-interface Seebeck effect in Eq. (1) can explains the linear region of

the contour plot in FIG. 3(a) and (d) but not the enhancement at the nanowire/contact

intersection.
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Abstract: The theoretical prediction of topological insulators in 2007 triggered tremendous 

interest. A major reason is their topological twist in reciprocal space, which comes along with 

unidirectional, spin-polarized surface-state currents. This property makes topological 

insulators on one hand perfectly suited materials for optically generated, ultrafast spin-

current bunches. On the other hand, those spin-polarized surface-state currents, when 

generated by a voltage, lead to large spin Hall effects, or when generated by a temperature 

gradient, result in the thermal analogue, the spin Nernst effect. Both effects mutually convert 

charge/heat currents into transverse spin currents, thereby leading to spin accumulation. By 

connecting thermal and optical effects through a local laser excitation, we observe signatures 

of heat-transport related spin Hall effects that can be extracted from opto-transport 

experiments. We detect the heat-driven spin Nernst effect that drives a transverse spin-

current and results in a spin accumulation at the topological insulator edges. The circular 

photo-galvanic current, three orders of magnitudes smaller than the thermal currents, allows 

one to map the spin distribution via its strong sensitivity to the circular polarization 

dependence in the optical transitions. We illuminate the detailed thermocurrent distribution, 

including the influence of edges and contacts, in spatially resolved current maps. This opens 

up new ways for spin detection and generation in topological insulators. 

 

A three-dimensional topological insulator (3D-TI) is a material with strong spin-orbit 

interaction that gives rise to surface states with specific properties [1, 2, 3, 4, 5]. One of 

the most prominent is that, in contrast to the insulating bulk of the material, the surface 

states display a metal-like conductivity [6]. Furthermore, the surface states show a 

distinct spin texture that connects the direction of the carrier spin to its momentum (spin-

momentum locking). Recently, large effort has been aimed at using the spin-momentum 

locking for generation of charge currents with a large degree of spin polarization, pure 

spin currents, or to control a charge current direction in the surface channel [7]. In a 



seminal work [4], this effect was applied to excite a helicity-dependent photocurrent at 

the sample surface at room temperature [4, 8, 9].  

Different effects of thermal origin can influence the transport in these materials, affecting 

the helicity-dependent signals. Therefore, it is crucial to understand the origin of each 

contribution to the photocurrent and their underlying microscopic mechanisms. The 

relative complexity of the photocurrent behavior arises from the broad energy regime of 

the optical excitation used in the seminal studies. The prototype 3D-TI materials are 

chalcogenides such as Bi2Se3, Bi2Te3 or Sb2Te3 [1, 3]. From the intensive materials 

exploration and studies of photoemission over the last years, it is possible to gain control 

over their band structure and the gap crossing Dirac cone. All of them are narrow-gap 

semiconductors and have bulk band gaps in the range of 200 – 300 meV. Their Fermi level 

position can be adjusted over a wide range, in alloys such as (Bi,Sb)2Te3, resulting in very 

low carrier concentrations and low intrinsic conduction of the bulk material [10]. 

The band gap is very narrow with respect to optical applications. The excited states are 

found within the Dirac cone only for excitation wavelengths larger than 4 m. However, 

typical photon energies used in optical experiments are in the visible and near infrared 

(NIR) region, at around 0.8 m, and the photon energies are five to eight times the value 

of the bulk band gap. Therefore, the surface states in the Dirac cone are excited far into 

the bulk valence band. This gives rise to a whole variety of optically induced effects. 

Depending on the time scales relevant for the effect under study, two types of 

experiments are performed, (i) the ultrafast photocurrent generated in the dynamic 

regime by femtosecond laser pulses, which allows one to separate the different time 

scales of charge and spin relaxation, and (ii) quasi-equilibrium carrier transport by 

continuous wave excitation, typically performed in a form of an opto-electrical 

measurement on micro patterned devices [7]. 

 

The ultrafast spin and carrier dynamics has been successfully investigated in many types 

of time-resolved optical experiments, by direct detection of helicity dependent 

polarization in films using magneto-optics [11], by THz emission [12] or by electric 

sampling using amorphous Silicon-Auston switches [9, 13]. In our previous work [11], 

we used the all-optical pump-probe technique to examine the coherent ultrafast spin-

dynamics of (Bi,Sb)2Te3 (BST) alloys. The electrons are excited into the second Dirac 

cone [14] and subsequently relax towards the bottom of the conduction band [15]. The 

spin polarization of the electrons at the moment of excitation is given by the energy and 

polarization of the absorbed photon. One finds spin-dependent photogalvanic effects 

arising from spin-orbit interaction in non-centrosymmetric materials [16], and the photon 



drag effect [17] or [18] arising from a band-dependent speed of the charge carriers. These 

effects result in spin-polarized currents in a semiconductor after optical excitation.  

All the above-mentioned phenomena can be of importance with respect to the quasi-

equilibrium photocurrents detected in transport experiments, and respectively have an 

impact on the photocurrents. Recently, in the work by Pan et al. [19], these phenomena 

were disentangled by studying photocurrents over a large wavelength range, combined 

with a modification of the electrochemical potential by a gate voltage. Apparently, the 

photocurrents can have also a complex spatial dependence. Substrate effects can 

contribute, as well as the depth dependent photo-Dember effects, which is a typical 

source of ultrafast spin currents in semiconductors [5]. At the contacts, a spatial 

inhomogeneity of the induced photocurrents is expected. The origin of this 

inhomogeneity can be manifold, for example the modification of the local potential 

landscape at metal/semiconductor interface and the formation of a Schottky barrier. This 

has been demonstrated for ultrafast photocurrents in graphene nanojunctions [20, 13]. 

Therefore, in our work, we want to discuss the lateral effects by looking in detail into 

their spatial dependence along the Hall bar. 

 

Our approach also establishes another way to create spin-polarization by sending a 

current though a thin film in a per se nonmagnetic material. The spin Hall effect converts 

a longitudinal charge current in the bulk of the material into a transverse spin current. 

The efficiency is given by the so called spin Hall angle 𝛳𝑆𝑝𝑖𝑛 𝐻𝑎𝑙𝑙 =
|𝐽𝑠𝑝𝑖𝑛| 

|𝐽𝑐ℎ𝑎𝑟𝑔𝑒|
 [7]. The spin 

Hall effect is exploited in heavy metals [7, 21] to create large spin orbit torque at 

interfaces in ferromagnet bilayers [22, 23]. A search for increasing the efficiency is 

ongoing. So far, the spin Hall angle Spin Hall is far below one in these materials, typically 

about 0.1 – 0.3. For ferromagnet/topological insulator heterostructures, in contrast, very 

high spin orbit torque efficiencies have been reported recently [24, 25, 26, 27, 28].  

The hallmark of topological insulators is the large intrinsic spin-orbit interaction, 

resulting in much higher charge-to-spin conversion than in heavy metals. Huge factors 

of Spin Hall have been observed in structures with magnetically doped TIs [24], and even 

values of >18 for sputtered granular topological insulator films [25]. One explanation is 

that those large values result from the definition of Spin Hall. A large resistance of the bulk 

of TIs compared to metals, makes the denominator in Spin Hall close to zero, increasing 

the value of Spin Hall. This shows the relevance of a detailed understanding of the 

mechanisms leading to the extreme spin orbit torque switching efficiency [24, 25, 26].  



The spin Hall effect has a thermal analogue, the spin Nernst effect. A longitudinal heat 

current in the material drives a transverse spin current. Microscopically, it originates 

from an interplay of temperature driven electrons, feeling locally spin-orbit effects in the 

material. This effect has been only recently discovered in Pt [29] but not yet in 

topological insulators. We want to understand how light-generated effects, instead of 

voltage-generated currents, interact with surface currents in topological insulators. Light 

acts in two ways on the topological insulators film, it creates (i) a photo-excitation of the 

carriers and (ii) a heat gradient. The question is whether we can drive a spin Hall effect 

by light to accumulate spins.  

In this work, we aim to combine the spin Hall effect physics in topological insulators, 

with the optical excitation of the materials in terms of a spin Hall photoconductance [30]. 

We report on the appearance of a spin Nernst effect-like contribution to the photocurrent 

in a Hall bar. We attribute this signal to a spin accumulation originating from a spin-orbit 

driven transverse spin-current, as a response to the longitudinal thermocurrent, which is 

detected via a helicity-dependent photocurrent modified by the spin accumulation. 

 

For the photoelectric measurements, we use a well-established lock-in technique. The 

light source is a diode laser with a wavelength of 785 nm (1.55 eV) modulated at 77Hz 

by a square-function generator. In our experiments, laser radiation is focused down to a 

3 µm wide beam on the sample surface. In this slow regime, the photo-response mirrors 

the quasi static rectangular excitation pattern, and at the same time excludes dynamic 

effects, which occur at higher modulation frequencies. The setup allows precise laser 

spot positioning by stepper motors, with high axial and lateral resolutions down to 200 

nm along the sample surface, while measuring the reflectivity and the voltages generated 

by the photocurrents. 

 

We have developed a method to map the contributions to the generated voltage for each 

point spatially and as a function of the polarization of light. For this purpose, at each 

point, the reflectivity and the photovoltage 𝑉photo generated by the thermocurrent, 

excited by the laser beam, is recorded for a full rotation of the quarter-wave plate 

(/4plate). We use the same analysis, as proposed by Ganichev in reference [17] for the 

analysis of spin photogalvanic effects in GaAs, and which was also used by McIver et al. 

in reference [4] for the study of topological insulators. We fit each point by the following 

equation: 

 

𝑉photo(𝜃) = 𝐶 ⋅ sin(2𝜃) + 𝐿1 ⋅ sin(4𝜃) + 𝐿2 ⋅ cos(4𝜃) + 𝐷               (1) 



 

The angle   denotes the rotation angle of the /4 plate around the light propagation axis 

in a perpendicular plane for each single measurement, as depicted in Fig. 1. When rotating 

the /4 plate, the light polarization changes from linear polarized photons for 0°, 90°, 180° 

and 270° to right-circular for 45°, 225° and left-circular for 135°, 315° polarized light.  

Equation (1) reflects the voltage contributions of various periodicity with respect to the 

angle  , i.e. polarization variation. The factor D gives the polarization-independent 

voltage. It includes the Seebeck voltage generated by heat gradients driven by the laser. 

The coefficients L1 and L2 capture the weight of the components with period 4ϴ, and 

they are 90° out of phase relative to each other. They depend on the angular alignment 

of the incident light, its polarization relative to the samples surface in general, and 

especially to crystalline axes of the material. Therefore, both L1 and L2 potentially 

address multiple effects connected to the linear polarization axis, which consist of 

common effects like polarization sensitive absorption, changing effectively the heat 

gradient, and less common effects like a photon drag effect [18]. 

The factor C weighting the component with 2ϴ, represents the contribution of interest 

here: it originates from a circularly polarization-driven photocurrent, e.g. the difference 

in photocurrent for right- and left-circularly polarized light. In the common 

interpretation, the circularly polarized light promotes the excitation of one spin species 

(spin up or down), respectively. It generates a directional current which originates from 

the spin imbalance, the asymmetrically populated surface states in k-space in conjunction 

with spin-momentum locking in the topological insulator, resulting in a directional 

current on the surface. The process is called circular photogalvanic effect. To avoid the 

experiments being affected by dichroic absorption effects that would also modify the 

factor C amplitude, we measure the reflectivity and photocurrents at the same time for a 

full rotation cycle. These two-dimensional power absorption and reflectivity maps allow 

determining the influence of local heating by the scanning laser spot. Since the 

absorption is polarization-dependent by itself, this is a precondition to interpret the 

background of Seebeck voltage that contributes in addition to the polarization 

dependence.  

Fig. 1a shows a sketch of the setup with an optical microscope image of the sample and 

the sample geometry. The angle of incidence of the laser beam is kept fixed at 45° to the 

sample normal. In Fig. 1b, a reflectivity map of the sample area is depicted, taken 

simultaneously with the voltage map. The Au contacts show the highest reflection in 

white. The substrate appears almost black on the scale (low reflectivity signal), and the 

topological insulator is grey in between. These reflectivity and 𝑉photo maps are also 



compared for s- and p- polarization in detail in the section below. Thereby, we thoroughly 

analyze possible edge absorption effects. We find them to be minor for these local 

measurements. 

In the following discussion, we have chosen a (Bi0.57Sb0.43)2Te3 ternary heterostructure 

(BST) with a total thickness of 16 nm. BSTs allow the tuning of the Fermi level between 

valence and conduction band, based on the bismuth to antimony ratio, especially as close 

as possible to the Dirac point [10]. In addition, this doping in the band gap minimizes 

the concentration of mobile charge carriers in the thin film. The minimum charge carrier 

concentration of 3·1013 cm-2 is determined by transport measurements. The ternary 

(Bi0.57Sb0.43)2Te3 alloy is grown by molecular-beam epitaxy [31, 32] on a Si-(111) 

surface, which is the uppermost layer of the silicon-on-insulator (SOI) substrate. The 

BSTs are analyzed by various experiments, including x-ray photoelectron spectroscopy 

(XPS), x-ray diffraction (XRD), Raman spectroscopy, angular resolved photo electron 

spectroscopy (ARPES). ARPES monitors the Fermi level movement through the band 

gap by regulating the antimony amount, which is also confirmed by the corresponding 

Hall effect mapping of the n- to p-type doping transition. Our samples are chosen to be 

located very close to this compensation point with the lowest intrinsic conductance. After 

structuring the thin films into Hall-bars by optical lithography and Ar+-ion dry etching 

they are stored under dry vacuum conditions. This surface-reconstruction procedure is 

verified by ARPES measurements to yield the correct surface states and Fermi level 

again. 

 

Large-scale overview maps are performed on the Hall bar devices to analyze the role of 

the contacts and substrate on the photocurrents. The data is presented in Fig. 1c and d. 

Each point of these maps has been analyzed by equation (1) to extract the parameters D, 

L1, L2 and C. The thermovoltage (D) and the photogalvanic voltage (C) are displayed, 

respectively. The contacts on the right side are used during the experiment to pick up the 

signals in between. It can be seen that the largest polarization-independent voltages 

appear when the laser spot excites the media right at the structured contacts, but also 

finite and non-trivial dependencies along the topological insulator structure are found. 

The thermovoltage D reverses the sign at each contact, and the signal strength is of the 

size of a few mV at the contacts. Elsewhere, they are mainly on the order of hundreds 

µV. These thermovoltage distributions can be explained by the lateral variations of the 

reflectance, shown in Fig. 1b. The largest values of D are found in particular at the 

topological insulator-substrate interface close to the contacts. Almost no thermovoltage 

is found for the excitation on top of the Au metal contact, where the highest reflectance 



occurs. These voltage signals show a sign reversal for the doping of the topological 

insulator going from n- to p-type, which is expected.  

The focus of our study is the search for the signal component which is sensitive to the 

exciting photon’s helicity, associated with the circular photogalvanic voltage (parameter 

C in equation (1)). These signals are at least a factor of hundred smaller in amplitude 

compared to parameter D, associated to the thermocurrent, making their extraction 

generally challenging. In the large overview map, we see that with moving the excitation 

laterally, abrupt changes from +5 to -5 µV for C can appear, for substrate to topological 

insulator edges close to the contacts. We tested s- and p-polarized light, photocurrent 

maps in overview maps and in detail in the Hall bar center for significant changes at 

edges or other potential sensitive regions (e.g. plasmonic effects). However, these 

changes turn out to be negligible and will not be discussed in the following. The spatial 

irregular distribution of the values for C tells us that no meaningful values can be 

extracted in the large overview scans for the dichroic shift currents. 

 

In order to extract meaningful values for each parameter, photocurrent scans with higher 

spatial resolution are required. Fig. 2 shows measurements, focused on the geometrical 

center of the Hall bar device between two contacts, using a higher spatial resolution. 

Again, we discuss the extracted values for C and D. Example fits of equation (1) are 

shown for three positions 1-3 in Fig. 2. This position is chosen to reduce the 

thermocurrent. Its minimum is expected in the geometrical center between the contacts. 

Consequently, the non-thermal contribution to signals driven by the circular polarization 

driven photocurrent will be dominant. This idea is similar to the concept used by McIver 

et al. [4] previously.  

The 2D map in Fig. 3 in the upper left shows the thermocurrent distribution for the chosen 

region. For all points, the average thermovoltage is positive and in the order of 125 µV, 

indicated by the red color scale over the full scan range. Again, for a more detailed 

discussion, averaged profiles consisting of multiple lines of a section of the data area, 

are shown parallel and perpendicular to the Hall bar, to the top and right side of the color 

plot (Fig. 3): The marked regions are two perpendicular lateral profiles, where we 

identify a monotonic drop of the D value along the Hall bar. This is expected when 

moving the laser spot between contacts. However, although there is a linear dependence 

due to a thermovoltage offset on the BST Hall bar, the data shows no zero crossing. Since 

the values of L1 and L2 go with the sine and cosine of 4ϴ, the complex L-value 

(L=L1+iL2) can be plotted as modulus and its phase. For the modulus we find values 

about a factor of ten smaller than D. The phase change is the strongest for s- and p- 

polarization, as shown in Fig. 5. For C values extracted from the fits at each point of the 



scan regions, we find that the circular photogalvanic effect is again a factor of hundred 

smaller, in the µV range. The most important finding of this section is that there is a 

unidirectional offset thermovoltage present on the BST Hall bar, which indicates the 

existence of a temperature gradient ∇𝑇 directed along the Hall bar device. 

 

The unexpected findings are presented in Fig. 3, where a spatially resolved map of the 

C-value, originating from the difference in photovoltages for the right- and left-handed 

circularly polarized laser excitation is shown in a false-color plot. In the middle region, 

the C-values stay almost constant along the bar, which is contrary to the thermovoltage. 

In addition, a complex behavior occurs at the edges of the Hall bar. There, the voltage 

reverses direction, as indicated by the blue and red areas at both edges. This resembles 

immediately a spin-Hall-like signal in the Hall-bar structure. In the profile line, these are 

more visible as local maxima and minima. We find an asymmetry of our photocurrent 

with respect to the polarization of the light for right- or left-handed circular polarization. 

The spins generated by the selective excitation by the circularly polarized light generate 

a positive or negative voltage depending on their polarization. 

 

What is the origin of this signal that resembles a spin accumulation at the edges, 

measured by the excitation difference for the two polarizations? Recently, related 

findings of a spin-Hall photoconductance effect were reported by Seifert et al. [30]. They 

observed that at the edges of Bi2Te2Se platelets, spin accumulation modified by the 

photoconductance occurs. By varying the driving current, they tested different symmetry 

scenarios and deduced that the accumulation of spins at the edges arises from the spin-

Hall effect in the topological insulator bulk states. Further, they found that the spin 

accumulation at the edges gives rise to an optically induced kind of magnetoresistance 

effect, e.g. a change of the edge channel photoconductance that is connected to the spin-

population and the light’s circular polarization. Here, we observe a similar signature, but 

without any application of an external current.  

The microscopic process is depicted in Fig. 4 schematically: instead of a voltage driving 

the transverse spin current, we observe a thermal gradient driving a transverse spin 

accumulation at the edges via the spin Nernst effect, the thermal analogue to the spin 

Hall effect [29]. This thermally driven spin polarization changes the weighting in the 

spin population, sensed by the exciting photon helicity. Thus, the laser light action is 

twofold: The laser generates the heat gradient and the spins accumulated at the device 

edges, determined by the size of the spin Nernst effect. Additionally the size of the 

circular photogalvanic effect itself depends on the helicity-dependent photoexcitation of 

the carriers. The latter appears as a contrast in the spin-voltage maps of the C value that 



originates from current direction JC of the carriers excited selectively by circularly 

polarized photons reversing sign for left and right circularly polarized light. It senses the 

accumulated spins at the device edges, and, thus, the spin density accumulated at the 

edges can be accessed. It seems that we have here a very sensitive method that allows to 

detect a voltage on top of a three orders of magnitude larger Seebeck voltage. Recently, 

we have shown that this method can be applied even for more complex nanoscale 

geometries and topological insulator nanowires [33, 34] and ferromagnet/ topological 

hybrid structures. 

 

We have presented a study of the photoexcitation in the three-dimensional topological 

insulator (Bi0.57Sb0.43)2Te3 with a fixed intrinsic doping level leading to the lowest 

intrinsic conduction of the bulk states. For the thin-film geometry, the Hall-bar device is 

studied in an overview map of the polarization-dependent photocurrents to elucidate the 

effects especially of the contacts, revealing an offset Seebeck voltage along the Hall bar. 

The high-resolution map shows a contrast of the device at the edges that have the 

signature of the spin Nernst effect. We interpret this signal as a transverse spin current 

driven by the thermal gradient along the Hall bar. The resulting spin accumulation 

influences the spin-dependent circular photogalvanic effect that allows detecting a 

difference in the spin accumulation via the polarization-dependent photovoltage signal. 

This opens up new possibilities to exploit the spin-polarization created by thermal 

gradients and to use the sensitive detection by light-induced effects to study the 

processes. We present a contact free way to generate local spin-accumulation in 

topological insulators which might be useful for spintronic applications, 

magnetoresistance effects and spin torques in topological materials. 
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Fig. 1| Experimental setup. a, Schematic layout of the topological insulator sample structure 

with intrinsic doping (16 nm (Bi0.57Sb0.43)2Te3) and measurement alignment. The x-y-scanning 

laser excitation relies on piezo-driven motion of the sample while measuring the voltage (not to 

scale). For each point, the laser polarization is varied from linear to right- to linear to left-handed 

circularly polarized using a /4-wave plate. The Au contact pads are the golden leads, and the 

topological insulator Hall bar structure is seen in lighter gray on the darker grey silicon substrate 

in the optical microscope image. b, A reflectivity map derived from scanning the sample in x 

and y direction showing the closeup of the investigated 150 μm long Hall-bar region. c, The 

coefficient D, assigned to the Seebeck thermovoltage, is plotted as false-color plot. d, The 

coefficient C represents the circular photogalvanic voltage and is plotted in a false-color plot. 

The graphs show the detailed profile sections along the Hall bar (black line) and perpendicular 

(gray line) at the side and top. 

 

  



 

 
 

Fig. 2| Detailed measurements and photogalvanic-effect analysis. a, The Au contact pads are 

the Au leads, and the topological-insulator Hall-bar structure is seen in lighter gray on the darker 

grey silicon substrate in the optical micrograph. The x-y-laser-scanned area is marked. b, and c, 

Map showing the thermovoltage parameter D (Seebeck voltage) for the topological-insulator Hall 

bar. The graphs show the detailed profile sections along the Hall bar (black line) and 

perpendicular (gray line). For each specific position (1), (2) and (3), the laser polarization is 

scanned from linear to right- to linear to left-handed circularly polarized using a /4-wave plate. 

For the polarization-dependent signal (black dots) for the /4-plate rotation angle 𝜃 is plotted 

together with fits using equation (1). d, The parameters D, L1, L2 and C (for modulus and phase 

of L=L1+iL2) for position (3) are shown in the bar diagram. 

  



 

 
 

Fig. 3| Interplay between the thermocurrent offset and circular photogalvanic voltage signal. 

Comparison of two optical excitation scenarios. The panel shows parameter C, the voltage 

generated by the circular photogalvanic effect, created by the circular polarized light for both 

scenarios. The incident laser beam is a, s-polarized and b, p-polarized, respectively to discuss 

the effect of the linear polarization interacting with the Hall bar edges. The general feature of the 

strong voltage signal at the edges in the circular photogalvanic effect, positive and negative, 

respectively, is not altered. 

  



 

 

 
 

 

Fig. 4| Spin accumulation and spin-sensitive detection. The model explains the two-step spin-

accumulation process. First, the spin Nernst effect accumulates the spins towards the edges of 

the bar, perpendicular to the temperature gradient ∇𝑇. This spin-current js results in a steady-

state modification of spin at around the Dirac cone at the topological insulator edges. By 

scanning the laser beam using polarization modulation, spin-sensitivity comes into play: the 

altered spin occupation modifies the circular photogalvanic current, three orders of magnitude 

smaller than the Seebeck currents. This sensitive selection by the circular right (left side) and 

left (right side) polarized photons results in a modification of the circular photogalvanic current 

jC that allows to map and detect this local spatial spin imbalance driven by the spin Nernst effect 

in the circular photogalvanic voltage C driven by the photocurrent jC. Due to the symmetry 

breaking by the contacts, an overall temperature gradient is found along the Hall bar with x-y-

scanning of the laser spot (see Fig. 2c). 
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