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1. Introduction

Topological surface states (TSS) and 2D electron gases (2DEG) can
coexist at the surface of 3D topological insulators (TIs),[1–3]

whereas the TSS exhibit spin-momentum locking, the 2DEG is
characterized by bands with pronounced Rashba spin splitting.[4]

Under an electrical bias voltage, the spin textures of these surface
states lead to a current-induced spin polarization (CISP), where
the polarization is perpendicular to the momentum direction,
however with different signs between the TSS and Rashba-split

states (RSS).[5–9] Therefore, both TSS and
RSS offer many opportunities for spin-
tronics and magnetoelectronics.[9–12] For
such purposes, spin-sensitive ferromag-
netic electrodes can be used to indirectly
detect the spin-polarized surface currents,
as these currents create a difference in
the electrochemical potentials for spins par-
allel and antiparallel to the magnetization
direction of the electrodes.[13–15] Therefore,
reversing either the magnetization direction
of the ferromagnetic electrodes by an exter-
nal magnetic field or reversing the flow
direction of the current lead to a sign reversal
in the magnetic hysteresis loop of the
detected spin signal. This behavior has
indeed been observed in several studies
before.[8,9,13,16–24]

However, so far the amplitudes of
reported spin signals in local measurement
geometries are surprisingly small for alleg-

edly fully polarized surface currents and are additionally super-
imposed by magnetization independent background signals that
are two to three orders of magnitude larger than the spin
signal.[8,13,16–20] One possible explanation for such diminished
spin signals are invasive contacts that might disturb the
spin-polarized surface states.[25–29] Another explanation might
be possible contributions from transport over bulk and/or
defect states in the local transport geometry (black arrows in
Figure 1a,b).[30–35] Charge transport over such states, especially
in the presence of magnetic fringe fields, can also show similar
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The spin-polarized surface states in topological insulators offer unique trans-
port characteristics that make them distinguishable from trivial conductors.
Herein, the impact of these surface states in the topological insulator BiSbTeSe2
is detected by electrical means using a nonlocal (NL) transport configuration
with ferromagnetic Co/Al2O3 electrodes. It is shown that the NL measurement
allows probing of the surface currents flowing along the whole surface, i.e.,
from the top along the side to the bottom surface and back to the top surface
along the opposite side. Increasing the temperature increases the interaction
between bulk and surface states, which shortens this NL current path along the
surface and hence leads to a complete disappearance of the NL signal at around
20 K. Interestingly, it is observed that the ratio between spin signal to back-
ground signal is much larger in the NL geometry compared to the local one.
Given that the observed ratio in the NL geometry aligns well with expectations
for spin-polarized surface states, the findings suggest that an as-yet unresolved
mechanism diminishes the spin signal in the local geometry.
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magnetic field dependent transport signatures compared to the
signatures attributed to the TSS or RSS.[8,36,37] This can be a
problem in local measurements of the surface states in-between
source and drain contacts (transport over these surface states is
depicted by the blue area in Figure 1b). However, the topologi-
cally protected surface states as well as the RSS are expected to
fully enclose the 3D bulk connecting all facets of a strong TI.[38]

If surface states on the one hand and bulk and defect states on
the other hand are sufficiently decoupled, a third transport
channel therefore opens from source to drain, carrying the cur-
rent nonlocally along the surface (see red current path in
Figure 1b).[39–42] A nonlocal (NL), spin-sensitive voltage mea-
surement of this second surface transport channel thus offers,
in principle, a way to separate the contributions from surface
states on the one hand and bulk and/or defect states on the
other hand.

In this work, we investigate both local (L) and NL electrical
transport measurements of the surface states in exfoliated
BiSbTeSe2 (BSTS) flakes.

[43] And indeed, we observe distinctive
different spin transport properties in these two configurations.
On the one hand, the ratio between the spin signal and the back-
ground signal is nearly two orders of magnitude higher in the NL
geometry compared to the local geometry, the latter being con-
sistent with values reported in the literature. This hints to the
fact that so far an unknown phenomena diminishes the spin
signal in the local geometry. On the other hand, we observe sig-
nificantly different temperature dependencies between local
and NL spin signals. Thermally activated hopping transport

is likely the reason for the different temperature dependencies,
as the NL current path is shortened by this temperature acti-
vated channel.

The BSTS flakes were prepared by mechanical exfoliation onto
Siþþ/SiO2(300 nm) substrates. Tunnel-barriers were fabricated
by evaporation of an aluminum (Al) seed layer (�1 nm) over
the whole flake which got naturally oxidized, followed by thermal
atomic layer deposition (ALD) with tri-methylaluminum (TMA)
and water as precursors for an additional�1 nmAl2O3. Here, the
ALD process was used to close pinholes in the naturally oxidized
Al2O3 layer. In the next step, e-beam lithography and e-beam
evaporation was used to fabricate the cobalt (Co) electrodes.
An optical image of the device together with an atomic force
microscope (AFM) image of the BSTS flake after exfoliation
are shown in Figure 1c,d, respectively. The thickness of the flake
is �40 nm.

The temperature dependent resistance of the device, mea-
sured in a four-probe configuration, shows a semiconducting
behavior at high temperatures and a transition to a metallic
regime at T= 200 K (see Figure 1e). This transition corresponds
to the depletion of impurity and defect bands within the bulk
bandgap.[44] The metallic behavior, on the other hand, indicates
surface transport that persists down to low temperatures. As it is
depicted in Figure 1f, a low-field magneto-resistance measure-
ment at T= 3 K shows the cusp-like feature resulting from weak
antilocalization (WAL).[45–49] The existence of WAL in TIs is a
hallmark of the strong spin-orbit coupling. We use the
Hikami–Larkin–Nagaoka model[50,51] for fitting the WAL curve

(a)

(b)

(c)

(d)

(e)

(f)

Figure 1. a) Distribution of the current inside the bulk of a material with trivial band structure (black arrows). Only a negligible amount of current due to
the effect of current spreading is expected under the nonlocal detection electrodes. b) Distribution of the current inside a 3D topological insulator.
Depicted are the potentially present bulk channel (black arrows), the local surface channel directly between source and drain (blue), and a second surface
channel (red), which connects source and drain in a nonlocal manner. The spin polarization directions are indicated by green arrows and correspond to
the case where spin-momentum–locked transport carried by the TSS dominates over transport via the RSS. c) Optical image of the 40 nm thick exfoliated
BSTS flake contacted with Co/Al2O3 electrodes. d) AFM scan of the flake shown in panel (c) before electrode fabrication. e) Four-probe resistance as a
function of temperature. f ) Weak antilocalization measurement at a base temperature of T= 3 K as a function of an out-of-planemagnetic field Bz. The red
line is a fit using the Hikami–Larkin–Nagaoka model.
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(see red trace in Figure 1f ) and extract a phase coherence length
of around 240 nm.

In order to probe the spin-polarized surface states, we now
focus on transport measurements in both local and NL detec-
tion geometries (see Figure 2a,d, respectively), using spin-
sensitive ferromagnetic electrodes to allow for potentiometric
detection.[6] For this we apply in-plane magnetic fields along
the y-direction to reverse the magnetization directions (~M) of
the Co electrodes. We observe well-defined hysteresis loops
in both local and NL configurations which are expected when
the contacts are magnetized either parallel or antiparallel to
the spin polarization (~S) of the surface charge carriers
(Figure 2b,c,e,f ). These measurements were conducted by
applying a DC current of �1 μA between source (S) and drain
(D) electrodes. After the subtraction of a background signal,
which will be discussed further below, we normalize the mea-
sured voltage with the applied current between source and drain
to acquire the local and NL resistances depicted in Figure 2b,c,e,
f. In case of small currents as used in our measurements, it was
shown that the spin-related voltage signal scales linearly with
the applied current, before it saturates in some studies towards
very high currents, possibly due to Joule heating or voltage-
dependent population of non-surface states.[8,9,13,16,17,19,20,22]

Within this linear range, calculating the local and NL resistan-
ces is therefore an easy way to compare results from different
studies, which normally report on local spin signals in the range
of a few mΩ to 10Ω.[8,9,13,16–24] The quite large spin signals
of around 10Ω in the local transport geometry in our study

(see Figure 2b,c) therefore belong to the highest spin signals
reported in literature so far.

Important contributors to this large spin signal are the opti-
mized tunnel barriers that show contact-resistance–area products
of around 20–30 kΩμm2. This is in the same range in which pre-
vious studies both on TIs [21] and graphene[52] have demonstrated
increased spin signals due to increased spin injection/detection
efficiencies and reduction of contact-induced spin relaxation pro-
cesses. Furthermore, we note that in contrast to most other stud-
ies all of our contacts are ferromagnetic, including the source and
drain contacts. This might be important because the TSS is not
expected to be 100% spin-polarized, despite its spiral nature. This
is due to spin-orbit interactions and a possible penetration of the
TSS into subsurface layers, where fluctuating electric fields can
result in complex spin textures.[53–57] Furthermore, it is the topic
of ongoing research how electrical contacts to the TI affect both
TSS and RSS.[25–29] Overall, it is very likely that both spin up and
down transport channels have to be considered even for the
TSS.[15] Accordingly, there is the possibility that in our study
the use ferromagnetic source and drain electrodes might boost
the spin polarization within the surface states and therefore the
spin signal.

Consistent to surface state transport, we observe that reversing

the electrons’ momentum direction (~k) leads to a reversal of the
spin polarization direction of the surface carriers and therefore
the reversal of the respective hysteresis curves in both the L and
the NL configurations (compare left and right panels in
Figure 2b,c,e,f ). We note that we cannot draw any definitive

(a) (b) (c)

(d) (e) (f)

Figure 2. Schematic illustration of a) local and d) nonlocal measurement configurations. Potentiometric detection of the spin polarization in the TSS

using b,c) local and e,f ) nonlocal geometries at T= 3 K. The flow direction of electrons (~k) and their spin polarization direction (~S) assuming the spin-
texture of the TSS are shown by black and green arrows, respectively. In-plane magnetization direction of the electrodes (~M) is indicated using the brown
arrows. All measurements show a hysteretic switching of the spin signal when reversing the magnetization direction of the ferromagnetic detectors by an
in-plane external magnetic field By.
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conclusions as to whether the spin signal is due to transport via
TSS or RSS. In many studies the sign of the hysteresis loop is
used for this distinction.[8,9,13,16,19,22,24] However, as it was
pointed out in other studies, the sign can also change depending
on the resistance and characteristics of the electrical con-
tacts,[15,21] making such an assignment ambiguous. This is
aggravated in our case by the fact that not a single ferromagnetic
contact is used with otherwise non-magnetic reference electro-
des. If only ferromagnetic electrodes are used, the sign of the
spin signal can in principle also change depending on the
specific spin injection/detection efficiencies of the individual
contacts.[15] We discuss both the experimental similarities and
dissimilarities between TSS and RSS and the resulting problems
in assigning the observed spin signal to one of these states in
more detail in the Supporting Information.

Next we focus on the results of the NL measurements in
Figure 2e,f. The amplitude of the spin signal of 1Ω is around
one order of magnitude smaller than in the local geometry,
but still in the higher range of reported values in literature.
Interestingly, we observe also a reversal of the hysteresis when
comparing local and NL measurements for the same direction of
the current between source and drain electrodes (compare
respective upper and lower panels in Figure 2b,c,e,f. Under
the assumption of similar spin detection efficiencies between
the contacts, this sign reversal can be readily explained by a
spin-polarized current through the bottom surface (see SNL2
and red arrows in Figure 2d). As we kept the polarity of the volt-
age amplifier the same in both measurements geometries (first
the negative input V� then the positive input Vþ along the x-axis,
compare Figure 2a,d), a current over SNL2 will have a reversed cur-
rent direction in the NL geometry (it flows from Vþ toward V�)
compared to the current over SL1 in the local geometry (there it
flows from V� toward Vþ). This results in a sign reversal and
shows that the NL measurement allows to probe the surface cur-
rents flowing along the whole surface, i.e., from the top along the
side to the bottom surface and back to the top surface along the
opposite side.

However, there is one striking difference between the local
and NL spin signals with respect to their magnetization indepen-
dent background signals. Studies that conduct spin-sensitive
measurements on TIs in the local detection geometry show back-
ground signals that are normally two to three orders of magni-
tude larger than the amplitude of the hysteresis signal.[8,13,16–20]

These background signals are normally subtracted from the spin-
dependent data, as we have done in Figure 2. The subtracted volt-
age signals are depicted in Figure 3 as a function of the applied
current for both the local (blue) and NL (red) geometry. The lin-
ear slope in the local geometry corresponds to a resistance of
around 4.45 kΩ, which is in accordance to the temperature
dependent data in Figure 1e. Therefore, the amplitudes of the
local spin signals in Figure 2b,c are around a factor of 450 smaller
than this background signal, which is in good agreement to lit-
erature values. Instead, the slope in the NL background signal in
Figure 3, whose sign reversal compared to the local configuration
is indicative for a current flow in the -x direction, corresponds to
roughly 10Ω. This background signal is only one order of mag-
nitude larger than the NL spin signals in Figure 2e,f. To the best
of our knowledge, this is the largest spin signal to background

ratio in spin-sensitive electrical measurements on TIs reported in
literature so far.

It should be noted that the ratio between spin signal to back-
ground signal in the NL geometry is not unreasonably large, but
rather that the corresponding ratios in the local geometry are sur-
prisingly low. If we assume that the spin polarization in the TSS
is somewhere between 50% to 100%[53–57] and if we assume typi-
cal spin detection efficiencies of ferromagnetic contacts with tun-
nel barriers of around 10% to 30%,[58–61] one would expect that
the nonmagnetization-dependent background would indeed be
only one order of magnitude larger than the spin signal. Why
the ratio in the local geometry is significantly lower not only
in our study but also in other studies in literature (the aforemen-
tioned two to three orders of magnitude[8,13,16–20]) should be the
focus of further studies.

Next, we discuss the temperature dependence of both the spin
and background signals in both measurement geometries.
Figure 4a,d are waterfall diagrams depicting the evolution of
the hysteresis curves for both local and NL detection geometries
with increasing temperature. The extracted amplitudes of the
temperature dependent hysteresis curves are shown in
Figure 4b,e, respectively. The magnetic field independent back-
ground signals are plotted in Figure 4c for the NL and 4(f ) for the
local geometry. There are two main observations in the tempera-
ture dependent measurements: First, the amplitude of the hys-
teresis in both configurations gets rapidly diminished as the
temperature is increased. Interestingly, the NL spin signal
already vanishes around T= 16 K (Figure 4b) while the local spin
signal lasts up to T= 45 K (Figure 4e). Assuming that both sig-
nals originate from the same TSS or RSS states, we must link the
different temperature dependencies to the different current
paths (SL1 and SNL2 in Figure 2a,d, respectively).

In this respect, it is important that there is a distinct difference
between the evolution of the background signals and the corre-
sponding spin signals. In the NL geometry both quantities (ΔRNL

and RNL) show a monotonic decrease and disappear at similar
temperatures (Figure 4b,c). Instead, the background signal in
the local geometry (RL in Figure 4f ) first slightly decreases from
3 to 10 K before it increases towards higher temperatures.
Interestingly, the minimum of the local resistance in
Figure 4f corresponds quite well with the temperature at which

Figure 3. Nonmagnetization-dependent background signals in both local
(blue) and nonlocal (red) configurations as a function of the applied
current between source and drain contacts.
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the NL spin signal in Figure 4b becomes very small (indicated by
black arrows). As noted before, the local background signals
extracted from the magnetic field dependent spin measurements
(Figure 4f ) follow the temperature dependent resistance mea-
surement of Figure 1e. The latter reveals a transition from acti-
vated to metallic transport below T= 200 K, which indicates the
depletion of bulk states. However, as it was shown previously,
variable range hopping (VRH) in the bulk may still contribute
to transport at low temperatures.[43,62] In particular, in BSTS
compounds, the compensation of acceptors and donors, which
can explain the low bulk carrier concentration, results in random
local potential fluctuations and therefore the formation of
charged puddles.[62] Charge carriers can tunnel between neigh-
boring puddles and can therefore form a parallel conduction
channel which couples to the surface states and gives rise to addi-
tional scattering of surface carriers. This mechanism can limit
the spin-polarized transport on the surface and therefore can lead
to a suppression of the NL signal.[63] We therefore argue that
increasing the temperature toward 10 K activates hopping trans-
port in the bulk, thereby shortening the NL current path SNL2 in
Figure 2d, which ultimately leads to a suppression of the NL spin
signal at temperatures well below those relevant for the local
transport geometry.

In conclusion, we have probed the spin-polarized surface
states in BSTS by both local and NL spin-sensitive measure-
ments. Our data suggest that the NL measurement allows to
probe spin-polarized surface currents flowing along the whole
surface, i.e., from the top along the side to the bottom surface

and back to the top surface along the opposite side. This transport
channel is suppressed at temperatures higher than 10 K most
likely due to VRH over bulk states, which shortens the NL cur-
rent path along the surface. Overall, our study demonstrates that
at very low temperatures the NL surface currents of a TI in con-
tact to an insulator (SiO2 in our case) should to be taken into
account in any spin transport measurement. Finally, we observe
that the ratio between spin signal to background signal is almost
two orders of magnitude higher in the NL geometry compared to
the local one. In fact, the ratio in the NL geometry is in quite good
agreement to typical spin detection efficiencies of ferromagnetic
contacts with tunnel barriers and the expected spin polarization
of the surface states. Accordingly, our study hints to the fact that
so far a not well understood phenomena is diminishing the spin
signal in the local geometry, which exact origin should be the
subject of further studies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 4. Temperature dependence of the a) nonlocal and d) local spin signals depicted as waterfall diagrams. Amplitudes of the spin signals in the
b) nonlocal and e) local geometries as a function of temperature. The background signals on which the spin signal is superimposed in (a) and (d) are
depicted in c) for the nonlocal and in f ) for the local geometry by extracting the voltage values at B= 50mT from (a) and (d) and normalizing these values
by the applied current between the source and drain electrodes. The black arrows indicate the temperature at which the local voltage in panel (f ) shows a
minimum and the nonlocal spin signal in panel (b) disappears.
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