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We demonstrate a new method for the detection of the spin-chemical potential in topological insulators
using spin-polarized four-probe scanning tunneling microscopy on in situ cleaved Bi, Te,Se surfaces. Two-
dimensional (2D) surface and 3D bulk conductions are separated quantitatively via variable probe-spacing
measurements, enabling the isolation of the nonvanishing spin-dependent electrochemical potential from
the Ohmic contribution. This component is identified as the spin-chemical potential arising from the 2D
charge current through the spin momentum locked topological surface states (TSS). This method provides
a direct measurement of spin current generation efficiency and opens a new avenue to access the intrinsic

spin transport associated with pristine TSS.
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Topological insulators (TIs) belong to a new class of
matter with nontrivial surface states, in which the axis of
spin quantization and the momentum of charge carriers are
perpendicularly locked to each other [1-3]. Such spin-
momentum locking does not only provide a topological
protection against backscattering, but also makes the
electrical current carried by these topological surface states
(TSS) intrinsically spin polarized [4]. Currents with spin
polarizations that are momentum locked can be a treasure
trove for new fundamental physics [5,6] and offer a distinct
possibility for a highly efficient spin current generation [7].
For both the understanding of the spin-momentum locking
and the development of TI-based spintronic devices, it is
essential to directly detect the spin current and measure the
efficiency of spin current generation.

Early experimental confirmations of spin-momentum
locking in TSS were obtained by spin-angle resolved
photoemission spectroscopy (spin ARPES) [8-10] and
spin-polarized photocurrent studies [11], both of which
are highly sensitive to surface states. Notwithstanding these
early successes, all-electrical detection of spin polarization
of TSS is more challenging due to the existence of a
conduction channel through the bulk, although such detec-
tion is more relevant to practical applications.

In recent years several studies based on the difference
of the quasi-Fermi level of electrons with opposite spin
directions were able to detect the spin polarization of the
currents carried by TSS [12-17]. In all of these electrical
detection approaches, the contacts were fabricated with
lithographically defined ferromagnetic (FM) metals and the
spin sensitive component of conductance was differentiated
by controlling the polarization of the FM contacts with an
external magnetic field. However, these measurements
potentially suffer from several extrinsic effects. First,
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surface absorbents even by residual gas molecules in the
vacuum environment [18-20] are found to change the
carrier density of some TI materials, which may alter
the electronic structure of the surface and affect the net spin
polarization of the current carried by surface states. Second,
in many 3D TIs the bulk channel dominates the electron
transport (even though nominally insulating) and makes it
difficult to quantitatively measure the conduction through
the surface states. Transport measurements performed with
fixed contacts are incapable of distinguishing between the
surface and bulk conductivities, encumbering quantitative
measurement of the spin polarization of the current.
Furthermore, several studies with lithographically defined
contacts have shown that nominally identical results can
also appear even in topologically trivial materials such as
gold [21] or arise from fringe-field-induced Hall voltages
[22], and their origins are not due to current-induced spin
polarization of the carriers in TSS. These issues make
alternative transport measurements vital for the electrical
detection of charge-current-induced spin polarization in TIs
and can be addressed by in situ transport measurements
with a four-probe scanning tunneling microscope (four-
probe STM) [23,24].

Here we report the direct observation of a spin-chemical
potential induced by a charge current flowing through TSS.
The observation is enabled by advancing two STM-based
techniques, spin-polarized STM [25,26] and four-probe
STM [24,27], to achieve spin-sensitive multiprobe trans-
port measurements on pristine topological insulator surfa-
ces in the ultrahigh vacuum (UHV) environment. By
examining the potential difference between a FM probe
and a nonmagnetic (NM) probe as a function of the spatial
separation between them, not only can we differentiate
surface and bulk contributions to the conductivity, but also
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isolate the nonvanishing spin-dependent electrochemical
potential from the Ohmic contribution. Moreover, the spin-
sensitive probe method with nanometer scale soft contacts
minimizes metal induced effects on the surface. The
measured spin chemical potentials directly come from
the 2D charge current. In this manner, we achieve a
direct and quantitative measurement of the intrinsic spin-
polarized transport associated with TSS.

The high-quality Bi,Te,Se single crystals used in this
study were synthesized by the Bridgman technique with
n-type doping, similar to those previously reported [28,29].
Samples were cleaved in sifu in the UHV chamber at room
temperature and immediately transferred to the four-probe
STM stage for transport measurements. Four probe spec-
troscopy measurements were performed with STM tips (W
or Ni with varying magnetization directions) placed in a
collinear configuration on the surface at around 82(+1) K
[23,29]. To create fresh surfaces, samples were exfoliated
(in situ) for each set of measurement, with experimental
details in the Supplemental Material [30].

The Fermi energy (Er) of TSS is located within the bulk
band gap and above the Dirac point [28]. In the absence of a
net current, the electrons at the Fermi level homogeneously
occupy the Fermi circle centered at the (k,.k,) = (0,0)
point, without net momentum and spin polarization.
However, a current (/) carried by TSS creates an imbalance
in the electron momentum which can be seen as a shift of
Fermi circle as illustrated in Fig. 1(a). Because of the spin-
momentum locking, the shift of the Fermi circle also creates
a spin accumulation with the spin moment perpendicular to
both the current direction and the surface normal. Hence, a
FM probe which is sensitive only to electrons with a fixed
polarization will measure a different electrical potential than
an NM probe placed at the same point. Because the electron
spin is not aligned along a single axis, a simple spin-
dependent electrochemical potential as defined in Ref. [34]
is inadequate. We thus invoke a vector spin-chemical poten-
tial [35,36], defined as h= (uy — /Al)fz, where h is the
direction of the net spin polarization and p4 and u are the
energy levels of the two extremal points of the quasi-Fermi
surface as indicated in Fig. 1(a). The energy of an electron
with spin 5 due to the spin-chemical potential is given by
(uy +5- IZ) in units of eV [37], where p = (uy +py)/21s
the Ohmic component of the total chemical potential of the
electrons, namely, the charge chemical potential.

Assuming that the electron density does not change during
a constant current measurement, h | is related to the differ-
ence (AV,) between the potentials measured by a FM and an
NM probe placed at the same point, as illustrated in Fig. 1(b),
and can be derived as (see Supplemental Material [30])
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FIG. 1. (a) Ilustration of Dirac-like dispersion and helical spin
texture of TSS in 3D TIs in an electric field along the -x direction.
Spin orientations are shown with red arrows. The equilibrium
Fermi surface under zero electric field is shown with a gray
meshed surface. (b) Conceptual drawing of spin-polarized four-
probe STM transport measurements. The current is supplied by
the pointlike source and drain probes (1 and 4) and the local
electrochemical potential is measured by the probes in the middle
(2 and 3). The electrochemical potential measured by a non-
magnetic probe (gray) averages over all spin directions while the
potential measured by a ferromagnetic probe (red) is sensitive to a
particular spin direction. (c) Illustration of the electrical potential
measured by nonmagnetic probes (black line) and ferromagnetic
probes with magnetizations parallel and antiparallel to the current
induced spin polarization of the TSS. (d) When the current
direction is reversed, both the Ohmic and the spin voltages
change sign making V(—I) = =V(I).

where k. is the Fermi wave vector, and yf is the Fermi energy
with respect to the Dirac point. J, is the density of charge

current carried by TSS at the measurement position, 72, I , M
are the unit vectors along the surface normal, current direction,
and probe magnetization, respectively, p is the spin polari-
zation value of the current, and Pgy is the effective spin
sensitivity of the FM probe. The minus sign comes from the
convention that the magnetic moment of the STM tip is
opposite to the majority spin orientation of the tip [38];
namely, if an FM material is magnetized along +7, its majority
spin is oriented along —3p. For eAV, < ur, the second
equality reduces to the linear result derived by Hong et al.
[39]. Figure 1(c) illustrates the electrical potential between the
source and the drain (outer) probes in a case where J, is
constant. The electrical potentials for s4 and s channels are
shown with red and blue dashed lines, respectively. The black
solid line represents the charge chemical potential measured
by a NM probe. Therefore, the potential difference measured
between two inner probes (one FM, one NM) consists of two
contributions. The first one is created by the Ohmic resistance
and vanishes as the distance between the inner probes goes to
zero, while the second one originates from the spin polari-
zation of the TI surface states and is independent of the
distance between the inner probes. When the current direction
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is reversed, both the Ohmic potential between the probes and
therelative spin-polarized potentials for s; and s | channels are
reversed [as illustrated in Fig. 1(d)]. Therefore, the magnitude
of the measured potential AV = Ve + AV, does not
depend on the current direction [i.e., AV(I) = —AV(-I)].
On the other hand, when the polarization of the FM
probe is reversed, AV changes the sign but Vi remains
unchanged. Hence, by examining the potential difference
between the inner probes at a variety of probe positions on
the surface of a 3D TI we can extract spin-chemical potential
and the net spin polarization of the current carried by the
surface states.

We first quantitatively differentiate the 2D conductance
of the surface states from the 3D conductance of the bulk
counterpart. Earlier attempts of such a problem assumed
two decoupled conduction channels corresponding to 2D
and 3D [40]. A more realistic model requires the consid-
eration of the coupling between these two channels and
should allow a cross channel current at every point along
the interface. Such a quantitative differentiation has only
recently been available with the development of the four-
probe spectroscopy technique [29,41]. In these measure-
ments, four STM tips are used as probes aligned in a
collinear configuration. A set of resistance values are
acquired when the outer probes are kept in fixed positions
and the inner probe distance is varied. With the consid-
eration of the coupling of the surface and the bulk
conduction channels, the relationship between the four-
probe resistance and the interprobe spacing is given by [29]

Vi—V, 1 (9+34)(g+3)
R= =5_P n XIZ s34 =p X ’ (2)
I 227 (g (g | T

where V; is the measured electrochemical potential of
probe i, I is the total current between the source and the
drain probes (probes 1 and 4), p,p is the surface resistivity,
s;; 1s the distance between the probes i and j, and g =
(pap/p3p)s14 is a dimensionless parameter which gives the
ratio between the contributions from the 2D surface and the
3D bulk to the total resistance. The relationship between R
and X, is linear only when a correct fitting value of g
is found.

Four-probe resistance measured on a fresh (within 24 h
of cleavage) surface of Bi,Te,Se is presented in Figs. 2(a)
and 2(b) for outer probe spacing s14 = 10.9 um and using
NM probes and s, = 6.0 um with an FM probe, respec-
tively. The data can be best fitted with Eq. (2) using g = 0,
meaning that 100% of the current flows via the 2D surface
channel for the given distance between the outer probes.
From the slope of these plots we extract p,p values of 590
and 627 Q, respectively. We note that there may still be a
very small contribution from the bulk states to the elec-
tronic transport. However, such a contribution is outside
of our detection window (g < 0.1) [29], meaning that for
S14 < 10.9 ym the bulk contribution cannot exceed an
upper limit of 10%. At 82 K the bulk conduction becomes
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FIG. 2. Measured resistance values R with varying probe
spacing plotted as a function of X, on the surface of
Bi,Te,Se. The source probe spacings are 10.9 and 6.0 ym for
(a) and (b), respectively. Both voltage probes are NM in (a) but
one is FM in (b). A linear fit between R and X, can only be
obtained when g = 0, implying surface dominant transport.

detectable only for s, > 40 yum with a measured bulk
resistivity value of 2.61 Q cm, much higher than 0.015 or
~0.1 Qcm reported before [29,40].

In the absence of spin sensitivity, the four-probe trans-
port measurements return only the Ohmic resistance.
Hence, when the charge transport is in the diffusive limit,
if the distance between the inner probes goes to zero the
measured resistance also goes to zero. This behavior is
trivial and independent of the dimensionality of the system
or relative contributions of different conduction channels.
Four-probe spectroscopy measurements performed with
tungsten probes clearly show such a behavior. For instance,
in Fig. 3(a) which presents the details of the Fig. 2(a) for the
limit X, — 0, a linear fit of R vs X, data intersects the
X, =0 axis at R = 0.4 £ 0.7 Q, namely, R is zero within
the experimental accuracy.

We then replaced one of the tungsten (voltage) probes
with a FM nickel probe magnetized along its axis by
using a permanent magnet before transport measurements
[26,42]. As explained above, the potential difference
between an NM and a FM probe manifests as a potential
offset and a finite resistance as X, — 0.

For a collinear probe configuration and a homogenous
2D surface, the current density at the location of a voltage
probe 3 can be written as
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FIG. 3. (a) Spin-averaged four-probe STM transport measure-
ments on the surface of Bi,Te,Se with a NM probe. (b) Spin-
polarized four-probe STM transport measurements with a FM
probe magnetized up on two different surface areas (red squares
and stars), and with a FM probe magnetized down (blue stars) on
another surface area, respectively.
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where [ is the total current between the source and the drain
(probes 1 and 4). If probe 3 is an FM probe, substituting
Eq. (3) into Eq. (1), we have,

PPN h 1 1 1
AV, =Ipl—(nxI) M|Ppyy—— | —+—, 4
= 1o P g () @)
Because of this potential offset, the measured resistance
between an NM and a FM tip placed at the same point
should be,
AV
limR =R, = i J

9
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On a freshly cleaved sample, X, vs R plots obtained with
a nickel probe intersects the X, = 0 axis at finite R, value
of 10.2(£2.8) Q and 10.1(£3.0) Q for two different
surface areas as shown in Fig. 3(b), indicating the existence

of voltage offsets arising from spin chemical potentials.
Linear behavior of the V(I) curves [see Figs. 4(c), 4(d)]
shows that measured R values (therefore, R;) are indepen-
dent of the current, /. This is expected since the spin density
scales linearly with current density when eAV, < yp. In
our experiments we obtained AV, = Rgl ~ 1 meV for a
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FIG. 4. (a) Topographic STM image of the (001) surface of
fresh Bi,Te,Se surface (scale bar: 5 nm). (b) Differential con-
ductance (dI/dV) spectra taken on fresh sample showing a
minima at —28 meV (Set point: —500 mV, 60 pA). (c) Typical
IV curves showing a linear behavior from which the values of R
are extracted. (d) AV vs I plot with a linear fit of data points (red
line) and AV values calculated with Eq. (1) (blue line). Inset

shows —# - ¥ vs AV, calculated for different values of Fermi
energy (ur) using the Eq. (1) with Pry = 1.

source-drain current of 100 pA. To find yup we performed
STM measurements on freshly cleaved Bi,Te,Se crystals.
Topographic STM images [Fig. 4(a)] reveal the hexagonal
structure of the surface lattice where vacancies and other
(sub) surface defects are also clearly visible. The electronic
density of states revealed by scanning tunneling spectros-
copy (STS) measurements on this surface show a minimum
at —28 meV corresponding to the Dirac point energy with
respect to the Fermi level.

Since the current between source and drain probes is
carried out only through the 2D surface channel in this
measurement, the ratio of spin-polarized current carried by
the surface states can be derived directly by using Eq. (4).
As the spin polarization of the surface carriers is locked
perpendicularly to the current direction, maximized spin
sensitivity is achieved when the in-plane component of the
tip magnetization is perpendicular to the current direction.
Because of the 45° angle between the surface normal and
the STM probes, — (7 x I) - M = sin(45°). Using Ppy =
0.5 [43], vy = 6.0 x 10° m/s [28,29], and uy = 28 meV,
we obtain a k- value of 7 x 107 m~!, which gives p = 0.81
and 0.84 from the data with an FM probe magnetized up in
Fig. 3(b). By using a Ni probe with reversed magnetization,
we obtain an R, value of —6.4(£2.8) Q [Fig. 3(b), blue
line]. Indeed, the sign of R; is reversed too. Using the same
parameters as above we get a spin polarization value of
p = 0.50. The difference in the measured p values may be
attributed to the variation of Py between different probes.
While the quantum well states arising from band bending at
the TI surface are also spin polarized due to Rashba spin-
orbit coupling, the resulting net spin polarization from
these trivial states is negligible due to the self-canceling
between the pair of Fermi surfaces [39].

One should note that the measured p values merely
correspond to the ratio of spin-polarized current over the
total surface current. This is different from the net current
induced spin polarization of TSS (i.e., (ny —n})/(ny +n,))
which has a value in the order of AV /. Moreover, since
the measurements are performed in an infinite plane with a
collinear probe position arrangement, the observed voltage
offset cannot be attributed to the Hall effect induced by the
stray fields of Ni probe [44], since the Hall voltage is
perpendicular to the current direction. Furthermore, in the
four-probe STM system, the sample and the tips are kept at
the same temperature with a temperature gradient A7 < 1 K
[45]; thus, the thermovoltage [46] generated by the different
Seeback coefficients of W and Ni is negligibly small. And the
measured spin-chemical potential changes sign when the
magnetization direction of Ni probe is reversed [Fig. 3(b)],
which also rules out a themovoltage contribution.

The above discussions are based on an assumption that
the electron transport through TSS is in the diffusive limit.
When considering effects of ballistic transport on the 2D
and 3D components of the conductivity, we obtain a
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ballistic correction (6V;,) to the voltage drop between the
two voltage probes as [30]

5V, = 2Asin (%) sin (M) . (6)

S14 2514

During our measurements the inner probes moved
towards each other symmetrically by keeping s, = 534.
Therefore, the correction for ballistic transport does not
affect the measured ratio of 2D and 3D conductivities.
Moreover, the linear expression for AV is valid both in
ballistic and diffusive limits as discussed by Hong et al.
[39]. Therefore, the results presented above constitute a
direct measurement on the spin polarization of the currents
carried by the TSS regardless of the nature of the transport.

In summary, we have demonstrated pure 2D spin-
dependent conductance on the surface of Bi,Te,Se single
crystals. By employing spin-polarized four-probe STM
transport measurements, we have been able to electrically
detect the spin-chemical potential induced by the spin-
polarized currents carried by surface states. Spin sensitive
four-probe spectroscopy does not only provide an alter-
native transport method to detect spin momentum locking
in TIs but also a unique way to study spin-dependent
transport in other surface-supported low-D materials and
topological phases.
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