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Abstract

We report a method to control contributions of bulk and surface states in the topological insulator
Bi,Te,Se that allows accessing the spin-polarized transport endowed by topological surface states.
An intrinsic surface dominant transport is established when cooling the sample to low temperature
or reducing the conduction channel length, both achieved in situ in the transport measurements
with a four-probe scanning tunneling microscope without the need of further tailoring the sample.
The topological surface states show characteristic transport behaviors with mobility about an order
of magnitude higher than reported before, and a spin polarization approaching theoretically
predicted value. Our result demonstrates accessibility to the intrinsic high mobility spin transport

of topological surface states, which paves a way to realizing topological spintronic devices.



Topological insulators possess non-trivial topology that results in the topological surface
states with massless Dirac fermions and a peculiar spin texture, while their bulk states have a band
gap and behave as an insulator [1,2]. The transport through the surface is expected to exhibit
superior mobility from prohibited backscattering and spin-polarized current from spin-momentum
locking, which makes them a promising material for spintronic applications [3-11]. In realistic
experimental conditions, however, there exist bulk carriers from thermal excitation and defect
states, which are not topologically protected but contribute to the total conductance [3,4,12]. To
achieve the full potential of the topological insulators, bulk carriers need to be suppressed and the

surface should be the dominant transport channel.

One common method to suppress bulk carriers in topological insulators is to reduce the
thickness of the materials. Thin film of topological insulators based on Bi chalcogenides was
fabricated by exfoliating single crystal down to a few layers, or by growing layer-by-layer with
molecular beam epitaxy (MBE) [13-16]. Transport measurement on thin films showed strong
evidence of conduction through topological surface states, such as finite conductivity from the
surface at low temperature despite insulating bulk [14-17]. A significant enhancement in mobility
was observed for the devices fabricated from the thin films [14-18], and charge-current induced
spin polarization was detected by reducing film thickness [3-7]. However, the measured values of
mobility and spin polarization are far short of theoretical prediction [19-21]. Despite the great
amount of effort to enhance the mobility, such as the MBE growth of meticulously designed
heterostructure of Bi-based topological insulator, mobility only reached 16,000 cm?/(V-s) [18].
This is far less than the mobility of materials with similar band structure, like graphene, which
shows mobility of 200,000 cm?/(V-s) [22]. It is uncertain whether the discrepancy reflects an

“Intrinsic” limit in application of the topological surface states. For example, it has been speculated



that thin film structure has a disadvantage because the proximity of top and bottom surface states
in the thin film makes two surface states screen each other and even hybridize to change the
topology of the surface states [13,17]. Moreover, exfoliation of single crystal inevitably
accompanies exposure to atmospheric gas or polymers, and MBE growth of thin film can also
introduce domains with strains and defects [14,23-25], which all hinders the access of the intrinsic
properties of the surface states. Not to mention that ex sifu transport measurement of
lithographically fabricated devices suffers from severe contaminations of the surface. To avoid the
degradation of surface states by extrinsic factors, it is necessary to explore alternative routes to

access intrinsic surface conduction in high-quality crystal samples.

In situ transport measurement with a four-probe scanning tunneling microscope (4P-STM)
is a promising method to study the pristine surface of topological insulators. First, the crystalline
sample can be cleaved in the ultra-high vacuum (UHV) chamber and measured at variable
temperatures with four STM probes as movable electrodes [26,27]. Second, bulk and surface
conductance can be differentiated with 4P-STM by measuring four-probe resistance with variable
probe-spacing [28], which allows extracting the bulk and surface conductivity separately even
when bulk and surface conduction occur simultaneously. Third, utilizing ferromagnetic probe, the
measurements allow detection of spin polarization of carriers when surface conduction is
dominate [11]. However, the ratio between the bulk and surface conduction is a function of
external parameters, such as temperature and length of conduction channel, and the intrinsic
conductance of surface states can only be revealed when the crossover of bulk-to-surface

conductance can be controlled.

In this Letter, we study the intrinsic surface conductance of topological insulators by using

4P-STM spectroscopy to tune the crossover of bulk-to-surface conductance, and report an



extremely high carrier mobility and large spin-polarization of surface conductance in Bi,Te,Se.
By controlling the probe-spacing and temperature, we realize almost 100 % surface conductance
on the single crystal of Bi,Te;Se, a topological insulator with bulk-insulating conductivity [2,29-
32]. The observed transport properties of topological surface states exhibit a carrier mobility of
61,000 cm?/(V+s) and current-induced spin polarization of 72%, revealing a nearly scattering-free
transport. The results show that 4P-STM is an ideal tool to access surface dominant conduction

and observe topological transport phenomena without altering the sample.

A single crystal of Bi,Te,Se was grown by the self-flux method following the previously
reported procedure [29], and ex situ transport measurement was done with a physical property
measurements system to confirm the insulating bulk behavior (see details in Supplementary
Material [33]). For multiprobe STM and transport measurements, we utilized cryogenic 4P-STM
that operates at UHV condition (< 8 x 10-1° torr) [27,34]. Single probe STM/STS was performed
both by 4P-STM and variable temperature STM. Etched tungsten tips were used for STM/transport
measurement, except for spin-polarized measurements where etched nickel tips were used [11,35].
Samples were cleaved in UHV and characterized within two days except for intentionally “aged”
samples. Samples were thicker than 500 um to prevent any interaction between the top and the
bottom surfaces and leakage current to the sample holder. A source-measure unit was utilized to
measure four probe contact /-V curves with 4P-STM, and conventional lock-in technique was used

to measure tunneling d//dV spectra with the single tip.
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FIG. 1. (a) Schematics of electron transport through bulk and surface in a topological insulator,
and detection of them by variable probe-spacing spectroscopy with 4P-STM. (b)-(f) Resistance vs.
X, measured by variable probe-spacing spectroscopy at various temperature and probe spacing.
Each graph is plotted with the g value that produces the best linear fit. (g) Surface and bulk
resistivity extracted from variable probe-spacing spectroscopy. At 10 K, p3p was not extractable,

and so the lower limit is marked by an arrow.

Variable probe-spacing spectroscopy is utilized to detect bulk and surface contribution to

the transport. Figure 1(a) shows the measurement scheme, where four STM tips are placed



collinearly and directly contacting the sample surface. Two inner voltage probes are moved step-
by-step toward each other while two outer source probes are fixed. Bulk and surface transport can
be differentiated because the surface states are confined to an extremely thin area (estimated to be
less than 5 nm from its wave function penetration depth into the bulk [13,36]) and can be treated
as a 2D sheet, while 3D bulk states are distributed in depth comparable to the source probe spacing
(> 1um). The bulk and surface are modeled as 3D and 2D conduction channels interconnected at
all points on the surface, where the potential distribution V(7) between the two source probes is

derived as [28],
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where [ is the amount of the current, p,p and p;p are surface and bulk resistivity, and r; and r,4 are

the positions of two source probes. Denoting distances between the tip 7 and j as s;, the resistance

between the voltage probes R can be expressed as

R = T = pZD ' Zln S14 S14 b (2)
fo+a)lo+)
where g = P2D/psp X sq4. Here, g is a dimensionless parameter representing the ratio between the

surface and bulk conductance, which approaches zero for surface dominant transport but infinite

for bulk dominant transport. We define X, as
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then R = pyp- Xy, 1.e., R is linearly proportional to X, only if the correct value is used for g. By
varying g until R-X, curve gives the best linear fit, we can extract p,p and p3p from the slope and

g, respectively, as p,p = 21 - R/Xg and p3p = popSi4/g.

Figure 1(b)-(f) shows R-X, curves taken at various temperature and probe spacing, where
g 1s obtained as the value that gives the best linear fit. When the temperature is fixed, smaller
probe spacing always resulted in smaller g [e.g., compare Fig. 1(b) and 1(c), or Fig. 1(d) and 1(e)].
At 300 K, bulk resistivity is small and surface resistivity is large so bulk conduction is always
dominant. When temperature is lowered to 82 K, bulk resistivity increases while surface resistivity
decreases and surface dominant conduction becomes achievable at small probe spacing. By
controlling probe spacing at 82 K, g can be changed from 13.35 to 0, corresponding to a change
of surface contribution to the conductivity from 7 % to 100 %. At 10 K, bulk resistivity is so high
that the surface conduction is always dominant even at macroscopic length scale [Fig. 1(f)]. The
behavior also matches with the ex situ transport measurement of resistivity, where p increases with
decreasing temperature due to the bulk contribution but saturates at low temperature because of

the surface [29,32,33].
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FIG. 2. (a) Topographic image with atomic resolution of Bi,Te,Se (Vz=-0.5V, I=0.9 nA). (b)
dZ/dV spectra of Bi,Te,Se taken at various temperature (lock-in amplifier modulation voltage V4
=20mV for T=300 K and V,,,; = 5 mV for others, and modulation frequency f,,,; = 1 kHz for all
temperature). The inset shows the bias voltage of minimum d//dV extracted from the spectra. (¢),(d)

Temperature dependence of surface carrier density and surface mobility, respectively.

We now examine the surface carrier density and mobility. We first performed scanning
tunneling spectroscopy (STS) to probe the density of states on the surface by placing single STM
tip in the tunneling regime. STM topographic image confirms that the surface is atomically clean
[Fig. 2(a)]. Note, dark atomic sized regions in the topographic image are not external impurities,
but the Te atoms substituting the Se atoms at the surface layer as studied before [37,38]. Figure
2(b) shows tunneling dZ/dV spectra taken at various temperatures. Each spectrum is an average of
ten spectra taken on different points over the 30 nm long line, where there was no significant
change with the position. The dZ/dV curves have a typical V-shape of the Bi-based topological

insulators, where the minimum point V,,;, corresponds to the Dirac point Ep [11,39]. At a
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temperature of 120 K and below, the V,,;, has a nearly fixed value of -35 mV, namely, Ep — Er =
eVuin =-35 £ 10 meV, where Er is Fermi level and e is the electron charge (for convenience, we
set Er = 0). However, at room temperature, V,,;, shifts to -80 mV. As shown in the variable probe-
spacing spectroscopy, the bulk conductance is dominant at room temperature. Therefore, the
tunneling d//dV does not reflect the surface but the bulk density of states (details in Supplementary
Material [33]). Given the small band gap of the Bi;Te,Se (~300 meV [31,39]), a large number of
bulk carriers from thermal excitation contributes to the conductance in this regime. The
observation of V,,;, = -80 mV indicates that bulk electron density is much larger than bulk hole

density, i.e., the bulk is n-type semiconductor (Supplementary Material [33]).

Surface carrier density and surface mobility can be derived from Ep with respect to the Ep,
considering that the surface states of Bi;Te,Se accommodate massless Dirac fermions whose band

dispersion can be written as E = hvgk + Ep, where vz is Fermi velocity (~ 6 x 10° m/s for Bi,Te,Se

[11,28,31]). Thus, electron density » and hole density p are derived as
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where u = E/kBT, and n = _ED/kBT [40]. The surface mobility u, are calculated as ug; =

T PP The derived surface carrier density and surface mobility are plotted in Fig. 2(c) and 2(d)

as a function of temperature, respectively. An enhancement of z; is seen at low temperature and g
becomes larger than 61,000 cm?/(V-s) below 82 K and reach 120,000 cm?/(V-s) at 10 K, which is
about an order of magnitude higher than the highest mobility (16,000 cm?/(V-s) at 1.5 K)

previously reported for thin film of Bi-based topological insulators [18]. Even considering the
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variations of vz value and Dirac point, by using the smallest vz~ 4.5 x 10° m/s reported in literature
[29,41] and the lowest Ep of -45 meV measured in our sample, we still find a lower limit of the

surface mobility of 30,000 cm?/(V-s) at 10 K.

The lower limit of surface mobility at 10 K is more than 400 times larger than that of the
same bulk sample measured ex situ [33]. The surface mobility is also an order of magnitude larger
than previously reported values from ex situ transport measurements on the same material [29,32].
Such high mobility represents the intrinsic property of the surface as the sample surface is
atomically clean and the measurement is performed in situ in the UHV chamber. As a comparison
experiment, we left the sample in the UHV chamber for a week to allow the residual gas adsorption
on the surface. Such an “aging” process in the UHV has been reported to increase doping and shift
Ep to more negative value [28,42,43]. Indeed, a repeated measurement at 82 K shows that Ep
changes from -35 + 10 meV of the freshly cleaved surface to -160 + 30 meV on the “aged” surface
(further details see Fig. S2 in Supplementary Material [33]). Meanwhile, the surface mobility
decreases from 61,000 cm?/(V-s) to 8,000 cm?/(V-s), which indicates significant degradation of
surface conduction by increased impurity scattering. The observation confirms the importance of

surface cleanness for achieving intrinsic high mobility of surface carriers.
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FIG. 3. (a), (b) Schematic of spin-dependent potential measurement with a ferromagnetic tip for
bulk and surface conduction, respectively. The spin-dependent potential is drawn in red and blue
dotted line, which splits from the average potential (black solid line) for surface conduction, but
not for the bulk. (c) Comparison of variable probe-spacing spectroscopy with one voltage probe
from either magnetic (Ni) or non-magnetic (W) tip at room temperature (s;4 = 5.0 um and g = 6.6
for the W tip data, and s;4 = 6.2 um and g = 9.6 for the Ni tip data). Inset shows the zoomed graph
around X, = 0. (d) Comparison of variable probe-spacing measurement with one voltage probe
from either magnetic (Ni) or non-magnetic (W) tip at 82 K (s14=5.1 um and g = 0 for W tip data,
and 514 = 5.3 um and g = 0 for Ni tip data). Inset shows the zoomed graph around X, = 0.

In the surface dominant conductance regime, a spin-polarized transport is expected.
Topological surface states possess unique spin texture from spin-momentum locking, and the
current through the surface states creates a potential difference for different spin directions, while
bulk states are spin-degenerate and exhibit no spin-dependent potential [20,21]. By using a spin-
polarized 4P-STM, we can measure the surface potential difference between a ferromagnetic probe
and non-magnetic probe at the same sample location, and the potential difference corresponds to
the spin accumulation induced by spin-polarized current [11]. As schematically shown in Fig. 3(a)
and 3(b), spin-dependent conductance is measured with variable probe-spacing spectroscopy when
one of the voltage probes is substituted by a ferromagnetic (Ni) probe. To remove any possible
thermoelectric effect between the Ni and W probes, we assured that all tips and sample are at
thermal equilibrium with the cryostat where the temperature gradient is less than 1 K [11,34,44,45].
By following the measurement procedure reported recently [11], we obtain a similar R-X, curve
as shown in Fig. 1, but now with additional resistance arising from the imbalance of spin-
dependent chemical potentials on the surface. A ferromagnetic probe will follow the spin-

dependent potential profile according to its magnetization (red or blue dotted line in Fig. 3(a) and
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3(b)) while non-magnetic probe will follow the spin-averaged potential profile (black solid line in
Fig. 3(a) and 3(b)). When X, approaches zero, namely the distance of magnetic and non-magnetic
voltage probes approaches zero, the residue resistance comes from the potential difference between
the spin-polarized and spin-averaged channels, which appears as a nonzero R offset in R-X, curve.
Figure 3(c) and 3(d) shows the variable probe-spacing spectroscopy performed with and without
ferromagnetic tip, at bulk and surface dominant regimes, respectively. Inset of Fig. 3(c) and 3(d)
shows that nonzero offset only occurs when surface dominant conduction is achieved at 82 K.
Defining R, = R(X,; = 0), the linear fitting in Fig. 3(d) for Ni tip data results in Ry = 9.2 £ 3.4 Q,

which can be converted to the spin-polarization of the current as

Pey h 1 1 1
Ro=p- - rzzm(;z + —) 6)

where p is the spin polarization of current, Py, is the effective spin sensitivity of Ni tip, and kg is
the Fermi wave vector [11]. Using Pgy = 0.5 and kp = Ep/ (hvgp), we estimate p = 72 %.

Meanwhile, the linear fitting in Fig. 3(c) for Ni tip data results in Ry =-1.7 £ 3.5 Q, indicating that

there is no detectable spin-dependent potential when bulk conduction is dominant.

The appearance of spin-dependent potential only for surface dominant conduction confirms
that the spin polarization originates from the intrinsic spin texture of topological surface states but
not from bulk-related or other extrinsic origins [3-7,46]. The measured value of p here is larger
than most of the previously reported values from ex sifu transport measurements, and comparable
to the theoretical limit for topological surface states [20,21]. Thus, by focusing on a surface
dominant conduction regime, we can access the intrinsic transport of topologically protected

surface states in topological insulators.
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In summary, by performing in situ measurement with 4P-STM and controlling the
crossover of bulk-to-surface conduction, we have revealed the intrinsic transport behaviors of
topological surface states in bulk-insulating topological insulator Bi,Te,Se that have been
inaccessible to conventional ex sifu transport measurement. The surface contribution to the
conductivity has been tuned from 7 % to 100 % by changing the temperature and the length of
conduction channel. In the surface dominate conductance regime, we have observed the highest
reported mobility and a spin-polarization of current approaching the theoretically predicted value.
Superior intrinsic spin transport of the topological surface states implies that the current
performance of topological insulator devices is not limited by the intrinsic properties of the surface
states, but by the external conditions such as device geometry and surface contamination [12,14-
17]. Of crucial importance includes reducing the conduction channel length and preventing the
surface from unintentional doping, which should be achievable with the recent development of
lithography techniques and capping of topological insulator with atomically precise interface [18].

The extremely high mobility would be achievable, whose significance can be invoked from the

isotropic mobility formula for Dirac electrons [47], u = 25— EoF

where ¢ is the carrier scattering
mean-free-path. Using the measured values for the mobility at 10 K, we find the mean-free-path
£ = 1.4 um. Therefore, it indicates that the completely scattering-free spin transport through
topological surface states would be possible at micrometer scale. This would be observable with
4P-STM because the recent development of multiprobe technique, such as scanning tunneling

potentiometry, enables nanoscopic mapping of conductance especially useful for probing local

variations of conductance [23-25,45,48-50].
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