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ABSTRACT We demonstrate the controllable local manipulation 160" T T ' '

of the Dirac surface state in a topological insulator, Bi,Te,Se, which
has suppressed bulk carrier density. Using scanning tunneling
microscopy/spectroscopy under magnetic fields, we observe Landau
levels of the Dirac surface state in the conductance spectra. The
Landau levels start to shift in their energy once the bias voltage
between the tip and the sample exceeds a threshold value. The
amount of shift depends on the history of bias ramping. As a result,
conductance spectra show noticeable hysteresis, giving rise to a
memory effect. The conductance images exhibit spatially inhomo-
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geneous patterns which can also be controlled by the bias voltage in a reproducible way. On the basis of these observations, we argue that the memory

effect is associated with the tip-induced local charging effect which is pinned by the defect-generated random potential. Our study opens up a new avenue

to controlling the topological surface state.
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opological insulators (Tl) are the hall-
Tmark of a new quantum material fea-

tured by an insulating gap in the bulk
and a metallic topological surface state
(TSS) with Dirac-cone-like dispersion at the
surface boundary.'? Topological nature is
induced by strong spin—orbit interaction
which locks the spin and momentum of
electrons in the TSS, making electrons pro-
pagating at opposite directions possess
opposite spin orientations. As a result, any
time-reversal invariant perturbations do not
cause backscattering in the TSS, which is
highly desirable for application in dissipa-
tionless spintronics. In addition, TSS may
host novel excitations when in proximity
with magnetism>* or superconductivity,>®
which provide platforms for revealing yet
more exotic physics and applications.

A prerequisite of using Tl for various
applications and unraveling novel physics
is to control the TSS. However, actual strong
three-dimensional topological insulators such
as Bi,Tes, Bi,Ses, and Sb,Te; are heavily doped
by various defects that are unavoidably
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generated during crystal growth.” ' As a
result, bulk carriers dominate electronic
transport properties and hinder elec-
trical tuning of TSS effectively. Various
approaches have been employed to re-
duce the bulk carrier density, including im-
purity doping,®~'? epitaxial growth,">™">
compositional engineering,'®~2° etc.

Actual materials include not only bulk
carriers but also various categories of dis-
orders. Although the TSS is protected
against backscattering even in the presence
of disorder, electronic states of the TSS
should be inhomogeneous as affected by
charged defects. Indeed, recent scanning
tunneling microscopy/spectroscopy (STM/
STS) studies on intentionally doped Bi,Ses
and Bi,Tez have revealed “charge puddles”
associated with the disorder.?’

Although disorder is generally a foe to
applications, here we show that it provides
us with a unique opportunity to manipulate
the TSS so long as the bulk carrier density is
reduced. Our technique is STM/STS which
can be used not only to image the electronic
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Figure 1. LL spectra of Bi,Te,Se. (a) High-resolution STM image showing the topography of the Bi,Te,Se surface. Imaging
condition: sample bias voltage V = —50 mV and tunneling current / = 33.1 pA. (b) Tunneling spectra of the Bi,Te,Se surface,
showing the emergence of LL states after a magnetic field is applied. The spectra of the TSS exhibit hysteresis between the
forward (blue curves) and backward (red curves) branches. The LL indexes are marked. Tunneling gap was setat V= —50 mV
and / = 33.1 pA. Spectra under the fields are offset vertically. The spectra were taken between —250 and +250 mV, and only

part of the curves within £150 mV is shown for clarity. (c) Scaling plot of the energy of LLs versus (nB)

2 which is proportional

to the electron momentum k as shown in the top axis.”” LL energies for the forward and backward branches are marked with

solid and hollow squares, respectively.

inhomogeneity but also to modify the electronic
state via the local probe gating. We study Bi,Te,Se
which is a prototypical Tl synthesized from composi-
tional engineering. It has a quintuple-layer unit of
Te—Bi—Se—Bi—Te, forming a well-ordered tetrady-
mite structure. Since the isostructrural materials
Bi,Tes and Bi,Se; are hole-doped and electron-
doped, respectively, Bi,Te,Se has a suppressed bulk
carrier concentration.'®'” In comparison to Bi,Ses,
its Fermi level is moved below the conduction band
minimum as evidenced from both angle-resolved
photoemission spectroscopy (ARPES)*>2* and trans-
port measurements.'%172>

STM/STS experiments have been done under a
magnetic field, where Landau levels (LLs) can be used
as an energy marker of electrons in the TSS. We found
that the tunneling-conductance image is spatially in-
homogeneous, invoking the importance of disorder.
Intriguingly, the LL spectrum as a function of bias
voltage exhibits a clear hysteresis loop. As a result,
the conductance image shows different patterns even
at the same energy depending on the history of bias
voltage ramping. We argue this memory effect in
the framework of charge redistribution as induced by
local probe gating in conjunction with its pinning by
disorder.

RESULTS AND DISCUSSION

Figure 1a shows a high-resolution STM image of the
cleaved Bi,Te,Se surface, where the ordered triangular
lattice is clearly resolved. Its lattice constant is esti-
mated to be 4.2 A, which is consistent with the bulk
value. Since cleaving occurs between the adjacent Te
layers, the imaged atoms should all be Te. However, a
large number of atoms with reduced height can be
clearly seen. We attribute them to the Se atoms which
substitute the Te sites, as Se has a smaller atomic radius
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than Te. A similar defect has also been reported in
ref 26. The STS spectra taken at the smaller atoms show
no obvious difference from those at other defect-free
areas, suggesting that they share the same valence
charge state as Te. This further substantiates the pre-
sent assignment.

Unexpectedly, a clear hysteresis is observed in the
tunneling spectra (Figure 1b) between different bias
ramping directions. After magnetic field is applied,
discrete peaks that are ascribed to LL states emerge
whose energy spacing increases with strength of
magnetic field (Figure 1b).>”~*° The conductance hys-
teresis of the TSS is more evidently manifested from
the LL spectra, where the LL states could clearly mark
the energy shift. The LL states of a two-dimensional
Dirac fermion system obey the following relation: E,, =
Ep + sgn(n)v(Zeh|n|B)”2, n=0,4+1,42,., wherenisLL
index, E, is the energy location of the nth LL state, Ep is
Dirac point energy, B is magnetic field, and v is the
velocity of the electron. We fit the energy location of LL
states with a series of Gaussian peaks. After their
energies being plotted as a function of (|n|B)"?, all of
the data are scaled to two curves (Figure 1c), corre-
sponding to the forward and backward branches,
respectively. (The forward direction is defined as a
voltage ramping from negative to positive bias.)
In the intermediate and small bias range, the two
branches show similar energy dispersions but shift
rigidly about 13.5 meV relative to each other. However,
at large bias regimes, they exhibit deviated dispersions
and finally overlap close to the limits of ramping bias,
which reflects the intrinsic LL energies being perturbed
by applied bias. The intensity of zeroth LL is found to be
strongly suppressed as compared to that in Bi,Se;. 3"
The weak intensity of the zeroth LL state is probably
related to the band structure3? of the Bi,Te,Se where
the Dirac point is slightly below the valence band
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maximum (Supporting Information Figure S1b), which
may obscure the LL states.?’

The shifted LLs indicate that carrier density of the
Dirac surface state changes between forward and
backward branches. Surface electron density Ng can
be calculated using Fermi momentum kg as Ns = k/4.
Since the scaling variable (|n|B)
momentum,?” ke can be obtained from the scaling
function shown in Figure 1c, which represents the
energy-momentum dispersion relation.?’ The esti-
mated N, values are ~16 x 10'% and ~1.3 x
102 cm~2 for the two respective branches, which then
differs by ~0.3 x 10'? cm 2. These are indeed lower
than that of high-quality Bi,Ses which is calculated
as ~3.5 x 10"

To study the hysteresis behavior in detail, we sys-
tematically change the limits of ramping bias and
characterize the consequent response of LL shift at
11 T. We first fix the positive limit of ramping bias
(PLRB) at +250 mV and vary the negative limit of
ramping bias (NLRB). As is shown in Figure 2a, when
the sample bias is ramped from the fixed PLRB to the
varying NLRB (red curves), the energy positions of LL
states are all unchanged, indicating that they are
determined by the PLRB of +250 mV. However, when
the bias is ramped back, the LL states shift to the
negative bias direction progressively with the increas-
ing magnitude of NLRB (Figure 2a, blue curves), as
is representatively indicated with aqua triangles on
the sixth LL peak. The LL shifting is activated when the
NLRB exceeds the threshold value of about —60 mV
and gradually saturates after NLRB is over about
—180 mV. A similar shifting behavior also occurs for
the opposite bias polarity with the LL spectra initialized
at a fixed NLRB of —250 mV (Figure 2b): The LL energies
are always stationary when the bias is ramped from the
fixed NLRB to different PLRB (blue curves) but shift to
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Figure 2. Hysteresis of LL states with ramping bias limit. (a,b) LL spectra of Bi,Te,Se at 11 T, showing the shifting of LL states
with different limits of ramping bias. In panel a (b), the spectra were initialized at a fixed PLRB (NLRB) of + (—) 250 mV, and
their NLRBs (PLRBs) are varied as indicated. The forward (backward) bias ramping directions are marked with blue (red)
arrows. For clarity, only part of the data between £50 mV is shown, and its view with larger energy window is presented in
Figure S3 of Supporting Information. The energy positions of LL states are stationary when the bias is ramped from the
initialized bias to the indicated ramping bias limits and shift when ramped back. Energy positions the of sixth LL state are
marked with aqua triangles to representatively indicate the shifting of LL states. The energy locations of fourth to eighth LL
states are marked, whose statistics of shifting with ramping bias limit are plotted in (c), exhibiting clear hysteresis loops. All of
the spectra were collected with the tunneling gap set at V= —50 mV and / = 33.1 pA.

the positive bias direction when ramped back with the

increasing magnitude of PLRB (Figure 2b, red curves).

In this case, threshold and saturation PLRBs are 460
and ~+150 mV, respectively.

After the spectra in Figure 2ab were fitted with
multiple Gaussian peaks, energy positions of the fourth
to eighth LL states as a function of ramping bias limit
were plotted in Figure 2c. They all exhibit clear hyster-
esis loops®® with similar size, demonstrating that they
together shift rigidly. The amount of LL shifting is 13.1
+ 0.6 meV when the PLRB and NLRB are +250 and
—250 mV, respectively. The rigid shift in LL energies
seen in Figure 1c and Figure 2c invokes the following
phenomenology. The biased tip modifies the potential

energy for surface Dirac electrons, and the modified
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potential has a memory effect on the history of the
ramping bias. This renders it feasible to manipulate the
TSS. To demonstrate this capability, we position the tip
at the same location, initialize the LL spectra with
different voltage settings, and then check the energy
positions of LL states in a low-energy range below the
thresholds (bias voltage <+60 mV). The top curve in
Figure 3a shows a spectrum taken after the spectra
being set at —200 mV. They rigidly shift to positive bias
directions after a +200 mV setting (middle curve in
Figure 3a). As is representatively indicated with the
sixth LL state marked with aqua triangle, it shifts from
—1.9 to 11.5 meV, which is consistent with Figure 2c.
With another voltage setting at —200 mV, the LL states
shift back to their original energy positions and the
sixth LL state locates at —0.8 meV, indicating that the
conductance manipulation is reversible.

We further examine the dynamic properties of the
controlled LL shifting. We found that the LL hysteresis
has negligible dependence on the speed of bias sweep
between 0.14 and 0.014 V/s (Supporting Information,
Figure S3). This demonstrates that the potential energy
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Figure 3. Manipulation of the LL states. (a) LL states of
Bi,Te,Se at 11 T after being set with different voltages
indicated by the curves. All LLs shift rigidly in energy, so
the sixth LL state (aqua triangle) can representatively
indicate their shifting. All of the spectra were collected with
the tunneling gap set at V = —50 mV, / = 33.1 pA and
sequentially offset the middle and upper curves by 1 nS.
After each manipulation, a sample voltage of —21 mV
(marked with a black line in (a)) was selected to map the
conductance change of the surrounding area. The manipu-
lated location is at the image center (b—d). (e) Intensity plot
of di/dV spectra taken along a marked red line in (b)
showing the spatial fluctuation of the LL states. The LL
indexes are marked.

for surface Dirac electrons reorganizes to reach energy
equilibriums on the order of ~0.1 eV/s or even faster.
We also studied the stability of the shifted LL states
after the setting. If the system is set at positive bias
voltage, we did not observe any change in the spectra
even after a day, as long as the bias voltage is kept
within £60 mV. After the negative voltage setting, an
energy decay of LL spectra was observed at some
locations, while the spectra stay stationary in other
locations such as where the spectra in Figure 3a were
taken. Even at the location where the fastest decay was
observed, change in the spectrum evolves in a time
scale on the order of hours (Supporting Information,
Figure S4).

Next we did real space spectroscopic imaging to
unravel the physical mechanism behind the conduc-
tance hysteresis phenomena. Figure 3b—d shows dif-
ferential conductance maps of the same area (scann-
ing size: 200 nm x 200 nm) all taken at —21 mV after
different voltage settings. All settings were done at the
center of the field of view, and the spectra in Figure 3a
were also taken at the same location. After a —200 mV
setting, the conductance map exhibits depressed in-
tensity around the central location (Figure 3b). Its con-
trast changes after being set at +200 mV (Figure 3c¢),
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which now displays high intensity at the central area.
This corresponds well to the point spectra shown in
Figure 3a; that is, the imaging energy of —21 mV is
close to the peak position of fourth LL when the spectra
are set at +200 mV, while it is between the fourth and
fifth LLs when set at —200 mV. Importantly, the in-
tensity can be reversed back to the original contrast
(though not exactly identical) after another —200 mV
setting again (Figure 3d), which is also consistent with
the point spectra in Figure 3a.

There are two aspects revealed from the conduc-
tance mappings. For one thing, the contrast change
reflects that the spatial energy landscape surrounding
the tip is modified by the voltage setting. Since the
setting effect extends over the whole field of view, it is
not induced by the tunneling current which is limited
within an atomic scale, but may be related to the
electric field exerted by the biased tip. In order to
estimate the spatial extent, we consider a minimal
model in which an irreversible electronic state change
occurs when the tip-induced electric field exceeds a
local critical value. By approximating that the sample is
a perfect conductor and the tip apex is a hemisphere
with a radius of ry, we calculated the lower limit of the
diameter of the affected area as ~2.4r,, using the
observed critical voltage of 60 mV and the setting bias
voltage of 200 mV. Since the typical tip radius is about a
few tens of nanometers, the spatial influence should
extend at least on the order of several tens of nano-
meters. If the effects of irreversible charge redistribu-
tion and finite conductance are taken into account, the
spatial extent should become larger as observed. The
detailed spatial extent of the setting effect is an inter-
esting future issue.

For another aspect, LL energies exhibit spatial varia-
tion. For an example, we show position-dependent LL
spectra in Figure 3e. A spatial fluctuation of LL energy is
on the order of 10 meV, which corresponds to the N
variation of ~0.2 x 10'? cm™2 The fluctuation of LL
energy is about the same size as the irreversible shift of
LL energy after setting, suggesting the relation be-
tween them. The major source of the electronic in-
homogeneity may come from underlying Bi/Te antisite
defects,?>?® which are heterovalent and act as charge
donors, instead of the isovalent Te/Se antisite defects
manifested in Figure 1a. Regardless of their origin,
impurity charges in Bi,Te,Se should be poorly
screened due to the reduced carrier density, causing
profound variations of the real space potential
landscape.3 It is interesting to note that LLs are well-
defined even in such an inhomogeneous electronic
background.

On the basis of the above observations and analyses,
we argue the possible origin of the conductance
hysteresis. When tunneling spectroscopy is performed
to a bulk insulating Tl surface, screening of the biased
tip involves movement of surface carriers, inducing
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Figure 4. Two-dimensional electronic state change induced
by a biased tip in homogeneous (a) and inhomogeneous (b)
systems. Schematics show the distribution patterns of en-
ergy potential, i.e., Dirac point energy. Darker color means
deeper potential or that more electrons are there. Polarity
of the tip bias is indicated on the tip and is opposite to that
of the sample bias. If the system is homogeneous, the effect
of band bending is reversible. In a system with disorder,
there are different metastable potential distribution pat-
terns with a similar system's total energy, and they are
separated by the energy barrier. When tip-induced change
in the local electron density is high enough, potential
distribution patterns can change from one metastable state
to another.

significant local band bending under the tip.?® The
local band is bent downward/upward in the presence
of a positively/negatively biased tip relative to the
sample (Figure 4a,b), which affects the energy posi-
tion of the TSS measured by tunneling spectroscopy.
In a spatially homogeneous TI, charge carriers move
smoothly with the local band bending, and there is a
one-to-one correspondence between the charge dis-
tribution pattern and the applied bias voltage. In other
words, no hysteresis is expected.

However, in a disordered system as in Bi,Te,Se, a
charge distribution pattern would not be uniquely
determined even at the same bias voltage because

EXPERIMENTAL DETAILS

Bi,Te,Se crystals were grown by a modified Bridgman tech-
nique, which has been established for the growth of pure and
impurity-doped Bi,Se; crystals.* All measurements were per-
formed at 1.5 K with a modified UNISOKU ultrahigh vacuum
(UHV) (<1 x 107'° Torr) low-temperature STM which is
equipped with a high-field magnet.3® Magnetic field up to 11
T can be applied perpendicular to the sample surface. Bi,Te,Se
crystal was cleaved in situ under UHV conditions at ~77 K. After
cleaving, the crystal was transferred quickly to the low-tem-
perature STM for subsequent measurements. An ex situ electro-
chemically etched polycrystalline tungsten tip was used as the
STM probe. It has been cleaned and characterized in situ with a
field-ion microscope (FIM) until well-defined images of con-
centric rings coming from tungsten atoms around the tip apex
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there would be different metastable patterns separated
by the energy barrier for the system's total energy. If the
bias voltage-induced potential deformation is small, the
original pattern should be intact as protected by the
energy barrier. However, once the potential deformation
becomes large enough to overcome the energy barrier,
the irreversible charge redistribution should occur. The
resultant pattern is again protected by the energy barrier
unless the tip is biased with a large enough voltage
(Figure 4b). In order to achieve this irreversible charge
redistribution, the tip-induced charge density should be
larger than (or at least as large as) the spatial fluctuation of
charge density. The tip-induced charge density in the
bulk insulating sample can be roughly approximated
by eoV/d,*® where &, is vacuum permittivity and d ~
1 nm is the tip—sample distance. At the observed critical
bias voltage of 60 mV, the induced electron density is
estimated to be ~03 x 10'2 cm 2, consistent with the
fluctuation of N, as well as the rigid shift of LL energy after
the setting. In this way, the observed conductance hyster-
esis in Bi;Te,Se can be explained by the tip-induced local
band bending pinned by the defect-induced disorder.

CONCLUSION

In summary, we have characterized the prototypical
TI Bi,Te,Se with STM/STS technique and found elec-
tronic inhomogeneity present in the commonly be-
lieved stoichiometric compound. By courtesy of LL
spectra, we demonstrated that the conductance of
the TSS exhibits hysteresis loops as driven by the
interplay between the local probe gating and the
defect-induced disorder. This provides a novel ap-
proach for controlling the TSS, which could be
generally applied to other carrier-compensated Tls
possessing disorder. Since the potential landscape
can be modified with local probe gating, this paves
the way for future studies of LL physics in the presence
of a controlled potential >®3> Extensions to other ap-
plications can be envisioned such as locally gating the
conductance of TSS for information storage and con-
ductance patterning on the Tl surface for building
various nanoelectric and spintronic devices.

are obtained. The imaging gas was helium with a pressure of
2 x 107> Torr. After FIM treatment, the tip routinely guarantees
tunneling spectra free from tip-related features. Tunneling
spectra were recorded by utilizing a lock-in detection of the
tunneling current with an AC modulation voltage of 1.4 mV, s at
617.3 Hz feeding into the sample bias. The feedback loop was
off during spectra acquisition. The tip is grounded as the
reference voltage. In total, four different samples were investi-
gated to confirm the reproducibility of the measurement
results.
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