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ABSTRACT: Topological insulators with broken time-reversal symmetry and the Fermi level =~ STS/STM  Gated
within the magnetic gap at the Dirac cone provides exotic topological magneto-electronic
phenomena. Here, we introduce an improved magnetically doped topological insulator, Fe-
doped BiSbTe,Se (Fe-BSTS) bulk single crystal, with an ideal Fermi level. Scanning tunneling
microscopy and spectroscopy (STM/STS) measurements revealed that the surface state
possesses a Dirac cone with the Dirac point just below the Fermi level by 12 meV. The
normalized dI/dV spectra suggest a gap opening with A,, ~SS meV, resulting in the Fermi
level within the opened gap. Ionic-liquid gated-transport measurements also support the Dirac
point just below the Fermi level and the presence of the magnetic gap. The chemical potential

b'ﬁ F i
of the surface state can be fully tuned by ionic-liquid gating, and thus the Fe-doped BSTS _r!"'mag' 4 V!Viias (F 7 mag|

Microscopic Macroscopic

provides an ideal platform to investigate exotic quantum topological phenomena.
Fe-BiSbTe,Se

T opological insulators (TIs) possess a unique time-reversal tetradymites. The tetradymites have layered crystal structures
invariant surface (edge) state, the so-called massless (Figure 1a). We should care about the unintended intergrowth
Dirac cone (e.g, linear band dispersion), which offers high- of magnetic impurities of Fe—Se compounds promoted by Fe
mobility carriers and promising spin functionalities.' ™"’ doping.”>™" This intergrowth may occur over a certain
Breaking time-reversal symmetry on TIs by applying a large temperature range and be easily driven by an inhomogeneous
magnetic field or magnetization annihilates the time-reversal Fe distribution. Indeed, owing to special care such as
invariant point (the Dirac point: DP) and opens the magnetic homogeneous mixing at high temperatures and rapid
gap, Angg (the so-called massive Dirac cone). The massive quenching, we grew Fe-doped Bi,Te,Se and Fe-doped
Dirac state induces remarkable topological phenomena, such as BiSbTeZSeZS(ZlZe—BSTS) as high bulk-insulating magnetically
the quantum anomalous Hall (QAH) effect and the image doped ;I;IS " and reported observation of unusual proximity
magnetic monopole. Besides, fabricating heterostructures with effects.” However, the detailed electronic structure, in
other magnetic insulators or superconductors, the chiral edge partic.ular, the location of the DP and Ey, is still an open
states produce topological electromagnetic (ME) effects and question. _ _
virtual exotic elementary particle states, e.g., axion ME terms Here, we report theldetalled electronic band structure of the
2,11-13 Fe-BSTS. Its schematic band structures above and below the

and Majorana Fermions.

There are two key factors in the observation of the surface-
driven phenomena: ideal Fermi level E; (within the magnetic
gap and the bulk bandgap) and high bulk insulating nature. For
nonmagnetic TIs, tremendous efforts have been put into
alloying appropriate Bi—Sb—Te—Se compositions considering
defect chemistry'*~"* to overcome the two drawbacks. On the
other hand, achieving high bulk insulating magnetic TT is still
challenging. The common approach is to utilize a thin film of
magnetic TIs to reduce the bulk conduction contribution.'*~>
While Cr-doped (Bi, Sb),Se;'” and MnBi,Te,** thin films Received:  March 17, 2021
exhibit the QAH effect, bulk magnetic TIs will provide Accepted:  April 12, 2021
complicated heterostructure devices with a high degree of Published: April 26, 2021
freedom.

In the context of searching for desirable bulk materials, we
focus on Fe as a dopant into (Bi,Sb) sites in Bi based

Curie temperature (Tcyi) are summarized in Figure 1b,c,
respectively. We performed in situ cleavage scanning tunneling
microscopy and spectroscopy (STM/STS) measurements. Fe-
BSTS has a high bulk insulating nature with a bandgap of Ay
~400 meV, and the Fermi level Ej is found to be close to the
DP (Epp). Furthermore, we discovered a magnetic gap A, at
the DP. The transport measurements tuned with electric-
double-layer transistors (EDLTs) also support these surface

© 2021 American Chemical Society https://doi.org/10.1021/acs.jpclett.1c00869
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Figure 1. Summarized band structures and scanning tunneling
microscopy. (a) The crystal structure of Fe-BSTS. The upper and
bottom figures indicate the top view and the layered structure,
respectively. The arrow indicates a single quintuple layer (QL). Band
structures of Fe-BSTS (b) above and (c) below the Curie
temperature. The parameters were determined by STM and gate-
tuned transports. A= 55 meV, Epp = —12 meV, and E,), = 33.3
meV (see text for more details). (d) A 200 nm X 200 nm STM image
(bias voltage Vi = 183 mV and tunnel current I = 104 pA) of the in
situ cleaved crystal. Atomically flat terraces are separated by 1.03 nm
height steps (the bottom left inset depicts the profile along the dashed
line of the STM image), and the height of the terraces corresponds to
QL. In the top-right inset, a 10 nm X 10 nm atomically resolved image
with a typical set of defects.

states. Combining microscopic STS and macroscopic transport
results consistently ensures an ideal E position within A, at
a very low temperature.

Owing to the excellent cleavage property of Fe-BSTS, sizable
crystals were cleaved in the chamber, and an atomically flat
surface enabling STM/STS measurements was obtained. STM
mapping with a constant current of 104 pA and a bias voltage
of 183 mV (Figure 1d) show clear atomically flat terraces. The
observed step height was 1.03 nm (Figure 1d, inset), which
corresponds to a five atomic layer, the so-called quintuple layer

(QL) of Fe-BSTS, as shown in Figure la. These QLs are
weakly bonded by van der Waals forces and terminated by
chalcogen atoms (Se, Te). A local STM study of the flat
terraces revealed well-ordered hexagonal lattices with randomly
arranged atomic defects, reflecting its homogeneous sub-
stitution of (Bi, Sb, Fe) and (Te, Se) sites (see Figure la, the
inset). We confirmed that the spatial electron density
distribution near defects (not shown here) showed a typical
spectrum for other Bi based tetradymites.”"** The form of
fingerprints depends on the type of defects and their depth in
the QLs;*” e.g, the surface has bright triangular dots
corresponding to the chalcogen vacancies described in ref 34.

Figure 2a shows the averaged STS spectra measured at 4.2 K
(blue line) and 77 K (red). The rapid rise around Vi = —100
mV and 300 mV corresponds to the bulk valence band (BVB)
and bulk conduction band (BCB), respectively, and thus the
bulk bandgap is Ay, 2400 meV (marked as a green-white
gradient). The zero-bias voltage (Fermi energy Ey) is located
close to the BVB, a hallmark of a p-type semiconductor. Within
the bandgap, almost linear spectra appeared regardless of the
measurement spots (see the inset of Figure 2a), which is a
topologically protected feature, and the linear band represents
the surface states (the Dirac cone). The DP was estimated as
Epp ~—12 meV from the extrapolation of the linear part of the
spectra (inset of Figure 2a). Furthermore, the normalized
spectrum of dI/dV (4.2 K) divided by the dI/dV (77 K)*
reveals some gaps around the DP (see Figure 2b). Based on
previous reports (Teym < S0 K)***° and other magnetically
doped tetradymite systems (Tcyy ~10 K),”**’ the measure-
ment temperatures should cross the Curie temperature of the
present material, and the observed gap represents the magnetic
gap at the DP with a size of A_,, ~55 meV, which is
comparable to other magnetic TIs.*°">* We link the fact that
the magnetic gap is partially filled in the region of the Dirac
point because of the temperature fluctuations and the large
number of atomic defects saturating the magnetic gap by
electrons giving a nonzero background. The gap at the time-
conserved DP is a hallmark of the broken time-reversal
symmetry due to ferromagnetic ordering, whereas typical other
origins, e.g, the Kondo effect,® produce the gap structure at
the Eg.
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Figure 2. Scanning tunnelling spectroscopy. (a) Average tunnelling spectra at 4.2 K (blue line) and 77 K (red line). The inset shows a highlight
around the zero-bias voltage. The dashed line represents a linear dispersion approximation, and the arrow indicates the estimated Dirac point at
—12 mV. (b) Normalized dI/dV spectrum of 4.2 K by the 77 K spectra. A clear S5 mV gap appears near the Dirac point. Insets are schematic

surface structures below the Curie temperature.
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Figure 3. Experimental setups and transport properties of a Fe-BSTS. (a) Temperature dependence of resistivity with and without gating voltage.
The label “w/o gating” indicates the measurement performed just after loading the ionic-liquid (IL) but without applying external gating voltage.
The inset is the schematic of a transport measurement setup with IL gating on a bulk single crystal. (b) Hall resistivity for various gating voltages at
2 K. The inset shows a zoomed-in plot for V; = +2 V. Dashed lines for each plot represent the best fitting results by the two-band model. (c)
Change in sheet magnetoconductance of No-IL (without IL) with a perpendicular magnetic field at several temperatures ranging from 2 to 50 K.
The dashed black lines represent fitting results at 2—30 K by the HLN model. The inset shows a polar plot of the magnetoresistance of the No-IL
crystal with a magnetic field of 8 T at 2 K. (d) Temperature dependences of the carrier (top panel) and mobility (bottom panel) for the bulk and
surface of the as-grown Fe-BSTS crystal (No-IL). The inset is the temperature dependence of the phase coherence length obtained using the HLN

model. The dashed line is a fitting result for T~/ above 20 K.

The inset of Figure 2b shows the schematic band structure
determined from the STS dI/dV spectra. The most prominent
feature is that the location of the Fermi level is just above the
DP and within the magnetic gap, which is an ideal situation to
observe exotic magnetic gap-origin phenomena described in
the introduction section.

We investigated the transport properties of the gate-
controlled Fe-BSTS bulk single crystal to determine the
locations of the E; and the Epp. The ionic-liquid (IL) gating in
EDLT enables effective carrier control just near the surface
(typical effective depth ~several nanometers) .**~* In general,
this technique is applied to thin-film materials nowadays, and it
is difficult to achieve ambipolar conduction for bulk
materials.”* In contrast, we observed the ambipolar surface
carrier conduction of Fe-BSTS even using a bulk crystal, owing
to its high surface mobility. The experimental setup is shown in
the inset of Figure 3a. Further details are provided in the
Supporting Information. Because loading the IL itself affects
carrier density, we labeled “No-IL” and “w/o gating” as the
state of the as-grown crystal without IL and just after loading
IL but without voltage-control, respectively. The positive gate
voltage provides electron carrier doping at the top of the
crystal. All gate-voltage controlling took place after cooling to
230 K in a vacuumed chamber to prevent chemical reactions.

As a first step, we evaluated the as-grown Fe-BSTS bulk
crystal (No-IL). The temperature dependence of resistivity
showed insulating above 50 K, whereas the slope decreased
below 25 K, as shown in Figure 3a. Interestingly, the resistivity
increased again below 10 K and did not follow the typical —log
T dependence expected for the Kondo effect which is often

4182

observed in nonmagnetic TIs, e.g, in refs 45 and 46. The
magnetotransport properties also change around this temper-
ature, as discussed later in the transport section. Therefore, we
claim this upturn can be ascribed to the gap opening near 10 K.
The high-temperature resistivity followed three-dimensional
variable range hopping, which is commonly observed in TIs
with highly insulation in the bulk.'*'”*>*” From the standard
Arrhenius plot, the value of the activation energy for the bulk
was determined to E,.;, = 33.3 meV. Referring to Figure 1b,c,
the values of Epp, A, and E,, are consistent with the
estimated band structure, i.e., the Fermi level should be located
within the magnetic gap at low temperatures.

The dominant surface contribution was confirmed from
magnetoresistance (MR = (p(H) — p(0))/p(0)), magneto-
conductance, and Hall resistivity (Figure 3b). Detailed MR
data are summarized in the Supporting Information. The 2-fold
rotational symmetry in the MR is a characteristic of the two-
dimensional electron nature from the surface states (inset of
Figure 3c). Figure 3c shows the sheet magnetoconductance
and fitting results (black lines) using the simple Hikami—
Larkin—Nagaoka (HLN) model**** for weak antilocalization
(WAL):

¢’ 1

2°h E

B

By

B
_ln _
By

G(B) — G(0) ~ a

where @, ¢, #, and ¥ are the WAL coefficient, electronic
charge, reduced Planck constant, and digamma function,
respectively. The @ ~ —1 was obtained at the low-temperature
region. From the characteristic magnetic field, B, the
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Figure 4. Schematic band structure and analytical results for IL-gated Fe-BSTS. (a) Schematic band structure and transfer characteristics (R vs
Vg) of the EDLT-based Fe-BSTS bulk crystal at 230 K. The dotted lines correspond to the estimated BCB, BVB, and Fermi energy level of bulk
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perfect fitting results were obtained in the temperature range of
2—50 K. The power-law fit of the coherence length above 20 K
yielded T7°% ~ T~V indicating two-dimensional decay*®*’
(inset of Figure 3d). Interestin%ly, the coherence length below

10 K deviates from the T~"? curve and is suppressed at

coherence length l¢ can be evaluated as B¢ =

approximately 10 K where most magnetic TIs show a
ferromagnetic transition.”””® The Hall resistivity showed
gentle curves, indicating that at least two components should
exist. Here, we applied the standard two-band model (within
the Drude model in low-field) fitting to the Hall resistivity,
assuming the surface and bulk contributions described in ref
50.

2 3
+ RH,bulkpsurf )B + RH,surfRH,bulk(RH,surf + RH,bulk)B

R 2
[)xy(B) _ ( H,surfpbu_]k

where Ry;(p) surt/bulk represents the Hall coefficients (resistivity)
for surface/bulk, respectively. This model is widely applied for
TIs.'”*" Using the standard relation, we can obtain the sample

t 1
parameters as follows: Ry .= —— Rypae = o — and
surf bulk
R, f/bulk
Praet bl = ;’L‘/", where t, ng and nyy are the sample

surf/bulk

thickness and carrier densities of the surface and bulk,
respectively. As a result, we obtained an excellent fit (dashed
lines in Figure 3b and Figure S3c for the temperature
dependence of the No-IL sample). The fitting parameters
obtained are summarized in Figure 3d. The temperature
dependence of the carrier density and mobility showed typical
p-type semiconducting behavior, ensuring the validity of the
analytical fitting. The surface mobility exceeded 1500 cm?®/(V
s), which makes the plot of Hall resistivity curved. EDLT
gating mainly tunes these surface states and thus enables us to
evaluate the surface states, even using a bulk crystal.

Figure 4a shows the gate-voltage dependence of resistance at
230 K, where the bulk contribution dominates almost the
entire transport. Despite a small change in the resistance, a
small hysteretic loop appeared. The loop traced the same cyclic
loops at least three times even at different sweep speeds (1—2
mV/s). This loop represents only a unipolar nature similar to
the bulk MoS," and (Bi,_,Sb,),Te; thin film>*> at this
temperature. However, low-temperature transport drastically
affected the IL-gating effect. Figure 3b shows the Hall
resistance at 2 K for different gate voltages. Note that, even
just loading the IL onto the sample, the resistance drastically
dropped at low temperatures (Figure 3a), and the slope of the
Hall resistance decreased, meaning that the IL itself leads to
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2 2p2
(Dt + pH,bulk) + (Reggurt + Regpur) B

hole doping. All the Hall resistance showed gentle curves like
the No-IL case, including Vg = +2 and +1.2 V which look
linear. As shown in the inset of Figure 3b, the slope of V; = +2
V was negative, indicating successful electron doping by the IL
gating. MR was also changed by gating (Figure S3d). These
facts indicate that the IL gating onto the bulk crystal achieved
bipolar transport.

Figure 4a—c shows summarized fitting results from the two-
band model. The bulk hole carrier slightly decreased with
elevating gate voltage, while the surface carrier showed the p—
n carrier-type transition around +0.5 V. The surface mobility
drastically dropped to the bulk value when the V; = +1.2 V
and —1 V, indicating that the chemical potential of Vg = 1.2
(=1) V is located near the BCB (BVB). The analyses also
revealed that the surface contribution also changed from 26%
(No-IL) to 60% (2 V), comparable to previous reports using a
thin-film sample>” and nanowires.”> Considering the trends of
the gated properties, we can estimate the location of the
surface chemical potential of No-IL and w/o gating. The
appropriate positions are —0.25 V for No-IL and —0.5 V for w/
o0 gating, resulting in smoothly connected carrier density lines.
The highest mobility should reflect the nearest chemical
potential to the DP, and thus, the Fermi energy of the as-
grown crystal (No-IL) is closest to the DP. Therefore, this IL-
gated-transport measurement also indicates that the location of
the DP is just below the Fermi energy level. To achieve fine Eg
tuning just onto the DP using IL gating, the promising gate
voltage is approximately 0.25 V, where the p—n carrier-type for
the surface carriers changes. These analyses with the two-band
model consistently explain all the gated-transport measure-
ments and support the STM/STS conclusion of the ideal Eg

https://doi.org/10.1021/acs.jpclett.1c00869
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and DP positions. Therefore, we conclude that Fe-BSTS is a
promising bulk material for observing quantum phenomena
driven by the massive Dirac cone at very low temperatures
wherein the excitation is well suppressed by the surrounding
temperature.

In summary, we investigated the surface band structures of
Fe-BSTS via STS/STM and IL-gated-transport measurements.
The local STS measurement showed two notable features of
the surface state: the DP near the Fermi level and the gapped
states at the DP (4 K normalized spectra), implying a magnetic
gap opening. The IL-gated-transport measurement combined
with the two-band analyses also supports that the DP is near
the ideal position. Both results can consistently be understood
within the framework of the band structure of Figure 1b,c,
ensuring the magnetic gap and the Fermi energy above the DP.
Therefore, the Fe-BSTS bulk single crystal is a promising
platform for detecting exotic phenomena such as the QAH
effect.

B METHODS

We grew single crystals of Fe-BSTS using a modified Bridgman
method referred to as Fe- or Mn-doped Bi,Ses,*® Fe-doped
Bi,Te,Se,”® and Fe-doped BSbT,Se.”” The details of crystal
growth and sample characterization are described in the
Supporting Information. STM/STS measurements were
performed using JT-SPM (SPECS). The crystals were
mechanically cleaved in an ultrahigh vacuum (UHV, ~107"
mbar). The transport properties were evaluated using a PPMS
(Quantum Design Inc.) with an external gate-voltage source/
current monitor R6244 (Advantest). Details of the IL-gating
configuration are provided in the Supporting Information.
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