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Electronic states of the topological insulator Bii—;Sb, which is nontrivial in terms of both the
Z3 index and the mirror Chern number, were studied by quasiparticle interference (QPI) using low-
temperature scanning tunneling spectroscopy. Our Fourier-transform analysis of the QPI patterns
reveals the dispersion of the two surface bands above the Fermi energy (Er). Absence of the surface
band crossing is unambiguously confirmed, which allowed us to elucidate the mirror Chern number
of this system is —1. We also found that Co atoms deposited onto a clean surface of Bii_;Sbg
create impurity states with a clover-leaf-like shape at around 80 meV above Er. While additional
spin-flipping scatterings due to those Co atoms cannot be detected by QPI because of the inherent
absence of interference between states with antiparallel spins, we observed clear enhancement of

spin-conserving scatterings after Co deposition.

I. INTRODUCTION

Three-dimensional (3D) topological insulators (TIs)
are characterized by a nontrivial topological invariant,
which is protected by symmetry and the presence of a
bulk band gap.»? So far, two types of topological in-
variants have been found to be useful for finding 3D
TIs.2 One is called Z, index, which becomes nontriv-
ial when bulk band inversion takes place at an odd
number of time-reversal-invariant momenta in the Bril-
louin zone due to strong spin-orbit coupling; a nontriv-
ial Z5 topology of the bulks state gives rise to spin-
polarized metallic surface sates, which are protected by
time-reversal symmetry (TRS). The other topological in-
variant is called mirror Chern number, which is calcu-
lated based on the Chern number in each Hilbert sub-
space divided by the mirror eigenvalue®*; a nontrivial
mirror Chern number defines a 3D topological crystalline
insulator (TCI), which is associated with metallic surface
states protected by mirror symmetry of the crystal and
robust against TRS breaking.?* Insulators belonging to
both of the topological phases may be called “dual” TIs.
Bulk Bi;_,Sb, alloy is well known as the first-generation
3D Z, TI for z ~ 0.1-0.2,%°° and this material has
actually been predicted to be a dual TL2 It has three
surface-state bands X7, Yo and X along the [-M line
of the surface Brillouin zone. Elucidating whether the
Y1 band crosses the Y5 band is crucial for determining
the mirror Chern number of this material, which can be
either +1 or —1.2 Although the electronic structure of
the occupied states in Bij_,Sb, has been well studied
by means of angle-resolved photoemission spectroscopy
(ARPES),5? the structure of the whole surface bands
including the unoccupied states has not been observed
in pristine samples. This is because tops of the ¥; and
Yo bands lie above the Fermi energy, Er, which is con-
sistent with theoretical calculations.?'? While the top of
the ¥ band can be shifted below Er by doping®, the ¥

band has only been inferred from the occupied-state data.
To unambiguously elucidate the mirror Chern number of
Bi;_,Sb, from the whole band structure, measurements
of the quasiparticle interference (QPI) using the Fourier-
transform scanning tunneling spectroscopy (FT-STS) is
useful, because the band dispersions of the unoccupied
states can be deduced by analyzing the QPI.11-16

Reflecting the spin polarization of the surfaces states,
there is no interference coming from the states with anti-
parallel spins. This fact allows us to obtain informa-
tion about the spin texture of the topological surface
bands. Magnetic impurity breaks TRS and induces spin-
flip scattering among the surface bands. This was demon-
strated in Fe-doped BisSes!'” by QPI, while the effect of
deposited magnetic atoms on the surface bands of TIs
has not been clearly detected.'®2! The Bi;_,Sb, alloy
would be suitable for the studies of both the spin texture
and the change caused by surface magnetic impurities,
because the disorder in the electrostatic potential due to
the alloying gives rise to QPI on the pristine surface.!?

In the present paper, we elucidate the dispersions of
the unoccupied electronic states via the analysis of the
QPI on the clean cleaved surface of Bi;_,Sb, and unam-
biguously determine its mirror Chern number to be —1.
We have also studied the surface with deposited Co atoms
to explore the possible effects of the magnetic scattering
on the electronic states.

II. EXPERIMENTAL METHOD

Bi;_;Sb, (z = 0.21) single crystals were grown from
stoichiometric mixtures of 99.9999% purity Bi and Sb
by the zone-melt method. The samples were cleaved in
a vacuum (~ 1078 Torr) at room temperature to ex-
pose the (111) surface and transferred immediately to
an ultra-high vacuum (UHV) chamber (~ 10719 Torr).
The FT-STS technique was used as in the previous stud-
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FIG. 1. (Color online) (a) STM image of a 93 nm X 93 nm
region on a clean surface of Bi;_;Sb, obtained at a constant
current mode. (Setpoint: 200 pA at 500 mV) The inset shows
the close up image of a 5 nm X 5 nm region revealing the
hexagonal lattice of surface atoms. (Setpoint: 500 pA at 500
mV) (b) Average of 256 x 256 tunneling spectra measured
on the same region. The peaks at F1, Fo, and E3 are the
van Hove singularities related to the surface bands. (Bias
modulation: 7 mV,ms at 396 Hz; Setpoint: 500 pA at 500
mV) (c) Spatial mapping of dI/dV at +80 mV of the same
region. (d) FT image calculated from the dI/dV in (c). All
the equivalent points are averaged to increase signal-to-noise
ratio. The hexagon represents the size and the orientation of
the surface Brillouin zone. The dashed square represents the
area displayed in the FT images in Fig. 2(a)-(d).

ies of Zy TIs,'' 16 and will be described in detail be-
low. The surfaces were studied at 5 K using a low-
temperature scanning tunneling microscope (STM) with
an electrochemically-etched W tip. Its metallic density of
states (DOS) were confirmed on a clean Pt(111) surface.
After collecting data on the clean Bi;_,Sb, surfaces, a
small amount of Co was deposited at room temperature
in UHV. The samples were immediately moved back to
the STM kept at 5 K, and spectroscopy measurements
were performed in the same way.

IIT. RESULTS AND DISCUSSION
A. QPI imaging on a clean surface

Figure 1(a) shows a typical STM image on a cleaved
surface of the sample. The image displays a nanometer-
scale electronic inhomogeneity reflecting the alloying of
Bi and Sb as well as the hexagonal atomic lattice (inset).

In this region we measured a tunneling spectrum at each
point of 256 x 256 mesh using a standard lock-in tech-
nique. Figure 1(b) shows the averaged tunneling spec-
trum. Three peaks are noticeable at F; ~ —110 meV,
FEs ~ 450 meV, and E3 ~ +220 meV, and correspond to
the van Hove singularities at the maxima of the surface
state bands. QPI was observed as spatial modulations in
the intensity mappings of dI/dV, as shown in Fig. 1(c).
To clarify the periodicity, Fourier transform (FT) images
[Fig. 1(d)] were computed from the dI/dV maps. Since
the intensity of QPI with long wavevectors is hardly dis-
cernible in the present experiment, we focus on the 0.8
A=1 x 0.8 A~! region inside the dashed square in the
following analysis.

Figure 2(a)-(d) shows selected FT images obtained on
the clean surface.?? To analyze the energy dependence
of these characteristic patterns, we measure line profiles
along the I'-M and I'-K directions plotted as functions
of the length of the wavevector q and energy E. In
Fig. 2(e), the profiles plotted in grayscale reveal sev-
eral continuous curves reflecting the dispersions of QPI.
Figure 2(f) shows the profiles along the dotted line in Fig.
2(c). This measures the separation between the parallel-
oriented segments, enclosed by dotted ellipses, observed
in the energy range between +70 and +190 meV. In to-
tal, 11 dispersing peaks are found, and their positions
and the intensities are plotted in Fig. 2(g) and (h).

To relate the observed FT peaks to the surface band
structure, we followed the strategies developed in the QPI
studies on cuprates,?® 2% which can be summarized as
follows: As the DOS is proportional to the [VE(k)] ™!
integrated over the Brillouin zone, locations with small
VE(k) dominates the QPI formation.?* Such locations
correspond to the sharp tips on the contours of the con-
stant energy (CCE). Therefore, the wavevectors of QPI
can be associated with the ‘scattering vectors’ connecting
two tips on the CCE of the band structure.

Figure 2(j) shows the supposed CCE in the energy
range from E; to E; crossing Er.>? The CCE consist
of a pocket A at T, six pockets B on the I'-M lines, and
six pockets C near M. Pockets B originate from the ¥
band, while pockets A and C from the Y5 band. Pre-
vious ARPES studies have revealed another six pockets
around M,” but their involvement in the QPI observed
in the present study is not discernible. The FT profiles
in this energy range show three peaks qs, qs, and q4. We
can assign qo to a scattering vector connecting pockets
A and B, and q3 and q4 to vectors connecting B pockets.
These assignments are the same as those proposed in the
previous FT-STS study on Bi;_,Sb, near Er.'? These
q vectors increase in length with increasing energy, and
vanish at about E,. Thus, Fs is the maximum of the
surface band X.

In the energy range between E5 and Fs3, the CCE con-
sist of pockets A and C, as shown in Fig. 2(k). Theo-
retical calculations'® show that the inner part of the ¥y
band moves away from I' point faster in I-M than in
I'-K. This means that the pocket A is warped and be-



300
(e) (f)
200 | . {F—
3 100 | 4
£ L
Yoot 40.0 0.1 02
R Lo q (A1)
+160 eV T K
300 = = T =
1 (g) %, A10 ',& 1 (h)
% 200 | “t . 1 9
3 q "
% o0p ey ¥4 L s
w oo ) 0.0 0.1 02
0r  qa as a 175"
-100 |
(€3} qfll

FIG. 2. (Color online) (a)-(d) FT of dI/dV maps at E = —140, —40, +160, and +260 meV on a clean surface of Bi;_;Sb.. (e)
Profiles of the FT images in the I'-M and the I'-K directions plotted in grayscale. The arrow at around —100 meV in the I'-M
direction indicate an artifact which disappears in the FT of (dI/dV)/(I/V) maps.?* (f) Profiles along the dotted straight line
in (c). This shows the dispersion along the T-K of the feature enclosed by dotted ellipses in (c). (g) Peak positions of the FT
profiles. The size (area) of each marker is proportional to the peak intensity. Dashed line around 70 meV is a possible FT peak
corresponding to QPI within the B pocket, but not analyzed in detail. (h) Peak positions of the profile in (f). (i)-(1) Schematic
CCE in the four energy ranges: (i) £ < E1, (j) E1 < E < E», (k) E2 < E < E3, and (1) E3 < E. The pockets are labeled
by A-E. The scattering vectors corresponding to the observed FT peaks are labeled by qi-qi1. g5 in the profile image in (h)
denotes the I'-K component of the wavevector qs. Dotted curves in (d) indicate the tails of the spot labeled by qi1 and qio

corresponds to the intersection of the two tails.

comes star-shaped. The FT image indicates five vectors,
ds,96, -, 9. They can be assigned to vectors connect-
ing the six tips of the warped A pocket and six C pock-
ets, as illustrated in Fig. 2(k). All of these wavevectors
disappear at around FEj3, and thus the X5 band has the
maximum at Fs.

Above FEj, the electron pockets A and C are merged
and create six large hole pockets labeled D [Fig. 2(1)].
The FT peak qi1 can be assigned to the 120° scattering
in the I'-M direction between the tips of these pockets,
and qi9 to the ‘tail’ of the interference pattern of qi
as depicted in Fig. 2(d). Below E;, the CCE have two
pockets at T’ and six pockets E in the I'-K direction [Fig.
2(1)]. The FT peak in this energy range corresponds to
the vector along the I'-M direction connecting E pockets.

In these two energy ranges, QPI peaks from 60° scat-
terings between the neighboring D pockets or E pockets
were not observed. This can be understood if we suppose
an out-of-plane spin component changing its sign every
60° as in the case of the surface band of Bi(111) studied
by ARPES.26 Here, the spins of neighboring pockets can
be almost anti-parallel as depicted in Figs. 2(i) and (1),
and QPI due to them should be suppressed.

Using the simple relations between the QPI wavevec-
tors (q) and momenta of tips in CCE (k) in Table I,
we can now reconstruct the band dispersion from the
QPI data. The result is shown in Fig. 3(a). The mo-
menta calculated from different q vectors fall onto two
curves of corresponding to ¥; and ¥y in the I-M direc-
tion, and X3 and 4 in the I'-K direction. Below Ep, the

E r-K r-M
B3 <FE ki1 = (1/V3)qu
Fy < E < E3 kg = q9
ks = gs
k7 =qr+qo

ke = (1/v/3)gs
ks = (2/v/3)q5

Ey < E < FEy ks = (vV3/2)q
ks =qs3
ky = (1/V3)ka |ks=q2 — g3
E < E k1= (1/V3)q

TABLE 1. Positions of tips in CCE, k;, defined as functions
of the lengths of QPI wavevectors, ¢; = |qi|. (4,5 = 1,...,11.)
In the energy range between FE; and Fs, the pocket A can be
approximated by a regular hexagon. Hence we can estimate
k% in the T-K direction from ks in the T-M direction.

reconstructed band dispersions are consistent with those
determined from the ARPES on the Bi;_,Sb, sample
with the same Sb concentration.? The maxima of ¥,
Yo, and ¥4 agrees well with the peaks in the tunneling
spectrum shown in Fig. 1(b). The internal consistency
supports the validity of the present analysis. The ab-
sence of the band crossing between ¥; and Yo allows us
to conclude that the mirror Chern number of Bi;_,Sb,
is —1. This conclusion agrees with the inference derived
from the spin polarization of the occupied surface bands,
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FIG. 3. (Color online) (a) Surface band structure of the clean
surface of Bij_,Sb, reconstructed from our QPI data. Pre-
vious ARPES data® with an energy resolution of 18 meV are
also plotted. The dashed curves are the guide to the eye.
(b) Surface band structure of the same sample after the de-
position of Co. The dashed curves same as those in (a) are
drawn.

which was measured by spin-resolved ARPES.6-8

B. Effects of Co atoms on the surface states

To search for the effects of magnetic scattering on the
helical surface bands, we deposited a small amount of Co
on the cleaved surface studied above. Figure 4(a) shows
an STM image after the Co deposition. It is nearly indis-
tinguishable from the image obtained on the clean surface
[see Fig. 1(a)]. No protrusions that could be assigned
to the Co adatoms or clusters were found on the sur-
face. Nonetheless, dI/dV maps and STM images taken
at around +80 meV show clover-leaf-like features dis-
tributed randomly as in Fig. 4(b). The number of these
features (75 in this area) corresponds to 0.2% of the den-
sity of surface Bi/Sb atoms. These features are absent
on the clean surface and attributed to Co-induced states.
The Co atoms are likely to be situated below the surface,
because the STM images show no signature of adatoms.
Figure 4(c) shows the tunneling spectra measured across
one of the clover-leaf-like features. There is a peak at
about 70 mV in the tunneling spectrum at the center
of this feature. Note that this peak energy slightly de-
pends on the impurity site. Upon moving away from the
impurity center, the peak gradually shifts toward lower
energies. The spectral shape is not a Fano-type?” indica-
tive of the Kondo resonance?®, which quenches the local
moment of a magnetic impurity. Because of the absence
of the Kondo effect, we suppose the Co atoms still have
a magnetic moment at the surface of Bi;_,Sb,.

The QPI on this surface was observed and analyzed
in the same manner as on the clean surface. Figure 4(d)
shows the FT profiles along I'-M and I'-K directions. The
position and intensity of the FT peaks related to QPI are
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FIG. 4. (Color online) (a) STM image of a 93 nm X 93 nm
region of Bii_;Sb; after depositing a small amount of Co.
(Setpoint: 500 pA at 500 mV) (b) dI/dV map at +80 meV of
the same region as (a). The inset shows dI/dV map of a 12 nm
x 12 nm on the same surface. (Bias modulation: 7 mVms at
396 Hz; Setpoint: 500 pA at 500 mV) (c¢) Tunneling spectra
obtained across one of the clover-leaf-like shaped impurity
states. The measurement locations are indicated by the arrow
in (¢). The thick curve is the spectrum at the center of the
clover-leaf-like shape. (d) FT profiles of dI/dV maps after
the Co deposition. (e) Position and intensity of FT peaks.
The area of each marker is proportional to the peak intensity.

plotted in Fig. 4(e). The observed peak positions are the
same as those on the clean surface; nevertheless, the in-
tensities of the qg, q7, and q9 peaks became stronger
compared to those on the clean surface shown in Fig.
2(g). This means that the Co atoms enhance scatterings
of the surface electrons. The energy range where we de-
tected Co-induced states and the enhancement of QPI
intensity corresponds roughly to the bulk band gap.32°
In the other energy ranges, the bulk states could be in-
volved in the scattering processes by the Co atoms and
make the enhancement of QPI among surface states un-
remarkable. We note that the absence of additional QPI
related to states with anti-parallel spins does not mean
the absence of magnetic scatterings, because electrons
with anti-parallel spins cannot interfere with each other
and hence do not give rise to QPI.30732

The band dispersions reconstructed from the measured



positions of the FT peaks on the Co-deposited surface
are shown in Fig. 3(b). The band structure around the
I point is essentially unchanged. If the spins of Co atoms
are oriented randomly, they do not break mirror symme-
try and a transition from a dual TT to a TCI could be
realized. The present results suggest that, even in this
case, no change in the surface band dispersions would
occur except for the region near the M points, where the
topological surface band ¥ exists but was not probed in
the present study. FT-STS with improved experimental
conditions would be necessary for probing the electronic
states near the M points to observe the anticipated tran-
sition. This challenge is left for future studies.

IV. CONCLUSIONS

In conclusion, we have studied the surface states of
the dual TI Bi;_,Sb, through FT-STS to probe QPIL.

Our analysis revealed the band dispersions of the unoc-
cupied surface states. The absence of band crossing be-
tween ¥ and Yo was unambiguously elucidated, which
allowed us to determine the mirror Chern number to be
—1. Co atoms deposited onto a clean surface lead to the
appearance of clover-leaf-like impurity states at around
80 meV above Er. The surface band dispersions were
nearly unchanged after the Co deposition, but an en-
hancement of spin-conserving scatterings was detected
through stronger QPI peaks in the FT spectrum.
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