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We have performed scanning angle-resolved photoemission spectroscopy with a nanometer-sized
beam spot (nano-ARPES) on the cleaved surface of PbsBizsSes1, which is a member of the
(PbSe)s(BizSes)sn homologous series (PSBS) with m = 4 consisting of alternate stacking of the
topologically-trivial insulator PbSe bilayer and four quintuple layers (QLs) of the topological insu-
lator BizSes. This allows us to visualize a mosaic of topological Dirac states at a nanometer scale
coming from the variable thickness of the BizSes nano-islands (1-3 QLs) that remain on top of the
PbSe layer after cleaving the PSBS crystal, because the local band structure of topological origin
changes drastically with the thickness of the BizSes nano-islands. A comparison of the local band
structure with that in ultrathin BizSes films on Si(111) gives us further insights into the nature of
the observed topological states. This result demonstrates that nano-ARPES is a very useful tool

for characterizing topological heterostructures.

Three-dimensional topological insulators (TIs) are a
novel quantum state of matter where gapless surface
states (SSs) emerge inside the bulk band gap inverted
by a strong spin-orbit coupling.? 2 Topological SSs are
characterized by a Dirac-cone energy dispersion with a
helical spin texture and play an essential role in re-
alizing exotic quantum phenomena. The discovery of
TIs has also stimulated the exploration of new topolog-
ical materials beyond TIs such as topological semimet-
als hosting Dirac/Weyl fermions in the bulk band
structure? and topological superconductors with Majo-
rana fermions.28 While bulk crystals and thin films have
been the main platforms for investigating topological
properties/phenomena so far, multilayer heterostructures
(superlattices) consisting of alternately-stacked two or
more different materials are now attracting much atten-
tion as a promising platform.” 22

In heterostructures, one can control the thickness and
stacking sequence of layers and/or insert different build-
ing blocks to modulate physical parameters (e.g., spin-
orbit coupling, hybridization effect, and crystal sym-
metry) and obtain ordered phases (magnetism and su-
perconductivity). This wide tunability in heterostruc-
tures is a great advantage to realize novel topologi-
cal phases and gigantic quantum effects absent in par-
ent materials. For example, for a heterostructure of
TI and nontopological material where each TI inter-
face hosts topologically-protected states (interface states;
ISs), it has been proposed that precise control of the
hybridization strength between adjacent ISs and/or the
coupling between ISs and a certain order in the building
block would lead to various novel phenomena. This is
highlighted by a topological phase transition in a het-

erostructure of TI and nontopological insulator (NT),2
a magnetic Weyl semimetal phase in a magnetically-
doped TI/NI heterostructure,” and a Weyl supercon-
ductor phase in a magnetically-doped TT/superconductor

heterostructure.®

Since such novel properties of topological heterostruc-
tures are governed by the bulk electronic states and
topological ISs/SSs that are strongly modified by the
thickness, stacking sequence, or combination of build-
ing blocks, a systematic experimental determination of
electronic states in each building block as a function of
structural parameters is of particular importance to ad-
vance the exploration of exotic phenomena in topologi-
cal heterostructures. It would thus be useful to utilize
angle-resolved photoemission spectroscopy (ARPES) to
directly observe the momentum-resolved band structure.
However, ARPES study of topological heterostructures is
rather scarce, partly because of the presence of multiple
domains that usually appear on the surface. Since the
size of such domains is typically much smaller than the
beam spot of conventional ARPES apparatus (¢ ~ 100
um), it is very hard to obtain ARPES data by specifying
each building block. To overcome such a problem, it is of
particular importance to uncover the complexity of the
electronic structure characterized by the entanglement of
IS, SS and bulk electronic bands not only by high energy
and momentum resolution but also by lateral resolution
in the real space, in the scale of the nanometer.

In this Letter, we report the first nano-ARPES
study of a topological heterostructure. The material is
PbsBissSeq1, a new member of naturally-occurring bulk
TI/NI heterostructure (PbSe)s(BizSes)snm, (called PSBS)
with m = 42228 which consists of alternately-stacked
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FIG. 1: (a) Schematics of the crystal structure of (PbSe)s(BizSes)sm (PSBS; m = 4) consisting of alternately-staked one bilayer
(BL) of rock-salt PbSe and four quintuple layers (QLs) of BizSes. (b) Energy-distribution curve (EDC) in a wide energy range

measured at hv = 100 eV for sample #1.
sample position (z and y).

(c, d) Intensity maps of Bi 5d and Pb 5d core levels, respectively, as a function of
The sizes of a beam spot and a scanning step were set to 120 nm and 5 pm, respectively. The

intensity was obtained by integrating the spectral intensity within the energy window indicated by magenta or green shade in

(b).

(e) Intensity map of Bi-5d/Pb-5d ratio. Right bottom panel shows a magnified view of 10x10-pum? area which includes

the 3-QL island. (f) Intensity profile at x = 300 pm in (e) plotted as a function of y. (g) Intensity map of Bi-5d/Pb-5d ratio

obtained for sample #2. (h) Schematic view of BizSes islands at cleaved surface of PSBS (m

= 4). (i) Histogram of the relative

ratio of n-QL islands (n = 1-3) estimated from the core-level intensity for two different cleaved surfaces (#1 and #2).

four quintuple layers (QLs) of TT (BiySez) and one bi-
layer of NI (PbSe) (see Figure la). By utilizing a very
small beam spot of ¢ ~ 120 nm with a piezo-based sample
positioning system, we have directly visualized a marked
spatial variation of the valence-band structure and core-
level states in PSBS and determined the size, shape, and
distribution of different domain structures. Remarkably,
selective probing of each domain revealed the evolution
of the bulk bands and topological ISs/SSs as a function
of the thickness of BisSes layers on a single sample. The
present study not only provides important insight into
the topological property of PSBS but also demonstrates
the great advantage of nano-ARPES for investigating the
electronic states of topological heterostructures.

High-quality single crystal of PSBS (m = 4) was grown
by a combination of modified Brldgman and self-flux
methods using high purity elements (Pb 99. 998% Bi and
Se 99.9999%) in a sealed evacuated quartz tube.23 Ultra-
thin films of BisSes, used as a reference, were grown on
Si(111) by the molecular-beam-epitaxy (MBE) method.
The film thickness was controlled by the deposition time
at a constant deposition rate. The actual thickness was
determined by the oscillation pattern of reflection high-
energy electron diffraction (RHEED). ARPES measure-
ments for PSBS were performed with a MBS-A1 elec-
tron analyzer with energy-tunable synchrotron light at
the ANTARES beamline in SOLEIL and with a Scienta-
Omicron SES2002 spectrometer at the BL28A in Photon

Factory (PF), KEK. We used circularly polarized light
of 100 eV in SOLEIL and 40-80 ¢V in PF. Nano-ARPES
measurements in SOLEIL were performed with submi-
cron beam spot achieved by a Fresnel-zone-plate focus-
ing system combined with a precise sample scanning sys-
tem, optimized for an energy photon flux of 100 eV .27:28
PSBS crystals were cleaved in-situ in an ultrahigh vac-
uum better than 1x107!% Torr along the (111) crystal
plane. ARPES measurements for BisSes thin films were
carried out with an ARPES-MBE combined system at
Tohoku University equipped with a MBS-A1 electron an-
alyzer. We used the He-Iow (hv = 21.218 V) line to ex-
cite photoelectrons. PSBS crystals and BisSes thin films
were kept at 7= 60 K in SOLEIL and 30 K in Tohoku
University during ARPES measurements.

First, we performed a scanning core-level photoemis-
sion microscopy on PSBS (m 4) surface with a
nano-focused beam. A representative energy-distribution
curve (EDC) at a fixed sample position (Figure 1b) shows
several shallow core levels of Se 3d, Bi 5d, and Pb 5d.
Figures 1c,d display real-space maps of Bi-5d and Pb-5d
core-level intensities, respectively, measured on an area of
300 x 300 um?2. One can recognize a mosaic-like pattern
that mainly consists of blue- and white-colored regions
separated by a sharp boundary, indicative of formation of
multiple domain structures on the cleaved surface. Their
spatial distribution is random and the area of each do-
main varies from ~200x 200 um? to ~5x5 um?, the latter
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FIG. 2: (a) Magnified view of the region enclosed by green
square in Figure 1(e). (b) Intensity map near Er measured
in the same surface area with (a) [green square in Figure
1(e)]. Intensity was obtained by integrating the spectral in-
tensity within 0.75 eV below Er. (c) Spatial variation of the
momentum-dependent ARPES intensity in the range of +50
meV centered at Er measured along green line (cut A) in
(b); the momentum k is taken along the k, direction of the
Brillouin zone.

of which is too small to resolve by conventional ARPES
with a beam spot of ~100 um. It is also noted that blue-
colored (white-colored) domain in Figure 1c shows white
(blue) color in Figure 1d. Because of this anticorrela-
tion between the Bi-5d and Pb-5d core-level intensities,
an enhanced color contrast is obtained by taking their
relative intensity (see Figure le). In Figure le, besides
blue- and white-colored domains, a small but finite red-
colored domain (~4x7-ym? area) is observed at (z, y) ~
(300 pm, 100 pm) (indicated by a green arrow), as can be
seen more clearly in a fine map of 10x 10-um? area which
includes the red-colored region (see right bottom panel
of Figure le). The existence of three types of domains
is confirmed by a line profile at x = 300 um (see Figure
1f) where the Bi-5d/Pb-5d intensity falls into three lev-
els i-iii that correspond to blue-, white-, and red-colored
domains in Figure le, respectively, and is further corrob-
orated by the observation of a tricolor spatial image on a
different sample surface (Figure 1g). The three-domain
nature of PSBS (m = 4) surface is naturally understood
in terms of three different cleavage planes in the crystal.
Namely, the cleavage may preferably occur at each van
der Waals gap between QLs within the BisSes unit (red
arrows in Figure la), leaving 1-3 QLs of BizSes nano-
islands on the PbSe layer. Specifically, blue-, white-, and
red-colored regions in Figures le,g would correspond to 1-
, 2-, and 3-QL BisSes islands, respectively (see schematic
in Figure 1h), because the finite photoelectron escape

depth leads to the stronger Bi-5d/Pb-5d intensity ratio
for thicker BisSes domains. It is noted that the PbSe
layer and the neighboring BisSes QL are connected with
each other via Pb-Se bonds?? (see Figure la), so that
cleavage between these two layers would rarely occur in
PSBS, except for small m phases (e.g., m = 1). Our
atomic-force microscopy measurements on PSBS with m
= 4 revealed a step structure with ~1-nm height that
is close to the thickness of 1-QL BisSes, supporting the
preferable cleavage between BisSes QLs (see Figure S1
in Supporting Information). Figure 1i displays the prob-
ability to observe each domain, estimated from the maps
in Figures le,g (sample #1 and #2, respectively). A low
probability (1-3 %) for seeing the 3-QL domain (also see
Figures le,g) highlights the crucial importance of a real-
space imaging with nano-focused beam spot to resolve
all three domains. It is noted that the multiple domain
structure was overlooked in a previous ARPES study on
PSBS (m = 1 and 2) with a large beam spot.4

The selective observation of 1-3 QLs of BisSes islands
by nano-ARPES provides an excellent opportunity to si-
multaneously investigate the band structure of BizSes
with various thicknesses in one sample. Figures 2a,b dis-
play a comparison between the spatially resolved core-
level and near-Fr intensities measured in the same re-
gion of cleaved surface (green square in Figure 1e). One
can identify similar mosaic pattern with reversed con-
trast between Figures 2a and 2b, such as a vertical do-
main boundary at x ~ 220 ym and a diagonal domain
boundary at upper right. This indicates a modification
of the local band structure depending on the number of
QLs. By using momentum-resolving capability of nano-
ARPES, we further visualized the evolution of Fermi sur-
face across the boundary between the 1-QL and 2-QL
domains (along a cut A in Figure 2b). The ARPES in-
tensity at Fr as a function of k and z (Figure 2¢) shows
the presence of a single Fermi surface with the Fermi

wave vector of ~0.2 A~ in the 1-QL domain, and a sud-
den change in the Fermi vector by passing through the
domain boundary into the 2-QL domain, as represented

by appearance of strong intensity at £ < 0.1 A" The
observed domain-dependent near- Er intensity and Fermi
surface are related to the in-plane mosaic of topological
SSs/ISs as discussed later.

To gain further insight into the local band structure of
BisSes nano-islands, we have performed high energy- and
momentum-resolution ARPES measurements on each do-
main. In Figure 3a, a single parabolic band is observed
for the 1-QL domain, consistent with a single Fermi sur-
face observed in Figure 2c. On the other hand, multiple
bands are resolved for the 2-QL domain, and the number
of bands is further increased in the 3-QL domain. The ob-
served domain-dependent change in the local band struc-
ture would be mainly triggered by quantum confinement
within the BisSes layerd? To understand the origin of
the band dispersions in each domain, it is useful to com-
pare the present ARPES results with those for ultrathin
BisSes films, in which the band structure is strongly re-



constructed by the electron confinement effect.2? As seen
from Figure 3b, the overall band structure of BisSes ul-
trathin films on Si(111) substrate (BizSes/Si) resembles
that of PSBS. For example, 1-QL BisSes/Si has a sin-
gle parabola as in the 1-QL domain of PSBS, and 2-QL
BiySes/Si has a bandgap at Eg ~ 0.6 eV with a “M”-
shaped dispersion of the lower hole-like branch as in the
2-QL domain of PSBS. This similarity strongly suggests
that a parabolic band at the I' point in the 1-QL do-
main of PSBS (black dots in left panel of Figure 3a) is
ascribed to the quantized bulk conduction band (CB), as
is the case of BisSes/Si.2% Also, for the 2-QL domain,
two inner electron pockets (black dots) are quantized
bulk CBs with a Rashba-type splitting, while two outer
electron pockets and hole-like dispersions at higher Ep’s
(red dots) are the upper and lower branches of gapped
Dirac cones that originate from the hybridized topolog-
ical SSs/ISs (note that the Rashba splittings of CB and
hybridized topological SSs/ISs are a consequence of the
inversion-symmetry breaking at the surface as observed
in BisSes/graphene®?). Upon increasing the film thick-
ness to 3 QL, the bulk valence band (VB) is well isolated
from the lower Dirac band (see black dots at Fg ~ 0.7 eV
in right panel of Figure 3b), accompanied by a reduction
of hybridization gap at the Dirac point (see red dots). By
taking into account these trends, the energy bands that
produce the minimum band gap in the 3-QL domain of
PSBS (red dots in right panel of Figure 3a) are assigned
to the hybridized topological SSs/ISs, while other bands
(black dots) are attributed to the quantized bulk bands;
i.e., electron-like bands near Fr and hole-like bands at
higher Ep’s are the quantum well states of CB and VB,
respectively.

The present systematic investigation of the near-Ep
electronic states by domain-selective nano-ARPES allows
us to discuss the evolution of topological properties as a
function of the BisSes thickness (1-3 QLs). As seen in
Figure 3a, while an inverted band structure in the 2-
and 3-QL domains of PSBS leads to the appearance of
topological SSs and ISs, their mutual hybridization re-
sults in gap-opening at the Dirac point. The observed
hybridization-gap size is 170 meV and 40 meV for the
2- and 3-QL domains, respectively. Intriguingly, these
values (see blue circles in Figure 3c) are substantially
smaller than those for ultrathin BisSes films on various
substrates such as BizSes /Si and BipSes /graphene? (red
circles and triangles, respectively). For example, the hy-
bridization gap in the 3-QL domain of PSBS is as small as
that in 5-QL BisSes/Si and BisSes/graphene. This sug-
gests that the critical thickness of BisSes layer at which
a gapless topological phase emerges in PSBS would be
smaller than 6 QL that has been proposed for BisSes
films.2? Possibly, the gapless topological phase may be
realized in bulk PSBS with m = 4. Such robustness of
the topological phase down to ultrathin regime may be
potentially useful for realizations of gigantic topological
effects in bulk crystals as well as for future application
to nano-scale devices. It is noted that high-resolution
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FIG. 3: (a) ARPES intensity plots to show the near-Er band
dispersions around the T' point for n-QL BisSes islands (n
= 1-3); the momentum k is taken along the k, direction of
the Brillouin zone. Dots show experimental band dispersions
determined by tracing the peak position of EDCs. (b) Near-
Er band dispersions of n-QL BizSes ultrathin films (n = 1-
3) grown on Si(111). (c) The size of the energy gap at the
Dirac point as a function of the number of QLs (n) for PSBS,
BizSes /Si, and BiaSes/ graphene3® estimated from the numer-
ical fittings of EDCs at the I point. (d) Schematic illustration
of the spatial distribution of the topological surface and in-
terface states in (left) PSBS and (right) BizSes/Si.

ARPES measurements on a different sample confirmed
that the observed small hybridization gap is an intrinsic
property of PSBS (see Figure S2 in Supporting Informa-
tion).

The origin of the small hybridization gap in PSBS may
be ascribed to a difference in the spatial distribution of
topological ISs between PSBS and BisSes/Si. It has been
predicted for TI/NT heterostructures that the interaction
with an interfaced NI may strongly modify the real-space
distribution of topological ISs; for instance, topological
ISs may migrate from TI to interfaced NI.2 Therefore,
one may expect that the wave function of topological
ISs is localized at the interface or even shifted toward
the PbSe layer compared with that in BisSes/Si (see
red shades in the schematics of Figure 3d) and the re-



sultant reduction of the overlap between the topological
SSs within the same BisSes unit would suppress the hy-
bridization gap at the Dirac point, as observed in the
present study. A possible origin of such a change in
the spatial distribution of topological ISs can be the
in-plane tensile strain introduced in the BisSes layer
of PSBS through the lattice mismatch with the PbSe
layeri?:23 (note that BizSes/Si and BiySes/graphene are
almost strain-free). This scenario is supported by previ-
ous first-principles calculations which demonstrated that
tensile strain reduces the hybridization gap of topolog-
ical SSs/ISs in ultrathin BiySez layers.2 Moreover, re-
cent first-principles calculations for PSBS (m = 2) with
realistic lattice parameters, in which the strain effect is
naturally taken into account, show a substantially small
hybridization gap of ~20 meV (c.f., 100-200 meV for un-
strained 2-QL BisSe3).32 It is noted that, while strain
effect may also arise from crystal imperfections, the ob-
served sample insensitivity of the hybridization gap size
(Figure S2) rules out such a possibility because the crys-
tal imperfection, if it exists, would be sample-dependent
and hence the gap size should change from sample to
sample. In addition, surface reconstruction that may also
lead to lattice strain at the surface is also ruled out be-
cause our band-structure mapping over a wide momen-
tum space does not show a signature of band-folding in-
dicative of surface reconstruction.

In summary, we have visualized the spatial variation
of the core-level intensity in PSBS (m = 4) by nano-
ARPES measurements, and uncovered the three-domain
structure formed with 1-3 QLs of BisSes nano-islands on

PbSe layer. We observed the domain-dependent drastic
changes in the topological Dirac-cone dispersion. Com-
parison with the band dispersions of BisSes/Si revealed
a substantial reduction of the hybridization gap between
topological SSs and ISs in PSBS, which indicates that
the PbSe layer is a useful building block that helps
the BisSes layer to maintain its topological character.
The present result demonstrates that nano-ARPES is a
powerful method to investigate the bulk and topologi-
cal states of nano-islands with different thicknesses and
is thus useful for unraveling the peculiar properties of
topological heterostructures.
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