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Visualizing crystal twin boundaries of bismuth by high-spatial-resolution ARPES
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We have performed micro-/nanofocused angle-resolved photoemission spectroscopy (ARPES) on cleaved
single-crystal surfaces of bismuth to clarify the spatially resolved electronic states. While the dominant area of
the cleaved surface was found to display the well-known Rashba-spin-split surface state with the (111)-surface
origin, the steplike region with a typical width of ~10-20 um shows distinctly different band structure and
fermiology originating from the hard-to-cleave (100) surface. This unexpected mixture of the (100)-derived
electronic states in a tiny area of the cleaved (111) surface is attributed to the crystal planes separated by a twin
boundary, as supported by laser microscopy and electron backscatter diffraction measurements. The present
study paves a pathway toward investigating electronic states associated with inhomogeneities and coexisting
phases of hard-to-cleave crystal planes and complex materials by spatially resolved ARPES, making this
technique a powerful method to investigate the interplay between local electronic states and crystal structures
when combined with structural characterization techniques.

DOI: 10.1103/PhysRevResearch.5.023152

I. INTRODUCTION

Many quantum phenomena, such as magnetism, supercon-
ductivity, and spin/charge density waves, which are central
topics in condensed-matter physics, generally appear in
homogeneous systems. On the other hand, spontaneously in-
homogeneous states (e.g., spatial inhomogeneity, domains,
and localized states) have also attracted great deal of attention
because they can host exotic quantum phenomena distinct
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from the case of homogeneous systems, as highlighted by
the quantum Hall effect originating from edge-localized chiral
modes [1], two-dimensional (2D) topological-insulator (TT)
phases characterized by helical edge modes [2], nanoscale
inhomogeneity in cuprates linked to the mechanism of high-
temperature superconductivity [3], and electron-hole puddles
(inhomogeneity of carrier doping level) in graphene respon-
sible for nonzero minimal electrical conductivity [4]. Besides
the investigation of physical properties associated with inho-
mogeneous states, manipulation of such states, as exemplified
by the ferromagnetic-domain-wall motion by electric field
[5] and braiding of Majorana bound states in topological
superconductors [6], is regarded as a key technology in next-
generation electronics and quantum information. It is thus of
great importance to explore materials hosting inhomogeneous
states.

Group-V element bismuth (Bi), a typical low-carrier
semimetal, has a high potential to search for new function-
alities originating from the inhomogeneous electronic states.
Besides the fundamental interest of bulk Bi in valleytronics

Published by the American Physical Society
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FIG. 1. (a) Photograph of cleaved Bi single-crystal surface, where micro-ARPES measurements were carried out. (b) Corresponding spatial
map of ARPES intensity integrated in the (Ej, k) window of (Er < Ez <4eV,—1A~" < k, <1A~"atk, ~0) measured with /v =90 eV
at T =40 K. (c, d) Same as (a) and (b) but zoomed in the region enclosed by the red rectangle in (a) and (b). To better visualize the steplike
feature, color contrast is enhanced in (d). (e, f) Fermi-surface mapping and ARPES intensity obtained along the I'M cut of the (111)-surface
Brillouin zone, measured at the sample points on the flat surface region [point A in (a) and (c)]. (g, h) Same as (e) and (f), respectively, but
measured at a steplike feature [point B in (b) and (d)]. Yellow hexagon in (e) and (g) correspond to the surface Brillouin zones for the (111)

and (100) surface, respectively.

[7,8], Bi has attracted particular attention because the crystal
surface hosts the spin-split Rashba surface states (SS) associ-
ated with the strong spin-orbit coupling (SOC) and breaking
of the space-inversion symmetry [9,10] which could be uti-
lized for spintronics application. The strong SOC also makes
Bi an indispensable element in many TIs [11-15]. While these
properties appear in the spatially homogeneous condition, it
has been proposed that Bi hosts exotic inhomogeneous states,
such as the edge states in the 2D-TI phase in one to a few
bilayers of Bi(111) [16—18], hinge states in higher-order TI
phases [19], and twin boundaries formed by the junction of
tilted crystal domains [20]. Therefore there is an increasing
demand to directly visualize such domains and localized states
to establish and understand the exotic properties of Bi.

Besides scanning tunneling microscopy (STM), spa-
tially resolved, angle-resolved photoemission spectroscopy
(ARPES) serves as a useful method to access this issue. While
conventional ARPES has an insufficient spatial resolution due
to the relatively large beam spot size of a few hundred um,
recent remarkable progress in the focusing optics of ARPES
end stations in next-generation synchrotron facilities enables
us to spatially resolve the electronic states with wm or even
sub-um order [21-26]. Such micro/nano-ARPES has been
successfully applied to the measurement of tiny single crys-
tals [27-29], domain-selective observation of layered and 2D
materials [30-32], and operando analysis of electronic devices
[33,34], and is now becoming a standard tool to investigate
spatially resolved electronic states [35]. However, spatially
resolved ARPES has not yet been applied to Bi.

In this article we experimentally demonstrate by micro-/
nano-ARPES measurements combined with real-space
optical microscopy and electron diffraction that a cleaved
(111) surface of Bi single crystal contains a twin boundary

with the (100) orientation along the steplike area of the
surface. This (100)-derived state cannot be usually obtained
by the cleaving and has been completely overlooked in
previous ARPES studies. The present study suggests the
applicability of spatially resolved ARPES to unveil electronic
states of boundary states and hard-to-cleave surface planes,
laying a foundation for investigating spatially inhomogeneous
states in functional materials.

II. METHODS

Single-crystal Bi was grown by the horizontal melt-growth
method with a fused quartz tube. The purity of the raw
material shots of Bi is 99.9999% (6N). The melt is placed
on a temperature gradient of ~1.5 K/mm and cooled at a
rate of ~0.4 K/h. Spatially resolved ARPES measurements
were performed with a Scienta-Omicron DA30 spectrom-
eter at the BL-28A in Photon Factory (PF), KEK and a
MBS-AL1 electron analyzer at the ANTARES beamline in
SOLEIL. We used circularly polarized light of 90 eV and
100 eV in PF and SOLEIL, respectively. Micro-ARPES mea-
surements were performed in PF with a beam spot size of
¢ ~ 10 um achieved by Kirkpatrick-Baez mirror optics [26],
whereas nano-ARPES measurements were performed in
SOLEIL with a beam spot size of ¢ ~400-500 nm achieved
by a Fresnel-zone-plate focusing system combined with a
precise sample scanning system [21]. Bi crystals were cleaved
in situ along the (111) crystal plane in an ultrahigh vacuum
better than 1 x 10~!° Torr. The sample was kept at T = 40 K
and 60 K in PF and SOLEIL, respectively. Scanning elec-
tron microscopy (SEM) and electron back scatter diffraction
(EBSD) measurements were performed with a JSM-6610A,
JEOL, including a high-resolution slow-scan CCD camera. A
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software OIM, EDAX was used for analyzing EBSD patterns.
The accelerating voltage of SEM is 20 kV, and the analysis
interval of EBSD is 2 um.

III. RESULTS AND DISCUSSION

We first present the spatial distribution of the electronic
structure. Figures 1(a) and 1(b) show an optical microscopy
image of the cleaved surface of Bi single crystal and corre-
sponding micro-ARPES intensity map integrated in a wide
(E, k) range, respectively. One can immediately recognize
from Fig. 1(a) that while the cleaved surface is dominated
by flat regions, several line-shaped, steplike features are also
seen, as better visualized by the magnified view in Fig. 1(c).
As shown in Fig. 1(b), the ARPES intensity map reflects
such steplike features; the flat region seen in the microscope
image is characterized by the almost uniform ARPES inten-
sity (light-brown region), whereas the intensity originating
from the steplike features appears to be modulated. When
we map out the ARPES intensity with finer (x, y) mesh in
the area enclosed by red rectangles in Figs. 1(a) and 1(b),
one can immediately recognize a good matching between the
spatial distribution of steplike features and the ARPES inten-
sity modulation, as shown by a side-by-side comparison of
Figs. 1(c) and 1(d). [Note that the contrast of ARPES intensity
is enhanced in Fig. 1(d).] This suggests a finite difference in
the electronic states between the flat region and the steplike
region. When we focus incident photons onto the flat region,
the observed electronic structure shows typical characteristics
of the (111) surface. This is represented by the Fermi-surface
(FS) mapping in Fig. 1(e) and the ARPES intensity along the
['M cut in Fig. 1(f) measured at representative sample points
in the flat region [point A in Figs. 1(c) and 1(d)], where the FS
consists of a small circular electron pocket centered at the T’
point, six elongated hole pockets surrounding the I"-centered
pocket, and small electron pockets near the M point, consis-
tent with the fermiology of Rashba SS reported by previous
ARPES studies on bulk crystals and thin films of Bi(111)
[9,10,36,37]. On the other hand, when incident photons are
focused onto the steplike region [point B in Figs. 1(c) and
1(d)], the FS topology and ARPES intensity are different from
those of the flat region, as can be seen from a side-by-side
comparison of Figs. 1(e) and 1(g) as well as Figs. 1(f) and
1(h). Specifically, instead of the small pocket at T' and sur-
rounding six lobes with the overall sixfold symmetry seen for
the (111) surface [Fig. 1(e)], the FS topology for the steplike
region [Fig. 1(g)] shows twofold symmetry characterized by
a horizontally elongated pocket at the T' point, called S1, and
vertically elongated small pockets at both sides of this pocket,
called S2. Associated with such a clear difference in the FS
topology, the band structure for the steplike region [Fig. 1(h)]
displays a complicated behavior near Eg, distinct from the rel-
atively simple band structure for the (111) surface [Fig. 1(f)]
(see Appendix for details of the band structure near Eg). One
may also recognize in Fig. 1(h) a weak intensity away from the
S1 and S2 pockets (called S3). We found that the FS topology
of all these S1-S3 pockets show a striking agreement with
that for the (100) surface obtained by repeating sputter and
annealing in the previous work. [Note that the sputter and
annealing procedure was used to obtain the (100) surface due
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FIG. 2. (a) Optical microscope image of a cleaved Bi single
crystal where nano-ARPES measurements were carried out. (b) Spa-
tial map of ARPES intensity integrated in the (Ep, k) window of
(Br < Ez <4eV,—-05A" < k <05A" atk,~0) in the
region enclosed by red rectangle in (a), measured with ~v = 100 eV
at T = 60 K. (c) ARPES intensity at Er along the k, cut plotted
against sample position x (y is fixed to 75 um) corresponding to
red line in (b). (d, e) FS mapping obtained for the (111) and (100)
domains, respectively. Open circles and ellipsoids are a guide for the
eyes to trace the location of FS.

to the difficulty in cleaving [38].] In fact, when we overlaid the
surface Brillouin zone (BZ) of the (100) surface in Fig. 1(g),
it shows an excellent matching with the periodicity of the
ARPES intensity. In particular, the S1 and S2 pockets seen
at k,~1.1-1.6 A~! are nicely on the second BZ of the
(100) surface. Also, the S3 pockets are well on the M’ point
of the (100) surface BZ. All these results strongly support the
(100)-surface origin of the electronic states obtained in the
steplike region.

To clarify whether or not such unexpected mixture of the
(100) states is reproducible for different cleaves and differ-
ent samples, we have performed another ARPES experiment
using a nano-ARPES system with a Bi single crystal ob-
tained from a different sample batch. One can again recognize
from an optical microscope image for the cleaved surface in
Fig. 2(a) that two prominent steplike features run vertically
and along another direction 120° rotated from it. The ARPES
intensity map in Fig. 2(b) obtained in the region enclosed
by the red square in Fig. 2(a) shows a good correspondence
with the microscope image; in particular, the intensity of the
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FIG. 3. (a) Schematic crystal structure of Bi, together with the (111) and (100) crystal planes (rectangles). The blue and magenta arrows
correspond to the direction normal to the (111) and (100) planes, respectively. (b) Two possible cases of (100) domains faced to two (111)
domains. In the top panel, the crystal globally maintains the single-phased crystallinity, so that the angle () between (111) and (100) planes
is 72°. In the bottom panel, the crystal contains two phases with different orientations, so that 8 does not necessarily keep 72°. (¢) Scanning
electron microscopy image of cleaved crystal where micro-APRES was carried out. (d) Height profile measured along a spatial cut crossing
the boundaries of (111) and (100) domains [red line in (c)] obtained by laser microscope. (¢) SEM-EBSD image obtained in the area enclosed
by a red box in (c). Color indicates crystal orientation of normal direction. (f) Schematic of twin structure in Bi [40]. (g) Schematic of atomic

arrangement at the surface across the twin boundary of Bi.

steplike region is modulated with respect to the surrounding
flat surface region, consistent with the micro-ARPES data
shown in Fig. 1(b). As shown in Fig. 2(c), the ARPES in-
tensity at Ep along the k, cut, measured along the sample
positions crossing this steplike feature [indicated by the red
line in Figs. 2(a) and 2(b)] signifies discontinuous transitions
of the intensity profile at the boundaries of the steplike feature
and flat region. From the observed difference in the symmetry
of the FS image (C¢ vs C,) shown in Figs. 2(d) and 2(e), the
flat and steplike regions are assigned to the (111) and (100)
surfaces, respectively, consistent with the micro-ARPES data
shown in Fig. 1. These indicate the reproducibility of our
ARPES results. It is noted that we measured four millimeter-
sized samples, including those displayed in Figs. 1 and 2, and
observed the (100) domain in all of them. This implies that the
(100) domain always appears on the surface when the cleaved
crystal surface is much larger than the (100) domain size

(typically, several hundred wm in our samples). The fraction
of the (100) domain is 11% and 8% in Figs. 1(d) and 2(b),
respectively. Since these data were obtained at the position
where the (100) domain is prominent, the mean fraction of
the (100) domain over the entire sample surface is expected to
be lower.

Now that the inclusion of (100)-derived electronic states in
the cleaved (111) surface is experimentally established, next
we discuss the origin of this state. As shown by the crystal
structure of Bi in Fig. 3(a), the (111) and (100) planes are
rotated by 72° from each other. Thus, one explanation is that
this tilted (100) plane is locally obtained by accidental cleav-
ing, despite its hard-to-cleave nature. In this case, since the
crystal fully keeps the single orientation, the tiny (100) region
is exposed with the tilt angle of 72° with respect to the (111)
region, as schematically shown in the top panel of Fig. 3(b)
(called case A). On the other hand, if the (100) region has a
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different orientation than the rest due to the local inclusion of
different crystal domains in the sample, the tilt angle between
the (100) and (111) regions is not necessarily restricted to 72°
[bottom panel of Fig. 3(b); case B]. To clarify the correct
model, we have carried out laser microscopy measurements
and obtained a height profile along a cut crossing the steplike
feature [red line shown by SEM image in Fig. 3(c)]. The result
shown in Fig. 3(d) signifies that the (100) plane has a width of
~20 um and has a tilt angle of ~4 &+ 3°, far from 72°. [Note
that the small tilt angle was also confirmed by ARPES by
comparing the sample rotation angle at the I’ point between
the (111) and (100) surfaces.] This suggests that case B is
actually realized.

To further validate above conclusion, we have performed
SEM-EBSD measurements on the sample area where the
ARPES spatial mapping was performed. Figure 3(e) shows
the obtained result in which different crystal orientations are
shown by different colorings. One can see that the surface
region is dominated by the (111) plane shown by the red color,
as expected from the ARPES data in Fig. 1. On the other hand,
there exist several lines with the green color. Intriguingly, the
spatial location of such lines shows a good agreement with
the steplike feature seen as a modulation of intensity in the
spatial mapping of ARPES intensity in Fig. 1(d), supporting
the non-(111) origin of the steplike feature. We found from
the analysis of SEM-EBSD data that such an area mostly orig-
inates from the (100) plane, consistent with the ARPES result.

The rhombohedral structure of Bi [Fig. 3(a)] can be viewed
as a distorted cubic lattice which is obtained by pulling a sim-
ple cubic crystal along one of the four trigonal axes, leaving
only one trigonal axis [defined as the z axis in Fig. 3(a)].
Depending on the direction of lattice distortion, maximally
four (111) crystal domains can exist, and when more than two
domains are included in the crystal, a twin boundary will be
formed at their intersection [39,40]. It was reported that the
tilt angle between the trigonal axes of the adjacent domains
across the twin boundary is ~108° [39,40], as schematically
shown in Fig. 3(f), where the trigonal axes of the left and
right domains are indicated by dashed blue and red arrows,
respectively. Therefore the angle between the (111) planes of
the left and right domains [solid blue and red lines, respec-
tively, in Fig. 3(f)] is ~72°, indicating a near coincidence of
the (111) plane of the left domain to the (100) plane of the
right domain [see solid blue and magenta lines in Fig. 3(f),
the latter of which corresponds to the (100) plane of the right
domain; note that the (111) plane of the right domain almost
coincides with the (100) plane of the left domain (not shown)].
Consequently, when the crystal is cleaved along the (111)
plane of the left domain [parallel to the solid blue line in
Fig. 3(f)], the (100) surface of the right domain can be exposed
with almost negligible surface tilting [possibly a vicinal (100)
surface consisting of large (100) terraces and small steps with
different orientations], in good agreement with the ARPES
results and structural analysis. [See schematic for the cleaved
surface across the twin boundary in Fig. 3(g), in which the
crystal orientation is rotated from that in Fig. 3(f), so the hori-
zontal direction in Fig. 3(g) (x axis) is parallel to the solid blue
line in Fig. 3(f).] It is thus concluded that the (100)-derived
electronic states seen by micro-/nano-ARPES originate from
the crystal twin boundary. [Note that although the twinning of

Bi crystals was reported, no previous works clearly indicated
that the twin-originated domain appears on the surface as the
(100) plane, and it was also unclear whether well-defined
surface states are formed there.] The present study thus clar-
ifies the band structure of the crystal twin boundary in Bi.
The existence of twin domains with distinct electronic states
would support the proposal to explain the unusual Landau
spectrum [20]. It is also emphasized here that since the twin
boundary has the (100) [or a vicinal (100)] orientation which
is hardly obtained by the cleaving, investigation of such a state
provides a precious opportunity to study the characteristics of
crystal planes hard to be accessed by conventional methods.

In the above discussion [Figs. 3(f) and 3(g)], we assumed
that the crystal plane which is nearly parallel to the (111)
plane of the left domain is preferentially exposed in the right
domain. Other hard-to-cleave surfaces (especially, low-index
surfaces) have relatively large angle mismatch with the (111)
plane of the left domain, e.g., ~52° for the (110) plane,
and hence would rarely appear near the twin boundary. Nev-
ertheless, the surface orientation in the right domain may
eventually change [probably to the (111) plane] on going away
from the twin boundary because the (100) plane is not the
natural cleaving plane. Such a change would limit the width of
the (100) domains (their smaller volume fraction in the crystal
is another factor to limit the domain size).

Based on the present results, it is strongly suggested
that spatially resolved ARPES serves as a useful method to
visualize spatially inhomogeneous electronic states. When
combined with the crystal structure characterization such as
SEM-EBSD, it becomes even more powerful to study the
interplay between the electronic and crystal structures. While
we demonstrated the applicability of this technique by visu-
alizing the twin boundary, it could be useful to unveil other
local modulations of electronic and crystal structures, such
as dislocations, stacking faults, dielectric domains, and edge-
or hinge-localized states, when sufficient spatial resolution is
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FIG. 4. (a) Fermi-surface mapping obtained in a steplike region
on the cleaved surface of Bi [same as Fig. 1(g) in the main text].
[(b),(e)] Intensity plots as a function of wave vector and binding
energy measured along four representative k cuts shown by red lines
in (a).
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obtained. It is thus strongly desirable to apply this technique
to a wide variety of materials to explore new functionalities
associated with the spatially inhomogeneous electronic states.

IV. CONCLUSIONS

In conclusion, the present micro/nano-ARPES study has
revealed unexpected local inclusion of the (100)-derived elec-
tronic states for the Bi(111) surface. By combining laser
microscopy and SEM-EBSD measurements, we found that
this state originates from the crystal twin boundary. The
present study opens a pathway toward investigating the inter-
play between local electronic and crystal structures by directly
visualizing local modulation of electronic states hard to be
accessed by conventional techniques.
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APPENDIX: BAND STRUCTURE
IN THE STEPLIKE REGION

The Fermi surface measured in the steplike region of the
cleaved Bi surface [Fig. 4(a)] shows a horizontally elongated
pocket at the T point (S1) and vertically elongated small
pockets at both sides of this pocket (S2). Figures 4(b)—4(e)
show the intensity plots obtained along k cuts 1-4 in Fig. 4(a),
respectively. From the k cuts crossing the S1 and S2 pockets
[cuts 1 and 3 in Fig. 4(a)], the S1 and S2 bands are assigned
to the electron and hole pockets, respectively.
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