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180 °-twisted bilayer ReSe; as an artificial noncentrosymmetric semiconductor
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We have fabricated a 180 °-twisted bilayer ReSe, by stacking two centrosymmetric monolayer ReSe, flakes in
opposite directions, which is expected to cause the loss of spatial inversion symmetry. We successfully observed
spatial inversion-symmetry breaking, in contrast to the monolayer and natural bilayer ReSe, by the second
harmonic generation. ARPES measurements further revealed emergent band dispersions in the 180 °-twisted
bilayer ReSe,, distinct from those of the monolayer ReSe, used in its fabrication. The band calculation shows
the finite lifting of spin degeneracy (~50 meV) distinct from natural monolayer and bilayer ReSe,, which
demonstrates that the spin-momentum locked state leading to Berry curvature related phenomena can be realized

even with the stacking of centrosymmetric monolayers.

DOLI: 10.1103/PhysRevResearch.6..022048

Advances in the fabrication techniques for exfoliated two-
dimensional flakes and their van der Waals heterostructures
have provided a platform for manipulating material sym-
metries through stacking order [1-4]. Among the various
symmetries, spatial inversion symmetry is important in de-
termining electronic structure and physical properties. One of
the most representative examples is group VI transition metal
dichalcogenide (TMD) semiconductors such as MoS,. Mono-
layer MoS; has a noncentrosymmetric crystal structure with
threefold rotational symmetry, which lifts the spin degeneracy
at the Brillouin zone corners by spin-orbit interactions [5-8],
leading to Berry curvature related phenomena appearing in
nonlinear transport properties and optoelectronic properties
[5-12]. The bilayer system has two distinct stacking orders:
2H and 3R type, in which the adjacent layers are stacked with
180° and 0° twisting [13]. The former recovers the spatial
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inversion symmetry, and the net spin polarization cancels out
[13,14]. The latter maintains the breaking of spatial inversion
symmetry [13] and, recently, emergent ferroelectricities in
0 °-stacked bilayer systems have been reported [3,4].

On the other hand, there are examples where the stacking
order, regardless of the stacking of centrosymmetric monolay-
ers, breaks the spatial inversion symmetry in a bilayer system.
T4-WTe, [15-22] is a well-known striking material. The crys-
tal structure of the monolayer WTe, is centrosymmetric and
is classified as a distorted 17 type (CdI, type) in the TMD
family, which is defined by a network of edge-sharing WTeg
octahedra [Fig. 1(a)]. The distinctive feature of the crystal
symmetry of bulk T;-WTe, is that adjacent layers stack in
opposite directions in nature, in contrast to the usual 17" -type
bulk TMD families (e.g., HfSe, [23-25], TiSe, [23,24,26],
and ReSe; [27]) which have spatial inversion symmetry inde-
pendent of the number of layers. This 180 °-twisted stacking
breaks the spatial inversion symmetry in bilayer WTe,, where
the spin splitting of approximately 0.1 eV has been observed
by microfocused angle-resolved photoemission spectroscopy
(u-ARPES) [19,22]. Inspired by these previous studies, we
can expect that, in principle, the magnitude of spin splitting

Published by the American Physical Society


https://orcid.org/0000-0002-2099-5506
https://orcid.org/0000-0002-8148-2616
https://orcid.org/0000-0002-4333-6773
https://orcid.org/0000-0001-5725-072X
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0002-1120-9577
https://orcid.org/0000-0002-4544-5463
https://orcid.org/0000-0003-4668-2695
https://orcid.org/0000-0002-7752-3251
https://orcid.org/0000-0002-3990-8484
https://orcid.org/0000-0001-7039-6694
https://ror.org/057zh3y96
https://ror.org/057zh3y96
https://ror.org/03gv2xk61
https://ror.org/0112mx960
https://ror.org/026v1ze26
https://ror.org/026v1ze26
https://ror.org/01g5y5k24
https://ror.org/020rbyg91
https://ror.org/01dq60k83
https://ror.org/00097mb19
https://ror.org/01dq60k83
https://ror.org/02kpeqv85
https://ror.org/057zh3y96
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.6.L022048&domain=pdf&date_stamp=2024-06-03
https://doi.org/10.1103/PhysRevResearch.6.L022048
https://creativecommons.org/licenses/by/4.0/

S. AKATSUKA et al.

PHYSICAL REVIEW RESEARCH 6, 1022048 (2024)

‘A
X©
, &

180°-twisted
(e)

(d) 2L 2L "
1L
Q. F®
0.5A"
try || (=] T

FIG. 1. (a) The typical nondistorted octahedral coordination for
the 7-type TMD. The yellow (orange) triangle indicates the ori-
entation of the top (bottom) Se triangular networks. (b), (c) Side
view (b) and top view (c) of the distorted 7-type crystal structure of
ReSe,. The black frames in (c) indicate a unit cell for the monolayer
(1L) ReSe,. The light blue segments represent the Re zigzag-chain-
like structure. (d) Schematic views of the crystal symmetries for
1L, bilayer (2L), and 180 °-twisted 2L ReSe,. The black rectangle
represents each unit of the ReSe, layer. The black circles represent
the inversion centers. The dotted circle depicted for the antiparallel
2L ReSe, represents a lack of the inversion center by their stacking
order. (e) Two-dimensional Brillouin zone for the 1L, 2L, and 180 °-
twisted 2L ReSe,. The Brillouin zone is slightly shear deformed
from a regular hexagon. However, in this study, we represent I'-K
(I"-M) as the direction parallel (perpendicular) to the Re zigzag chain
because the actual high-symmetrical K point (M point) locates only
0.008 (0.013) A~! off the k, (ky) axis.

could be controlled by artificially changing the stacking angle,
even when stacking with centrosymmetric 17 -type TMD
monolayers.

In this study, we focus on the layered semiconductor
ReSe;,. Reflecting the strong spin-orbit interaction of the
Re 5d orbitals, the effect of inversion-symmetry breaking is
expected to appear in the nonlinear optical properties and
electronic band dispersions. The direct and indirect band gaps
of bulk ReSe; are 1.40 eV [28] and 1.18-1.19 eV [29,30],
respectively. ReSe, is known to have a weak interlayer cou-
pling, making it possible to fabricate down to a monolayer
by mechanical exfoliation [31-34] with an exitonic direct
band gap of 1.50 eV [32]. The overall electronic structure
does not change significantly regardless of the number of
layers, indicating weak van der Waals interactions between
the layers [32,34,35]. ReSe, has a distorted 17 -type triclinic
crystal structure (space group P1), as shown in Figs. 1(a)-
1(c). The opposing Se-triangle networks (shown in yellow
and orange) sandwich the distorted Re layer characterized
by Re zigzag chains (indicated by the light blue lines). As
shown in Fig. 1(d), we schematically illustrate the concept of
this study for the artificial fabrication of noncentrosymmetric
bilayer ReSe,. The essence extracted from the crystal struc-
ture of monolayer (1L) ReSe; is represented by two opposing
Se-triangular networks (yellow and orange triangles) and the
inversion center (black circle). In the natural bilayer case, an
inversion center appeared between the layers. However, in the
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FIG. 2. (a)—(c) Optical microscope images of the samples for
ARPES and SHG measurement. The inset in (a) shows a schematic
of the sample. The black segments represent 10 um. The monolayer
ReSe, flakes used are outlined with orange and green broken lines.
Orange circles indicate the SHG measurement position. (d)—(f) Polar
plot of the SH intensity from 1L, 2L, and 180 °-twisted ReSe,.
Linear-polarized component of the SHG parallel to the linear polar-
ization of the incident light is detected. For (f), the data between 0 ©
and 180 © are symmetrized and displayed in the region between 180 °
and 360 °. (g)—(i) The calculated second order electrical susceptibil-
ity Xy and xyy, for 1L, 2L, and 180 °-twisted ReSe,.

180 °-twisted 2L ReSe,, the triangles face the same direction
across the interlayer, such that the inversion center does not
appear anywhere between the layers, shown as a dotted circle.
Although there are translational degrees of freedom upon
stacking in the x and y directions, the fabricated structure
cannot have an inversion center in any cases. In 180 °-twisted
2L ReSe,, spin degeneracy is expected to be lifted in recip-
rocal space owing to spin-orbit interaction, which has the
potential to give rise to physical properties related to the Berry
curvature, such as the shift current [11], nonlinear Hall effect
[12], and ferroelectric switching [18].

The 180 °-twisted 2L ReSe, sample was fabricated using
an all-dry pick-up [36,37], tear and stack [38], and flip method
[39] using an Elvacite 2552C copolymer inside a glove box
chamber [40]. In addition, we also prepared the monolayer
and natural bilayer ReSe, samples for control experiments.
During fabrication, hexagonal boron nitride (hBN), graphite,
and ReSe, flakes were sequentially picked using a polymer
stamp. The assembled heterostructure was transferred to an-
other polymer stamp at room temperature to turn it over.
Then it was dropped onto a SiO,/Si substrate with a prepat-
terned metal electrode, as schematically shown in the inset
of Fig. 2(a). Optical microscope images for 1L, 2L, and
180 °-twisted 2L ReSe, are shown in Figs. 2(a)-2(c), respec-
tively. The ReSe, flakes were approximately 10 ym in size,
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outlined with orange and green broken lines. In this study, we
performed optical second harmonic generation (SHG) mea-
surements at room temperature [40] to examine the breaking
of the spatial inversion symmetry. In addition, to observe
the emergent electronic band dispersions in 180 °-twisted 2L
ReSe; we performed p-ARPES measurements using a photon
energy of 100 eV and a spot size of 12x 15 um? at BL28 in the
Photon Factory, KEK [41]. The total energy resolution was set
at 35 meV. During the measurement, a sample manipulator
temperature was kept below 20 K. The Fermi levels (Er) were
determined using polycrystalline gold electrically connected
to the respective samples. The band structure calculations [40]
were performed using the Vienna Ab initio Simulation Pack-
age (VASP) [42,43]. The crystal structures were determined
by structure optimization taking into account the van der
Waals correction with the density functional theory (DFT)-
D3 method [44]. The second-order susceptibility calculations
were performed based on the tight-binding model constructed
from the DFT electronic structures through the WANNIER90
code [45].

Figures 2(d)-2(f) show the polar-angle dependences of
the normalized SHG signals from the 1L, 2L, and 180 °-
twisted 2L ReSe, samples. The orange circles indicate the
measurement areas on the topmost ReSe, flakes (depicted
with the orange frames). The SHG signals are detected only
from 180 °-twisted 2L; however, they are negligible from 1L
and 2L reflecting the spatial inversion symmetry of natu-
ral ReSe, crystal independent of the number of layers. (See
Supplemental Material [40] for the detailed SHG simulations
and measurements.) These experimental results are consistent
with the description using simple structure models shown in
Fig. 1(d). To compare with the experimental observation, we
calculated second-order susceptibility ... and xy,,, which
represent the SHG response parallel to the incident light po-
larization [along x and y, respectively, as shown in Fig. 1(c)]
[40]. The energy dependences of Xy and y,,, for 1L, 2L,
and 180 °-twisted 2L are shown in Fig. 2(g). In contrast to
the negligible x..c and yx,,, for 1L and 2L, the finite Xy
and yx,,, were demonstrated for 180 °-twisted 2L, indicating
that the observed SHG signal was consistent with the design
of the breaking of spatial inversion symmetry. The crystal
structure of 180 °-twisted 2L used for the calculations and the
simulated polar pattern of the SH intensity are shown in the
Supplemental Material [40].

We performed ARPES measurements on 1L, 2L, and 180 °-
twisted 2L ReSe, to observe their two-dimensional electronic
structures. Figures 3(a)-3(c) show the ARPES intensity map-
ping at the constant energies of E — Er = —1.3eV. The
constant energy contours for the highest valence band (HVB)
observed in Figs. 3(a)-3(c) clearly show anisotropic contours
of the isoenergetic surface that are not closed along the k, di-
rection, reflecting the quasi-one-dimensional Re zigzag chain
along x as shown in Fig. 1(c). Figures 3(d)-3(f) show the
ARPES images along the k, (I"-M, left side) and k, (I'-K-M,
right side) directions [Fig. 1(e)] for 1L, 2L, and 180 °-twisted
2L ReSe», respectively. Considering that the band dispersions
at +k, (£k,) are linked via time-reversal symmetry and should
be the same when ignoring the spin degrees of freedom,
the ARPES intensities in Figs. 3(d)-3(f) display the sums of
them for better visibility. In the energy region from the Fermi
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FIG. 3. (a)-(c) ARPES mapping images at a constant energy of
E — Egr = —1.3¢eV of 1L, 2L, and 180 °-twisted 2. ReSe,. White
broken lines represent the Brillouin zones for 1L, 2L, and 180 °-
twisted 2L. (d)—(f) Combined ARPES images along the I'-M (k)
and I'-K-M (k,) directions. Those ARPES images along the k. (k,)
direction are symmetrized with respect to k, (k;) = 0. Black circle
markers represent the peak positions of the ARPES spectra for the
respective highest valence bands. Red segments in (e), (f) represent
energy cuts for the energy distribution curves shown in Figs. 4(c) and
4(d), respectively. (g)—(i) Images obtained by the curvature analysis
[46] for the ARPES images in (d)—(f). White broken lines in (g)
represent the band dispersions of monolayer ReSe, obtained from the
ARPES image, which are inevitably observed from the 180 °-twisted
2L ReSe, samples. (j)—(1) Calculated band dispersions of 1L, 2L,
and 180 °-twisted 2L ReSe,. The origins of energy axes are set as
the maximum of the valence band (VBM). The black rectangles in
(k), (1) indicate the area of the magnified view in Figs. 4(a) and 4(b),
respectively.

energy to £ = Eg — 0.8eV, which is omitted in Fig. 3, no
bands originating from ReSe, are observed, whereas there are
certain signals from graphite. This is consistent with previous
studies of 1L and 2L ReSe, [33,34]. For better visualization
of the band dispersions, curvature plots [46] for the respective
ARPES images are shown in Figs. 3(g)-3(i). Comparing 1L,
2L, and 180 °-twisted 2L, a clear difference became apparent
when focusing on the HVB. A recent precise ARPES study
revealed that the valence band maximum (VBM) of bulk
ReSe; is located off the high symmetry point along the k,
direction (k, ~ 0.15 A1) at k, = 7 /c with upward convex-
shaped dispersions [47,48]. As discussed below, the ARPES
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results demonstrate that the two-dimensional confinement of
the electronic structure causes a shift in the position of the
VBM. The detailed analysis of our result on 1L ReSe, shows
that the HVB is almost flat with 40 meV dispersion within
the k = +0.15 A" range around the I point, as indicated
by the markers in Fig. 3(d) that represent the positions of
the intensity peaks. In contrast to 1L ReSe,, 2L and 180 °-
twisted 2L ReSe, exhibited upward convex-shaped HVBs
with the VBM at the I" point as shown in Figs. 3(e) and 3(f).
Figures 3(j)-3(l1) show the band dispersions obtained from
first-principles band calculations with optimizing the crystal
structure [40] for 1L, 2L, and 180 °-twisted 2L ReSe,, re-
spectively. Compared to the calculation results using the fixed
atomic coordinates of bulk crystal [27,40], the calculation
with structural optimization tends to form flatter HVBs around
the I point, which reproduces the observed band dispersions
for 1L and 2L ReSe,. Although the precise crystal structure
of the 180 °-twisted 2L ReSe, remains undetermined, the
calculation result assuming one of the possible crystal struc-
tures [40] appears plausible, as it also reproduces the ARPES
results well.

Subsequently, we discuss the effect of 180 °-twisted stack-
ing on band dispersions in ReSe;. In Figs. 3(j)-3(1), we can
observe that the number of bands in the band calculations
doubles from 1L to 2L, and from 2L to 180 °-twisted 2L
ReSe,, respectively. The former was owing to the bilayer split-
ting caused by doubling the number of atoms in a unit cell.
However, the latter doubling was due to the breaking of spatial
inversion symmetry at 180 °-twisted 2L induced by staggered
stacking [Fig. 1(d)], leading to the lifting of spin degener-
acy. The maximum spin-splitting energy was estimated to be
approximately 70 meV in this calculation. To evaluate the pos-
sible spin-split band dispersions appearing in the experimental
results, we reviewed the ARPES images of the 180 °-twisted
2L ReSe, in Figs. 3(f) and 3(i). Note that the ARPES in-
tensities from the nonoverlapped and/or nonhybridized 1L
ReSe, flakes were inevitable because the beam-spot size was
comparable to the sample size. In Fig. 3(f), we show a guide
for the eyes depicted with broken white curves representing
the band dispersions of 1L ReSe, extracted from the ARPES
image in Fig. 3(d). In addition to the HVB, a band dispersion
appearing in 180 °-twisted 2L ReSe; as indicated by a white
arrow in Fig. 3(i) is observed around £ — Ep = —1.9¢eV at
the I' point where the band dispersion does not exist in
the 1L ReSe, [Fig. 3(f)]. In a comparison of the calculated
band dispersions between 2L and 180 °-twisted 2L ReSe, in
Figs. 3(k) and 3(1), the corresponding band dispersions are
well isolated from the other band dispersions. As expected
from the symmetry requirement shown in Fig. 1(d), only
180 °-twisted 2L ReSe, [Fig. 3(1)] exhibited spin-split band
dispersion.

Finally, we focus on the experimental results of the band
dispersion at 180 °-twisted 2L ReSe, to examine whether
there is a footprint of spin-split band dispersion. Magnified
views of the calculated band dispersions of 2L and 180 °-
twisted 2L ReSe;, corresponding to the area indicated by the
black rectangles in Figs. 3(k) and 3(1), are shown in Figs. 4(a)
and 4(b), respectively. Here, we can see band splitting with
lifting of the spin degeneracy only for 180 °-twisted 2L ReSe;.
Spin splitting is larger in the k, direction, with a maximum of
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FIG. 4. (a), (b) Enlarged views of the calculational band disper-
sion in 2L and 180 °-twisted 2L ReSe,. The corresponding regions
are indicated by the black rectangle in Figs. 3(k) and 3(1). (c), (d)
EDCs extracted from the ARPES images of 2L and 180 °-twisted
2L ReSe, as denoted by the red segments in Figs. 3(e) and 3(f),
respectively. Black solid circle markers represent the peak positions.
Open circle markers in (c) represent peak positions from the area
with different possible chemical potentials. The blue curve shows the
EDC at k = 0 is replaced to indicate the broadening of the spectrum
of k, = 0.12 as a representative. The thinner blue curve represents
the EDC at k = 0, shifted by 27 meV and reused to suggest the
broadening of the spectrum at k, = 0.08 A~ as a representative
example.

approximately 50 meV. We performed calculations for three
different x, y shifts on stacking and identified that the energies
of spin splitting were almost similar [40]. The energy distribu-
tion curves (EDCs) extracted from the ARPES images at 2L
and 180 °-twisted 2L ReSe; in Figs. 3(e) and 3(f) are shown
in Figs. 4(c) and 4(d), respectively. The corresponding energy
cuts fromk = —0.12 to 0.12 A" are indicated by the red lines
in Figs. 3(e) and 3(f). Regarding the EDCs of 180 °-twisted 2L
ReSe,, when comparing the EDC spectra at the I point and
away from the I' point, it appears that the latter exhibited a
somewhat broader shape. (For comparison, the EDC at k, =
0.08 A~! is overlaid on the EDC at k, = 0, depicted in blue, as
a representative example.) In contrast, the EDCs of 2. ReSe,
also exhibited broad two-peak-like structures but rather with
parallel dispersions, as indicated by the black solid and open
circle markers. The weak peaks indicated by open circles do
not appear in the calculation and their origin is not clear, but
considering a rather broad and hazy ARPES image obtained
from 2L ReSe,, they may be attributed to ARPES intensities
originating from inhomogeneous areas, e.g., with different
chemical potentials. To conclusively determine the presence
or absence of the approximately 50 meV band splitting, as
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expected by combining SHG experiments and first-principles
band calculations, future challenges for this study include di-
rect observations utilizing a nanofocused ARPES experiment
with a smaller spot size and/or a microfocused spin-resolved
ARPES experiment.

In summary, we fabricated a 180 °-twisted 2L ReSe, with
the breaking of spatial inversion symmetry, whereas 1L and
natural 2L ReSe, possessed symmetry. We have detected the
SHG signal only in the 180 °-twisted 2L ReSe,, in good
agreement with the calculation, indicating the breaking of the
spatial inversion symmetry. Our ARPES study also indicated
the stacking-dependent emergent electronic band dispersions
in these ReSe; thin flakes. This study successfully paves
the way for the artificial creation of noncentrosymmetric
two-dimensional systems by stacking inversion-symmetric
two-dimensional crystals.
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