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Room-Temperature Ferroelectricity in 1T'-ReS, Multilayers
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van der Waals materials possess an innate layer degree of freedom and thus are excellent candidates for
exploring emergent two-dimensional ferroelectricity induced by interlayer translation. However, despite
being theoretically predicted, experimental realization of this type of ferroelectricity is scarce at the current
stage. Here, we demonstrate robust sliding ferroelectricity in semiconducting 1T'-ReS, multilayers via a
combined study of theory and experiment. Room-temperature vertical ferroelectricity is observed in two-
dimensional 1T'-ReS, with layer number N > 2. The electric polarization stems from the uncompensated
charge transfer between layers and can be switched by interlayer sliding. For bilayer 1T'-ReS,, the
ferroelectric transition temperature is estimated to be ~405 K from the second harmonic generation
measurements. Our results highlight the importance of interlayer engineering in the realization of atomic-

scale ferroelectricity.
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The demand for device miniaturization in modern
electronics stimulates the exploration of two-dimensional
(2D) ferroelectricity [1,2] in the quantum realm with
significant advances in ultrathin van der Waals (vdW)
materials recently [3-11]. In these 2D ferroelectrics,
spontaneous electric polarization originates from the subtle
atomic position displacement from the inversion center
within the monolayer, and is strictly constrained by lattice
symmetry and structure stability. As a result, only a few
vdW crystals have been experimentally verified with
intrinsic ferroelectricity until the present [12-28]. To
expand the family of 2D ferroelectrics, the layer degree
of freedom in vdW materials [29] was utilized to generate
so-called sliding ferroelectricity in multilayers via inter-
layer translation [30-33]. This type of vertical ferroelec-
tricity is, in principle, valid for a wide range of vdW
materials; even their monolayer form is centrosymmetric
[30-36]. With interlayer engineering, sliding-induced 2D
ferroelectricity has been demonstrated in topological semi-
metal WTe, [31-33], metallic twisted bilayer graphene
[34,37-39], and insulating AB stacked bilayer BN [35,36].
These pioneering progresses lead to the emergence of a
research field called slidetronics [35,36].
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To advance slidetronics, semiconducting vdW materials
with a moderate band gap are preferred. The semiconduct-
ing nature endows a given material with broader application
prospects [2,40], such as the direct integration into opto-
electronics and the efficient gate tunability. As a contrast, it
is hard to realize these application potentials in a metallic or
insulating material system. For example, the spontaneous
vertical polarization in multilayer WTe, might be screened
by the itinerant carriers due to its metallic character, which
in turn degrades the importance in practical applications. In
this sense, seeking sliding ferroelectricity in vdW semi-
conductors not only helps to understand the physical origin,
but also benefits the potential technical applications.

In this work, we report room-temperature sliding ferro-
electricity in semiconducting 1T'-ReS, [41-45] multi-
layers. Using first-principles density function theory
(DFT) calculations, we reveal that the electric polarization
and interlayer translation are strongly coupled in ReS,
multilayers, which enables 2D vertical ferroelectricity by
interlayer sliding. Nevertheless, monolayer 1T'-ReS, is
nonferroelectric due to the symmetry forbiddance. Using
piezoresponse force microscopy (PFM) and second har-
monic generation (SHG), we observe robust vertical

© 2022 American Physical Society
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(a) Top and side views for the crystal structures of monolayer ReS,. (b) Top and side views of the two energy-degenerate

ferroelectric structures of bilayer ReS, (states A and A’) and the high-symmetry nonpolar structure (state B). The arrows indicate the
polarization direction. (c) The energy contour plot of bilayer ReS, versus the sliding distance (/,, ;). The contour colors illustrate the
total energy of the unit cell relative to the energy of ferroelectric states (red dots). (d) The energy pathway of ferroelectric transition. (e)
The charge density difference of bilayer ReS, in state A. The yellow and blue colors represent the positive and negative values,

respectively.

ferroelectricity in 1T'-ReS, with layer number N > 2 as
verified by solid evidences, including the hysteretic switch-
ing of polarization, the artificial domain engineering, the
clear existence of domain walls, and the measurement of
ferroelectric transition temperature. Furthermore, with the
2D vertical ferroelectricity in few-layer 1T'-ReS,, a ferro-
electric tunnel junction (FTJ) device is demonstrated.

Theoretical analysis of the ferroelectric properties in 2D
1T'-ReS,.—Our first-principles DFT calculations were
conducted by the Vienna ab initio simulation package
(VASP) [46,47], which includes the projected augmented
wave method [48] and the Perdew-Burke-Ernzerhof [49]
exchange-correlation potential function. As shown in
Fig. 1(a), the crystal structure of monolayer ReS, contains
four formula units in a unit cell. Each Re in monolayer ReS,
has six neighboring S sites, and the Re atoms are sand-
wiched by the S atoms at both sides. Because of the Peierl’s
distortion, monolayer ReS, prefers a distorted 1T structure
(1T') with four adjacent Re atoms bonding together to form
diamond-shaped Re chains that extend along the in-plane
b axis. The calculated lattice constants are 6.41 and 6.54 A
for the a and b axes, respectively. The a and b axes are with
an angle of 119.3°. Because the monolayer ReS, belongs
to the C; space group, its inversion symmetry prohibits the
emergence of polarization.

For bilayer ReS, [Fig. 1(b)], starting from the AA
stacking structure with xy-plane mirror symmetry, we slide

the upper layer along the a and b axes by a sliding distance
of (I,,1,). The energy contour is presented in Fig. 1(c).
There are two degenerate minimum points on the energy
surface with sliding distance of (2.8 A, 1.6 A) and (3.8 A,
5.2 A), which are marked as states A and A’ [Fig. 1(b)],
respectively. They are connected through a saddle point
marked as state B with sliding distance of (3.3 A, 3.4 A).
Compared with states A and A’, state B has higher
symmetry with a glide plane in the xy plane, which
prevents the emergence of vertical polarization. The struc-
tures of states A and A’ can be obtained from state B by
moving the upper layer with a sliding distance of (—0.5 A,
—1.8 A) and (0.5 A, 1.8 A), respectively. The nonequiv-
alence of the top and bottom layers in state A leads to an
uncompensated charge transfer between them and results
in the vertical polarization. Furthermore, state A’ can be
obtained via mirror operation on state A with respect to
the horizontal plane in the center (see details in the
Supplemental Material, S1 [50]). This behavior gives rise
to a reversed vertical polarization and therefore hints at the
existence of ferroelectricity.

Our Berry-phase calculation based on DFT confirmed
the above symmetry analysis. The two degenerate struc-
tures (states A and A’) have spontaneous vertical polariza-
tion with opposite polarization directions, while state B is
nonpolar along the z-axis direction. The results indicate
that the vertical ferroelectricity is closely related to
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FIG. 2.
and transition barriers.

interlayer translation, so that it can be switched upon
interlayer sliding. The spontaneous polarization at zero
temperature is calculated to be 0.07 pC/m. The energy
difference between the ferroelectric and the nonpolar states
gives an estimation of the transition barrier of ~17.1 meV,
as shown in Fig. 1(d). To further clarify the origin of the
vertical polarization, we calculated the charge density
difference between the top and bottom layers in state A.
As shown in Fig. 1(e), we find the accumulation and
depletion of electrons in the interspace between two
individual ReS, monolayers. The nonequivalence of the
two layers causes a net charge transfer of 0.0003¢ from the
top layer to the bottom layer, resulting in the 2D vertical
polarization.

A similar mechanism can be applied to ReS, multilayers.
As shown in Fig. 2(a), the polarization of trilayer ReS, can
be switched from upward to downward when the middle
layer is displaced by (1.0 A, 3.6 A). And for the ReS,
tetralayer [Fig. 2(b)], the polarization is switched if the
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(a),(b) Ferroelectric switching of ReS, in its trilayer (a) and tetralayer (b) form. (c) Layer dependence of polarization values

second and fourth layers slide by (1.0 A, 3.6 A) simulta-
neously. The layer dependence of the polarization value and
the transition barrier are plotted in Fig. 2(c). Both increase
almost linearly with the increasing layer numbers. The
calculated polarization values for 2L—7L ReS, are ranging
from 0.07 to 0.68 pC/m, which are comparable to that in
the experimentally reported value for 1T’-WTe, at around
0.28 pC/m [31].

Synthesis and characterization of  single-crystal
1T-ReS,.—ReS, crystals [see the inset of Fig. 3(a)] were
synthesized via the chemical vapor transport (CVT) method
[51,52] with appropriate improvement (see details in the
Supplemental Material, S2 [50]). X-ray diffraction (XRD)
patterns indicate that the synthesized ReS, samples are
crystallized in triclinic structure [Fig. 3(b)]. The narrow full
width at half maximum of the XRD peak [the inset of
Fig. 3(b)] indicates the superior crystallization quality of
the as-synthesized ReS,. To further evaluate the crystallo-
graphic structure, we transferred ReS, nanoflakes onto a
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(a) Optical image of ReS, mechanically transferred onto Si/SiO,. Inset: the synthesized ReS, bulks. (b) XRD pattern of ReS,

bulk crystals. (c),(d) TEM images of ReS,. Inset in (d): corresponding SAED pattern, showing only one set of diffraction spots. (e)
Excitation angle dependence of the Raman spectra for ReS,. (f) Polar plots of three representative Raman features. The dashed lines

indicate the orientation of the principal axis for each mode.
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(a) Optical image of a ReS, flake transferred onto Au-coated quartz substrate. The sample surface is atomically flat with

occasional terraces from the cleaving process. (b),(c) AFM images corresponding to the region marked by red and green dashed squares
shown in (a), respectively. (d),(e) PFM phase hysteresis (d) and butterfly-shaped PEM amplitude-voltage loops (e) for 1L-5L ReS,. (f),
(g) PFM phase (f) and amplitude (g) images for 4L ReS, on graphene, with a written box-in-box pattern acquired by opposite dc bias.
(h),(i) Cross-sectional profiles of the PFM phase (h) and amplitude (i) signals along the red dotted lines as shown in (f) and (g).

copper microgrid [Fig. 3(c)] for high-resolution transmis-
sion electron microscopy (HRTEM) characterization. The
HRTEM image (see details in the Supplemental Material,
S3 [50]) clearly displays that the Re atoms dimerize to form
the diamond-shaped chains along the crystallographic in-
plane b axis, showing that the ReS, sample crystallizes in a
thermally stable 1T’ structure [Fig. 3(d)]. Furthermore, the
selected area electron diffraction (SAED) pattern [inset,
Fig. 3(d)] exhibits only one set of diffraction spots,
confirming the single-crystalline nature.

With the synthesized 1T'-ReS, single crystal, we sub-
sequently examined its characteristic structure anisotropy
with Raman spectra. As shown in Fig. 3(e), the excitation
angle-resolved Raman spectra were collected from a
1T'-ReS, sample as marked by a red pentagram in
Fig. 3(a). The intensity of each Raman peak varies remark-
ably with the excitation angle, confirming the anisotropy of
the synthesized ReS, sample. Specific peaks belonging to
the Ag modes were observed at 152, 162, and 213 cm™!
[Fig. 3(f)], which can be attributed to the lattice vibrations
associated with the motion of Re atoms (see the
Supplemental Material, S4 [50]). Besides, there exists an
approximate correspondence between the principal axis of
the 213 cm~! mode and the direction of b axis as marked by
a blue double-headed arrow in Fig. 3(a). This correspon-
dence further indicates the superior quality of 1T'-ReS,.

Experimental characterization of the ferroelectric prop-
erties.—The predicted ferroelectricity in 1T-ReS, was
investigated with the PFM technique. In consideration of
the atomic thickness of 1L-10L 1T'-ReS, [Figs. 4(a)-4(c)],
we used the ultrasmooth metal surfaces as substrates
(Supplemental Material, S5 [50]) in the PFM measurements.

The transfer process for 1T'-ReS, multilayers is provided in
the Supplemental Material, S6 [50]. For 2L-5L 1T'-ReS,,
the PFM phase responses exhibit a single hysteresis loop
with a phase contrast of ~180° [Fig. 4(d)], while the
amplitude responses display a butterfly-shaped curve
[Fig. 4(e)]. Besides, with the increasing layer number, we
observed both the stronger PFM amplitude and the larger
coercive voltage. These trends are in good consistence with
our theoretical calculations. As a contrast, for 1L 1T'-ReS,,
no such kind of ferroelectric switching behavior was
observed. It verifies that ferroelectricity cannot exist in
1T'-ReS, monolayers since the inversion symmetry prohib-
its the emergence of polarization. In addition, due to the
interface electrostatic or ion movement effects, previous
studies have shown that ferroelectriclike PFM loops could
also be obtained in some nonferroelectric materials [53,61].
To exclude these artifacts in our study, we replaced the
Au-coated quartz substrates with graphene in subsequent
PFM measurements. The graphene substrates enable a better
ground connection and the applying of a homogeneous
electric field (Supplemental Material, S7 [50]). In the
1T'-ReS, on graphene sample, we observed the same
butterfly-shaped and single ferroelectric hysteresis loop in
the PFM amplitude and phase spectra, which further
consolidates our observations.

Another feature for ferroelectrics is the controllable
domain engineering. To check this, we performed the
electrical “read-and-write” operations in 1T'-ReS, on
graphene [Figs. 4(f)—4(i)]. Figures 4(f) and 4(g) exhibit
the PEM phase and amplitude images obtained from 4L
IT-ReS, on graphene after writing a box-in-box pattern
with opposite dc bias (x5 V). The reversed oriented
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FIG. 5.

(a) Temperature dependence of the SHG intensity of 2L ReS,. (b) Schematic illustration of an FTJ based on 2L ReS, and 1L

graphene. (c) Optical image of the ReS,-based FTJ. (d),(e) I-V characteristics of the FTJ device, exhibiting tunneling electroresistance
between the ON and OFF states, set by +4 V poling voltage. (f) Resistance as a function of the poling voltage with reading pulses of
0.1 V, measured by applying the voltage pulse train. Inset: the voltage pulse train, composed of writing pulses following a triangular

profile between +4 V.

polarizations are clearly visualized in the PFM images,
corresponding to the opposite external switching electric
fields. From the PFM phase line profile [Fig. 4(h)], the
phase inverts by ~180° between two adjacent domains,
which indicates their antiparallel alignment states in the
out-of-plane direction. Importantly, we observed clear dark
lines in the PFM amplitude image as marked by red arrows
in Fig. 4(g). This observation evidences the formation of
domain walls between two adjacent artificial domains,
because the domain walls are believed to be with vanished
piezoresponse [see the enlarged line profile in Fig. 4(i)] due
to the structural reconfiguration at domain boundaries.
Furthermore, we find that the artificial domain patterns
are identifiable after several hours of exposure under
ambient conditions (Supplemental Material, S7-S9 [50]),
which suggests the excellent ferroelectric stability in
1T'-ReS, multilayers.

Potential device application of ferroelectric 1T'-ReS,.—
2D ferroelectricity offers a platform for developing high-
density memories and efficient information processing
devices with low-energy consumption [54]. Before shed-
ding light on the device application potential, there is
need to examine the thermal stability of the vertical
ferroelectricity in 1T’-ReS,, which is of great importance
to evaluate the functionality of ferroelectrics. Here, we
measured the ferroelectric transition temperature (7'¢) of 2L
IT'-ReS, by the temperature-dependent SHG measure-
ments (Supplemental Material, S10, S11 [50]) [55]. As
shown in Fig. 5(a), distinct SHG signals of 2L 1T'-ReS, are
observed at room temperature, while the SHG intensity
decreases gradually with the increasing temperature and

almost vanishes at temperatures above 450 K. Based on a
simple fitting, we estimate the T of 2L 1T'-ReS, to be
~405 K. The high T~ endows semiconducting 1T'-ReS, a
promising candidate for the field of sliding ferroelectricity
towards realistic applications.

We then fabricated a prototype of the FTJ device using 2L
ReS, as the tunneling layer and Au/graphene as the top and
bottom contact electrodes as shown in Figs. 5(b) and 5(c).
The electrical characteristics of the Au/1T’-ReS,/graphene-
based vdW FTJ are exhibited in Figs. 5(d)-5(f). The ON and
OFF states can be switched by applying the poling voltages
of +4 V, as shown in the /-V characteristics measurements
in Figs. 5(d) and 5(e). The tunneling current under —0.1 V
bias is lower (|/opg| ~ 24.6 uA) in the OFF state and higher
([Ion| ~ 44.8 uA)in the ON state. Therefore, the FTJ device
is with the tunneling electroresistance of around 1.82. As
shown in Fig. 5(f), the tunneling resistance is plotted as a
function of the poling voltage. Along with the sequence of
applied poling voltage pulses, the resistance hysteresis loop
follows the clockwise direction. Meanwhile, the switching
voltages are consistent with the coercive field from the PFM
results for 2L 1T"-ReS,. The switching phenomenon in the
FTJ device can be understood by Fermi level modulation in
graphene, which is realized by ferroelectric polarization
reversal [54]. The electrical characteristics of the vdW FTJ
demonstrate the potentials of 1T’-ReS, for functional
applications, which also confirms the nonvolatility of the
explored 2D ferroelectricity.

Conclusion.—In summary, based on the combined study
of theory and experiment, we have unambiguously dem-
onstrated that 2D vertical ferroelectricity can be stabilized
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in 1T'-ReS, multilayers, but is not existent in its centrosym-
metric monolayers. Our results show that the robust ferro-
electricity of 1T'-ReS, originates from interlayer charge
transfer that depends on the in-plane slipping in the bilayer
and multilayer forms. Thus, the emergence of ferroelectricity
in 1T'-ReS, multilayers highlights the importance of inter-
layer engineering and provides a new possibility to manipu-
late the quantum states in vdW materials.
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