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In contrast to the intensively investigated transition metal dichalcogenides like MoS,, ReS, crystals possess a
reduced in-plane symmetry, leading to anisotropic optical properties. Here, we report on the impact of strain on
the Raman response of a ReS, monolayer. Since mechanical strain can be used to shift the Raman-active phonon
frequencies, we apply uniaxial tensile strain of up to 0.74% along the Re-chain direction (x axis) of the atomically
thin crystal and measure the Raman response with the scattered light polarized parallel and perpendicular to the
strain direction along the x axis. Complementarily, we carry out ab initio calculations to determine the phonon
energies and Raman intensities under strain. We find a shift to lower energies for all phonon modes when tensile
strain is applied to the monolayer. The determined gauge factors/Griineisen parameters are in good agreement
between experiment and theory. Our study demonstrates that the optomechanical properties of ReS, can be
tuned by external straining, which is of importance for potential future strain-sensor applications, e.g., in the

3

biomedical sector.
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I. INTRODUCTION

Two dimensional (2D) transition metal dichalcogenides
(TMDCs) such as MoS; and ReS, are promising candidates
for optomechanical devices due to their outstanding optical
and mechanical properties [1-5]. Significant changes in the
band structure and the optical properties are observed, when
the atomic structure of TMDC crystals is altered by apply-
ing mechanical strain [5,6]. For example, strain shifts the
exciton energies [1,7] as well as the phonon energies [8,9]
of atomically thin semiconductors and changes the exciton
phonon coupling in these systems [10,11]. Until now, most
of the experimental studies are focused on atomically thin
semiconductors with a high in-plane symmetry like M X, with
M = Mo, W and X = Se, S. Materials with a lower in-plane
symmetry such as ReS, and ReSe, have gained attention due
to their strongly polarized optical response [12—18]. Polarized
Raman spectroscopy turned out to be a powerful tool to deter-
mine the ReS, crystal orientation [17].

Previous studies showed that strain influences the elec-
trical conductance [19], the electron transport [20], or the
piezoresistive effect [21] and can lead to a semiconductor
to metal transition [22] in ReS, monolayers. All these find-
ings make this material a promising candidate for nanoscale
strain sensors. However, the influence of strain on the phonon
modes, also influencing electronic and transport properties of
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ReS, monolayers, is so far only investigated by first ab initio
calculations [23,24] and no systematic strain study has been
performed experimentally.

Here, we thoroughly investigate the phonon modes of a
ReS; monolayer by their Raman response under uniaxial me-
chanical strain in a combined experiment-theory study. We
apply strain in a controlled way [7,10,11] and measure the
light inelastically scattered on the phonon modes with polar-
ization parallel and perpendicular to the Re chain (x axis)
of the monolayer. We use ab initio calculations to theoret-
ically investigate the energy of the related phonon modes
and their strain dependence. These calculations support the
assignment to the experimentally observed Raman signatures
to specific phonon modes. We find a strain-dependent shift of
all investigated phonon modes to lower energies in theory and
experiment.

II. RESULTS

Figure 1(a) shows a schematic view of the ReS, crystal
structure. In contrast to TMDC monolayers such as MoS,
and WS, ReS, crystals possess a distorted 17’ geometry due
to a superlattice structure formed by Re chains [25]. In the
following we refer to the axis parallel to these Re chains of
the crystal as the x axis. In previous works it has been found
that exfoliated crystals preferably appear in rectangular shapes
with a large aspect ratio and the long side parallel to the x
axis of the crystal [12]. In addition, its unique crystal structure
leads to a strong anisotropy of the optical properties, e.g., the
Raman response, of bulk and thin layers of ReS, [12,17].
Our investigated ReS, monolayers are micromechanically

©2022 American Physical Society
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FIG. 1. Raman spectra of a ReS, monolayer. (a) Schematic drawing of the crystal structure highlighting the a/x and b axis of the crystal.
The x axis is defined to be parallel to the Re chains. (b) White-light reflection image of the investigated monolayer (outlined in orange) on
polycarbonate substrate. The purple line shows the position along which the Raman spectra under strain are recorded. The arrow indicates the
x axis of the crystal as well as the direction of applied uniaxial strain. (c) Measured Raman spectra with polarization of the scattered light
parallel [pink, z(ox)z] and perpendicular [orange, z(o'y)z] to the x axis of the crystal. (d) Calculated Raman spectra for incoming and scattered
light polarized parallel to the x axis z(xx)z. Vertical dashed lines in (c) and (d) mark the position of the different phonon modes. Note that the
relative intensities of the Raman modes from experiment and theory displayed in (c) and (d), respectively, cannot be compared directly due to

the different polarization.

exfoliated [26] from bulk crystals onto polydimethylsiloxane
(PDMS) and are identified by optical reflection microscopy
as well as photoluminescence spectroscopy [27] [see Fig. S1
in the Supplemental Material (SM) [28]]. The flakes are then
transferred [29] onto a flexible polycarbonate (PC) substrate
of 500 pm thickness. Here, it was taken care that the long side
of the monolayer (x axis) is oriented in such a way on the sub-
strate that it matches the orientation of the applied direction
of uniaxial strain. Figure 1(b) shows the white-light reflection
image of an investigated monolayer (outlined in orange). All
the data shown in the main text have been measured on the
same sample in one strain cycle. More samples where investi-
gated to reproduce and verify the obtained results. The purple
line indicates the position along which the spectra under strain
are recorded. The arrow marks the x axis of the crystal as
well as the direction of applied uniaxial strain. We determine
the crystal orientation by measuring the polarization-resolved
Raman spectra at zero strain, as shown in Fig. 1(c). To do so,
we excite the monolayer with circularly polarized laser light
at a wavelength of 532 nm and measure the scattered light
after passing a A/2 waveplate and linear polarizer. By turning
the waveplate, the scattered light polarized parallel (pink) or
perpendicular (orange) to the long side of the monolayer is
detected (more measurement details can be found in the SM
[28]). An additional measurement was performed on the PC
substrate in order to determine the background for the mea-
surement (see SM Fig. S2 [28]). For an easier comparison,
the spectra are normalized and the orange curve is shifted
vertically. The visible phonon modes are marked with dashed
vertical lines. In both spectra phonon modes can be identified
and we label them according to Ref. [30] (see also Table I).
Following Ref. [12] we analyze the polarization of the RS
mode to determine the orientation of the Re-chain axis of the
ReS; crystal. While the RS mode has a maximum intensity
for the polarization of the scattered light parallel to the Re

chains (x axis), it is minimal perpendicular to this [12,17]. It
can be seen that the RS mode almost vanishes in the orange
spectrum of Fig. 1(c), while it shows a high intensity in the
pink spectrum. Consequently, we identify the pink spectrum
in (c) as the one taken parallel to the x axis [long side of
the crystal, parallel to the Re chains, z(ox)z] and the orange
spectrum is polarized perpendicular [z(oy)Z] to it. In order to
determine the magnitude of the energy shift in the observed
phonon modes, we fit the measured Raman spectra with a sin-
gle Lorentzian for each mode. Exemplary fits of the spectra for

TABLE I. Phonon modes of the ReS, monolayer. Comparison of
the modes given in Ref. [30] with the ones measured and calculated
in this study for the unstrained case. All values are given in cm™.

Mode Expt. Theory Expt. Ref. [30]
R1 1353+£0.5 132.3 139.2
R2 141.9+£0.5 140.6 145.3
R3 153.7+£0.5 152.8 153.6
R4 163.5+£0.5 160.8 163.6
RS 21454+0.5 214.3 217.7
R6 238.0+ 0.5 236.6 237.5
R7 277.2+0.5 267.1 278.3
R8 274.3 284.7
R9 310.3+0.5 297.6 307.8
R10 300.5 311.1
R11 306.9 320.6
RI12 315.4 324.9
R13 348.6 £ 0.5 339.4 348.8
R14 361.2 369.5
RI15 370.0 3774
R16 400.1 408.3
R17 410.1 419.3
R18 426.4 437.5
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both polarization directions of the scattered light for vanishing
strain can be found in SM Fig. S3 [28]. The extracted energies
are listed in Table I. We note that the energy of the Raman
mode that we assigned to the phonon R9, has a similar energy
as the mode labeled R10 in Ref. [30]. However, by comparing
the change under strain with theory (see below) an assignment
of the mode to the phonon R9 is more plausible. In addition,
we calculate the Raman spectra for a freestanding monolayer
of ReS,. While Raman spectroscopy is versatile and can even
be used to identify materials [31], a comprehensive theoretical
description of the Raman spectra is challenging [32-35]. For
the current work, we limit ourselves to resonant first-order
Raman processes which invoke a single phonon which are
often the dominant mechanism. Besides the Rayleigh peak
(found at the incident frequency wy,), Stokes and anti-Stokes
bands can be found due to inelastic scattering. Separated by
the phonon frequency w, of the vth phonon, its symmetry de-
termines if a peak is Raman active. The structure of monolayer
ReS; is characterized by an almost hexagonal unit cell. In this
work we employ the experimental structure of a = 6.352 A,
b=6.446 A, and y = 118.97° [36], where the atomic po-
sitions are optimized employing density functional theory
(DFT) with the Perdew-Burke-Ernzerhof (PBE) functional
[37]. Note that the meaning of the a and b axis varies in
literature. In this work a is set parallel to the Re chain as
shown in Fig. 1(a). As observed before [30], the optimized lat-
tice structure in local density approximation (LDA) would be
more compact (a = 6.282 A, b = 6.386 A, and y = 118.74°),
while PBE shows a larger extent (¢ = 6.407 A, b=6.515 A,
and y = 118.95°). In all optimizations the forces on each atom
are less than 0.001 eV/A [28,38-41].

To calculate the Raman intensity, we follow the approach
introduced in Ref. [31]. Both the electron-light and the
electron-phonon interaction are treated perturbatively and we
restrict ourselves on the system in the ground state that is
excited with n, phonons. All possible Stokes processes, e.g.,
absorption of a photon followed by the emission of a phonon
and a photon, are summed up and we evaluate the Raman
spectrum by

2
§(w—wy). (1)

Z M%RZ,/S ugut

w
v o.p

n, +1
1(w)=102

Here, I, is a constant (removed in the normalized spectrum),
usy .. are the polarization vectors of the incoming and outgo-
ing field in the direction ¢, and R, , denotes the Raman tensor
(see Ref. [31] for further details). We employ the excitation
wavelength of 532 nm and a temperature of 300 K which
is entering in the Bose-Einstein and Fermi-Dirac distribution
of phonons and electrons, e.g., the occupation of phonons is
given by n, = (explliw, /kgT] — 1)~'. Furthermore, Eq. (1)
requires the phonon energies at the I' point (¢ = 0), and the
electron-phonon matrix elements which we evaluate in the
first order in atomic displacements [42]. Figure 1(d) shows
the calculated Raman spectrum for excitation and scattered
light polarized parallel to the x axis [z(xx)z]. The theoreti-
cal results show 18 different active phonon modes with the
irreducible representation A,, similar as observed in previous
results [24,30]. The frequencies of all these modes are listed

in Table 1. The 18 A, modes which do not couple to light are
not further discussed here.

Overall, our calculations agree very well with the experi-
mentally observed Raman-active phonon modes and the ones
measured by Feng et al. [30]. However, a slight energy shift to
lower energies for the modes at higher energy is observed in
our calculation compared to the measurement. This deviation
is a result of the employed lattice structure as well as the
chosen functional as already discussed in [30]. Furthermore,
the substrate has not been taken into account in our calcula-
tions. We want to stress that the theoretically obtained relative
shifts under strain investigated in the following are much less
affected by the just mentioned factors. In our test calculations
for different lattice structures such shifts typically deviate by
less than 10%. To calculate the strain-dependent energetic
positions of the Raman peaks, we apply tensile strain along
the x axis (i.e., along the Re chain) using the Poisson ratio of
0.225 [43]. Similar to our previous studies [7,10] we repeat
the structural optimization for the new cell parameters, i.e.,
we allow for atomic relaxations. For the small strain values
applied in this work, we find a linear shift of the considered
phonon energies, i.e., finally of the Raman maxima.

In the experiment, we apply uniaxial strain of up to 0.74%
to the ReS, monolayer after determining the crystal orien-
tation and identifying the phonon modes in the measured
spectra. As shown in Figs. 1(b) and 1(c), we have confirmed
that we indeed apply uniaxial strain parallel to the Re chains of
the ReS, monolayer. By bending the substrate in a controlled
way, we apply tensile strain values to the monolayer [7,10,44].
For every applied strain level, Raman spectra are recorded
with emission polarization of the scattered light perpendicular
and parallel to the x axis/strain direction. It is well known from
TMDC mono- and bilayers that the strain is not transferred
homogeneously from the substrate to the crystal. The strain
rather increases from the sample edges towards the center
and reaches a constant and maximum strain transfer several
micrometers from the edges [7,11]. Therefore, it is crucial
to determine the positions on the flake providing maximum
strain transfer. To this end, we record Raman spectra in 2 um
steps along the vertical dashed line in Fig. 1(b) for each
strain value. Figure 2(a) displays the R3 mode along the flake
with parallel polarization [z(ox)Z]. The position with 0 um
indicates the bottom edge of the monolayer in Fig. 1(b). The
first Raman spectrum is measured 2 wm from the bottom
edge. The last measured position is at the top edge of the
monolayer. The different strain levels are color-coded with
a minimum strain of 0.00% (dark purple) and a maximum
strain of 0.74% (yellow). In the unstrained case (dark purple)
the R3 mode varies slightly over the entire flake by approx-
imately £0.5cm™! (e.g., at the position of 22 um the value
is 152.8 cm™~!). With increasing strain values, the R3 mode
shows a shift to lower energies with a nearly constant value
between 12 and 30 um indicating a full strain transfer in this
region [7,11]. We therefore use the position at 22 yum (marked
with the blue line) to investigate the shift of all visible phonon
modes under strain since this position is in the middle of the
full strain transfer region. We would like to note that analyzing
different positions between 12 and 30 um lead to the same
results within the experimental resolution (Fig. S4 in the SM).
The extracted values for the shift of the phonon mode R3 at
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FIG. 2. R3 mode under strain. (a) Spatially resolved phonon
energy shift of the R3 mode along the flake, where the position at
0 um indicates the bottom edge of the monolayer in Fig. 1(b). The
different strain levels are color coded from purple to yellow. The blue
line at 22 yum marks the position on the flake where the Raman shifts
under strain are investigated. (b) Extracted energy values of the R3
mode as a function of strain at the position marked in (a). A gauge
factor of —(2.1 £0.3) cm™'/% is determined.

22 um are exemplarily plotted against the applied uniaxial
strain in Fig. 2(b). With increasing strain, a shift of the mode
energy to lower energies is visible. A linear behavior of the
strain-induced shift is evident, with the slope from the linear
regression being —(2.1 = 0.3) cm ™' /%. This quantity will be
named gauge factor from here on. Following Ref. [44] we can
calculate the corresponding Griineisen parameter of this mode
toy = 1.76 £ 0.25 [28].

In order to analyze the effect of strain in the experiment,
we extract the gauge factors, i.e., the energy shift, for all

TABLE II. Comparison of the experimentally observed gauge
factors under uniaxial strain for all phonon modes of the ReS, mono-
layer. The strain is applied parallel to the direction of the x axis (Re
chain). The theoretical values are obtained by DFT calculations. Due
to the uncertainty of the used Poisson ratio, we expect an error of
up to 0.1 cm™'/%. The experimental values are extracted from the
measurements with the polarization of the scattered light parallel and
perpendicular to the x axis. Fits to the experimental data can be found
in the SM Figs. S5 and S6 [28]. All values are given in cm™' /%.

Mode Theory Expt. z(ox)zZ Expt. z(oy)Z
R1 —0.6

R2 2.2

R3 —1.4 —2.1+£03 —22+02
R4 —-1.3 -19+04
RS -2.8 -3.0+0.5

R6 —0.7 —2.0+041
R7 -3.1 —3.0+03

R8 -1.0

R9 —-1.2 —23£05

R10 —0.1

RI1 -1.1

R12 —1.5

R13 -1.9 —22+£05
R14 —4.2

RI15 -2.5

R16 —-14

R17 —0.8

RI18 —0.3

visible modes as already exemplarily shown for the R3 mode
in Fig. 2(b) for the z(ox)z direction (see SM Fig. S5 and
Fig. S6 for the corresponding fits [28]) and list the shifts in
Table II (the corresponding Griineisen parameters are listed in
the SM [28]). The mode R3 can be analyzed in both emission
polarization directions used in the experiment. It can be seen
that the observed change under strain is the same for both po-
larizations of the scattered light. Note that these shifts depend
on the direction in which the strain is applied. While we are
only able to apply strain along the x axis in the experiment,
our calculations reveal, for instance, a shift of —2.3 cm™! /%
for R3 if the strain is applied along the b axis.

Besides the energetic shifts, our calculations also predict
relative changes of the intensities due to the applied strain.
However, for the applied strain values (< 1%) these changes
are typically small, i.e., up to about 3%. For modes with
higher intensities, e.g., R3 vs RS, we find changes up to
10%. Compared to the variation of the intensities at different
spatial positions in the experiment, such small variations are
currently challenging to verify.

Figure 3 shows the calculated and measured phonon modes
under strain. The purple lines represent the calculated en-
ergy positions for strain values between 0% and 1%. Pink
dots mark the experimental values determined from the Ra-
man spectra measured with polarization parallel to the x axis
[z(ox)Z]; yellow crosses show the data from the perpendicular
polarization [z(oy)z] measurement. Due to the energy offset
between theory and experiment for modes R4 and higher than
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FIG. 3. Phonon modes under uniaxial strain. Shift of the phonon
modes R1—R8 (a) and R9—R18 (b). The calculated phonon energy
shifts are shown as lines. Pink dots show the experimental values de-
termined from the Raman spectra measured with polarization parallel
to the x axis; yellow crosses show the data from the perpendicular
measurement. Due to the energy offset between theory and exper-
iment for the R4 mode and modes higher than R8, the calculated
shifts for these modes (R4, R7, R9, and R13) are additionally plotted
as dashed gray lines for better comparison.

R8 (see Table I and discussion above) we also plot the shifted
theoretical predictions which match the experimental values
as gray dashed lines as a guide to the eye. It is visible that the
experimentally observed strain-induced shifts of the phonon
modes have negative gauge factors for increasing tensile strain
and nicely follow the theoretical predictions in Table II). An
overall good agreement is found between experiment and
theory. In detail, we find slightly stronger deviations for the
position of higher energy phonon modes in the experiment
with respect to our calculations (Table I). This might be a
result of the substrate which is missing in our calculation that
could lead to a steeper potential.

III. CONCLUSIONS

In conclusion, we have systematically investigated the shift
of phonon modes of ReS; monolayers under strain determined
by Raman spectroscopy and ab initio calculations. With ap-
plied uniaxial tensile strain parallel to the x axis (Re chain) of
the crystal we measured the scattered light and determined
the phonon mode energies for each mode. By taking care
of the spatially dependent strain transfer from the substrate
to the monolayer we found a shift to lower energies for all
the visible Raman-active modes. We compared our results
with DFT calculations, where strain-induced energy shifts
for all 18 phonon modes have been predicted. All modes
exhibit a shift to lower energies with gauge factors lying
between —0.1cm ™' /% and —4.2 cm~! /% (corresponding to
Griineisen parameters between 0.04 and 1.50). We found a
good agreement between the measured and calculated shifts.

Our work demonstrates that mechanical strain is a suitable
tool to control the phonon modes of a ReS, monolayer and
represents an important step towards its application in strain
devices [45]. The application of strain could be used to alter
the highly anisotropic thermal conductivity in ReS, [46] that
is of importance for the heat management and thermoelectric
properties in ReS;,-based circuitries.
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