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Abstract

Low symmetry 2D materials offer an alternative for the fabrication of optoelectronic devices which
are sensitive to light polarization. The investigation of electron—phonon interactions in these
materials is essential since they affect the electrical conductivity. Raman scattering probes
light—matter and electron—phonon interactions, and their anisotropies are described by the Raman
tensor. The tensor elements can have complex values, but the origin of this behavior in 2D
materials is not yet well established. In this work, we studied a single-layer triclinic ReSe; by
angle-dependent polarized Raman spectroscopy. The obtained values of the Raman tensor
elements for each mode can be understood by considering a new coordinate system, which
determines the physical origin of the complex nature of the Raman tensor elements. Our results are
explained in terms of anisotropy of the electron—phonon coupling relevant to the engineering of
new optoelectronic devices based on low-symmetry 2D materials.

1. Introduction

Since the discovery of graphene more than a dec-
ade ago [1], other 2D materials were produced and
their fundamental properties have been investig-
ated [2, 3]. With the 2D field progressing, it is
essential now to study low-symmetry 2D mater-
ials which exhibit anisotropy in their properties,
such as the electrical [4-6], thermal [7], optical [8]
and vibrational [9, 10] ones. Phosphorene [9] crys-
tals and some compounds of the transition metal
dichalcogenides family such as 1T'-WTe, [11], 1T’-
MoTe, [12], 1T’-ReS, [13], and 1T’-ReSe, [14]
crystals, exhibit low symmetries and anisotropic
properties. Among these materials, the triclinic
rhenium diselenide, ReSe;, exhibits the lowest sym-
metry and only few reports can be found about
its atomic structure [15] and the possible applic-
ations as photodetectors and transistors [16—18].

© 2020 IOP Publishing Ltd

Since different physical properties, such as the elec-
trical and thermal conductivities, are affected by the
interactions of electrons and phonons, the study of
the anisotropy of the electron—phonon interactions
is essential for their application in anisotropic 2D
devices, sensitive to the current direction and light
polarization [16].

Raman spectroscopy is a fundamental tool to
investigate electron—phonon interactions, and their
anisotropic behavior in low-symmetry systems,
which can be obtained experimentally by controlling
the polarization of both the incident and scattered
photons with respect to the crystallographic axes.
The anisotropy of the Raman response is described by
the second-order Raman tensor, whose elements are
normally real numbers multiplied by a global phase
(¢) factor which plays no role in the Raman intensity,
and under those circumstances, real numbers are used
to describe Raman tensor elements. In fact, the global
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phase ¢ of the tensor elements cannot be obtained
from the Raman measurements of systems with tri-
gonal, tetragonal, hexagonal and cubic symmetries,
since it disappears when we take the square modulus
of the tensor in order to obtain the Raman intensity.
However, when the material absorbs light, these ele-
ments can exhibit a relative phase to each other that
plays an important role in the Raman intensity [9-
12, 19-22]. The complex nature of the Raman tensor
elements was reported in previous works in different
low-symmetry 2D materials [9-12, 20-22]. For bulk
or many layer low-symmetry crystals, another rel-
ative phase of the tensor elements can be associated
with birefringence, but this effect becomes negligible
in a single atomic layer since its thickness is too small
when compared to the wavelength of the excitation
photon. Kranert et al [23] have shown that an observ-
able phase difference between the Raman tensor ele-
ments due to birefringence effect becomes appre-
ciable when the thickness of the sample is greater
than the wavelength of the incident light.

Single-layer triclinic ReSe; belongs to the low-
symmetry C; point group, which has only the identity
and inversion symmetry elements [24]. All the atoms
of its unit cell are displaced from the inversion sym-
metry center [14, 20]. ReSe, possesses a large unit cell
composed of 12 atoms (4 rhenium and 8 selenium
atoms), and exhibits diamond-shaped metal-metal
bonds forming a quasi-one-dimensional rhenium
chains [24-26]. According to group theory, the
Raman spectrum of ReSe; exhibits 18 non-degenerate
first-order modes, all of them belonging to the totally
symmetric (A,) irreducible representation [14, 20].
Due to the low structural symmetry, the intensit-
ies of these Raman modes strongly depend on the
incident and scattered light polarization [14, 20, 27].
Moreover, they also depend on the direction of the
z-axis of the sample, since there is no symmetry oper-
ation in ReSe, that relates z to —z [28]. Choi et al
reported the observation of 18 A; modes [22], but a
complete analysis of the Raman tensor elements has
not yet been performed [14, 16, 22, 27, 29].

In this work, we unravel the fundamental origin
of the complex values of the Raman tensor elements
in a single-layer of ReSe,. We measured the angle-
dependent polarized Raman spectra in both parallel
and crossed configurations, and observed that most
of the phonons exhibit Raman tensor elements with
relative phases. We show that, in order to extract
the physical information of the tensor elements, we
need to use a new coordinate system of axes, which
is specific for each phonon mode. This analysis
allowed us to separate all Raman modes in three dif-
ferent classes, according to the phase difference of
the Raman tensor elements, considering the excita-
tion laser energy used in this work. First-principles
calculations shows that the electron—phonon coup-
ling is more significant at specific points of the
Brillouin zone for each phonon mode, evidencing
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the anisotropy of the electron—phonon interactions.
Our result provides a fundamental understanding
of the complex Raman tensor elements and high-
lights the importance of considering the anisotropy
of the electron-phonon single-layer ReSe, in order to
explain the experimental results.

2. Results

Initially, we stress the importance of using appropri-
ate experimental procedures in order to obtain the
correct values of the Raman tensor elements from
the analysis of the angle dependence of the polarized
spectra. First, it is fundamental to measure both the
parallel (Igy) and cross-polarized (Iyy) intensities,
in order to perform the correct analysis of the exper-
imental data. Experiments performed without using
an analyzer to control the polarization of the scattered
light can produce misleading results. Moreover, the
sample needs to be placed onto a glass substrate
(coverslip) in order to avoid interference effects with
the SiO,/Si substrate, that affect the Raman signal
[30-32] preventing the correct analysis of the angu-
lar dependence of the polarized Raman spectra.

2.1. Raman-active modes

We start by probing the 18 A; non-degenerate first-
order modes predicted by group theory analysis for
this material [14]. Figure 1(a) shows the Raman spec-
trum in the 100-305 cm ™! spectral range of an exfo-
liated single-layer ReSe, placed on a silicon sub-
strate covered with a 300 nm thick SiO, layer for
an excitation energy of 2.34 eV (see Methods). We
stress that the Raman spectrum of the sample placed
on SiO,/Si (see figure 1(a)) was only used to cal-
ibrate the frequency position of the A, modes. The
Raman spectrum shown in figure 1(a) was collec-
ted considering the polarization of both incident
and scattered light aligned along the long edge of
the sample (see figure S1), which corresponds to the
b-axis according to previous reports [22, 33], and
it is further confirmed here by using the angular
dependence of the Raman spectra (see below). In fig-
ure 1(a), the experimental data (blue lozenges) were
fitted using a set of Lorentzian functions (orange
curves) to track the frequency position, the linewidth,
and the relative intensity of each Raman mode. The
intensities were arbitrarily increased in the 150—
305 cm™! spectral range for better visualization of
the peaks.

In figure 1(a), all the 18 A, Raman modes pre-
dicted by group theory are observed in the 100-
305 cm ™! spectral range with the lowest and highest
frequency modes appearing at 107.9 cm~" (A}) and
297.1 cm™! (A;,S), respectively. Here, we assign the
18 A, modes as A’g‘, where k=1 to 18 in order of
increasing frequency. The measured frequencies of
our work are in good agreement with the theoretical
results [18] (see table S1). It is noteworthy that
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these 18 modes were not completely probed in ref-
erences [14, 16, 27, 29], which may be due to the
configuration of the experimental setup used to per-
form the polarized Raman measurements. Recently,
Choi et al have probed the 18 A, modes in the
Z(HH)Z configuration [22]. In our work, the fre-
quency positions of the A; modes were calibrated
relative to the silicon peak located at 521.6 cm™!,
and show good agreement with reference [22]. These
results highlight the importance of controlling the
polarization of both the incident and scattered light
when collecting the Raman spectrum in ReSe,-like
materials. To further understand this, we next present
the angular dependence of the Raman response for

each mode.

2.2. Polarized Raman Spectroscopy

The importance of the sample’s orientation with
respect to the polarization of the incident and
scattered lights is crucial when the crystal has low
symmetry. Experimentally, we use a half-wave plate
to control the horizontal (H) or vertical (V) polariz-
ation of the incident light, and an analyzer is used to
collect the Raman spectrum in the horizontal polar-
ization. Using this experimental setup, we have per-
formed polarized Raman measurements in the back-
scattering parallel (Z(HH)Z) and crossed (Z(VH)Z)
configurations, using a 2.34 eV laser excitation energy
(see Methods).

Because ReSe; has no symmetry under a rota-
tion of 7 about any in-plane axis, distinct Raman
spectra are observed when the sample is either up or
down [28]. Furthermore, it is known that an enhance-
ment in the Raman intensity can occur due to mul-
tiple reflections of light within the SiO, layer above
the silicon substrate [10, 34]. This effect can infer
some systematic errors when the sample is placed on
a Si0,/Si substrate (see figure S2). Hence, in order to
discard any interference effects from the substrate, we
have exfoliated the ReSe; onto a glass coverslip. From
now on, our analyses are based on the data obtained
from this sample, which correspond to the c-up ori-
entation defined in a previous report [22], obtained
by comparing the angular dependence of the Raman
response in both works. From the same comparison,
we define the x-axis as along the long edge of the
sample (see figure S1), which is indeed the crystal-
ographic b-axis of the sample.

Figures 1(b) and (c) show the angular dependence
of the polarized Raman spectra of a single-layer ReSe,
on the coverslip for parallel and cross-configurations
in the 100-305 cm™! spectral range for different
angles. For both configurations, the spectra were
collected under the same experimental conditions:
same laser power, exposure time with optimized focus
in each measurement, and grating positioning. The
spectra were not normalized, i.e. figures 1(b) and (c)
have the same scale, where only a smooth baseline was
subtracted from the presented spectra.
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In figures 1(b) and (c), one observes that most
of the Raman modes are more intense in the parallel
than in the crossed configuration. For instance, the A;
mode located at 124.9 cm™! is the most pronounced
in the parallel configuration, and its intensity remains
practically the same for all angles in this configura-
tion (a close-up of this mode in both configurations
is shown in figure S3). However, its intensity con-
siderably decreases for some angles in the cross con-
figuration (see figure 1(c)). Additionally, the super-
imposed modes, A§ (175.7 cm™"), A7 (178.9 cm™"),
and Af, (181.9 cm™!) have their intensity weakened in
the crossed configuration (see figure 1(c)). The latter
mode is more evident in our work than in previous
reports [14, 27] due to the spectral resolution of our
setup.

Figures 1(d) and (e) show the polarized Raman
map obtained for both configurations. The intensity
is represented in a logarithmic color scale to better
visualize the angular dependence of the low-intensity
Raman modes. We can clearly observe a periodicity
of 180° in the peak intensity in the parallel configur-
ation in figure 1(d), while the 90° periodicity of the
crossed configuration is evident in figure 1(e).

The intensity variation between these configura-
tions is given by the expression [35]:

; (1)

where ¢; and ¢; are the polarization vectors of <t_)he
incident and scattered light, respectively. The R*
is the Raman tensor for the k-th mode, which can
assume complex elements with relative phases when
the excitation energy is above the band gap [9, 19, 23].
As it will be shown below, our results are only com-
pletely described by considering complex values for
the Raman tensor elements in the fitting process.

For a triclinic crystal, the accessible part of the
Raman tensor in our backscattering geometry for a
A, mode is given by [20]:

ue'n it

® = , )

et peidw

where u, v, w > 0. Thereby, for a clockwise rotation
of the ¢; and ¢; vectors, the intensities for the paral-
lel and crossed configurations, and their sum can be
written as:

Iy o u? cos* 6 + w?sin® 6 + (vsin26)°
1
+sin20 (2 UWCOS P,y iN 20
— 21UV €08 (yy COS° O — 2WV COS By SN 6) , (3)

2
1
Iyg o (u2 +w? — 2uwcos (;SMW) (2 sin29>
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Figure 1. Raman fingerprint of a single-layer ReSe;. (a) Raman spectrum (blue lozenges) showing the 18 A; non-degenerate
first-order modes. The spectrum was collected in the parallel configuration (HH configuration) with a 2.34 eV excitation laser
energy. Each peak was fitted by a Lorentzian function (orange curves). The intensities were multiplied by 1.33 and 1.66 in the
second and third panels, respectively, for better visualization of the peaks. Polarized Raman spectra recorded in (b) parallel and
(c) crossed configurations for angles varying from 0° to 180°. The sample was rotated in steps of 10° with respect to the fixed
incident and scattered light polarization. The 0° corresponds to the alignment along the b-axis. In (b) and (c), the spectra is
presented for each 20° rotation. The data are not normalized and share the same scale. Raman intensity map in the (d) parallel
and (e) crossed configurations, the Raman map is plotted for each 10° rotation. They are normalized separately and the
intensities are shown in a logarithmic color scale for better visualization.

x1.66

x1.33 Al

c Crossed

B e ViV vt

MUWJ\AM

100 150 200 250 300
Raman shift (cm™)

Intensity

100 150 200 250 300
Raman shift (cm™)

1
+ (vcos 29)2 ~5 sin46 (wvcos Dy — UVCOS (bw) ,
(4)

Ings+ve 1w’ cos’ 0+ 12 + w?sin 6
— 2v(ucos dyy + wcos Py, ) sinfcosh.  (5)

Here, 0 is the angle between &, and the x-axis and
¢ij = ¢; — ¢;j (i, j = u, v, w) is the phase difference. For
a Raman tensor with no relative phases, the equations

above are changed by replacing these phase-difference
cosines by the unity with u,v,w € R (see Supporting
Information for details).

2.3. Angular dependence of the Raman intensity

We first attempt to fit the angular dependence of the
Raman intensity of each mode shown in figure 1 by
considering only real (R) elements for the Raman
tensor as discussed above. We also consider the
sum of configurations (Iyp4 vy = Iyg + Ivy) so as to
compare our results with previous reports [14, 27]

4
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Figure 2. Comparison of the angular dependence of the Raman tensor elements with real and complex values. Angular
dependence of the A! (107.9 cm™!), Ag (175.7 em™") and A;? (297.1 cm™") modes in single-layer ReSe,, fitted according to

g

equation (1), for Raman tensor with (a) real elements and (b) complex elements. The dots correspond to the experimental data
values while solid lines correspond to the fitting. The first, second and third rows correspond to the I'yy, Ivy and Iy + vi,

respectively.

based on experiments in which the scattered light
does not pass through an analyzer or polarizer, lead-
ing to a scattered intensity represented by the sum of
1 HH and I VH-

The fitting process of the Iyy and Iyy as
a function of the angle 6 as well as their sum
was performed simultaneously with shared Raman
tensor elements to allow us to unambiguously obtain
their modulus and phase differences. In this first
attempt, good fits were achieved only for the A;
(1789 cm™"), AP> (233.4 cm™'), Ag* (242.5 cm ™),
Ay (251.1 em™), and A® (264.3 cm™') modes of
a single-layer ReSe, (see figure S4). However, real
number elements do not properly fit the remain-
ing data set. For example, A; (107.9 cm™!), Ag
(175.7 em™"), and A® (297.1 cm™') modes shown
in figure 2 (see figure S5 for other modes). Sim-
ilar results were obtained for other 2D materi-
als such as black phosphorus [9], WTe, [11] and
MoTe, [12].

Figure 2(a) shows the fitting of Ipyy, Ivy and
I'np 4 v versus 6 considering only real values for the
tensor elements. Notice that, although the polariza-
tion data for the parallel and crossed configurations
cannot be individually fitted, the sum (Igy + vir) can
be reasonably fitted considering only real numbers
(see third row in figure 2). This result shows that
polarized Raman measurements performed with an
unpolarized detection are not suitable for the pur-
pose of finding the Raman tensor elements, and can
provide misleading results. Therefore, experiments in
both parallel and crossed configurations are needed to
correctly determine the tensor elements in these low
symmetry systems.

Figure 2(b) shows the fitting of the polar-
ized Raman intensity of the Ay (107.9 cm™"),
A (1757 em™'), and A (297.1 cm™") modes,
but now considering complex (C) numbers in
the fitting process for the Raman tensor elements
(see equations (3)). From our results, we concluded
that Raman tensors with complex numbers are
needed to fit the angular dependence of the Raman
modes of single-layer ReSe,, with the exception
of five modes, for which we found real values: A;
(178.9 ecm™'), AP® (233.4 cm™'), A" (242.5 cm ™),
Ay (2511 em™1), and A;® (264.3 cm™') modes
(see figure S4).

Figure 3 shows the angular dependence of the
Raman intensities of all the 18 Raman modes of
single layer ReSe; in parallel and crossed configura-
tions as well as for their sum. It can be observed that
the direction of the highest intensity for one mode
in the parallel configuration is usually not parallel
to a crystallographic axis. For the A; (178.9 cm™1)
mode, for example, the Raman tensor is actually diag-
onal with almost equal components (R, ~ R,,) for a
cartesian system in such direction. Although the A;
(161.7 cm™'), A7 (178.9 cm™ "), and A (181.9 cm™")
modes in figure 3 seem to behave similarly to B,
modes in orthorhombic crystals in terms of their
angle-dependent Raman response, since this depend-
ence changes in polarized experiments using other
laser lines [20, 22]. The values of the Raman tensor
elements given in equations (3)(a) and (b) that fit the
angular dependence of all 18 modes are shown in fig-
ures 4(a) and (b). Since the intensities are given in
arbitrary units, we have only to consider the ratio w/u
and v/u. Notice that we cannot observe any trends for
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Figure 3. Polar plot of the 18 Raman modes. Angular dependence of the 18 A; modes in single-layer ReSe;. Blue (orange, pink)
symbols correspond to the experimental data of HH (VH, HH+VH) while blue (orange, pink) solid lines correspond to the fit
for the same configuration. The gray circles represent half of the total intensity in the polar plots’ scale.

the ratio values of the tensor elements for the differ-
ent modes. This is indeed a consequence of the low
symmetry of triclinic ReSe,.

It is important to emphasize that, for crystals with
monoclinic (in the case of the ab-plane) or higher
symmetry, the principal axes of the Raman tensor
are necessarily parallel to the crystallographic axes
(x, ¥), and the maxima and minima intensities occur
when the light is polarized along these axes. How-
ever, this restriction does not occur in triclinic crystals
(or monoclinic in the ac,bc-planes), where the prin-
cipal axes of the Raman tensor (x’, y’) do not neces-
sarily coincide with the crystallographic axes (x, y).
Figure 4(c) shows the angular dependence of the A,
(286.6 cm™!) mode, where we can observe the crys-
tallographic coordinate system (x, y) and principal
axes (x’, y') for this mode, where « is the angle
between these two systems. We have performed a sim-
ilar analysis for all 18 modes, and figure 4(d) shows
the obtained values of « for each mode.

We can write all 18 Raman tensor in the coordin-
ate axes (x’, '), where the x’-axis lies on the direc-
tion of the maximum intensity in the parallel config-
uration, which is unique to each mode in ReSe;. Fig-
ures 4(e) and (f) show, respectively, the phase differ-
ences (¢, and ¢,,) and the ratio (w/u and v/u) in the
new coordinate system for each mode.

Interestingly, the phase differences ¢,,, and ¢,,
in the new coordinate system show a clear trend:
the values of the phase difference ¢,,, between the
diagonal elements are around 7/2 and 7, and the
phase difference ¢,, between the first element of

6

the diagonal and the off-diagonal element is 7/2
(see figure 4(e)). In figure 4(f), one can observe
that the Raman tensors with only real elements are
diagonal (v/u=0, i.e. all the element exhibit the
same phase), contrarily to the case of the Raman
tensors with complex elements. Therefore, in this new
coordinate system, we can observe that the 18 Raman
modes of the single-layer ReSe, can be grouped
according to the values of the Raman tensor elements:
(i) diagonal elements, which includes the A;, A;S, A;‘,
Aés and A;f modes; (ii) ¢, ~m and ¢, = 7/2 phases,
consisting of the A;, AS,, Ag, A(éo and A;,l modes, and
(iii) Pyw2m/2 and ¢, = /2 phase, including the A!,
Ag, Ag, Ag, Az, Aéz, Agl,7 and Aég modes. Notice that
this analysis is valid for the 2.34 eV laser energy,
since the polarized Raman response can change when
collected using different laser energies (see discus-
sion below). It is noteworthy to mention that no spe-
cific trend for w/u and u/v ratios can be discerned
even in the new coordinate system despite the fact
that its discrepancies are now wiped out. To explain
these results, we need to further understand the phys-
ical origin of the Raman tensor elements near reson-
ances, within the quantum formalism for the Raman
response.

3. Discussion

The results above show that the angular depend-
ence of the polarized Raman spectra of single-layer
ReSe; can only be described considering the complex
nature of the Raman tensor elements, in agreement
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Figure 4. Analysis of the Raman tensor elements. (a) Phase difference between the Raman tensor elements with respect to the
laboratory axes. (b) Ratio of the Raman tensor elements and the first diagonal element in the laboratory axes. (c) Scheme of the
coordinate system (x’, y’) using the Ai] (286.6 cm~!') mode as an example. (d) Angle o between the x-axis of the cartesian
system for (a) and (b) and the b-axis of the ReSe; crystal. (e) Phase difference between the Raman tensor elements with respect to
the principal axes. (f) Ratio of the Raman tensor elements and the first diagonal element in the principal axes.

with previous observations in other low-symmetry
2D systems [9-12, 19-22]. It is well-known that, for
bulk crystals, the birefringence can introduce a relat-
ive phase between the Raman tensor elements [23],
but this effect can be completely neglected in the
case of a single layer material because its thick-
ness is smaller than the wavelength of the incid-
ent light. The origin of the complex nature of the
Raman tensor elements in a single layer material
involves the interactions between photons, electrons

and phonons involved in the Raman scattering
process.

We will analyse our results considering the
quantum formalism of the Raman process, in which
the electron—phonon interaction is explicitly taken
into account. Within this formalism, the dependence
of the component R of the Raman tensor associated
with the k-th mode on the excitation laser energy E;
is given by [36]:

(@) | Hgp|rpe(q )><¢c(é’)\P Ve (@) ©)

vcc’

where V is the crystal volume. We stress that there
are other five scattering processes, but we will only
consider the fully resonant case involving excited elec-
trons. Further theoretical calculation is needed to spe-
cify the contribution of each term in the scattering
process. In equation (6), the sum is over the elec-
tronic branches v, (in the valence band), . and 1),

(in the conduction band) and over all wavevectors g

within the first Brillouin zone. We only need to con-
sider the states |1,(§)), |:(4)) and |¢./(4)) with the
same wavevector ¢ since the optical transitions are
vertical. In the denominator, E.,(§) = E.(§) — E,(4)
and E.,(9) = E./(§) — E,(4) are the energy differ-
ences between the valence and conduction bands at a

(u(@)|P: - Voo (@) (e
ZZ (Er — Eey() — iT) (B — huy, — Eero(q) —

i ier)

given wavevector g, and I'. and I',., are the broadening
factors associated with the lifetime of photo-excited
states [1.(4)) and |9/ (g)), respectively. The numer-
ator shows the product of three matrix elements: the
electron-phonon matrix element (¢, (§)|H, pWJc( q))

and two electron-photon matrix elements, (1/)1,(_' )| B, -
Ve @) and ((@)|P;- V]i6,(@), where B; and
P; are the polarization vectors of the incident and
scattered photons, respectively, along the directions
¢; and ¢, introduced in equation (1).

We now discuss the complex nature of the Raman
tensor in the scope of the quantum formalism (from
equation (6)). Since the electronic functions in non-
magnetic crystals can be arranged to be real by taking
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suitable linear combinations of the Bloch functions
with opposite wavevectors, the considered matrix
elements are real numbers. Therefore, the origin of
the complex nature of Rffj comes from the denomin-
ator of equation (6), related to the damping factors I,
andI',/.

Let us start considering a particular situation in
which only one electronic branch in the valence band
(1,) and one electronic branch in the conduction
band (1).) are involved in the Raman process (¢ = ¢’)
and that the optical transition occurs in only one spe-
cific point 4 within the Brillouin zone. In this very
particular case, where we ignored the two sums in
equation (6), we can obtain the expression of the
phase factor ¢*() of mode k from the real and ima-
ginary parts of the Raman tensor elements Rs that is
given by:

_Ecv(q)) —’W;fh)
(EL - ECV(q))(EL - ECV(_’) - hwgh) ~-TI?

c

(7)

Notice from equation (7) that the phase ¢*() of the
Raman tensor, even in the simplest situation where
we neglected the two sums in equation (6), depends
on different parameters such as the excitation laser
energy Ej, the energy gap E; — E.(g), the damping
constant I'. and the phonon frequency w;fh.

Let us now consider the sum in equation (6) over
all wavevectors 4 within the first Brillouin zone. In
this case, the contribution of a specific process with
wavevector ¢ for the Raman tensor element will be
inversely proportional to the difference E; — E.,(§).
However, we also need to consider the contribution of
the numerator of equation (6), that is, the wavevector
4 dependence of the three matrix elements. For the
two optical transitions, we also need to take into
account the dependence on the polarization direc-
tions ¢; and é;. Previous theoretical works have calcu-
lated the polarization dependence of these two matrix
elements within the dipole approximation, and the
results show a two-lobe shaped contribution for each
one [10, 37]. The fact that the Raman tensor is differ-
ent for each mode is a clear evidence that the depend-
ence of the electron-phonon matrix elements on g
plays a fundamental role to understand the polariz-
ation dependencies of the Raman spectra.

In order to highlight the contributions of
the electron—phonon interactions for the angular
dependence of the Raman results, let us analyse the
A; (193.4cm™') and Aéo (197.5 cm™!) modes shown
in figure 3. If their electron—phonon interactions were
similar, they would also exhibit the same electron—
photon coupling, resulting in the same pattern of
the angular dependence of the Raman response.
However, they exhibit quite a different behavior,
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and their maxima intensities occur at 60° and 4°,
respectively. Thus, our experimental results show
how important is the role of the electron—phonon
interactions to determine the angular dependence
of the Raman spectra in single-layer anisotropic 2D
materials.

The above reasoning relies on the anisotropy of
electron—phonon interactions, which shows up as a
rich phenomenology in the angular dependence of
the Raman spectra in single-layer ReSe;,. To further
verify that such anisotropy is indeed an important
feature in our system, we have performed calcula-
tions of the electron-phonon coupling within the
EPW (Electro-Phonon coupling using Wannier func-
tions)[38]. This scheme applies density-functional
perturbation theory (DFPT) combined with localized
Wannier functions and a generalized Fourier inter-
polation to achieve dense Brillouin zone grids. The
potential changes due to the phonon modes are per-
turbatively determined, and the corresponding mat-
rix elements can be calculated for particular choices of
electronic states. In turn, the normal modes are given
by a previous calculation based on the Quantum
Espresso package implementation [39, 40]. Figure 5
shows typical examples of our results. Each plot cor-
responds to a map of the electron—phonon coupling
as a function of the phonon wavevector g over the
entire Brillouin zone for a chosen normal mode. In
figures 5(a) and (b), we chose the aforementioned Ag
and A;ZO modes, and we considered matrix elements
at the M point between the same electronic states
(the lowest conduction band). Figures 5(c)—(f) show
patterns for A%, Ag, Aég, and Aéo, respectively, calcu-
lated at the T" point, with electronic states limited to
the third lowest conduction band. The overall feature,
clearly seen in figure 5, is the strong dependence on
both the direction of the g vector and the choice of
the normal mode, reflecting the anisotropic charac-
ter of the material. Despite the fact that only g~ 0
phonons are involved in first-order Raman scattering,
the vertical optical transitions occur for all electronic
wavevectors k within the Brillouin zone. Therefore,
the anisotropy of the electron—phonon interactions
has an important role not only in transport phenom-
ena but also in Raman measurements. This result is
not restricted to diagonal matrix elements. Indeed, we
found basically the same features when distinct elec-
tronic states are taken into account in the calculation.
For instance, we also present the electron-phonon
coupling maps for Ag and A;O modes involving the
first and second conduction bands at the M point (see
figure S6).

Our conclusions can also be extended to
explain some results on previous Raman studies
of ReSe, [20, 22]. From the investigation of low-
frequency modes, Lorchat et al observed that the
splitting of the shear modes in bilayers ReSe;, denoted
as ST and S~ in reference [20], present distinct
direction and polarization patterns. The shear modes
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Figure 5. Electron—phonon coupling maps. Calculated electron—phonon couplings for (a) A3 and (b) A;? between the lowest
conduction band electronic states at the M point and for (c)—(f) A%, A;, A;, A;O between the third lowest conduction band
electronic stated at the I" point. The colorbar scale is in units of meV.

are about 1 cm™! apart, thus from our conclusions
the observed differences of these modes can only be
explained considering their unique electron—phonon
interactions. In addition, reference [20] also reported
a strong dependence of the angular Raman intensity
patterns for the 1.96 and 2.33 eV excitation energies,
attributed to a possible symmetry-dependent reson-
ant exciton—phonon interaction. In fact, as shown in
equation (7), the phase of each mode depends on the
excitation laser energy. In the case of low-symmetry
materials, this effect completely changes the results
for the angular-dependence of the polarized spec-
tra, when they are obtained using different excitation
laser lines. Choi et al have extended this observed
dependence for an excitation energy of 2.81 eV [22].
According to our analysis, the different contributions
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for the phase in low-symmetry 2D systems not only
depend on the excitation energy but also on the life-
time of the excited states, leading to distinct electron-
photon polarization dependencies and also to distinct
electron-phonon anisotropies.

4, Conclusion

We studied a single layer of ReSe;, a 2D mater-
ial with the lowest symmetry (triclinic), by angle-
resolved polarized Raman spectroscopy, controlling
both the incident and scattered light polarization,
and using the 2.34 eV excitation laser line. We
showed that it is essential to measure the paral-
lel and crossed-polarized spectra to correctly obtain
the Raman tensor elements from the analysis of the
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angle-resolved measurements. We probed all the pre-
dicted 18 A, vibrational modes and determined the
Raman tensor elements for all of them from the fit-
ting of the angle-resolved data. We observed that
from the tensor elements 13 out of the 18 A; modes
exhibit relative phases, or complex values in the fit-
ting parameters, a result that can be only observed
in low symmetry crystals. We showed that it is pos-
sible to group the Raman modes in three different
classes according to their Raman tensor values, when
they are represented in the principal axes coordin-
ate system. The analysis of the Raman tensor ele-
ments within the quantum description showed that
the phase in low-symmetry 2D systems have differ-
ent contributions, such as the electronic transitions,
the excitation laser energy, the phonon frequency and
the lifetime of the excited state. In order to under-
stand the different behavior of the Raman tensor for
the 18 modes, we showed that the dependence of the
electron-phonon matrix elements on the wavevector
4 play a crucial role. First-principle calculations of the
electron-phonon coupling within the DFPT formal-
ism, combined with a Wannier interpolation scheme,
show that, indeed, for different phonon modes and
wavevector ?, the maxima for the electron-phonon
coupling occur at different points 4 within the Bril-
louin zone, reflecting the anisotropic character of the
2D triclinic single-layer ReSe,. This result explains
why two Raman peaks with very close frequencies can
exhibit very different behavior in the angle-resolved
measurements. The understanding of the physics
underlying the anisotropic properties of the electron—
phonon interactions in a 2D material with lowest 2D
symmetry can be useful to understand the efficiency
of devices affected by electron—phonon interactions,
especially for optoelectronic applications using the
anisotropic properties of crystals.

5. Methods

5.1. Experimental methods

The single-layer samples were obtained by mech-
anical exfoliation of a ReSe, crystals synthesized
through chemical vapor transport [18]. Then, the
exfoliated flakes were deposited onto a Si substrate
with a 300 nm thick SiO, coating and a cover-
slip (glass substrate). The micro-Raman measure-
ments were performed in a HORIBA Jobin Yvon
triple-monochromator spectrometer equipped with
N;-cooled charge-couple device detectors and with
a 1800 g mm~! diffraction grating, giving spectral
resolution better than 1 cm™!. The samples were
excited by an Ar/Kr ion laser with excitation energy
of 2.34 eV (530.8 nm). For the polarized Raman
experiments, the samples were placed on a rotat-
ing stage and a half-wave plate was placed before
the samples to rotate the polarization of the incid-
ent light by 90° with an analyzer placed before
the spectrometer entry in all measurements. All the
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measurements were conducted in the backscattering
geometry under room-temperature conditions. The
samples were focused by a 100x objective (NA =
0.9) providing a spot size of about 2 um in diameter.
The laser power at the sample surface was kept below
0.7 mW in order to avoid sample heating.

5.2. Theoretical methods

To calculate the electron-phonon matrix elements
we employed the EPW [38] formalism via a Wan-
nier interpolation scheme. First, we carried out
DFT and DFPT calculations, as implemented in
the QUANTUM ESPRESSO distribution [39, 40].
The exchange-correlation energy was treated using
PBE scalar-relativistic norm-conserving pseudopo-
tentials [41]. Electronic wave functions are expan-
ded in a plane-wave basis with kinetic energy cutofts
of 85 Ry. The initial unit cell for single-layer ReSe,
was constructed by using atomic positions obtained
by x-ray diffraction experiments [25]. Then, the
positions and lattice vectors were relaxed until the
convergence criteria for the total energy and total
forces minimization were smaller than 1.0 x 10~ Ry
and 1.0 x 10~ Ry/Bohr, respectively. To perform the
EPW calculations, we used a coarse 12 x 12 x 1 k-
mesh and a 4 x 4 x 1 g-point grid for electrons and
phonon integration, respectively. Then, we gener-
ated electron-phonon maps along the Brillouin zone
by fixing a k-point, selecting two conduction band
indexes, a phonon branch, and then sampling the 4-
space considering a finer uniform 60 x 60 x 1 grid.

Data availability

All relevant data are available from the authors upon
request.
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