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Monolayer gallium selenide (GaSe) is a promising material for nanoscale electronic, spintronic, and
optoelectronic applications. Its electrical conductivity and optical properties were reported to be largely
tuned by strain engineering, where the assessment of the applied strain is crucial. In this work, we apply
first-principles calculations to unveil the strain-induced phonon frequency shifts in monolayer GaSe,
showing its promising application as a strain probe. Furthermore, we find that the uniaxial-, biaxial-,
and shear-strain onset for strain-induced lattice instability are 22%, 16%, and 5%, respectively, indicating
it could be used as a handle in flexible electronics. We find monolayer GaSe to be about 2 times softer than
monolayer MoS; and 4 times softer than monolayer graphene, and that its Raman fingerprint modes can
resolve strain values in the low-strain regime up to 1.0%. These results suggest its use as a strain sensor
in fragile applications. Our results provide insight into the use of Raman and infrared spectroscopies to
probe the strain in monolayer GaSe, which is of paramount importance for further developments in strain
engineering and flexible electronics in GaSe-based devices.
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I. INTRODUCTION

The experimental realization of two-dimensional (2D)
materials [1-3] paved the way for the conception of
flexible nanoelectronic devices [4]. Few-layer group-III
monochalcogenides (MX, where M = GaorInand X =S
or Se) are a promising beyond-graphene materials fam-
ily for nano-optoelectronics [5]. Experiments indicate that
the band gap of gallium selenide (GaSe) can be tuned
by control of the number of layers, from an indirect
gap of approximately 3.4 eV in monolayer GaSe [6—8]
to a direct gap of 2.00-2.11 eV in its bulk counter-
part [7,9—13]. Few-layer and monolayer GaSe display
interesting physical properties for electronic [14], opto-
electronic [6,8,12,15-20], nonlinear-optics [21,22], piezo-
electric [23], and spintronic [24] applications. In particular,
the Mexican-hat-like shape of the highest valence band
of monolayer GaSe [25] results in a van Hove singular-
ity, which is expected to allow strong exchange splitting
in the valence-band maxima [24]. Recent angle-resolved-
photoemission-spectroscopy measurements confirmed this
inverted-sombrero shape [8,26] and the previously pre-
dicted spin-orbit-induced split in the low-lying energy
valence state [25,27], which have important roles in the
high-energy photoresponse of monolayer GaSe [6].

Strain engineering is an important technique to tune
device physical properties, (e.g., optical band gap,
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conductivity of electricity, and conductivity of heat)
[28-30]. In multilayer GaSe, uniaxial strain redshifts its
photoluminescence spectrum by approximately 50 meV up
to 3.0% strain [7], and linearly reduces its resistance by
107 /% up to 20% strain [31]. First-principles calcula-
tions using the hybrid functional of Heyd, Scuseria, and
Ernzerhof (HSE06) show that the band gap in monolayer
GaSe can be linearly tuned in the window of 2.7—1.5 eV
by uniaxial strain (—0.12 eV/%), and in the window of
2.7-0.5 eV by biaxial strain (—0.22 eV/% up to 10% strain)
[7,32-34].

A strain field perturbs the crystal structure and may
induce a frequency shift of the optically active vibra-
tional modes of the crystal. Raman spectroscopy is a
well-established technique to probe nanomaterial struc-
tures by accessing the crystal vibrational modes [35-38].
This technique has been successfully used to monitor strain
in 2D nanomaterials such as monolayer graphene [39—41],
monolayer MoS, [42—45], and phosphorene [46,47]. In
addition, the natural or strain-induced anisotropy in the
Raman response can be used to determine the sample
crystallographic orientation with respect to the applied
strain, as reported for monolayer phosphorene [47], mono-
layer graphene [39,40], and monolayer MoS, [42,43,48].
Infrared (IR) near-field microscopy has been successfully
applied to map residual strain in polar and doped semi-
conductor crystals with nanoscale resolution, and is a
promising technique [49]. To the best of our knowledge,
there is no report on the use of Raman or IR spectroscopy
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to probe the lattice vibrations and their response to strain
in monolayer or few-layer GaSe.

Here we investigate the influence of strain on the
Raman-active and infrared-active vibrational modes of
monolayer GaSe by using first-principles calculations.
Monolayer GaSe can sustain 21% uniaxial strain, 15%
biaxial strain, and 4.0% shear strain, meeting the required
plasticity for use in flexible-electronics applications. We
estimate the 2D Young’s modulus (£%P), Poisson’s ratio,
Griineisen parameters, and shear deformation potentials of
monolayer GaSe. The strain-induced frequency shift of its
Raman fingerprints modes can be used to probe the applied
strain. We find monolayer GaSe to be approximately 2
times softer than monolayer MoS, and approximately 4
times softer than monolayer graphene. These findings sug-
gest that monolayer GaSe could be used as a strain sensor
ideal for fragile applications. Under nonbiaxial strain, the
doubly degenerate vibrational modes split into two modes;
the atomic displacements of one mode are parallel to
the pulling direction and those of the other mode are
perpendicular to it. In the case of the lowest-energy opti-
cally active degenerate modes, the resulting nondegenerate
mode with atomic displacements parallel to the pulling
direction displays a strain-induced frequency blueshift, an
unusual trend neither observed nor predicted to be dis-
played by monolayer MoS, or by monolayer graphene.
This trend is understood by our analysis of the atomic
quadrilayer structure of monolayer GaSe.

This paper is organized as follows. In Sec. II we describe
the theoretical methods. In Sec. III A we discuss the
geometry of monolayer GaSe and its vibrational modes
under zero strain. Section III B 1 concerns the monolayer
mechanical properties and strain-induced geometry defor-
mations. In Sec. IIIB2 we discuss the strain-induced
phonon frequency shifts. Section IV summarizes the main
conclusions on the influence of strain on the lattice dynam-
ics and optically active vibrational modes of monolayer
GaSe.

II. METHODS

We apply density-functional theory (DFT) [50,51] and
density-functional perturbation theory (DFPT) [52,53]
with 2D open-boundary conditions [53] by using the plane-
wave self-consistent-field (PWSCF) and PHONON packages
of the QUANTUM ESPRESSO distribution [54,55]. We use
the Monkhorst-Pack scheme [56] to sample the Brillouin
zone by using 8 x 8 x 1 and 6 x 8 x 1 I'-centered grids
for the primitive-cell and conventional-cell geometries,
respectively. Forces on the atoms and stress on the lat-
tice are lower than 0.01 mRy/bohr and 50 MPa, respec-
tively. We simulate the uniaxial-stress condition along the
zigzag and armchair directions by the optimization of both
atomic positions and the in-plane lattice vector perpen-
dicular to the strain field. The biaxial-stress condition is

simulated by imposing an isotropic deformation, while the
imposed deformation in the case of pure shear stress pre-
serves the in-plane area for small strain values (the strain
components are given by €, = —¢,,). Phonon frequen-
cies, infrared excitations, and Raman scattering are com-
puted with the use of DFPT [53,57-59]. The exchange-
correlation energy is evaluated within the Perdew-Zunger
local-density approximation (LDA) [60]. The valence elec-
tron—ion interaction is described by use of a modified
Bachelet-Hamann-Schulter scheme for norm-conserving
pseudopotentials [61,62]. The plane-wave kinetic energy
cutoff to describe the electronic wave functions (charge
density) is set to 60 Ry (240 Ry). Phonon dispersions
are calculated from the interatomic-force-constant matrix,
obtained from dynamical matrices at phonon wave vectors
in grids of 8 x 8 x 1. The choices of paths in the Bril-
louin zone are based on the material’s space group [63,64].
The names of the space groups are given according to the
conventions in Ref. [65].

II1. RESULTS AND DISCUSSION

A. Unstrained monolayer

Monolayer GaSe belongs to the D;h hexagonal
space group. It can be represented by either primitive
(a = 3.690 A) or conventional [a = 6.391 A % (armchair),
b = 3.690 Ay (zigzag)] cells, shown in Fig. 1(a) by dot-
ted and solid lines, respectively. We highlight in Fig. 1(b)
the Ga—Ga (Ig,_Ga = 2.365 A) and Ga—Se (Igz—se =
2.423 10%) bond lengths and the z component of the latter

(@ <

FIG. 1. Free monolayer GaSe. (a) Top view. (b) Side view.
The Ga—Ga bond length and the Ga—Se bond length and
the z component of the Ga—Se bond along the armchair and
zigzag directions are indicated by lgaga, Ii5, . and z{, o,
and /5, ¢ andzZ o respectively. Primitive and conventional
cells are drawn with dotted and solid lines, respectively. Gallium
(selenium) atoms are represented as big purple (small orange)
balls.
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FIG. 2. Long-wavelength (I') optically active modes under
zero strain. (a)~«f) Atomic displacement pattern and frequen-
cies. Only one of the doubly degenerate E-type modes is shown
(the other is orthogonal to it). (g) Raman and infrared spectra
convoluted by use of Gaussian broadening.

(zGa—se = 1.154 A). By their analysis, we obtain, for
example, the monolayer thickness, # = Ig, Ga + 22Ga—se-

Monolayer GaSe displays nine optically active modes,
shown in Figs. 2(a)-2(f). The 4} and E” modes are pre-
dicted to be the Raman fingerprints, and the latter is also
predicted to be an infrared fingerprint [see Fig. 2(g)]. To
date, the £” and 45 modes have not been reported in stud-
ies using Raman or infrared spectroscopy. The longitudinal
optical (LO) and transverse optical (TO) E’ modes are
degenerate at I [57,66—69], as shown in Fig. 3, in agree-
ment with previous LDA calculations [25]. Our results for
the zone-center vibrational modes are in excellent agree-
ment with recent measurements in encapsulated monolayer
GaSe [13], further validating the use of the LDA. The
frequencies of the low-frequency 4] and E’ modes are
underestimated by 4.4 cm™! (3.3%) and overestimated by
1.5 cm™! (0.7%), respectively, while the high-frequency
A mode is overestimated by 7.7 cm™! (2.5%).

The Raman spectrum of exposed monolayer GaSe
[70,71] differs considerably from the spectrum of
encapsulated samples [13]. On another hand, it is in good
agreement with our results for the non-zone-center £'(LO)

o]
MO 0.1 0.2 0.3
DOS (states/em )

FIG. 3. Lattice vibrational structure under zero strain. (a)
Phonon dispersion. The branches are labeled by their irreducible
representation at I'. (b) Phonon density of states (DOS). The
total contribution and the contribution per atom of gallium and
selenium are indicated by black, violet, and orange, respectively.

and the high-frequency 4] branches near I". Near T', the
calculated frequency of the E'(LO) mode is lower than
the experimental frequency by 3.5-5.5 cm™! (1.3%-2.1%),
and the calculated frequency of the 4| mode exceeds
the experimental frequency by 9.0-9.8 cm™' (3.0%—3.3%)
[70,71] (see Fig. 3 and Table I). Non-zone-center vibra-
tional modes are observed in the presence of defects,
which provide additional scattering processes that allow
momentum conservation [35]. The broad Raman peak
near 250 cm™!, attributed to amorphous selenium, and the
weak signal near 130 cm™! are present in exposed ultra-
thin GaSe [72,73] and resemble the results reported for
exposed monolayer GaSe [70,71]. In Table I we com-
pare the phonon frequencies of the optically active modes
with available experimental values obtained by Raman
spectroscopy and previous LDA calculations.

B. Strained monolayer
1. Geometry deformation

Typical strain-engineering setups for 2D materials use
a two-point or a four-point contact rig to apply uniaxial
stress [40,44] and two three-point contact rigs to apply
biaxial strain [74], these being some experimental strate-
gies to be explored in monolayer GaSe. Under strain,
monolayer GaSe suffers geometry deformations, which are
fundamentally linked to the frequency of its vibrational
modes. In this section, these geometric modifications are
discussed to understand the trends observed in the phonon
frequencies studied in the next section.

Under in-plane biaxial strain (bxy from now on),
the symmetries of monolayer GaSe are preserved. The
stretched geometry in this situation resembles that of the
free material, as presented in Fig. 1. Under uniaxial stress
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TABLE L.
results are from Raman spectroscopy.

Vibrational modes of unstrained monolayer GaSe. Our theoretical results are at I" if not indicated otherwise. Experimental

Mode LDA (cm™) Experiment (cm™')
This work Reference [13]

E" 58.23 55.4

A 129.76 129.8 134.2 [13]

E” 211.80 211.6

E' (TO) 215.99 o 217.0 214.5[13]

E’ (LO) 215.99, 249.25 (T'K), 250.54 (T'M) 217.0 214.5 [13], 254 [70], 256 [71]

Ay 251.37 248.3

A 309.91 (T'K), 310.80 (T'M), 318.02 312.5 301 [70,71], 310.3 [13]

along the armchair, zigzag, and shear-strain directions (or
ac, zz, and sxy, respectively, from now on), strain-induced
symmetry lowering occurs. The monolayer threefold rota-
tion axis along the Z direction and the in-plane twofold
rotation axis are lost. These strained structures, shown
in Fig. 4, possess the symmetry operations of the C;‘;
orthorhombic space group (no. 38). Under uniaxial stress
(ac, zz), the crystal contracts transversely to the pulling
axis by €, = —vey, where v is the Poisson’s ratio, and €
is the pulling strain. The Poisson’s ratio is anisotropic for
ac (v4) and zz (v,) strain (also predicted for monolayer
graphene [75]), with average values up to 1.0% strain equal
to Ve = 0.23 and v,, = 0.29 (see Fig. S1 in Supplemental
Material [76]).

The strained geometry may become unstable due to
phonon instabilities, resulting in structural breaking. The
strain onsets for strain-induced lattice instability are
approximately 16%, 5%, 22%, and 18% under bxy, sxy,
ac, and zz strain, respectively (see Figs. S2 and S3 in Sup-
plemental Material [76]). Recent reports have shown that
GaSe nanosheets sustain up to 5% strain, applied by an

C))

FIG. 4. Strained geometries. (a) ac strain; similar to the sxy-
strain case. (b) zz strain. Primitive and conventional cells are
drawn with dotted and solid lines, respectively. The angle ®
formed by Se—Ga—Se along the zigzag direction is highlighed.

AFM tip [77], and multilayer wrinkled GaSe sustains 20%
uniaxial strain, applied by a contact rig [31].

A general picture of the strain-induced deformations in
monolayer GaSe is obtained by analyzing the deforma-
tions in the monolayer thickness #, bond length /g,—s.,
and bond angle ® (the angle formed by Se—Ga—Se
along the armchair direction; see Fig. 4) up to 1.3% strain,
as shown in Figs. 5(a)-5(c), respectively (see Fig. S4 in
Supplemental Material [76] for the deformations in the
monolayer lGaGa, Z&; e and zg, ). The monolayer
thickness ¢ does not change under sxy strain, while it
shrinks linearly under bxy, ac, and zz strain. These reduc-
tions in ¢ are mainly due to the changes in the atomic
distance zg,—se; the deformation of lg,_Ga can be disre-
garded [see Fig. S4(a) in Supplemental Material [76]].
Under bxy strain, the bond length /g,—s. and the bond
angle ©® increase isotropically. Under ac strain, the bond
lengths [ . and /&, increase and the bond angle
® decreases, resulting in the expected Poisson contrac-
tion. While in the previous cases the overall effect is to
increase both [, ¢ and [ ., under zz strain [, ¢,
decreases, [5;, . increases, and © increases. As a result,
the crystal is reduced along the X direction by —v.,€. Under
sxy strain, the bond length /iy o increases and [/, .
is reduced, similarly to the case under zz strain, and ®
decreases, similarly to the case under ac strain.

We may estimate the stress necessary to strain the mono-
layer in experiments by rescaling the supercell stress o
[78-80] into the equivalent stress o°¥ = o x ¢/t [75],
where ¢ is the supercell height (18 A in our case) and 7 is
the monolayer thickness. Stresses of 2.7, 1.8, 2.2, and 2.1
GPa cause 1.3% bxy, sxy, ac, and zz strain, respectively
[see Fig. S5(a) in Supplemental Material [76]]. These
values, which represent a feasible load, may be consid-
ered upper boundary values, as the LDA overestimates the
cohesion energy and underestimates lattice constants.

The in-plane elastic stiffness in 2D materials (2D
Young’s modulus) is given by E?P = 1/A032E/86§xy [33],
where Ay is the equilibrium in-plane area and E is
the energy under bxy strain (€py,). For monolayer GaSe
we find £%P = 96 N/m [see Fig. S5(b) in Supplemental
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FIG. 5. Structural deformations under bxy (circles), sxy (dia-

monds), ac (rightward-pointing triangles), and zz (upright trian-
gles) strain. (a) Thickness ¢. (b) Ga—Se bond length /g,—se;
open and filled symbols represent If, . and /3, ., respec-
tively. (¢) Se—Ga—Se angle ©.

Material [76]], in good agreement with previous theoreti-
cal reports [23,32,33,81]. This value is 1.87 times smaller
than that for monolayer MoS, and 4.05 times smaller
than that for monolayer graphene. This trend is in agree-
ment with the findings in previous experiments in GaSe
nanosheets [77], monolayer MoS, [82], and monolayer
graphene [83]. These results, summarized in Table II,
indicate that monolayer GaSe is the softest among these
materials. This adds to recent predictions that GaSe is

a better lubricant than MoS, and as good a lubricant as
graphite [84].

2. Phonon frequency shifts

The strain induces perturbation of the crystal struc-
ture and, consequently, the atomic orbital interactions are
affected. This may result in frequency shift of the mate-
rial vibrational modes. For example, it is reasonable to
expect a greater vibrational frequency shift rate under
bxy strain, where greater and isotropic elongation of the
Ga—Se bonds occurs in comparison with ac, zz, and sxy
strain [see Fig. 5(b)]. Also, one expects that the vibrations
of bonds with atomic displacements parallel to the strain
become softer under tensile strain and harder under com-
pression in comparison with the free condition. The aim of
this section is to obtain detailed understanding of phonon
frequency shifts due to specific strain.

The strain-induced phonon frequency shift dw; at the
frequency of the ith nondegenerate vibrational mode ?
due to a bxy strain (ep,,) may be understood in terms of its
Griineisen parameter y; [40,44,85]:

1 a(,()[

-~
Zwi 8€bxy

Vi = )

Under sxy strain (€gy,), dw; may be understood in terms of
its shear deformation potential 8; [40,44,85,86]:

1 860,‘

Za)? O€syy

Bi = 2

The strain evolution of the in-plane doubly degenerate
modes of monolayer GaSe is given by [35,39,40,86—88]

Aa)ijE

w;

1
= —yi€p = Eﬂiem 3)

where €, = €, + €, and €; = €, — €, [here € and ¢,
are strain components along the armchair (¥) and zigzag
(p) directions, respectively].

Under bxy strain, symmetry breaking does not occur,
there is thus no degeneracy lift, and Aw; can be expressed
as

Awi == _2w?yiebxy~ (4)

Under ac, zz, and sxy strain, symmetry breaking is
expected, and the doubly degenerate modes split into two
nondegenerate modes. Under sxy strain, Aw; evolves as

Awli = iw?ﬂiesxya (5)

and under ac and zz strain, Aw; evolves as

Aot = | =y (1 = l )
i =w; |-y V):|:2,31(1+\)) e, (6)
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TABLE II. Two-dimensional Young’s modulus £2P of monolayer GaSe and other 2D materials. Calculated values in this work are
obtained by use of the Perdew-Zunger LDA. Calculated values from others theoretical studies obtained by use of the Perdew-Burke-
Ernzerhof generalized-gradient approximation (GGA) and the Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) are included. The
experimental value for monolayer GaSe is estimated from the reported value for GaSe nanosheets (by use of E3P = E?P /h, where / is
the interlayer spacing in bulk GaSe and E3P is its Young’s modulus).

E?P (N/m)
Experiment GGA LDA HSE06
Monolayer GaSe 66 £ 10 [77] 66 [23], 67 [81], 67 [32], 79 [33] 96 104 [33]
Monolayer MoS, 180 + 60 [82] 160 [44], 165 [33] 180 189 [33]
Monolayer graphene 340 £ 50 [83] 390

where € is the pulling strain and v is the in-plane Poisson’s  In the case of a suspended monolayer, its own v should
ratio. From these, y; and §; are expressed as be used (e.g., Ve Or V., under ac or zz strain, respec-
tively). When a substrate is used to transfer strain to the

+ - + -
Bi = Aw — Aw; Vi = Aw + Aw; 7 monolayer (raising discussions about the effective strain
> . .
(14 v)e 200(1 — v)e transfered [41]), v of the substrate is normally used. Under
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FIG. 6. (a)(f) Phonon frequency shift under bxy strain. Dashed lines are a guide for the eye for the DFT calculations (circles). The
insets show a linear fit (solid line) of the DFT results up to 1.0% strain. At the side of the plots, the phonon’s atomic displacement
patterns are shown and its irreducible representations are indicated.
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FIG. 7. (a)Af) Phonon frequency shift under sxy strain. Dashed lines are a guide for the eye for the DFT calculations (diamonds).

Modes with an atomic displacement pattern parallel to the €,, strain are represented by open symbols and modes with an atomic
displacement pattern perpendicular to the €, strain are represented by filled symbols. The insets show a linear fit (solid line) of the
DFT results up to 1.0% strain. At the side of each plot, the phonon’s atomic displacement patterns are shown and its irreducible
representations before and after (separated by a slash) the deformation are indicated.

bxy or sxy strain, Aw; is independent of the Poisson’s ratio
of both monolayer GaSe and the substrate. This is a spe-
cially important result for monolayer GaSe given that its
band gap is expected to be tunable in the wide range of
2.710 0.5 eV up to 10% bxy strain [7,32—34].

In Figs. 6 and 7 we present the evolution of the opti-
cally active modes under bxy and sxy strain, respectively.
In Fig. 8 we present the evolution of the optically active
modes under uniaxial ac- and zz-stress conditions. In these
figures, dashed lines are a guide for the eye for the DFT
results (symbols). In the inset, solid lines are the linear
fit of these results considering strain values up to 1.0%.
At the right of the plots we give the atomic displacement

pattern of the related vibrational mode. From these results,
we obtain Aw;/€, y;, and §; of the modes presented in
Table III.

In general, the vibrational modes of monolayer GaSe
display strain-induced phonon frequency shifts Aw;/€
lower than or comparable to the reported values for mono-
layer MoS; [43,44], and at least 10 times smaller than the
reported values for monolayer graphene [40,41,89]. These
results are in agreement with our previous discussion on
the mechanical properties of monolayer GaSe, which is
softer than monolayer MoS, and monolayer graphene.

The Griineisen parameters of monolayer GaSe are lower
than or comparable to the reported values for monolayer
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indicated.

MoS; [43,44] and at least 0.5 times lower than the reported
values for monolayer graphene [40,41,89]. As a result, the
monolayer-GaSe Raman fingerprint modes of type 4" and
E’ display strain-induced phonon frequency shifts suffi-
ciently large to be used to probe small strain (e.g., below
1.0% strain), with the exception of the 4 modes when
the monolayer is under sxy strain. As monolayer GaSe is
soft, we suggest its use as a strain sensor ideal for fragile
applications.

The Se—Ga—Ga—Se atomic quadrilayer structure of
monolayer GaSe allows two doubly degenerate phonon
atomic displacement patterns, where the Ga—Se bonds are

rigid and the Ga—=@Ga bond stretches in the xy plane. These
E” modes are the lowest-energy optically active vibra-
tional modes of monolayer GaSe. They display zero Awg»
in the case of small bxy strain [see Fig. 6(a)], which is
reasonable if it is taken into account that the bxy strain
causes an isotropic expansion, and a very small increase of
the bond length /g, . only for large strain values. Zero
Awgr in this case implies zero yg». This result indicates
that these long-wavelength vibrations are not important for
strain monitoring, and also do not contribute to the thermal
lattice expansion in the linear regime [90]. These modes
get harder under a tensile strain parallel to them in addition
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TABLE III.

Phonon frequency shifts (Aw), Griineisen parameter (), and shear deformation potential (8) for the Raman-active and

infrared-active modes of monolayer GaSe under ac, zz, bxy, and sxy strain. The irreducible representation of the mode before (after)
deformation is indicated. Under bxy, strain symmetry breaking does not occur.

Irreducible
representation Aw/e (cm™!/% strain) y B
bxy SXy ac zz bxy ac zz SXy ac zz
E" (4,,B1) 0.000(4) —0.425(4), —0.250(3), +0.269(4), 0.000 0.007 0.006 0.712 0.705 0.711
0.405(2) +0.256(4) —0.265(3)

A} (4y) —1.311(6) —0.049(5) —0.512(7) —0.499(9)  0.505 0.019

E" (4,,B1) —3.882(22)  1.680(23), —0.364(15), —2.656(21), 0.916 0.941 0994 0.853 0.893 0.850
—1.932(23) —2.695(19) —0.337(21)

E'(TO,LO) (B, 4;) —3.606(19)  1.350(21), —0.470(12), —2.336(21), 0.835 0.852 0.902 0.666 0.707 0.682
—1.529(15) —2.354(11) —0.435(16)

A5 (By) —4.900(5) 0.022(4)  —1.865(10) —1.818(18) 0.975 —0.004

A} (4y) —3.452(3) —0.022(5) —1.345(09) —1.310(13) 0.543 0.006

to a compressive strain perpendicular to them [e.g., under
sxy strain; open diamonds in Fig. 7(a)], or under a pulling
strain parallel to them [e.g., under ac strain and zz strain;
open right-pointing triangles and open upright triangles,
respectively, in Fig. 8(a)].

To understand the unusual strain-induced phonon-
frequency shift of the lowest-energy £” mode, we compute
the total energy variation 8E; = E(5r) — E(ry) due to the
displacement of the atoms in the strained geometry by ér,
according to the phonon atomic displacement of the ith
mode from its equilibrium position ry. Under nonbiaxial
strain, the doubly degenerate E” modes splits in two,
one A, mode and one By mode. Under ac strain, the 4,
mode is perpendicular to the strain field and becomes
softer, while the B; mode is parallel to the strain field and
becomes harder [filled and open rightward-pointing trian-
gles, respectively, in Fig. 8(a)]. In this case, r = 0.1 A
results in §Ep, — 6E4, = 0.8 meV, and §r = 0.2 A results
in§Ep, — 6E4, = 3.31 meV. These trends indicate that the
geometry deformation related to the 4, mode in the ac-
strained structure causes lower internal restoring forces in
comparison with the deformation related to the B; mode.
Similar arguments can be applied to the cases under sxy
and zz strains, with the overall effect resulting in the
unconventional strain dependence of these £” modes.

The remaining doubly degenerate modes display the
expected strain dependence, where the atomic vibration
with components (i) along the tensile-strain direction
becomes softer than under zero strain, (ii) perpendicular
to the tensile strain become less soft than under zero strain,
and (iii) along the compressive-strain direction becomes
harder than under zero strain. For example, the £” mode
at 211 cm™! splits into one 4, mode and one B; mode
when the monolayer is under ac and zz strains, as shown
in Fig. 8(c). The frequencies of the atomic vibrations with
displacement patterns parallel or perpendicular to the strain
field are represented by open or filled symbols. Under
ac strain (rightward-pointing triangles), the B vibration

pattern is parallel to the pulling strain and becomes softer
than the 4, mode, which is perpendicular to it. Under
zz strain (upright triangles), the B; vibration pattern is
perpendicular to the strain field and becomes less soft than
the 4, mode, which is now parallel to the strain field.

IV. CONCLUSION

In this work, we use first-principles calculations to
unveil the strain-induced mechanical deformation and
phonon frequency shifts of the Raman-active and infrared-
active vibrational modes in monolayer GaSe. We estimate
important mechanical and thermodynamic parameters,
as its 2D Young’s modulus, Poisson’s ratio, Griineisen
parameters, and shear deformation potentials. We find
that monolayer GaSe is approximately 2 times softer than
monolayer MoS, and approximately 4 times softer the
monolayer graphene. The Raman fingerprint £’ and A4
modes display strain-induced phonon frequency shifts that
may be used to probe applied strain smaller than 1.0%.
These results suggest the use of Raman spectroscopy to
probe the applied strain in monolayer GaSe, and the use
of this material as a strain sensor for fragile applications.
Because of the atomic quadrilayer structure of monolayer
GaSe, its lowest-frequency E” modes display an unusual
strain-induced frequency shift, becoming harder when
their atomic vibration displacement pattern is parallel to
the tensile strain. Furthermore, we find that monolayer
GaSe can sustain uniaxial strain as large as 21%, biaxial
strain as large as 15%, and pure shear strain as large as 4%,
large enough for applications in flexible electronics. Our
results provide insight into the lattice dynamics of strained
monolayer GaSe and the expected trends for the use of
Raman and infrared spectroscopies to probe the applied
strain on it, crucial information for the realization of
flexible electronics and strain-engineering enhancements
in microelectronics based on this beyond-graphene 2D
material.
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