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Edge phonons in layered orthorhombic GeS and GeSe monochalcogenides
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Germanium sulfide (GeS) and germanium selenide (GeSe) are layered orthorhombic crystals whose structure
bears a strong resemblance with that of black phosphorus and, additionally, are expected to exhibit high
piezoelectricity in the few layer domain. In this work, we investigate the Raman properties of exfoliated GeS
and GeSe and show that their edges exhibit unusual polarized Raman features that were first observed in black
phosphorus. The results include the activation in the spectra of otherwise not allowed modes at the edges of the
sample, depending on the crystallographic direction of the edge and the polarization configuration used in the
measurements. These features are attributed to atomic rearrangements at the crystal terminations, as well as their
impact on phonon symmetries, similar to the case of black phosphorus. Our conclusions are further corroborated
by using density functional theory and suggest that edge rearrangements, which will have an impact on the
mechanical, electronic, and chemical properties of devices, is a general phenomenon of orthorhombic layered
structures.
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I. INTRODUCTION

The exfoliation of graphite down to the monolayer thick-
ness [1] has led to a drastic increase in the interest in the
properties of layered materials, such as the hexagonal boron
nitride (h-BN), transition metal dichalcogenides (TMD), and
black phosphorus (BP) [2]. Particularly, BP is a semicon-
ducting layered allotrope of phosphorus with a puckered
orthorhombic structure and has drawn attention due to its
interesting anisotropic physical properties [3–5] and its direct
band gap that is readily tuned with the number of layers
[6–8]. The group-IV monochalcogenide semiconductors GeS,
GeSe, SnS, and SnSe [9] share the same layered puckered
orthorhombic structure as BP. They also belong to point group
D2h, but with eight atoms per unit cell instead of four (space
group Pnma, no. 62). In particular, GeS has a direct band gap
of ∼1.65 eV [10–12] and GeSe has an indirect band gap of
∼1.14 eV [11,13].

Very recently, GeSe crystals were thinned down to a mono-
layer through the use of a laser and a transition from indirect
to direct band gap identified for thicknesses of less than
three layers [14]. While this result will contribute to future
technological applications of monochalcogenides, the produc-
tion of large pristine few-layer crystals is still a challenge.
Moreover, while the anisotropic behavior of bulk crystals
is well reported [15,16] and the impact of dimensionality
reduction on the electronic structure has been theoretically
predicted [9], detailed experimental characterization is still
lacking. Unlike BP crystals, both GeS and GeSe crystals are
stable when left in air, which makes them promising materials

*cjsdematos@mackenzie.br
†mpimenta@fisica.ufmg.br

for the fabrication of a wide variety of devices, such as solar
cells [17], tunnel field effect transistors for ultralow energy
switching applications [18], photocatalysts for water splitting
[19], and piezoelectric devices [20–22].

Along with the properties that arise due to the reduction
of the dimensionality, the edges of layered materials have
proved to be an interesting object of study due to their distinct
magnetic, electronic, and optical properties [23–27], with im-
portant consequences for applications in optical and electronic
devices. It has been recently reported that BP edges present
an anomalous phonon behavior [28]. Using polarized Raman
spectroscopy, modes that in bulk are symmetry forbidden
at certain polarization configurations are observed at zigzag
and/or armchair edges. The presence of such features was
attributed to atom rearrangements at the crystal edges, which
affect the atom displacements associated with vibrations.

In this paper, we report on a polarized Raman spectroscopy
study performed at the edges of exfoliated GeS and GeSe
crystals. The results show the same type of symmetry break
in the selection rules of Raman active modes observed in BP.
Considering the fact that group-IV monochalcogenides and
BP share the same crystal structure, the features observed
here are also assigned to atomic rearrangements at the edges.
Our experimental results are further corroborated by density
functional theory (DFT) calculations showing that atomic
rearrangements indeed take place at the crystal’s edges.

II. METHODS

GeS and GeSe crystals were obtained from HQ graphene
with purity of >99.995%. The bulk crystals were exfoliated
by using the common micromechanical exfoliation method,
using an adhesive tape, and then transferred onto a silicon
substrate with a 100-nm-thick silicon nitride layer (Si/Si3N4).
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FIG. 1. GeS and GeSe crystal structure from (a) top and (b) lat-
eral views. (c) Typical unpolarized Raman spectra of GeS and GeSe,
with the mode symmetries indicated.

This choice of substrate was found to maximize the number
of transferred flakes relative to the traditional silicon oxide
on silicon (Si/SiO2) substrate. This property can be partially
attributed to the difference in the hydrophobic/hydrophilic
character of these two substrates.

Raman measurements were initially performed using a
WITec Alpha 300R confocal Raman microscope coupled with
a RayShield coupler and a grating of 1800 g/mm, which al-
lowed for inspection over the whole spectral range of interest,
from <10 to 300 cm−1. For polarized Raman spectroscopy,
the Rayshield coupler was not used, thus limiting inspection
of the polarized spectra to the 75 to 300 cm−1 range. In this
case, an analyzer was placed before the spectrometer and edge
features were compared with those from bulk by raster scan-
ning the excitation laser beam along lines perpendicular to the
edges while acquiring spectra (line scans). Two-dimensional
hyperspectral Raman images were also acquired near flake
edges. In both cases, the typical step size was 150 nm. All
Raman measurements were performed using a 633 nm laser
line.

For polarized Raman measurements, the incident light
(linear) polarization remained fixed and the analyzer was
adjusted to be either parallel or orthogonal to the incident
polarization. The flakes under study exhibited a rectangular
geometry [29], and their edges were aligned either parallel
or orthogonal to the incident polarization. In addition, as
will be shown, the edges were identified to be along specific
crystallographic axes. Polarized Raman measurements were,
therefore, performed in four different polarization configu-
rations: c(a,a)c̄, c(b,b)c̄, c(a,b)c̄, and c(b,a)c̄, in which a, b,
and c denote the three crystallographic axes (see Fig. 1).
The first (last) index in the configuration names denotes
the propagation direction of the incident (scattered) light,

TABLE I. Raman tensor forms for all Raman-active modes in
GeS and GeSe.

Mode Ag B1g B2g B3g

Tensor

(
a 0 0
0 b 0
0 0 c

) (
0 d 0
d 0 0
0 0 0

) (
0 0 f
0 0 0
f 0 0

) (
0 0 0
0 0 g
0 g 0

)

while the first (second) index between parentheses denotes
the incident (analyzed) polarization. The overbar in the last
index denotes characterization in the backscattering direction.
It was found that GeS and GeSe flakes degraded under laser
powers higher than 10 μW and 30 μW, respectively, when
measurements took place in air with a 100× objective (0.9
numerical aperture). To avoid degradation, all measurements
were performed under a constant nitrogen flow, which allowed
the use of laser powers of 40 μW and 80 μW, respectively for
GeS and GeSe, with no observed degradation.

For materials modeling and simulation, we used ab
initio methods based upon DFT [30,31] as implemented
in SIESTA code [32]. Our parameters for simulations are
300 Ry for energy cutoff, 0.03 eV for energy shift, DZP
basis set, norm-conserved pseudopotentials with Troullier-
Martins parametrization [33], and exchange-correlation func-
tional with nonlocal correction of van der Waals interaction
parametrized by Vydrov–van Voorhis [34]. k points in Bril-
louin zone were sampled with the Monkhorst-Pack method
[35], with 15 × 1 × 6 grid for zigzag edges and 1 × 15 × 6
for armchair edges. All geometries were optimized with forces
smaller than 0.010 eV/Å. Partial charges were calculated with
Bader charge analysis [36].

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the crystal structure for both
GeS and GeSe in the top and lateral views, respectively.
The lattice parameters were reported to be a = 4.29 Å, b =
3.64 Å, and c = 10.42 Å for GeS [37], and a = 4.38 Å, b =
3.82 Å, and c = 10.79 Å for GeSe [38], as obtained by x-
ray diffraction. Notice that, while the lattice parameters are
slightly different for the two crystals, the structure is the
same and hence we use the same scheme to represent both
crystals in Fig. 1. The unitary lattice vectors a and b are
along the armchair and zigzag crystal directions, respectively,
while c is perpendicular to the layer plane. The eight atoms
per unit cell give rise to 24 vibrational modes, 12 of them
being Raman active [39–41]. According to the character table
for the D2h point group and our choice of crystallographic
axes, the expected Raman active mode symmetries are 4Ag,
2B1g, 4B2g, and 2B3g [39–41]. The Raman tensors [42] for
all Raman active modes are given in Table I. Similar to the
case of BP, all Raman tensor components exhibit, in principle,
complex values [5]. Figure 1(c) shows typical unpolarized
Raman spectra for GeS and GeSe flakes (away from edges).

According to the given Raman tensors, the only allowed
modes when the propagation direction of the incident light
is perpendicular to the ab plane are those with Ag and B1g

symmetries. From this property and previously reported mea-
surements [39–41,43], the assignment of each peak is shown
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TABLE II. Mode frequencies and symmetry assignments for all Raman-active modes. The middle column shows modes measured in this
work; the right column shows mode frequencies extracted from the literature [40,44].

Mode frequency (cm−1)

Crystal A1
g A2

g A3
g A4

g B1
1g B2

1g B1
2g B2

2g B3
2g B4

2g B1
3g B2

3g

GeS 49 113 238 269 56 212 76 114 132 242 96 215
GeSe 39 81 175 188 39 150 72 105 203 231 42 159

GeS/GeSe frequency ratio 1.25 1.40 1.36 1.44 1.44 1.41 1.06 1.09 0.65 1.04 2.28 1.35

in Fig. 1(c). The symmetry assignments of the modes are
given in Table II for both GeS and GeSe. For completeness,
Table II also includes the modes that require incident polar-
ization with components on the ac and bc planes. Since these
modes are not visible in Fig. 1(c), frequencies were extracted
from Refs. [40] and [44] for GeS and GeSe, respectively, and
appear in the right column. The last row of Table II shows
the ratio between the GeS and the GeSe frequencies for each
mode. If a simple harmonic oscillator model for the Ge-Se
or Ge-S vibrations is assumed, the resonance frequencies are
expected to inversely scale with the square root of the reduced
masses μGe−S,Se = mGemS,Se/(mGe + mS,Se), where mGe, mS ,
and mSe are the masses of the germanium, sulfur, and selenium
atoms, respectively. In this model, the frequency ratios would
be

√
μGe−Se/μGe−S = 1.30, which approximately matches the

ratios for many of the modes shown in Table II.
Next, we analyze the results obtained via polarized Raman

spectroscopy. Figures 2(a) and 2(b) show optical microscope
images of the measured GeS and GeSe flakes, which had
27 nm and 60 nm of thickness, respectively, as measured by
atomic force microscopy. The bottom curves in Figs. 2(c)–2(f)
show the polarized Raman spectra at the center of the GeS
flake for all measured polarization configurations. Similar
spectra for GeSe are shown in Fig. S1 in the Supplemental
Material [45]. All spectra were normalized by their highest
intensity peak. All peaks are labeled according to the as-
signed mode symmetries. Black labels indicate modes that
are expected in each polarization configuration, blue labels
indicate unexpected modes for that given polarization con-
figuration, while red labels indicate modes that should not
be present in any configuration in which the laser propagates
along the c crystal direction. It can be seen that the spectra
taken at the center of the flakes do not present unexpected
peaks.

The GeS crystallographic orientation was found using the
angular dependence of the polarized Raman spectra taken at
the flake centers. As previously reported [40], while the A2

g
mode is present in the c(a,a)c̄ polarization configuration, it is
completely absent from the c(b,b)c̄ configuration. This can be
observed in the bottom curves of Figs. 2(c) and 2(d), which
show the polarized Raman spectra measured in the c(a,a)c̄
and c(b,b)c̄ configurations, respectively. The orientation for
the GeSe flake was determined by comparing the relative
intensities of the A2

g and A3
g modes with those in previous po-

larized Raman spectroscopy results [43,44]. Moreover, from
the similarities between the crystals, it is reasonable to expect
in GeSe that the b component of the A2

g tensor is smaller
than the a component, as observed in case of GeS, leading
to a smaller A2

g intensity in the c(b,b)c̄ configuration than in

the c(a,a)c̄ configuration. This is indeed observed with our
crystallographic axis assignment, as shown in the polarized
Raman spectra GeSe available in Fig. S1 of the Supplemental
Material [45].

Figures 2(c)–2(f) also show the spectra taken at the arm-
chair and zigzag edges, as indicated in each curve, of the
GeS flake, in the four analyzed polarization configurations.
It is evident that all spectra taken at edges present unexpected

FIG. 2. Optical microscopy images of the measured (a) GeS and
(b) GeSe flakes. The crystallographic axes are indicated in white. The
red squares indicate the regions investigated via hyperspectral Raman
imaging, while the yellow lines are the directions and regions where
line scans were performed. (c)–(f) Polarized Raman spectra obtained
with the indicated polarization configurations at the center (bottom)
of the flake, and at the armchair (middle) and the zigzag (top) edges.
The mode symmetries for each peak are indicated.
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FIG. 3. Raman line scan images obtained with the GeS flake at the (a)–(d) armchair and (e)–(h) zigzag edges, using four different
polarization configurations [from top to bottom c(a,a)c̄, c(b,b)c̄, c(a,b)c̄, and c(b,a)c̄ configurations, respectively]. Yellow dashed lines delimit
the flake edges. The color scale represents the spectral intensities, which were normalized by the highest value in each image. White dashed
lines delimit spectral regions in which the intensity was multiplied by a constant factor (indicated next to the dashed lines) for better
visualization. The mode symmetries for each peak are indicated on top of the figure.

features. For example, as shown in Fig. 2(c), the B2
1g mode,

which should not be present in parallel polarization configura-
tions, appears at the zigzag edge for the c(a,a)c̄ configuration.
Figure 2(d) shows that this mode also appears at the armchair
edge in the c(b,b)c̄ configuration. Moreover, several Ag modes
appear in crossed polarization configurations as shown in
Figs. 2(e) and 2(f). In addition, the B1

3g mode, which should
not appear under laser incidence along the c axis, is clearly
present at the armchair and zigzag edges in the c(b,b)c̄ and
c(a,b)c̄ configurations, as shown respectively in Figs. 2(d) and
2(e).

In order to better visualize the appearance of such un-
expected features, Raman spectra were taken along lines
perpendicular to each edge (line scans), in all polarization
configurations. Figures 3(a)–3(h) show the line scans ob-
tained in the GeS flake along the yellow lines indicated in
Fig. 2(a), while Figs. 4(a)–4(h) show the line scans for the
GeSe flake measured along the yellow lines of Fig. 2(b).

Each image represents the spectrum, where the intensities are
given in color scales, as a function of position. The images
are arranged in columns, each one representing a different
type of edge, and each row represents a different polarization
configuration. In each image, the yellow dashed line marks
the exact edge position. Regions delimited by white dashed
lines are multiplied by the indicated constant factor, for better
visualization.

From Figs. 3 and 4, we observe three sets of anomalous
results. First, some allowed modes have their intensities in-
creased at the edge. For example, both in GeS and GeSe, the
A2

g mode (at 113 cm−1 and 81 cm−1, respectively) is enhanced
at the armchair edge in the c(a,a)c̄ configuration [Figs. 3(a)
and 4(a)]. Likewise, the B2

1g mode in GeS (212 cm−1) is
enhanced at the armchair and zigzag edges in the c(a,b)c̄ and
c(b,a)c̄ configurations [Figs. 3(c), 3(d) 3(g), and 3(h)]. The
second type of feature is the appearance of modes that are
not allowed in the measured polarization configuration, but
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FIG. 4. Raman line scan images obtained with the GeSe flake at the (a)–(d) armchair and (e)–(h) zigzag edges, using the four different
polarization configurations (from top to bottom c(a,a)c̄, c(b,b)c̄, c(a,b)c̄, and c(b,a)c̄ configurations, respectively). Yellow dashed lines delimit
the flake edges. The color scale represents the spectral intensities, which were normalized by the highest value in each image. White dashed
lines delimit spectral regions in which the intensity was multiplied by a factor (indicated next to the dashed lines) for better visualization. The
mode symmetries for each peak are indicated on top of the figure.

which are expected in other configurations with incident light
propagating along the c crystal direction. For example, the
B2

1g mode in GeS and GeSe appears at the zigzag edge in
the c(a,a)c̄ and c(b,b)c̄ configurations [Figs. 3(e) and 3(f) and
4(e) and 4(f)], and the A2

g mode in GeS arises at the armchair
and zigzag edges in the c(a,b)c̄ and c(b,a)c̄ configurations
[Figs. 3(c), 3(d) 3(g), and 3(h)].

The third anomalous result observed in our measurements
is the appearance of modes that should only be present when
the incident light does not propagate in the crystallographic
direction c. This is observed for GeS in Fig. 3(b), in which the
B1

3g mode (at 96 cm−1) clearly appears at the armchair edge
in the c(b,b)c̄ configuration, and in Figs. 3(g) and 3(h) that
show the same mode appearing at the zigzag edge respectively
in the c(a,b)c̄ and c(b,a)c̄ configurations. Note that this result
was observed only for GeS, because in the case of GeSe, the
B1

3g mode (at 42 cm−1) is out of the range used for line scan
measurements. In addition, even using the extended range

setup for acquiring point spectra, this mode is almost degen-
erate with the A1

g mode (at 39 cm−1) and spectral resolution
limitation prevents its clear identification.

In order to verify if these features are present along the
entire edge, hyperspectral Raman images were obtained in
both the GeS and GeSe flakes in the regions indicated by the
red squares in Figs. 2(a) and 2(b). Figures 5(a)–5(d) show the
hyperspectral Raman images of the A2

g, A3
g, B2

1g, and A3
g modes

for the GeS flake in the c(a,a)c̄, c(b,b)c̄, c(b,b)c̄, and c(b,a)c̄
polarization configurations, respectively, while Figs. 5(e) and
5(f) show similar images for the A4

g mode of the GeSe flake
in the c(a,a)c̄ and c(b,b)c̄ polarization configurations, respec-
tively. The intensities in all images are presented in logarithm
scale for better visualization. Additional hyperspectral Raman
images, for other modes and polarization configurations, are
provided in Fig. S2 of the Supplemental Material [45]. Indeed,
in all cases we observe that the features are present along the
whole edges.
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FIG. 5. Hyperspectral Raman images of selected modes and
polarization configurations, taken within the red squares from Fig. 2
for the (a)–(d) GeS and (e)–(f) GeSe flakes. The intensities in all
images are in logarithmic color scales.

A summary of all observed features is presented in
Table III, in which triangles, squares, and diamonds re-
spectively indicate the observation of the three types of
anomalous results discussed above. The appearance of modes
in configurations where they are not expected is connected
to local changes in the crystal symmetry, leading to changes
in the Raman tensors. For instance, Ag modes, for which
the Raman tensors only possess diagonal components, are
expected to be observed only in the parallel polarization
configurations c(a,a)c̄ and c(b,b)c̄. However, three Ag modes
are observed at the edges of GeS and two Ag modes of GeSe
emerge in the c(a,b)c̄ and c(b,a)c̄ configurations, meaning
that the corresponding Raman tensors acquire off-diagonal
components. We stress that these anomalous results have been
previously reported for BP [28,46] and density functional

theory calculations showed that they arise as a consequence
of edge reconstruction, with atomic rearrangements occurring
near the crystal terminations.

Similar results were later observed at the center of BP
flakes by Wang et al. [46], but with lower intensities compared
with the intensity of the modes at edges. These features
were attributed to the presence of a c component in the
light polarization, which arises when the laser is focused by
the microscope objective. Due to the low c component field
amplitude, this effect was only observed when the laser energy
was in resonance with electronic transitions. We stress that
we did not observe any anomalous modes at the center of
the flakes, since we are likely to be away from resonances.
Moreover, considering the objective used in our experiments
(a 100× Zeiss objective with numerical aperture of 0.9) and
the laser wavelength (633 nm), we expect the depth of focus
(DOF) to be around 500 nm (see the Supplemental Material
[45]), which is much larger than the thicknesses of the investi-
gated flakes. Under these conditions, the c field component is
expected to be negligible and we conclude that the anomalous
signal observed is related to crystal edges.

Recently, Guo et al. reported on similar Raman anomalies
at the edges of MoS2, WS2, WSe2, PtS2, and BP [47], which
were attributed to a drastic distortion of the electromagnetic
field, of both the incident and scattered light, produced by the
edges. Such distortions result in the appearance of new electric
field components, which can also lead to the observation of
forbidden modes. While a distorted electromagnetic field can
explain some of our results, some contradictions arise. First,
such a purely optical effect should give rise to the observation
of the same modes in GeS and GeSe, as indeed observed
for all transition metal dichalcogenides investigated by Guo
et al. In contrast, a number of modes that are observed in
GeS were not observed in GeSe, under the same conditions,
as a quick look at Table II can confirm. For instance, the A2

g
mode is observed at both edges in the c(a,b)c̄ and c(b,a)c̄
configurations for GeS, but is not observed in GeSe. Note
that the GeSe crystal we probed is more than twice as thick
as the GeS sample, which would make the electromagnetic
distortion more apparent [47]. Furthermore, some selection
rule contradictions arise when only the electromagnetic distor-
tion picture is considered. For example, for GeS the absence
of the A2

g mode in the c(b,b)c̄ configuration means that the
b component of the Raman tensor shown in Table I is zero.
Therefore, the increase in the A2

g mode in the armchair edge
for the c(a,a)c̄ configuration [Fig. 3(a)] can only arise as a
result of the appearance of a c component in the electric field.
However, this component would also result in the observation
of B2g modes. In contrast, we did not observe B2g modes
in any configuration. These considerations indicate that edge
reconstruction may play an important role to explain the
appearance of forbidden modes, as in the case of BP.

To confirm this, the edge structures were calculated us-
ing ab initio modeling and simulations based on DFT (see
Methods). To investigate the effect of structural relaxation,
we created a periodic system in the direction perpendicular
to the basal plane and in one of the directions parallel to these
basal planes (zigzag or armchair). For simplicity, only the GeS
material was studied in our ab initio simulations. We expect
similar results for GeSe. For taking into account the ambient
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TABLE III. Summary of features observed at the edges of GeS and GeSe flakes. Triangles indicate the enhancement of modes that were
already expected in a given polarization configuration; squares denote the appearance of modes that are unexpected in that polarization
configuration, but that are expected in other configurations with light propagating along the c crystal direction; diamonds indicate the
appearance of modes that should not be present in any configuration with light propagating along the c direction. AC: armchair; ZZ: zigzag.

GeS GeSe

Mode Edge c(a,a)c̄ c(b,b)c̄ c(a,b)c̄ c(b,a)c̄ Mode Edge c(a,a)c̄ c(b,b)c̄ c(a,b)c̄ c(b,a)c̄

A2
g AC � � � � A2

g AC � �
ZZ � � ZZ �

A3
g AC � � � A3

g AC � �
ZZ � � ZZ � �

A4
g AC � � � � A4

g AC � � � �
ZZ � � � ZZ � � �

B2
1g AC � � � B2

1g AC � � � �
ZZ � � � � ZZ � �

B1
3g AC ♦ B1

3g AC
ZZ ♦ ♦ ZZ

conditions in which the GeS/GeSe flakes were measured, we
optimized the geometries of flakes with zigzag and armchair
edges, with and without dangling bond passivation.

Figure 6 shows ball-and-stick representations of the re-
laxed structures. For zigzag edges, seen in Figs. 6(b)–6(d)
and 6(f)–6(h), there were significant changes in edge geome-
tries depending on bond passivation. We investigated three
zigzag edges, with different terminations: S terminations,
Ge terminations, and alternating Ge-S terminations. When
there is no bond passivation, a reconstruction at GeS edges
is formed connecting the layers through covalent bonds as
shown by the shaded gray area in Figs. 6(b)–6(d). This bond
must occur due to the electrical polarity of the GeS: cations
(Ge) interact with anions (S) from the adjacent layer. Partial
charge analysis for Ge-terminated zigzag edges is shown in
Fig. S4 of the Supplemental Material [45]. We observed that

FIG. 6. Ball-and-stick representation of GeS edges. (a)–(d) GeS
with unpassivated dangling bonds. (e)–(h) GeS with H-passivated
dangling bonds. (a) Armchair edges; (b) S-terminated zigzag edges;
(c) Ge-terminated zigzag edges; (d) alternating Ge-S zigzag edges;
(e) H-passivated armchair edges; (f) SH-terminated zigzag edges;
(g) GeH-terminated zigzag edges; (h) GeHSH-terminated zigzag
edges. For (b)–(d), interlayer covalent bonds are shown in the shaded
gray areas. Color scheme: Ge (green), S (yellow), and H (black).

the interlayer interaction induces reconstructions observed
in geometry optimization. When there is H passivation on
dangling bonds, we observed no interlayer covalent bonds but
significant bond elongations along the zigzag direction occur,
as shown in Figs. 6(f)–6(h). For armchair edges, both without
and with H passivation, Figs. 6(a) and 6(e) respectively show
lower, yet noticeable, changes in edge geometry. These edge
reconstructions are believed to cause the observed anomalies
in the Raman spectra, as in the case of BP, and may impact on
the thermal, mechanical, chemical, and electronic properties
of nanodevices based on the investigated monochalcogenides.

IV. CONCLUSIONS

A polarized Raman spectroscopy study was carried out at
the edges of exfoliated flakes of orthorhombic GeS and GeSe
crystals, revealing the emergence of unexpected modes in the
spectra. The flakes exhibit well-defined armchair and zigzag
edges and four different polarization configurations were used
to collect the spectra. The Raman spectra acquired at the
center of the flakes exhibited the symmetry selection rules pre-
dicted by group theory and were used to identify the crystal-
lographic axes. In contrast, the polarized Raman spectra at the
edges revealed three sets of unexpected results: the enhance-
ment of allowed modes at the edges, the appearance of modes
that should only be present in other in-plane polarization
configurations, and the appearance of modes that should not
be present in a backscattering configuration with light propa-
gating along the c direction. The appearance of such features
was previously observed for black phosphorus (BP) crystals,
which possess the same crystal structure as the monochalco-
genides investigated here. The experimental results presented
in this work can be explained as a consequence of atom
rearrangements at the crystal’s edges. This interpretation was
supported by simulations based on DFT, which suggested
that not only an atomic rearrangement takes place, but also
that passivation impacts on the edge geometry. This behavior
appears to be a general trend in layered crystals with the
orthorhombic symmetry and will have an impact on the de-
velopment of nanodevices based on these materials.
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