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Anisotropic Tunability of Vibrational Modes in Black
Phosphorus Under Uniaxial Compressive/Tensile Strain

Hao Li,* Tayfun Kutlu, Félix Carrascoso, Hasan Sahin, Carmen Munuera,
and Andrés Castellanos Gómez*

Strain engineering is a powerful strategy for tuning the optical, electrical,
vibrational properties of 2D nanomaterials. In this work, a four-point bending
apparatus is constructed to apply both compressive and tensile strain on 2D
anisotropic black phosphorus flake. Further polarized Raman spectroscopy is
used to study the vibrational modes of black phosphorus flakes under uniaxial
strain applied along various crystalline orientations. Here, a strong
anisotropic blue/redshift of A1

g, B2g, and A2
g modes is found under

compressive/tensile strain, respectively. Interestingly, mode A1
g exhibits the

maximum/minimum shift while mode B2g and mode A2
g present the

minimum/maximum shift when the strain is applied along armchair/zigzag
direction. Density functional theory calculations are carried out to investigate
the anisotropic strain response mechanism, finding that the strain-induced
regulation of the P─P bond angle, bond length, and especially interlayer
interaction has a giant influence on the Raman shift.

1. Introduction

Strain engineering has proven to be an efficient strategy to tune
the band structure and therefore the electrical, optical, physical,
and vibrational properties of 2D materials,[1–4] thus opening the
door to strain-tunable electronic and optoelectronic devices.[5–11]

Note that 2D materials could sustain remarkable strains, up
to 10−20% in principle,[12,13] offering a wide range of bandgap
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tunability. Additionally, 2D materials
could be strained in various ways,
such as homogenous/inhomogenous
strain,[14–19] uniaxial/biaxial strain,[20–22],

etc. Based on above, various strain
systems were developed in order to
meet the needs of users,[16,21,22] among
them applying uniaxial strain through
the bending of a flexible polymer sub-
strate assisted by a multi-point bend-
ing setup has become a popular and
efficient way to perform strain engi-
neering experiments in 2D materials.

Most of the reported 2D materials-
based strain engineering works are
focused on 2D isotropic materials
(graphene, TMDs, etc.).[23–28] For 2D ma-
terials with a strong in-plane anisotropy,
theoretical studies have verified that the
uniaxial strain is supposed to tune their

properties differently along different crystalline directions pro-
viding an extra degree of freedom for the strain-induced
tunability.[29,30] However, in the case of the experimental study,
applying strain along different crystalline orientations of 2D
anisotropic materials is still a challenge for common multi-points
bending setups, which has restricted the strain engineering’s
development on anisotropic materials. Recent studies based on
anisotropic materials are scarce and focus on the investigation
of the effect of only uniaxial tensile strain.[31–34] In our latest
works, we have developed a homebuilt three-point bending setup
to study the effect of uniaxial tensile strain on the exciton shift of
ZrSe3 and ReS2.[35,36] In those previous works, due to the geom-
etry of the three-point bending setup, we could not apply com-
pressive uniaxial strain that is still a barrier on having a com-
prehensive understanding of the effect of uniaxial strain on 2D
anisotropic materials.

Herein, we have modified our angle-dependent bending setup
to adopt a four-point bending setup geometry that is now com-
patible with both tensile and compressive uniaxial strains applied
along different crystal directions. The four-point bending appa-
ratus offers a new strategy to apply both compressive and ten-
sile strain on the 2D anisotropic black phosphorus (BP), which
shows a giant in-plane anisotropy with two specific crystalline
directions: armchair (AC) and zigzag (ZZ) directions. In this
work, we use polarized Raman spectroscopy to study the effect
of the strain on the vibrational property of black phosphorus.
The Raman peaks corresponding to mode A1

g, mode B2g, and
mode A2

g showed a clear anisotropic blueshift/redshift under
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Figure 1. Setup details for angle-resolved uniaxial straining measure-
ments. a,b) Pictures of a disk-like sample mounted between the pivotal
points under strain of 0%, compression for (a), and tension for (b), re-
spectively. Pictures of the sample upon c) −0.78% of compressive strain
and d) 0.78% of tensile strain. The position of the red marker line on the
edge of the disc-shaped substrate is used as a reference to determine the
rotation angle of the substrate along the experiments, (a) and (b) show an
example where the strain is applied along two orthogonal directions. The
cartoons illustrate the strained states under compression and tension, re-
spectively.

compressive/tensile strain along different directions. Interest-
ingly, we found that when the strain was applied along the arm-
chair direction of black phosphorus, mode A1

g exhibited a max-
imum shift while mode B2g and mode A2

g presented a mini-
mum shift. On the other hand, when strain was applied along the
zigzag direction, the mode A1

g showed a minimum shift while
the shift of mode B2g and mode A2

g reached a maximum, which
was investigated resulting from the strain’s effect on the bond
length and bond angle between phosphorus atoms. Therefore,
uniaxial strain engineering could be studied in a comprehensive
way with our four-point bending apparatus, which also paves a
way to have a better understanding of other 2D anisotropic ma-
terials under strain.

2. Results and Discussion

Herein, once the target black phosphorus flake is found under op-
tical microscope inspection, one can transfer the flake onto the
center of a disk-like polycarbonate (PC) substrate (diameter of
5 cm), which is marked every 20° on the edge, by an all-dry deter-
ministic placement method.[37] Further, the sample is mounted
onto a homebuilt four-point bending setup as Figure S1 (Support-
ing Information) shows. By adjusting the relative height between
the inner and outer cylinders one can apply compressive strain
(Figure 1c) and tensile strain (Figure 1d). For this homebuilt four-
points bending setup, the uniaxial strain 𝜖 could be applied by
displacing two outer cylinders with two inner cylinders fixed and
calculated as:[38,39]

𝜀 = 27Dt
5L2

(1)

Here, D represents the deflection of the substrate, t is the thick-
ness of the PC substrate (250 μm), L is the distance between
the two pivotal points (in this work it is fixed as 36 mm). As
Figure 1c,d shows, the uniaxial strain was applied from −0.78%
(compressive strain) to 0.78% (tensile strain) to study the uniax-
ial strain’s effect on the black phosphorus flake in this work. Af-
terward, we could apply uniaxial strain along various crystalline
orientations of the flake just by manually rotating the sample
in accordance with the marks on the edge for every 20° (see
Figure 1a–d).

After the target black phosphorus flake is transferred on the PC
substrate, the crystalline directions of the flake need to be iden-
tified. Herein, we used polarized Raman spectroscopy to identify
the specific crystalline orientations of the black phosphorus flake.
Figure 2a shows the optical image of the black phosphorus flake
with a thickness of ≈15 nm (see Figure S2, Supporting Informa-
tion). We excite the sample (the white dashed boxed area) with a
Raman laser of 532 nm wavelength linearly polarized along the
horizontal axis and rotate the sample every 20° from 0° to 360°

until we obtain the whole full angle-dependent plot of the Raman
spectra of the black phosphorus flake. As Figure 2b shows, the
spectra contain three characteristic peaks located at 358.5, 437,
and 465.5 cm−1, corresponding to the modes A1

g, B2g, and A2
g,

respectively.[32]

As seen from the spectra, in the first spectrum the Raman peak
corresponding to mode A2

g reaches a maximum and its intensity
drops to a minimum when the sample is rotated by 90°. Here
we introduce a polar plot to have a better observation of the peak
intensity change of three characteristic Raman modes of black
phosphorus flake with fitting lines (Figure 2c). For mode A2

g, one
can observe a clear polarized trend on the intensity change of the
Raman peak, which reaches a maximum at 0°. Besides, as for
mode B2g, a four-loop plot could also be clearly seen. Based on
above, one can identify the z-axis (armchair direction) of the black
phosphorus flake along the horizontal axis in Figure 2a (along the
blue dashed line as Figure 2a shows).

In order to understand the effect of strain on the vibrational
properties of black phosphorus, we further carried out the strain-
tunable polarized Raman test with our homebuilt four-point
bending setup. As Figure 3a shows, strain direction, polarized
light, and the z-axis of the sample are aligned parallel along
the vertical axis initially, then the flake is rotated in a counter-
clockwise direction, meanwhile, the strain direction and polar-
ized light are fixed during the whole test. Afterward, by rotat-
ing the sample from 0° to 360°, we could apply compressive
strains from 0% to −0.78% along different crystalline orienta-
tions. Figure 3b.1–b.3 shows the Raman spectrum shift of mode
A1

g, B2g, and A2
g under a compressive strain from 0% to −0.78%

when the strain is nearly parallel to z-axis of black phosphorus
(167°). A strong and clear blueshift could be observed from mode
A1

g while the peaks shift slightly for mode B2g and mode A2
g.

Interestingly, when one applies the strain nearly-perpendicular
to z-axis of black phosphorus flake (75°), as shown in
Figure 3b.4–3b.6, mode B2g and mode A2

g would exhibit a gi-
ant blueshift while the mode A1

g peak barely moves. Note that
when the polarized light is fully parallel or perpendicular to the
z-axis of black phosphorus, the peak for mode B2g vanishes on
the spectra. Afterward, we present a polar plot to better compare
the polarized dependence of the Raman shift gauge factor under
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Figure 2. Identification of the crystalline orientation of a BP flake by polarized Raman spectroscopy. a) Optical microscopy image of the BP flake. In
the polarization-dependent Raman measurements, the laser is illuminated in the region highlighted with the white dotted square. b) Raman spectra of
the BP flake (unstrained) as a function of sample rotation (counterclockwise direction) angle from −3° to 360° (the sample is manually rotated ≈20°

and corresponding spectra is recorded after each rotation) while incident light is linearly polarized parallel to the horizontal axis. The spectra have been
vertically offset by 120 counts to facilitate the comparison. c) Polar plot of the Raman intensity under A1

g, B2g, and A2
g modes for different angles

between the polarized light and the cleaved edge of the BP flake, indicating the armchair direction along the horizontal direction and the zigzag direction
along the vertical direction.

compressive strain (Figure 3c), which exhibits strong in-plane
anisotropic Raman shift for mode A1

g, B2g, and A2
g in different

ways upon compressive strain. In addition, one can carry out a
polarized Raman test of the black phosphorus flake under tensile
strain by shifting the positions of the inner cylinders and outer
cylinders. In the case of tensile strain, as Figure S3 (Supporting
Information) shows, the Raman peaks show a clear redshift un-
der tensile strain from 0% to 0.78% along z-axis for mode A1

g
(7°, Figure S3b.1–b.3, Supporting Information), while for mode
B2g and mode A2

g, the Raman peaks redshift reaches the maxi-
mum when strain is applied perpendicular to z-axis (88°, Figure
S3b.4–b.6, Supporting Information). Likewise, the polar plot of
the Raman shift gauge factor of black phosphorous flake under
tensile strain has clearly verified the giant anisotropy of the strain-
tunable Raman shift (Figure S3c, Supporting Information).

In order to gain a better and more clear comparison of the
peak shift of various Raman modes of black phosphorus under
both compressive strain and tensile strain, we present the Ra-
man peak position as a function of strain values under different
directions in Figure 4. A linear fit is used to extract the gauge fac-
tor of the Raman peak shift. One could see that under the same
alignment between uniaxial strain and z-axis, the peaks shift sim-
ilarly in value while in the opposite direction, from which one
can deduce that the uniaxial compressive/tensile strain has a
similar effect on black phosphorus along a specific crystalline
orientation.

In addition, Table 1 summarizes gauge factors of A1
g, B2g, and

A2
g Raman modes under tensile/compressive strain applied par-

allel/perpendicular to z-axis, respectively. It could be seen that
the GF of mode A1

g reaches a maximum of −2.08 (GFC)/−2.28
(GFT) cm−1/% when uniaxial strain is applied along z-axis while
faints to −0.25 (GFC)/−0.51 (GFT) cm−1/% when strain is ap-
plied perpendicular to z-axis. Mode B2g shows the strongest re-
sponse to strain, −4.16 (GFC)/−5.99 (GFT) cm−1/% under strain
perpendicular to z-axis and−0.51 (GFC)/−1.41 (GFT) cm−1/% un-
der strain along z-axis. As for mode A2

g, the GF shows a maxi-
mum of −2.88 (GFC)/−2.74 (GFT) cm−1/% when uniaxial strain
is applied perpendicular z-axis, which drops to 0.16 (GFC)/−0.13
(GFT) cm−1/% when strain is applied along to z-axis. On the ba-
sis of the obtained data, the inversed effect of compressive/tensile
strain on black phosphorus could be observed. Note that this in-
versed effect of compressive and tensile strain on the Raman shift
of black phosphorus has been studied in the context of theoret-
ical calculation while first been experimentally verified in our
study.[40]

In order to have a better understanding on the effect of uni-
axial strain on the Raman shift of various vibrational modes in
black phosphorus, related DFT calculations of bulk black phos-
phorus were carried out at the atomic scale. As shown in Figure
S4, the layers that make up the BP crystal have a puckered atomic
arrangement, unlike 2D materials such as graphene, h-BN, and
silicene. This puckered structure emerges thanks to the covalent
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Figure 3. Angle-resolved Raman spectra of BP under different uniaxial compressive strains from 0% to 0.78%. a) Orientation setting in the polarized
Raman test under compressive strain. Polarized light, strain direction, and z-axis of the flake are settled parallelly to the vertical axis initially, the flake is
rotated in counterclockwise direction while the strain direction and the polarized light are fixed during the whole test. (b1, b2, and b3) Raman spectra
comparison under A1

g/B2g/A2
g modes collected when the uniaxial compressive strain direction is almost parallel (𝜃 = 167°) to the z-axis of the BP,

respectively. (b4, b5, and b6) Raman spectra comparison under A1
g/B2g/A2

g modes collected when the uniaxial compressive strain direction is almost
perpendicular (𝜃 = 75°) to the z-axis of the BP, respectively. c) Angular dependence of the BP Raman shift gauge factor (peak shift per % of uniaxial
compression) as a function of the sample rotation angle in polar coordinates.

bonds between the electrons located in the sp3 orbitals formed
by the hybridized phosphorus atoms with the 3s2 3p3 valence
electronic configuration. As presented in Figure S4 (Supporting
Information), P atoms are connected by bonds of 2.21 Å in the
zigzag direction and 2.26 Å in the armchair direction. As a result
of this directional bonding between P atoms, the vibrational, elec-
tronic, and optical response of the BP crystal has an anisotropic
character. In addition, the bonding charge density presented in
Figure S5 (Supporting Information) also shows that the hybrid
orbitals on the P atoms are concentrated outward from the crys-
tal plane. This indicates that strong interplanar bonding occurs
through the electrons in these orbitals. Therefore, it can be ex-
pected that the response of the crystal structure to external strain
will have both in-plane and out-of-plane characteristics, regard-
less of the direction of application of the strain.

Based on above, we further investigated the strain dependency
of 𝜃1 and 𝜃2 bond angles in Figure S4 (Supporting Information).

As presented in Figures S6 and S7 (Supporting Information), ap-
parently, while 𝜃1 has a strong dependence on strains applied
along the ZZ direction, 𝜃2 is more responsive against strains
against AC directions. In addition, ZZ strain-induced modifica-
tions in 𝜃1 also result in slight changes in AC. This shows us that
compressive or tensile strain applied in the ZZ direction also af-
fects the crystal structure in the AC direction (with a reverse ef-
fect). As a result, strain effect can be expected to be seen as oppo-
site to each other in phonons that have vibration in ZZ and AC
directions.

The nature of the interlayer interaction in the BP crystal
is much more complex than in materials such as graphene.
The out-of-plane interaction in graphene, which occurs simply
through electrons in the pz orbitals, has a more complex nature
because of the tilted hybrid orbitals in the BP crystal. Therefore,
there are two more structural parameters that need to be defined
to understand the interlayer interaction, these are dZZ and dAC.
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Figure 4. Raman shift at A1
g/B2g/A2

g modes as a function of the applied uniaxial compressive and tensile strain from 0% to −0.78%/0.78% applied
parallel and perpendicular to z-axis, respectively. A linear fit is used to extract the gauge factor. The shaded area around the dashed lines represents the
uncertainty of the gauge factor extracted from the linear fit.
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Table 1. Summary of gauge factor comparison of A1
g, B2g, and A2

g Raman modes under tensile/compressive strain applied parallel/perpendicular to
z-axis.

BP sample GFC [cm−1/%, compression, 0% to −0.78%] GFT [cm−1/%, tension, 0% to 0.78%]

Parallel to z-axis Perpendicular to z-axis Parallel to z-axis Perpendicular to z-axis

Raman Mode A1
g −2.08 −0.25 −2.28 −0.51

B2g −0.51 −4.16 −1.41 −5.99

A2
g 0.16 −2.88 −0.13 −2.74

As shown in Figure S8 (Supporting Information), a P atom in
a layer has two closest neighbors in the out-of-plane direction.
They are in the ZZ and AC directions. dZZ is shorter and the in-
terlayer interaction in this direction is stronger than the interac-
tion in the AC direction. Our calculations presented in Figure S9
(Supporting Information) also reveal that in-plane strain is able
to tune out-of-plane interaction as well. In addition, AC direction
strain exhibits a higher tunability on the dZZ and dAC compared
with ZZ direction strain, meanwhile, ZZ direction strain exhibits
slight tunability on the dAC.

On the basis of these findings, one can get insight into the
anisotropic strain-tunable Raman shift behind. In order to bet-
ter understand the observed trends one can use a simplified me-
chanical model based on 6 structural parameters: R1, R2, dZZ,
and dAC that represent the P─P distances and 𝜃1 and 𝜃2 that
are two bond angles (Figure S10, Supporting Information).[32]

Basically, the A2
g mode of black phosphorus is orthogonal to

the A1
g mode and B2g mode is totally along the in-plane direc-

tion. When the compressive strain is applied along the ZZ-axis
(perpendicular to z-axis), R1 is compressed and 𝜃1 is shrunken.
This modification of R1 and 𝜃1 leads to a giant blueshift of
B2g and A2

g modes while A1
g is not affected because the vi-

bration of A1
g is along the out-of-plane direction. On the other

hand, when the compressive strain is applied along AC axis
(z-axis), 𝜃2 and dZZ are reduced a lot and R1 is compressed
slightly as well. Normally, one doesn’t expect such a strong de-
pendence between in-plane strain and out-of-plane phonon mode
but, as shown in Figure S9 (Supporting Information), dZZ and
dAC have a linearly increasing trend with increasing in-plane
strain. Therefore, the in-plane strain-induced blueshift in A1

g
phonon mode can be expected. Apart from this, according to
Li’s work, reduced 𝜃2 generates a shear-like motion between two
nearby sublayers.[32] The out-of-plane restoring force between
two sublayers is strengthened while the in-plane force is weak-
ened, leading to the enhancement of A1

g mode and the soft-
ening of A2

g mode. Meanwhile, the slightly compressed R1 en-
hances A2

g and B2g modes. Thus, a blueshift of A1
g and B2g

could be observed, while A2
g does not shift much as a result

of neutralization. As for tensile strain, reversed regulations on
the bond lengths and bond angles could lead to a redshift on
the frequency of optical modes while shows a similar trend nu-
merically. Note that our experimental data obtained under ten-
sile strain are in good agreement with experimental study by
Lau and theoretical study reported by Karki,[32,40] which shows
pretty similar Raman shift trend of mode A1

g, B2g, and A2
g under

tensile strain compared with our study. Nevertheless, in Karki’s
work, mode A1

g shows a giant shift under strain along ZZ direc-
tion, while it barely shifts in our study. This phenomenon might

result from the thickness difference that leads to a difference
on the P─P dZZ and dAC, further affect the interaction between
layers.

Further the reproducibility test was carried out by applying 5
compressive strain cycles on the black phosphorus flake paral-
lel and perpendicular to z-axis, respectively. Figures S11 and S12
(Supporting Information) show the Raman shift of mode A1

g and
A2

g as a function of the applied uniaxial compressive strain from
0% to −0.78%, from which one could observe a perfect repro-
ducibility after 5 strain applying/releasing cycles. Also, Raman
spectra of mode A1

g and mode A2
g acquired under a compressive

strain cycle from 0% to −0.78% to 0% also present an excellent
reproducibility (see Figure S13, Supporting Information), which
is also a strong proof of the outstanding strain applicability of the
homebuilt four-point bending setup.

3. Conclusion

In summary, we developed a four-point bending apparatus that
could offer a route to apply both compressive strain and tensile
strain along different crystal directions to in-plane anisotropic 2D
materials. Polarized Raman spectroscopy was utilized to study
the effect of uniaxial compressive/tensile strain on the vibrational
property of black phosphorus. The Raman peaks correspond-
ing to mode A1

g, mode B2g, and mode A2
g presented a strong

anisotropic blueshift/redshift under compressive/tensile strain
along different directions. Particularly, when the strain was ap-
plied parallel/perpendicular to the z-axis of black phosphorus,
Raman shift of mode A1

g exhibited a maximum/minimum while
mode B2g and mode A2

g reached a minimum/maximum, which
is due to the strain’s effect on the regulation of the bond angle and
length, and interlayer interaction based on DFT calculations. Our
work paves a way to explore the anisotropic strain-resolved electri-
cal, optical, and optoelectrical properties of related 2D anisotropic
materials-based stretchable devices.

4. Experimental Section
Exfoliation of Black Phosphorus Flakes: Commercial bulk black phos-

phorus was bought from HQ Graphene company. Nitto tape (Nitto SPV
224) was adhered to the commercial bulk black phosphorus to peel off the
bulk crystals, then relatively-thinner bulk crystals were obtainted by adher-
ing another Nitto tape on the top of the first Nitto tape sample and repeat-
ing this process for several times. In order to obtain the final few-layered
black phosphorus flakes a piece of Gel-Film (Gel-Pak, WF ×4 6.0 mil) was
adhered on the Nitto tape sample and peeled off gently. Further accurate
identification of the thickness of black phosphorus flakes could be carried
out by Atomic Force Microscopy after transfer.
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Transfer of Black Phosphorus Flakes on Disk-Like Polycarbonate Substrate:
Once the target black phosphorus flake was found, it was transferred on
the center of the disk-like polycarbonate substrate (Modulor) with a thick-
ness of 250 μm by an all-dry deterministic placement method.[35]

Identification of Crystalline Orientation of Black Phosphorus Sample: A
linearly polarized Raman laser of 532 nm was used to excite the samples.
A 50X objective lens was used to focus the laser onto the sample with
a spot size of ≈1.0 μm. Also, the power of incident laser on the sample
was decreased to 0.103 mW to prevent the degradation of the exfoliated
BP under heating. First, the analyzer and polarizer of the Raman system
were adjusted to make sure they were aligned parallel to the horizontal
axis. Second, the substratewith black phosphorus was settled under the
objective (50X) lens, with red marker on the edge parallel to the horizontal
axis. Third, the Raman spectrum of the flake was collected under rotating
angle from 0° to 360° by 20°. Finally, by analyzing the intensity change
of various Raman modes the crystalline direction of the flake (zigzag and
armchair directions) were identified.

Strain-Resolved Raman Spectroscopy: Once the sample was placed on
the four-points bending apparatus, the setup was mounted under the ob-
jective (50X) of the optical microscope that was integrated with a polarized
Raman system for collecting the spectra. The flake was settled in the cen-
ter of two inner pivots under microscope, note that for four-point bend-
ing setup, each point on the area between the inner pivots should sustain
equal strain. The z-axis of the flake , strain direction, and the polarized light
direction was set, parallel to the vertical axis, as the initial position. Further,
the Raman spectrums were acquired under different uniaxial strain levels
from 0% to 0.78% (strain step of 0.156%), which was released to 0% af-
ter the test. Afterward, the sample was rotated by 20° according to the
markers on the substrate edge and the spectrums were collected likewise.
Eventually, one could collect the polarized Raman spectrums by rotating
the sample from 0° to 360° to apply the strain along different crystalline
directions.

Further angular dependence of Raman shift rate was fitted with the for-
mula below:

y = y0 +
((

a ∗ sin (pi ∗ x∕180 + d)2
)

+ c ∗ cos (pi) ∗ cos (pi ∗ x∕180 + d)2
)2

(2)

+ c2 ∗ sin (pi)2 ∗ cos (pi ∗ x∕180 + d)4

Computational Methodology: Theoretical calculations for pristine and
strained BP crystals were carried out in the framework of density func-
tional theory (DFT).[41] The generalized gradient approximation (GGA)
of Perdew–Burke–Ernzerhof (PBE) was used for the exchange-correlation
function.[42] DFT-D2 method was used for the van der Waals (vdW)
correction.[43] The kinetic energy cutoff for plane-wave expansion was set
to 500 eV and the energy was minimized until its variation became 10−8 eV.
For structural relaxation calculations, cut-off of total Hellmann–Feynman
forces was set to to 10−7 eV A−1. 8 × 8 × 1 Γ centered k-point samplings
were used for structural relaxation in primitive cell. To calculate the Raman
activity of phonon modes under uniaxial strain, a rectangular unit cell with
one side parallel to the direction of stretch was considered.
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