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Unusual phase transition mechanism induced by
shear strain in Si2BN planar structures and
comparison with graphene: an ab initio DFT study

Zacharias G. Fthenakis *ab and Madhu Menon*cd

Using ab initio methods we show that by applying shear strain, a

phase transition occurs between the AB and the AA Si2BN planar

sheets. Si–Si bonds stretch and bend towards the strain direction,

causing an internal displacement of the remaining almost

unchanged Si2BN strips. As the shear strain increases, Si–Si bonds

weaken and break, while leading to new Si–Si bond formation and

causing the phase transition. The planar structure is maintained

throughout the application of the strain, with no buckling, a

phenomenon not reported so far in other 2D materials. Performing

the same calculations for graphene we show that its structural

deformations are strikingly different and result in buckling.

Recently, it was found that Si2BN is a stable periodic two-
dimensional (2D) structure, which; (i) although containing Si,
is entirely planar, (ii) it has a honeycomb structure, very similar
to graphene and (iii) it can be stable at temperatures of the
order of 1000 K.1 The structure is composed of alternating Si–Si
and B–N bonds along the armchair chains, as shown in
Fig. 1(a). Depending on the alternating orientation of the B–N
bonds several stable allotropes of the Si2BN structure may be
considered. One of them is shown in Fig. 1(b), which is also
planar, and was found to be slightly more stable than the one of
Fig. 1(a) (see ref. 2). The two structures of Fig. 1(a) and (b) are
the simplest Si2BN allotropes, which are planar and their
combination may produce several other mixed Si2BN allo-
tropes. In the former, the orientation of B–N bonds along an
armchair chain is alternated (B–N and N–B) and the structure
can be considered as having an AB stacking. On the other hand,
in the latter, the orientation of the B–N bonds along an arm-
chair chain is the same and the structure can be considered as

having an AA stacking. More details for the crystalographic
structure of those allotropes can be found in ref. 3 where their
structural optimizations were performed using the density func-
tional theory (DFT) in the generalized gradient approximation
(GGA) with the Perdue–Burke–Ernzerhof (PBE) functional4 using
the SIESTA code.5 Although Si2BN has not been synthesized yet, it
has been extensively studied for several of its properties, includ-
ing its electronic,3 optical,6 thermoelectric7 and mechanical
properties.8 It has been shown to be a promising candidate for
hydrogen storage,9–12 as anode materials for Mg-ion batteries,13,14

as material for gas sensing applications,15,16 as catalyst,17 for its
interactions with DNA/RNA bases for biosensing applications18

etc. These studies attest to the increasing interest of the scientific
community in the properties of the Si2BN structure.

In the present study we use DFT calculations to show that by
applying in-plane shear strain either on the AA or the AB
allotrope, the one allotrope can be transformed into the other.
This is an unusual phase transition mechanism, belonging to a
class of diffusionless (also called displacive) phase transitions,
where due to shear strain, the atoms of the parent crystal
structure are shifted in an organized manner, creating a new
crystalline phase, without any atomic diffusion. These are the
main characteristics of a Martensitic phase transition, which
appears in many cases of three-dimensional materials, but it is

Fig. 1 Si2BN structures with (a) AB and (b) AA stacking. Blue, red, and
green spheres represent Si, B, and N atoms, respectively.

a Istituto Nanoscienze, Consiglio Nazionale delle Ricerche (CNR), 56127 Pisa, Italy.

E-mail: zacharias.fthenakis@nano.cnr.it, fthenak@eie.gr
b National Enterprise for nanoScience and nanoTechnology (NEST), Scuola Normale

Superiore, 56127 Pisa, Italy
c Conn Center for Renewable Energy Research, University of Louisville, Louisville,

KY 40292, USA. E-mail: super250@g.uky.edu
d Department of Physics and Astronomy, University of Kentucky, Lexington, KY

40506, USA

Received 7th November 2024,
Accepted 29th January 2025

DOI: 10.1039/d4cp04258a

rsc.li/pccp

PCCP

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/1

9/
20

26
 4

:4
8:

54
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-2661-5743
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp04258a&domain=pdf&date_stamp=2025-02-04
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04258a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027007


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 3552–3557 |  3553

rarely observed in 2D ones. For instance, the Martensitic phase
transition in 2D materials has been reported in the transforma-
tion between black and blue phosphorene,19 the b-GeSe and
a-SnTe monolayer multiferroics20 and the SnSe monochalco-
genide.21 In the case of Si2BN, that phase transition can be
achieved by overcoming a relatively small energy barrier, which
is also studied, and shown to be due to the stretching and
bending of the relatively weak Si–Si bonds. Under shear strain,
each Si–Si bond is bent and eventually broken with a subse-
quent formation of another Si–Si bond, thus turning the AA
structure into AB and vice versa. The corresponding mechanism
for graphene is also studied for comparison, but no such
behavior is observed. Instead, graphene under shear strain is
found to buckle out of plane. This can be explained due to the
equivalent strength of graphene bonds, which do not allow
some of them to bend, without the bending of the others. This
also explains that the observed phenomenon of phase change
in Si2BN may occur only in systems with bonds with inequi-
valent strengths. Therefore, this is not expected to be observed
in binary 2D systems like the hexagonal BN, but it might be
observed in other ternary 2D systems.

Usually, in the Martensitic phase transitions the atomic
displacements are smaller than the spacing between adjacent
atoms, and their relative arrangement topologically is pre-
served. This, however, is not the case for the presented trans-
formation of Si2BN, since the topology between the two phases
is distinctly different in terms of the kind of atoms participat-
ing in each hexagonal ring containing the Si–Si bonds. More-
over, upon further application of the shear strain, the phase
change will continue to alternate between the two phases. This
phase transition mechanism has not been reported for any
other 2D material.

For the DFT calculations, we use the SIESTA code5 in the
PBE level4 and the same parameters as those described in ref. 8 In
brief, we utilize (i) norm-conserving Troullier–Martins pseudo-
potentials22 in the Kleinman–Bylander factorized form,23 (ii) an
atomic-like double-zeta basis with polarization orbitals for the
wave function expansion in real space, (iii) a 10 � 10 � 1
Monkhorst–Pack24 k-point grid, (iv) a 500 and 300 Ry mesh cutoff
energy for Si2BN and graphene, respectively, for the determination
of charge densities and potentials. Starting from the optimized 32-
atom rectangular unit cells of Si2BN and graphene, which are
reported in ref. 8 we gradually introduce in-plane shear strain, by
modifying the tilting angle f between the lattice vectors a and b,
allowing the length of a and b to vary. In the unstrained structure,
a = (a0, 0, 0) and b = (0, b0, 0), while in the strained ones, a = (a, 0, 0)
and b = b(sinf, cosf,0), with exy = tanf being the shear strain.
The vectors a and b, and the tilt angle f are shown schematically
in Fig. 2(a). Moreover, a 20 Å of vacuum is considered in the z
direction, to simulate an isolated sheet of the structure. Optimiza-
tions are performed for increasing f values with 11 increment and
fixed lattice vector lengths using the conjugate gradient method.
For each fixed f value the structure is fully optimized both for the
atomic positions and the lattice vector lengths. The structure is
considered fully optimized if the maximum atomic force becomes
smaller than 0.005 eV Å�1, and both the in plane stress

components sxx and syy become smaller than 0.01 GPa, assuming
that the thickness of the Si2BN and graphene sheet is 3.34 Å (see
ref. 25), which is the sheets’ separation in graphene.

In Fig. 3 we show the optimized structures under shear
strain of Si2BN for f = 0, 31, 61, 91. . .. Below each snapshot, the
tilting angle f and the corresponding shear strain exy= tanf are
shown. As one can see, shear strain causes a relatively large tilt
in the Si–Si bonds, while the direction of B–N bonds remains
almost intact. This can be seen in Fig. 2(b), which shows the
angle Dfbond = 901 � fbond as a function of f, where fbond is
the angle between the bond direction (B–N or Si–Si) and the
lattice vector a. Indeed, DfB�N is very close to 0, while DfSi�Si

increases with f, taking values well above f. This figure allows
us to consider that Si2BN consists of strips of hexagons contain-
ing the B–N bonds, which are interconnected through the Si–Si
bonds and they slide with each other under shear strain. The
bond lengths between the atoms of those stripes (i.e. the Si–B,
Si–N, and B–N bond lengths) are shown in Fig. 4, where one can
see that those bonds are deformed only slightly. It is worth
noting that two different bonds appear between B and Si and
between N and Si, which are shown in Fig. 4 as Si–N(1) and Si–
N(2), and Si–B(1) and Si–B(2), respectively. From the bond
length values of that figure, one can find that during the
transformation from one phase to the other, the Si–N, Si–B,
and B–N bonds are not shrunk by more than 3.6% and are not
elongated by more than 3.0%.

As shear strain increases, the Si–Si bond tilts are accompa-
nied by a Si–Si bond length increase, causing bond weakening
and finally bond breaking. However, before bond breaking,
each Si atom of the upper strip comes closer to the next Si atom
of the lower strip forming a new Si–Si bond. This can be seen in
Fig. 2(c) and (d), which show the electron density for the
unstrained AA Si2BN structure and the AB Si2BN under shear

Fig. 2 (a) Lattice vectors a and b, and the tilt angle f due to shear strain.
(b) The evolution with tilt angle f of the angles formed between B–N and
Si–Si bonds with a in Si2BN and the angle between the C–C bonds of
graphene with a, which for exy = 0 are normal to a. (c) and (d) Electron
density for the unstrained AA Si2BN and for the AB Si2BN structure under
shear strain for f = 151, respectively.
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strain for f = 151, respectively. In the former, the electrons tend
to be in the middle of the Si–Si bond, indicating covalent
bonding, which however, due to the small charge density in
the area between the Si atoms, is not a very strong bond. In the
latter, the electron density has a small valley between the Si
atoms, indicating that the electrons prefer to be closer to the Si
atoms rather than in the center of the bond and the Si–Si bond
starts breaking. At the same time, however, a new Si–Si bond of
similar strength has started to form between the Si atom of one
strip with the next Si atom of the other strip. Thus, as the shear
strain increases, the former Si–Si bond breaks while the new
one strengthens, replacing the former, and transforms the AB
Si2BN structure into the AA one and vice versa. This bond
weakening is shown in Fig. 3 as an absence of Si–Si bond sticks.

On the other hand, the corresponding snapshots for gra-
phene, which are shown in Fig. 5, reveal a totally different
behavior. In graphene, the strong C–C bonds allow only a small
and uniform bond tilting which is not that large enough to cause

any bond breaking. In particular, the corresponding angle DfC�C

for graphene, which is also shown in Fig. 2(b), almost follows the
line of identity DfC�C = df, indicating that the bending of the
C–C bonds follows the tilt angle. As exy increases, the C–C bond
lengths do not change significantly and the calculations
show that the planar structure may be retained up to exy = 0.36
(or f = 201) (see Fig. 5(a)). For larger exy values the structure
buckles to accommodate the strain, and for exy = 0.466 (or f =
251), buckling brings closer some C atoms, (which in the
unstrained structure would be far apart), which now form bonds
and transform the structure into a totally new one with mixed
sp1/sp2 bonding. This structure is shown in Fig. 5(c). Buckling
however, may occur for even smaller exy values and our results
show that it may start at exy E 0.16 (or f E 101). This result was
obtained by optimizing the buckled graphene structure found for
f = 201, for gradually decreasing f values. According to our
findings, the energy of the buckled structures is smaller than that
of the planar ones for the same exy values, and buckling dis-
appears when f drops down to f = 91. Snapshots of those
buckled graphene structures are shown in Fig. 5(b).

Fig. 6(a) shows the strain energy DE = E � E0,AB per formula
unit for the Si2BN structure with respect to the energy E0,AB of
the unstrained Si2BN structure with AB stacking, while Fig. 6(d)
shows the corresponding one for graphene. Fig. 6(d) shows also
the energy curve of Si2BN for comparison. As one can see in
Fig. 6(a) the energy barrier for the transformation of Si2BN with
AB stacking into the Si2BN structure with AA stacking is 0.54 eV
per formula unit and corresponds to the value exy = 0.22. This
relatively small energy barrier indicates that this transforma-
tion is achievable. Considering that this process is reversible
and the fact that the energy of the optimum Si2BN structure
with AA stacking is smaller than Si2BN structure with AB
stacking by 0.16 eV, the energy barrier for the conversion of
AA into AB Si2BN is 0.70 eV per formula unit. On the other

Fig. 3 Transformation of Si2BN structure with AB stacking into Si2BN structure with AA stacking by applying shear strain. The snapshots represent the
evolution of the optimized structure of AB Si2BN as shear strain increases. Below each snapshot the shear strain exy and the tilting angle between the
lattice vectors a and b are shown. Blue, red, and green spheres represent Si, B, and N atoms, respectively.

Fig. 4 Si–B, Si–N and B–N bond lengths versus shear strain exy.
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hand, the energy curve for graphene takes much higher values
than those for Si2BN. It is worth noting that the energy to break
the Si–Si bonds of Si2BN by applying uniaxial tensile strain
along the direction of Si–Si bonds is of the order of 0.5 eV per
atom.8 Considering that there is one Si–Si bond per Si2BN
formula unit (four atoms), the energy to break a Si–Si bond is
of the order of 2 eV.

Moreover, Fig. 6(b) and (e) show the shear stress sxy for
Si2BN and graphene, respectively, as a function of shear strain

exy. The stress–strain curve for Si2BN is also shown in Fig. 6(e)
for comparison. As one can see, for the conversion of AB Si2BN
into AA, or the opposite, the maximum shear stress that has to
be applied is 11 GPa. Fitting the stress–strain curve to a cubic
polynomial for f in the range �51 r f r 51 we found for
Si2BN, sxy = 119.612exy + 0.600703exy

2 � 960.050exy
3, while for

graphene, sxy = 405.144exy � 0.416954exy
2 � 318.887exy

3. Using
these polynomials, one can find the shear modulus G for Si2BN and
graphene, considering that for small strains G = sxy/exy is equal to

Fig. 5 Snapshots of the optimized graphene structure under in-plane shear strain, (a) when planarity is retained, (b) when buckling occurs. Top and side
views are shown in (b). Below each snapshot the shear strain exy and the tilting angle between the lattice vectors a and b are shown. (c) Top view (top
panel) and side view (bottom panel) of the optimized structure obtained for graphene under in-plane shear strain exy = 0.466, corresponding to a tilting
angle f = 251. The red-colored spheres represent sp1 atoms, while all other atoms are sp2.

Fig. 6 (a) Strain energy per formula unit DE, (b) shear stress sxy and (c) Si–Si interatomic distances versus shear strain exy for the conversion of AB Si2BN
into AA Si2BN. (d) Strain energy per 4-atom unit cell DE, (e) shear stress sxy and (f) C–C interatomic distances versus shear strain exy for graphene.
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the coefficient of the linear term. Thus, for Si2BN, G = 120 GPa and
for graphene G = 405 GPa. This value for graphene is consistent
with the one obtained using the formula G = E/(2(1 +n)), which is
valid for isotropic materials like graphene. In this formula, E is
Young’s modulus, and n the Poisson’s ratio. Considering that E
and n calculated with the same method,8 are E = 964 GPa and n =
0.190, one finds exactly the same value for G (G = E/(2(1 + n)) =
405 GPa).

In turn, Fig. 6(c) and (d) show the evolution of the Si–Si
interatomic distances d1, d2 and d3 for Si2BN, and the C–C
interatomic distances d1 and d2 for graphene as a function of
exy. These interatomic distances are shown in the insets. As
Fig. 6(c) shows, the bond length d1 increases as a function of
exy, while d2 and d3 decrease. For exy = 0.27 (or f E 151) the
three interatomic distances become all equal and take the value
d1 = d2 = d3= 2.58 Å, corresponding to an increase of the Si–Si
bond length of the order of 14%. For increasing exy values, the
new Si–Si bond is formed with bond length d2 (or d3), and the
structure is transformed from AB into AA Si2BN. On the other
hand, Fig. 6(e) shows a totally different behavior for graphene,
as already discussed above. The bond length d1 does not
change significantly versus exy, while the change in the third
neighbor distance d2 is not enough to cause the breaking and
the formation of new C–C bonds.

A useful practical application of the proposed phase transi-
tion would be in the field of micro-mechanical logic devices.
This could be achieved by, say, assigning ‘‘0’’ and ‘‘1’’, respec-
tively, to AA and AB stacking. A key benefit of this is that Si2BN
based systems can be used to store data by means of mechan-
ical applications without requiring electric power. Other appli-
cations may be considered by exploiting the practically infinite
shear ductility of the structure (since the structural features are
retained) either in the AA or AB stacking.

In conclusion, using first-principles calculations, we report
the existence of an unusual phase transition in the novel Si2BN
2D material, transforming Si2BN with AB stacking into Si2BN
with AA stacking and vice versa. This is demonstrated via the
application of in-plane shear strain which, contrary to other 2D
materials, causes no buckling at any stage of the transforma-
tion process.
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