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ABSTRACT

We show, through the use of the Landauer-Biittiker (LB) formalism and a tight-binding (TB) model, that
the transport gap of twinned graphene can be tuned through the application of a uniaxial strain in the
direction normal to the twin band. Remarkably, we find that the transport gap Eg,p bears a square-root
dependence on the control parameter €x — €., where €, is the applied uniaxial strain and €. ~ 19% is
a critical strain. We interpret this dependence as evidence of criticality underlying a continuous phase
transition, with €y — €. playing the role of control parameter and the transport gap Eg, playing the
role of order parameter. For €, < €., the transport gap is non-zero and the material is semiconductor,
whereas for €, > €. the transport gap closes to zero and the material becomes conductor, which evinces
a semiconductor-to-conductor phase transition. The computed critical exponent of 1/2 places the transi-
tion in the meanfield universality class, which enables far-reaching analogies with other systems in the

same class.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Graphene has been widely investigated as a basis for post-
silicon generation nanoelectronics, owing to its outstanding me-
chanical [1] and electronic properties [2]. Material engineering
techniques such as coupling graphene layers to a hexagonal boron
nitride substrate [3,4], introducing doping elements [5], or cut-
ting graphene layers into narrow nanoribbons [6], can induce from
small to medium transport gaps (0.1-0.6 eV) required for nano-
electronic applications. In addition, techniques that combine differ-
ent graphene domains with varying electronic structures can open
higher transport gaps [7]. For instance, asymmetric grain bound-
aries and twin structures can induce transport gaps as large as
1.54 eV [8] and 1.15 eV [9], respectively.

Electronic component manufacturing may require other mate-
rial properties, depending on the application. Piezoelectricity, the
best-known form of electromechanical coupling, is commonly ob-
served in non-centrosymmetric crystals, and graphene does not
naturally exhibit this property. However, breaking the symmetry at
surfaces and interfaces within the graphene lattice can cause other
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forms of electromechanical coupling to appear, i.e., surface piezo-
electricity and flexoelectricity [10]. This idea has theoretically al-
lowed enabling electromechanical properties in graphene through
various techniques, such as functionalization and doping [11,12],
induced curvature [13,14], and by introducing triangular pores in
graphene layers [10] and nanoribbons [15]. Specifically, a triangular
pore causes a non-uniform strain gradient across a graphene layer
under uniaxial strain, which modifies the ionic positions and leads
to an asymmetric redistribution of the electron density, which in-
duces a variation in flexoelectric polarization [16].
Symmetry-breaking configurations under strain can also re-
sult in transport gaps that are tunable in graphene sheets [17,18],
nanoribbons [19], and grain boundaries [20,21], since the applica-
tion of strain modifies the local band structure of the graphene
lattice [22]. Controlling electronic properties by strain would en-
able the use of graphene to fabricate flexible and sensitive pres-
sure sensors [23], transformers, transducers and energy harvesters
[24-26], and other applications. In these applications, the ability of
graphene to sustain large strains up to 25% is of the essence [1].
Twins are known low-energy structures in graphene
[27,28] that combine lattice variants, or phases, in contiguous
regions separated by interfaces, or twin boundaries. The variants
are generated by lattice-preserving shears and rotations that are
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Fig. 1. Fully-relaxed atomic configuration of the (15,8) twin. Also shown are the twin band and outer matrix regions abutting on the twin boundary and the computational
sub-cells (blue and red) used for the band structure analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

18

16 4 :Ukﬁts:g-- ==8= 8= -p= <

C - D"°"-o.._
- -+ (15,8) %N e
w0 ~g==0==8" %-e
g 144 ——(1998)
< 1 ——(19,12)
% 124 ——(1916)
c
% *\A\A\A_A_A_A_ﬁ NN
2 104 ; \-A\A\\ ———
s "
8 _J\CI~EI—D—G—D—E—U—D—D-—D_g_n_a_n§n_
6 T T T T T T T T T T T T
0.00 0.04 0.08 0.12 0.16 0.20 0.24

Fig. 2. Variation of the misorientation angle with applied uniaxial strain in (15,8),
(19,8), (19,12) and (19,16) twins.

coherent across the interfaces and satisfy several specific twin-
ning relations [29]. Graphene twins have been computationally
studied by introducing twinning boundaries in the crystal ab initio
[30,31]. Alternatively, twinned configurations can be generated
by introducing, and subsequently relaxing, arrays of dislocations
in the graphene lattice [32], proving that twinning works as
an accommodation mechanism in graphene and that it results
in stable low-energy configurations. These studies have shown
that graphene twins can induce transport gaps of comparable
magnitude to those induced by grain boundaries.

In this work, we investigate the effects of uniaxial strain on the
electronic properties of twin structures in graphene. We start by
computing the equilibrium configurations employing the molecu-
lar dynamics software LAMMPS [33] and using the AIREBO inter-
atomic potential [34], and subsequently we evaluate their charge-
carrier transmission properties by means of the Landauer-Biittiker
(LB) formalism [35-37] in combination with a tight-binding (TB)
model [38]. By way of verification, we additionally calculate se-
lected band structures of the strained twins using the DFT code

VASP [39,40]. Finally, we calculate the evolution of the polarization
under strain using the DFT code SIESTA [41]. These computational
methods have been extensively tested and used in previous publi-
cations [9,32,42,43].

2. Methods
2.1. Generation of twinning configurations

Following the methodology described in [32], we compute the
twinning configurations in two steps. In the first step, we use a
harmonic lattice model [43], with force constants derived from the
second version of the Long-Range Carbon-Order Potential (LCBOPII)
[44], in order to insert periodic discrete dislocations dipoles in
a pristine graphene lattice. Specifically, the dislocation dipoles
are inserted through lattice-invariant slips [45,46]. In the second
step, the initial harmonic configurations obtained in the first step
are fully relaxed using the LAMMPS code [33] together with the
AIREBO potential [34]. The simulations combine canonical ensem-
ble molecular dynamics (NVT MD) at low temperature (T = 1.0 K)
with a subsequent conjugate-gradient (CG) energy minimization
aimed at obtaining fully-relaxed configurations.

We also use the LAMMPS software and the AIREBO interatomic
potential to apply a uniform uniaxial strain. The twinning config-
urations are progressively deformed up to a final total strain of
€xmax = 0.25, by the application of successive strain increments of
€xgep = 0.01. Each step entails three different calculations: a) uni-
form stretching of the length of the computational cell along the
x-axis to length Ly = Ly(1 + €x), where Ly is the length of the un-
deformed computational cell; b) CG relaxation in the y-dimension
of the cell, so as to account for the Poisson effect; c) NVT MD
at low temperature. Steps (b) and (c) are repeated as needed to
ensure that the deformed twinning structures are in equilibrium.
Out-of-plane displacements are constrained and periodic boundary
conditions are applied throughout all calculations.

2.2. Transport gap calculations

To evaluate the transport gap across the twinning configura-
tions we follow the methodology set forth in [9,42], which is based
on the Landauer-Biittiker (LB) formalism [35-37] in combination
with a transferable tight-binding (TB) model for carbon [38]. The
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Fig. 3. Local areal strain ~ €y + €, distribution for the (15,8) twin at a) €x = 0.17; b) €x = 0.19; and c) €, = 0.23.

LB formalism provides a framework for the calculation of coherent
electronic transport across a device, which is comprised of three
parts. The central part consists of the twinned structures whose
transmission properties are to be evaluated. At both ends of this
central part, two regions of pristine graphene are attached that are
semi-infinite in the x-direction. Further details of this framework
can be found in Supplementary Material 2.

For each configuration, we calculate the transmission coefficient
with respect to electronic energy. From this curve, we obtain the
transport gap of that configuration as the energy range in which
the transmission is ostensibly zero. All calculations are carried out
over a grid of 144 k-points (with n = 0.01), which affords con-
verged results. We have used the tight-binding parameters for car-
bon reported in [38].

2.3. Band structure calculations

The VASP [39,40] code, which employs a plane wave basis set,
is used for the DFT calculations of the band structures. Specifically,
a projector augmented wave potential with the PBE exchange-
correlation functional is used. The partial occupancies are set by
recourse to a Gaussian smearing of 0.05eV. The charge density is
computed over a 30 x 30 Gamma centered grid. In calculations,
we use a range of methods of varying fidelities, with the lower-
fidelity models applied to the larger computational cells and the
high-fidelity models used mainly for validation over small subsys-
tems.

2.4. Polarization calculations

The polarization calculations are carried out using the DFT soft-
ware SIESTA [41], which computes the total polarization as the
sum of the ionic contribution, defined as the sum of the atomic
positions within the unit cell multiplied by their ionic charges, and
the electronic contribution, which is calculated as a Berry phase of
the electronic Bloch wavefunctions [47]. The Berry phase approach
can only be applied at zero temperature and electric field.

These calculations employed the PBE exchangecorrelation func-
tional within the generalized gradient approximation (GGA) [48],
the double-£ plus polarization basis set [49], smooth norm-
conserving pseudopotentials [50], a grid of 80 k-points in the re-
ciprocal space, and a mesh cutoff of 400 Ry.

Due to the multi-valuedness of the polarization, we chose the
values in the interval {—F,;, Py ;}, where P} ; = %eR,- is the polariza-
tion quantum along the i-direction, with A the area of the compu-

tational cell, e the elementary charge and R; the length of the ith
lattice vector.

3. Results and discussion

We consider twinned microstructures such as described in [32],
which are the result of inserting periodic arrays of parallel dislo-
cation dipoles into single graphene layers (see Section 2.1). As an
example, in Fig. 1 we show the dislocation structures attendant to
a (15,8) twin, in the nomenclature of [32]. The twinned microstruc-
ture consists of three nearly-perfect lattices, separated by linear ar-
rays of 7-5 ring defects. The region between the dislocation-dipole
array, or twin band, is rotated by an angle of 16.5° with respect
to the outer regions, or matrix. This rotation takes place sponta-
neously as a result of energy minimization following the introduc-
tion of the dislocation dipoles. The misorientation angle and the
lattice-preserving shear strain of the twin band satisfy the classical
twinning relations that identify the microstructure as a true twin
[29,32].

Twinning structures in graphene can be defined by means of
a pair (n,m), where n is the number of zig-zag bonds undergo-
ing slip in a dipole, a measure of the twinned region width, and
m is the number of armchair bonds between dipoles, a measure of
dipole separation, cf. Fig. 1. In the present work, we focus on twin-
ning structures with n = 15, since they have asymptotically stable
misorientation angles and energies [32], and, in particular, on the
(15,8) configuration, which has the highest transport gap among
this type of twins [9]. The attendant atomic configurations are vi-
sualized in Supplementary Material 1. In addition, we apply a uni-
form uniaxial strain €x to these configurations along the x-axis nor-
mal to the twin band using molecular dynamics and the AIREBO
[34] potential implemented in LAMMPS [33] and the methodology
summarized in Section 2.1. The strain is applied progressively up
to @ maximum of 0.25, or ~ 25%, the experimental failure strain of
graphene [1].

Figure 2 shows the variation of misorientation angle with ap-
plied uniaxial strain. As may be observed, the misorientation angle
decreases smoothly down to a minimum value at approximately
€x = 0.19, beyond which strain the angle increases slightly. The
evolution of the areal strain ~ € + €, is shown in Fig. 3 using the
OVITO software [51]. For applied strains ex < 0.19, the twin band
exhibits the lowest areal strain and the outside matrix is compara-
tively more deformed, cf. Fig. 3a. In addition, the cores of the inter-
facial dislocations appear as points of strain singularity. This strain
ordering flips at an applied strain €x = 0.19, Fig. 3b, and again for
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Fig. 4. a) Dependence of the transport gap on the uniaxial strain for the dislocation
structures (15,8), (19,8), (19,12), (19,16). b) Log-log plot showing the critical expo-
nent of 1/2.

applied strains €x > 0.2, Fig. 3c, which is indicative of exchange
of stability and conformational transitions occurring in the twin
structure at critical applied strains along the deformation path.

Next, we turn attention to the electronic transport gap of the
twinned structure and its dependence on the applied strain. As al-
ready mentioned, we calculate transport gaps by recourse to the
Landauer-Biittiker (LB) formalism [35-37] in combination with a
tight-binding (TB) model [38], as also employed in previous work
[9,32,42,43]. This approach is computationally more efficient than
DFT at comparable accuracy [9,42]. Specifically, we evaluate elec-
tronic transmission in the direction perpendicular to the twin
boundaries, which is also the straining direction. Details of the
computational methodology were collected in Section 2.2.

The variation of the transport gap with applied uniaxial strain
is shown in Fig. 4(a) for the (15,8), (19,8), (19,12) and (19,16) twins.
As previously noted [9], the transport gap decreases with increas-
ing dislocation spacing m. In addition, we find that the applica-
tion of strain causes the transport gap to decrease to nearly zero
at a critical applied strain of €. = 0.19, with the gap remaining
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Fig. 5. Electronic band structure of a representative sub-lattice of the (15,8) twin
band at zero applied strain subject to periodic boundary conditions. Valence (be-
low) and conduction (above) bands are plotted on the first Brillouin zone.

ostensibly constant at larger strains. Remarkably, the dependence
of the transport gap with the control parameter € — €. is well-
approximated by a power-law of exponent 1/2 (Fig. 4(b)), in a
manner strongly reminiscent of critical phenomena. We return to
this possible connection in Section 4.

We additionally evaluate the band structure using VASP code,
as described in Section 2.3. For the (15,8) configuration, we sepa-
rately calculate the momentum-energy relation of charge carriers
for the twin band and for the exterior matrix, since, by the na-
ture of twinning, the lattice is nearly perfect in those regions and
periodic boundary conditions can be applied to sub-lattices repre-
sentative of those regions, cf. Fig. 1. The valence and conduction
bands of the representative twinned region at zero applied strain
are shown in Fig. 5 by way of example. As expected, similarly to
pristine graphene the Dirac cones are connected and no transport
gap opens up.

Across the twin boundaries and for elastic transmission, both
energy E and momentum ky parallel to the interface must be con-
tinuous across the interface [8]. For the (15,8) twin at zero ap-
plied strain, Fig. 6a shows a ky-sections through the minima of the
twinned and matrix regions band structures. As can be seen from
the figure, the Dirac cones are significantly shifted from each other,
resulting in a computed transport gap of value Egap = 1.11 eV for
the entire system. We recall that, near the Fermi level, the charge
carriers in graphene satisfy the relation E(k) = hvg|k|, where vg =
108 m/s is the Fermi velocity. Therefore, the transport gap can be
approximated as Egap = hvp|ke — ko| [20], where k; and k, are the
y-momenta of the Dirac points of the twinned and outer matrix
regions, respectively. For the unstrained (15,8) twin, this relation
gives Egap = 1.31eV, which is slightly higher than, but a good ap-
proximation to, the exact value Egap = 1.11 eV computed directly
for the entire system.

As already noted, under straining the twin band and outer ma-
trix undergo divergent deformation paths punctuated by confor-
mational transitions at well-defined applied strains. This complex
deformation redistribution in turn results in changes in the band
structure. Figure 6b shows ky-sections through the minima of the
twin band and outer matrix band structures for the (15,8)-twin
at applied strain 0.18. This strain causes the Dirac point k; to ap-
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Fig. 6. ky-sections through the minimum values of the electronic band structures of
the twin band (blue) and outer matrix (red) regions of the (15,8) twin at a) €, =0,
with ky = —0.24 for the twin band and ky = 0 for the outer matrix, and b) ¢ =
0.18, with ky = —0.32 for the twin band and ky = —0.15 for the outer matrix. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

proach ko, which remains practically invariant, in turn causing the
transport gap to decrease to the value Egap =0.29 eV, in keeping
with the LT/TB calculations reported above.

Finally, we investigate whether strained twinned graphene ex-
hibits piezoelectricity, a fundamental property pertaining to how
systems respond to an applied electric field. Following [52], we
perform polarization calculations using the DFT software SIESTA,
with the setup described in Section 2.4. We note that the dipole
moments in the y- and z-axis are perfectly balanced and, there-
fore, the polarization vector has only a x-component.

Figure 7 displays the dependence of the polarization on the ap-
plied uniaxial strain for the (15,8)-twin. Firstly, we observe that
the twinned lattice exhibits a spontaneous polarization/cell area of
0.1895 x 10~1° C/m at zero applied strain. This spontaneous polar-
ization results from the breaking of centrosymmetry induced by
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Fig. 7. Dependence of the electric polarization on the applied strain for the (15,8)-
twin.

twinning and the attendant charge redistribution over the lattice.
The polarization/cell area slightly increases with increasing applied
strain, ostensibly saturating at 0.1950 x 10-'© C/m at the critical
applied strain €, = 0.19. We recall that €. is the strain at which
the misorientation angle and transport gap attain their minimum
values.

4. Conclusions

In conclusion, we remark that the transport gap of twinned
graphene can be tuned through the application of a uniaxial strain
in the direction normal to the twin band. MD calculations show
that the variation of transport gap is caused by conformational
changes and transitions induced by the applied strain. Such con-
formational changes are evinced by the variation of the misori-
entation of the twin band and the strain field in the twin band
and the outer matrix. These conformational changes also induce a
modest variation in polarization with applied strain. A relationship
between transport gap and polarization has been observed in 2D
materials [53]. However, it would appear that this relationship is
not cause-and-effect but results from correlated variations in po-
larization and transport gap jointly induced by the atomic recon-
figurations.

Perhaps the most remarkable feature of the tunability of
twinned graphene is the evidence of critical behavior at the
critical applied strain €. = 0.19. This critical behavior is evident
in the square-root dependence of the transport gap on €x — €,
Fig. 4. This dependence is strongly reminiscent of a continuous
phase transition, with €x — €. playing the role of control param-
eter and the transport gap Egyp playing the role of order param-
eter. Specifically, for €x < €., the transport gap is non-zero and
the material is semiconductor, whereas for €x > €, the transport
gap closes and the material becomes conductor. The square-root
dependence of the transport gap on €x — €, may thus be inter-
preted as evidence of criticality underlying a semiconductor-to-
conductor phase transition. The dependence of the polarization on
the control parameter €x — €. also shows signs of critical behav-
ior that is well-approximated by an exponent § =3, Fig. 7. We
recall that the critical exponents 8 = 1/2 and & =3 are predicted
by Landau, or meanfield, theory, assuming a critical dimension of
2. This interpretation in turn places strained twinned graphene in
the meanfield universality class and enables far-reaching analogies
with other systems in the same class, especially systems where
elastic distortion mediates the interaction between local states
[54].
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