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The control of friction at the atomic scale is fundamental to optimize the exfoliation of layered materials.
To this aim, we report a density-functional investigation of how intercalated molecules affect the nanoscale
friction of van der Waals transition-metal dichalcogenides. We find that the molecule does not interact with
the electronic density of the layers directly; nonetheless it determines the features of the valence band of
the system. In particular, the valence-band width appears to be a promising parameter to correlate the
electronic properties with the nanofrictional response; it then constitutes a guide for the automatic search
of intercalation molecules suitable for layer exfoliation. The present outcomes also constitute a theoretical
tool for future investigations of the effect that intercalated species have on the nanoscale friction in layered

materials.
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I. INTRODUCTION

The discovery of graphene [1] opened up a new area of
research into low-dimensional materials. Since then, many
inorganic graphene analogs, such as boron nitride, boro-
carbonitrides, metal oxides, metal-organic frameworks,
and transition-metal dichalcogenides (TMDs) [2,3] have
attracted great attention because of their wide appli-
cability in photovoltaic devices, lithium-ion batteries,
hydrogen-evolution catalysis, transistors, photodetectors,
DNA detection, memory devices, and tribological applica-
tions [4—7]. Among the compounds mentioned, we focus
here on TMDs, lamellar structures held together by weak
van der Waals forces.

Like graphene and other van der Waals solids, bulk
TMDs can be exfoliated into single-layer or few-layer
structures by physical or chemical routes, such as the adhe-
sive tape technique [8], solvent-assisted exfoliation [9],
and chemical exfoliation via ion intercalation [10—12].
Exfoliation of these materials into monolayer or few-layer
thin films leads to additional exciting properties due to
confinement effects, which are not seen in the bulk counter-
parts [13—18]. In this respect, great expectations are placed
on finite two-dimensional systems, where transition-metal
dichalcogenides play a fundamental role—the flexible
chemistry and stoichiometry easily open several routes to
engineer heterostructures with diverse functionalities at the
nanoscale.
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The fundamental starting point to build two-dimensional
TMD-based systems is to obtain monolayer or few-layer
TMD films. The crucial aspect involved in harnessing layer
exfoliation is understanding the interlayer environment.
In bulk TMD structures, the weak van der Waals forces
allow relative sliding of adjacent layers and ease layer sep-
aration under external stimulations. Individual layers of
TMDs can be isolated from the bulk parent via mechan-
ical cleavage [19-21], liquid exfoliation [22,23], or ion
intercalation [11,24-26]. Mechanical cleavage produces
single-crystal flakes of high purity and cleanliness that are
suitable for characterization and fabrication of individual
devices. However, this method is not scalable yet, and
does not allow systematic control of flake thickness and
size [27]. A focused laser spot has been used to reduce
MoS; bulk to monolayers by thermal ablation, but the
requirement for laser scanning makes it challenging for
scale-up [28]. On the other hand, liquid-phase exfoliation
of TMDs is very promising. Sonication-assisted exfolia-
tion in solvents [22,23,29,30] results in the production of
single-layer and multilayer nanosheets that are then sta-
bilized by interactions with the solvent and surfactant.
This method has the advantage of being simple despite
it producing high-quality small exfoliated nanosheets, but
one of the main drawbacks is that very little is known
about the stabilization mechanism [31]. Finally, ion inter-
calation has been regarded as an efficient way to reduce
several layered compounds into thin sheets [32,33]; how-
ever, this method is time-consuming, is extremely sensitive
to environmental conditions, and can result in structural
deformations [34], besides the complication represented
by ion removal and the subsequent reaggregation of layers
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[35]. The most-promising method would then seem to be
the intercalation of inert species rather than ionic species
to prevent unwanted interactions.

Computational investigations of exfoliation of layered
materials have focused mainly on interlayer adhesion ener-
gies also in the presence of exfoliation-assisting molecules
[36—40], and very few of them have dealt with TMD com-
pounds [41]. Adhesion is the main force resisting the layer
peeling, and is then one of the main structural responses
to be harnessed to facilitate the exfoliation process. How-
ever, adhesion is inevitably accompanied by the resistance
that adjacent atomic layers develop to prevent the relative
parallel shift, this occurring because the exfoliation is initi-
ated and done by mechanical stress at a tangent to the layer
surface [42—45]: layer sliding and layer separation are the
two main phenomena that must be controlled to obtain a
facile exfoliation of the lamellar structure. Nanotribologi-
cal properties of TMD layers therefore play a fundamental
role in the exfoliation process.

Following the perspective outlined above, in the present
work we focus on how inert molecules change the tribo-
logical properties of TMD layers when intercalated in the
interlayer gap. The presence of the molecule induces an
increase of the interlayer spacing and weakens the van der
Waals interaction and hence the forces binding the lay-
ers together and preventing the layer sliding [44]; as a
consequence, the layer gliding is favored, and the energy
required to separate the layers is reduced. It has been
shown [46] that intercalated water molecules in MoS, con-
siderably hinder the sliding motion of the layer. Moreover,
an enhancement of friction by water intercalation between
graphene and mica by a factor of approximately 3 rela-
tive to dry mica was found [47]; this has been supported
by density-functional-theory calculations that revealed that
the water broadens the spectral range of graphene vibra-
tions, leading to new excitation channels and increasing
the overlap with the atomic vibrations of the mica sub-
strate. We earlier observed that specific phonon modes play
a fundamental role in energy transfer under tribological
conditions in TMD-based materials [48]. In the present
work, by means of quantum-mechanical simulations, we
show that the nanotribological properties correlate with the
modifications induced in the valence band of the pristine
material. Although the molecule does not interact with the
atoms of the TMD layer, we find that the electronic states
of the molecule modify the relative M/X composition of
the occupied states up to the Fermi level [49] together
with the width of the valence band; the latter appears to
be the quantity to control to tune the frictional response at
the nanoscale in the presence of inert intercalated moieties.
Finally, we discuss how the present outcomes could con-
stitute a starting point to develop experimental guidelines
for the selection of inert species to assist the exfoliation
of layered materials, thus boosting the development of
nanoengineered devices with wide applicability.

II. METHODS

A. Computational details

Pristine TMDs are layered structures, with the formula
unit MX,, where M 1is a transition metal and X is a
chalcogen atom; M—X bonds are arranged in a trigonal
prismatic configuration forming layers characterized by
strong covalent character, which provides in-plane stabil-
ity of the periodic structure; the layers are held together
by weak out-of-plane van der Waals interactions, allow-
ing easy relative sliding parallel to the layer planes. We
select the hexagonal P6;/mmc 2H polymorphs [5] with
M being Mo or W and X being S, Se, or Te as reference
structures [50—55]. We also consider the presence of one
CO; molecule or one N, molecule in the interlayer gap of
a2 x 2 x 1 supercell of the pristine geometry. In this way,
we build the model geometries for our simulations, which
we name Z-MX , where M and X specify the kind of cation
and anion forming the MX , layers, respectively, while Z
(N, or CO») specifies the intercalated molecular species;
Z = 0 indicates that no molecule is present in the unit cell
and the structure is the pristine one (Fig. 1).

Our calculations are based on density-functional theory
with projector-augmented-wave formalism for the specifi-
cation of the atom pseudopotentials as implemented in the
ABINIT package [56—59]. After preliminary benchmarks
[60], we choose the Perdew-Burke-Ernzerhof energy func-
tional [61] for the exchange-correlation potential and the
DFT-D3(BJ) van der Waals correction [62] for the rep-
resentation of the long-range interlayer interactions. We
select a cutoff energy for the plane-wave basis set of
700 eV and sample the Brillouin zone by usinga7 x 7 x 5
Monkhorst-Pack division [63]. The solution of the self-
consistent-field equations is considered converged within
an energy tolerance of 107! eV, while the atomic positions

(b)

FIG. 1. Schematic of a Z-MX model geometry; here, Z = N,
as an example. Each M cation coordinates six X anions via
covalent bonds, forming MX; layers; the Z molecule sits in the
interlayer gap and modulates the van der Waals forces binding
the layers together. (a) Lateral view; (b) view along the ¢ axis.
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and lattice parameters are fully relaxed with a tolerance of
5 x 1070 eV/A. We perform several geometric optimiza-
tions that differ in the starting position and orientation of
the molecule. Despite the differences among the starting
geometries, the corresponding final optimized configura-
tions are identical within a tolerance of 10™* A; we then
consider the ground-state geometries obtained to be well
defined and we consider these in the present calculations.
The stable geometries containing the intercalant molecule
are reported in Supplemental Material [64].

We use PHONOPY [65] to diagonalize the dynami-
cal matrix of the stable structures built with the finite-
displacement method [66,67], whereas the force constants
are evaluated on 2 x 2 x 2 and 1 x 1 x 2 supercells of the
pristine and molecule-containing systems, respectively.

B. Sliding and breathing modes

The exfoliation process occurs because of the combined
action of external forces acting along the shear and ver-
tical directions with respect to the layer plane [42—45];
such forces are capable of overcoming the internal forces
that bind the layers together. This can be visualized in
the following way. If an external macroscopic force acts
on the system with a non-null component at a tangent to
the material surface, the atomic layers slide on shearing.
As a response, internal forces opposing the shift develop,
and the relative motion is realized as long as the external
tangent force is active and larger than the internal forces.
The internal forces manifest themselves as friction and are
the result of several factors, such as asperities, disloca-
tions, layer truncations, and defects; if such irregularities
are not present, friction still occurs and is due to only the
interatomic forces arising from the electronic density and
the atomic geometry. In this latter case, we refer to it as
“intrinsic friction” since it is an intrinsic characteristic of
the system [60,68,69], and it is the subject of the present
study.

Relative atomic motions are usually described by a set
of Cartesian vectors, the components of which represent
the atomic displacements. An equivalent description is
obtained by using suitable linear combinations of phonon
eigendisplacements, which are a complete geometric basis
set and therefore provide complete information on the
atomic configuration [70—72]. The phonon eigenvectors
representing relative layer displacemements parallel to the
layer planes are named “sliding modes” [73,74]: they
appear with the largest coefficients in the linear combi-
nation and keep active the layer sliding as long as their
population is above a certain threshold [48,75]. The slid-
ing modes may be visualized as restoring forces that
return the layers to their equilibrium position; in the har-
monic approximation, they are proportional to the square
of the mode frequency. As a consequence, a low frequency
associated with the sliding modes corresponds to a low

restoring frictional force and hence to low intrinsic friction
and facile sliding.

In addition to parallel sliding, other kinds of displace-
ments are significant during the exfoliation process. The
lateral displacement of the layers generates an excessive
overlap of the atomic electronic densities in the interlayer
gap; as a consequence, a repulsive force arises due to
Coulombic interaction and the Pauli exclusion principle.
As the effect of the external force is to drag the layers
along directions parallel to the MX;, planes, such repulsive
force results into an increased separation of the layers; if
this movement were not allowed, then the repulsive force
would push the layers laterally back, thus increasing the
sliding energy barrier. This means that if the forces tying
the layers together are weak, then it is easier to sepa-
rate them, and the sliding is promoted. These forces arise
mainly from the van der Waals interactions and mani-
fest themselves as the breathing phonon modes; they may
be regarded as the harmonic representation of adhesion
forces. Analogously to the sliding modes, a low breath-
ing frequency then corresponds to an easy variation of
the interlayer distance and hence to low adhesion and
facilitated sliding.

Both sliding and breathing modes are then active when-
ever two subsequent layers are laterally displaced to be
separated; if the separation occurs because of only ver-
tical forces, then solely the breathing modes are active
and hinder the exfoliation. The control of both sliding
and breathing frequencies is then desirable to optimize the
exfoliation process. To this aim, we focus on the frequen-
cies of both the sliding modes and the breathing modes. To
reduce the number of parameters and facilitate the anal-
ysis, we consider the mean sliding frequency wg , which
reads

1 N
w=ﬁ;@, (1)

where w; is the frequency of the jth sliding mode and N
is the total number of sliding modes considered; the mean
breathing frequency wy, is defined in an analogous way. In
practice, the distinction between breathing modes and slid-
ing modes is done by considering reference vectors parallel
and perpendicular to the layer surface. The modes with
large scalar projections along the parallel or perpendicular
reference vectors are labeled as sliding modes and breath-
ing modes, respectively. This characterization criterion has
already been used for the mode decomposition of sliding
trajectories [75].

ITI. RESULTS AND DISCUSSION

We begin our analysis by considering the features of the
unit cell. As soon as a molecule is inserted into the inter-
layer region, the symmetries of the pristine structure are
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reduced to those of the P1 crystallographic space group.
For fixed M and X atomic species, lattice parameters a
and b are not affected by the kind of molecule, while
the main variation is observed for the ¢ crystallographic
axis, which accounts for the volume increase (Fig. 2); no
significant difference is found instead for the cases with
the two different molecules. In general, the presence of a
molecule induces a lowering of wg and wy,, with respect
to the pristine case (Z = 0), irrespective of the chemical
composition of the layers; this is expected, because the
presence of the molecule increases the separation between
the layers and screens the interaction between them, mak-
ing the sliding (friction) and breathing (adhesion) restoring
forces weaker. However, although the steric hindrance of
the CO, molecule is larger than that of N, molecule, the
effect on the mean sliding and breathing frequencies is a
peculiarity of the system (Fig. 3): while the mean slid-
ing frequency decreases in the sequence 0 > N; > CO;,
the mean breathing frequency increases in the Z-MoS,
Z-MoSe, and Z-WTe systems when Z changes from N,
to CO,. A comparison between Figs. 2 and 3 shows that
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FIG. 2. (a)Ac) Length of the lattice vectors and (d) volume
of the unit cell of the systems considered for different molecular
moieties in the interlayer gap. The legend is common to all plots.
For a fixed Z, the values relative to systems with the same X
anion are very close and the corresponding data points almost
overlap in all the plots.
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FIG. 3. Average frequency of (a) sliding modes and (b) breath-
ing modes for the molecular moieties considered. The legend is
common to both plots.

there is no direct relation between the cell volume and
the frequency shift; wg and wy, increase or decrease with
the volume according to the specific chemical compo-
sition (Fig. 4). The frequency shift is not then a mere
result of the change in the geometry of the system but
arises from the subtle interplay between the electronic fea-
tures and the dynamic features. The phonon frequencies
are obtained from the diagonalization of the dynamical
matrix, which, in turn, is the normalized Fourier transform
of the interatomic force constants [70,71]; these depend
on the atomic types forming the system and determining
the electronic environment in which they are embedded.
Any change induced in the electronic distribution of the
pristine material is therefore reflected in a change of the
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FIG. 4. Average frequency of (a) sliding modes and (b) breath-
ing modes as a function of the unit-cell volume. Volumes in the
left part of the plots correspond to the 0-MX systems. The legend
is common to both plots.
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FIG. 5. Density of states of the (a) 0-MoS, (b) N,-MoS, and (c)

CO,-MoS systems. The DOS are normalized by a factor chosen
to optimize the visualization. In each plot, the Fermi level is set
to 0 eV and is marked by a vertical dashed line, while the blue
arrow indicates the position of the bottom of the valence band,
with the corresponding value reported immediately above. The
legends are common to the different plots as appropriate.

atomic interactions and the corresponding phonon frequen-
cies. For this reason, we continue our analysis by focusing
on the electronic density of states (DOS).

A typical profile of Z-MX electronic DOS is reported
in Fig. 5, where we show the case of the Z-MoS systems.

(a) (b)

=

FIG. 6.

The valence band of the pristine material covers the energy
range from —6.92 to 0 eV [Fig. 5(a)]; once a molecule is
inserted into the interlayer gap, the width of the valence
band is narrowed by an amount that depends on the kind
of molecule [Figs. 5(b) and 5(c)]. The atom-projected DOS
reveals that the molecule contributes with its own states
to the valence band; however, no hybridization occurs
between the atomiclike wave functions centered at the
molecule and those centered at each surrounding X anion.
This behavior is expected because N, and CO, are inert
gases and any non-null wave-function overlap would indi-
cate an interaction between the molecule and the layers.
This is apparent from the analysis of the partial electronic
density generated by our considering the energy bands rel-
ative to the range that includes the Z states in the valence
band (Fig. 6): the partial electronic distribution is local-
ized on the molecule and around the cation within the
layer, while no density shared between the layers and the
molecule is found. The effect of the orbitals of the molecule
is then to change the width of the valence band by con-
tributing to the wave function of the whole system without
interacting with the orbitals of MX, layer, but yet deter-
mining the relative position of the latter within the valence
band. By comparing Figs. 2 and 7(a), we see that the
valence-band width does not correlate with the length of
the lattice vectors nor with the system volume; interest-
ingly, the width decreases in the sequence 0 > N, > CO,
irrespective of the chemical composition of the layers.
Such behavior is similar to that found for the sliding and
breathing frequencies (Fig. 3); wy and wy, seem to correlate
with the width of the valence band [Figs. 7(b) and 7(c)]. In
general, we observe that an increase of the valence-band
width favors higher sliding and breathing frequencies; this

Isosurface (blue) and plane projection of the partial charge density in (a) N>-MoS and (b) CO,-MoS obtained by our selecting

the electronic bands in the range [—6.5, —6.0] U [—5.0, —4.5] and [—4.0, —3.2] eV, respectively, each including the corresponding
Z states (see Fig. 5). No significant charge is found in the region between the molecule and the sulfur atoms, this showing that
no hybridization occurs between the S-centered and molecule-centered atomic orbitals. The red-green-blue color gradient indicates

decreasing charge density.
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FIG. 7. (a) Width of the valence band as a function of the inter-

calated moiety. Average frequency of (b) sliding modes and (c)
breathing modes as a function of the width of the valence band.
The legend is common to all plots.

suggests that it is beneficial to narrow the valence band
to reduce the lateral friction and the layer adhesion and
hence to promote the layer exfoliation. In passing, we
note that the variation range of the valence-band width
depends on the specific atomic type forming the layers;
for practical applications, it can be pre-evaluated in high-
throughput calculations before the experimental validation
of the selected exfoliation-assisting species. As shown
above, although the orbitals of molecule are involved in
the formation of the valence band, they do not inter-
act with the atomlike orbitals pertaining to the M and
X ions; however, the modification of the width of the
valence band affects the relative position of the M and X
orbitals. This has the effect of modulating the overlap of
the M and X atom-projected wave functions generating
the interatomic charge density and hence of determining
the covalent character of the M—X bond. To quantify
this effect, we calculate the covalency Cys x of the M—X
bonds in terms of the M and X atomic contributions to
the DOS in the valence band. The mathematical formula-
tion of Cys x can be found, for example, in Ref. [76]; the
integrals appearing in the formulation are evaluated in the
range [—w, 0], where w is the width of the valence band
reported in Fig. 7. No clear behavior is found for Cy, x as
a function of Z [Fig. 8(a)]. While, for instance, a change
of the Z species induces a variation of the covalency in the
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FIG. 8. (a) M—X bond covalency as a function of the molec-
ular moiety. (b),(c) The average frequencies of the sliding modes
and the breathing modes do not seem to correlate with the bond
covalency as they increase or decrease with Cy, x in a different
way for different chemical compositions. The legend is common
to all plots.

Z-WS and Z-WSe systems, no significant change occurs
for the remaining systems. Correspondingly, no correlation
is found between wg or wy, and Cyy x [Figs. 8(b) and 8(c)],
as the mean frequencies increase or decrease according
to the atomic types forming the system. Incidentally, the
ordering of the covalent character for Z = 0 is consistent
with what we reported in Ref. [73], where different a van
der Waals correction, energy cutoff and k-mesh sampling
were used. To investigate the subtle variation in the elec-
tronic density induced by the Z species, we consider the
orbital polarization [60,77,78] P, defined as

n; — ni
Pra=—1—", @)
PRy 4y

where j and k are two sets of atomic orbitals, while n; and
ny are their respective occupations. With this definition,
P; x measures the excess of charge in the j orbital with
respect to the k orbital. We choose atom-centered hydro-
genlike orbitals to calculate the orbital polarizations Py,
Ppop.»and Py, .. of the X atoms, and P, ., and dez s

of the M cations; in this way, we are able to partition the
space according to the directional character of the orbital
and to monitor possible preferential distributions of the
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charge density for different M, X, and Z species. We first
observe that, irrespective of the chemical composition, the
P« and p,, orbitals of the X anion are equally populated
[Fig. 9(a)]; this is consistent with the fact that the kind
of molecule does not affect lattice parameters a and b
[Figs. 2(a) and 2(b)], while the equivalence between the
a and b crystallographic axes is preserved within the MX
layers, such equivalence being present in the pristine sys-
tem. The change in lattice parameter ¢ with Z [Fig. 2(c)] is
instead reflected in P, ,. and P, .. [Figs. 9(b) and 9(c)]:
while negative values indicate an excess of electrons at
the X site along an axis orthogonal to the layer planes,
the presence of a molecule induces, in general, a further
accumulation along the same direction. The in-layer local
equivalence between the a and b crystallographic axes is
reflected in the fact that, for each Z-MX configuration,
identical P, . and P, . values are realized. The posi-
tive values of Ptzg,eg indicate that an excess of electrons
is found in the #,, orbitals, thus favoring an in-plane dis-
tribution of the charge [Fig. 9(d)] irrespective of Z; such
a distribution is altered in a different way according to

the kind of molecule and by a different amount specific
to the atomic types forming the layers. The largest vari-
ation is found for the Z-MoSe and Z-WSe systems, in a
way similar to that observed for dez,‘,z d,- The negative

values of the latter point to a preferential distribution of
the d_ orbital with respect to the d,>_ > orbital [Fig. 9(e)];
however, a comparison with P, ., excludes charge accu-
mulation along an axis perpendicular to the layer planes.
This analysis shows that there is no clear connection
between the Z species and the charge arrangement within
the layer; accordingly, no clear relation is found between
the orbital polarizations and the sliding and breathing fre-
quencies. This result is different from what we found in
the pristine MX ; systems under different stimuli, in which
the orbital polarization plays instead a fundamental role in
determining the nanoscale frictional behavior [60,69,79].
We conclude that the molecule suppresses the effect of the
details of the electronic distribution inside the layer on the
vibrational modes considered. In our analysis so far, we
used the properties of the equilibrium geometry to esti-
mate the response of the system during the layer sliding
and separation (i.e., to predict the system behavior far from
equilibrium). We now want to check the reliability of such
a prediction. As a first step, for each of the systems con-
sidered, we create a sliding path along the M—X bond
[Fig. 10(a)]. A sliding path is a sequence of configura-
tions (atom positions and lattice parameters) that represent
the relative parallel shift of two subsequent MX , layers.
The initial guess of the paths is obtained by our consid-
ering linear combinations of eigenvectors corresponding
to the sliding modes, according to the prescription of the
normal-modes transition approximation [74]; in this way,
we create a total of 11 configurations for each sliding path.
We then perform a climbing-image nudged-elastic-band
(CI NEB) [80,81] full relaxation (atom positions and lat-
tice vectors) of the paths by means of the software program
VASP [82,83]; the general parameters (e.g., mesh sampling,
energy cutoff, and tolerances) are the same as those pre-
sented in Sec. II A. As a result of the climbing-image NEB
calculations, we obtain the potential energy barrier AEpq,
associated with the relative layer sliding. We can then
define the average friction force f as

AEbar

T — ) 3
Jo AR\EB )

where AEy,, is the difference between the energy of the
ground state and the maximum energy realized along the
path, while

ARNgB = 4)

with R} being the position of the ith atom in the config-
uration realizing the energy maximum and R{ being the
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FIG. 10. Example of (a) sliding path and (b) layer separation. Along the configurational coordinate ¢, the initial state, an intermediate
state, and the final state are indicated with ¢, ¢;, and ¢}, respectively.

position of the same atom in the equilibrium geometry.
With this definition, ARNgp is a measure of the displace-
ment covered by the atoms during the sliding. As a second
step, we estimate the adhesion force. Starting from the
equilibrium geometry, we consider 11 geometric config-
urations in which the two layers are progressively shifted
along the c-axis direction until the interlayer distance is
approximately 15A [Fig. 10(b)]. For each configuration,
we fix the lattice parameters and the positions of the M
cations, and finally optimize the coordinates of the remain-
ing atoms. By tracking the evolution of the system energy
as a function of the interlayer distance, we observe an
asymptotic behavior; this assures us that the last config-
uration corresponds to noninteracting (separated) layers.
Analogously to the definition of the average friction force
fi [Eq. (3)], we then define the average adhesion force

fad s

AE sep

= — 5
Jad ARwy' &)

where AE, is the difference between the energy of the
ground state and the energy of last configuration, while
AR, is the layer-layer distance. Similarly to what we
observe for the sliding-mode and breathing-mode frequen-
cies, the frictional and adhesion forces display large values
in correspondence with large values of the band width
(Fig. 11). Moreover, we notice that the adhesion forces are
larger than the frictional forces, as the breathing frequen-
cies are larger than the sliding frequencies; this supports
the harmonic representation of the two forces discussed
in Sec. II B. In the same section, we examined how both
lateral friction and adhesion forces appear during the exfo-
liation process. This suggests we consider an average force
Jav = (fe + faa)/2 arising during the exfoliation; analo-
gously, we consider the average frequency w,, = (wg +
wye) /2. In general, we notice that both quantities increase
with increasing valence-band width (Fig. 12). These results
suggest that from the analysis of the equilibrium geometry
(electronic structure, phonon spectrum) we may infer the
response of the system far from equilibrium (layer sliding
and separation); in this respect, the width of the valence
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FIG. 11. (a) Lateral frictional force and (b) adhesion force as a

function of the width of the valence band. The legend is common
to both plots.

band seems to be a useful descriptor to parametrize the
forces opposing the layer exfoliation in the presence of
inert intercalated molecules.

To further confirm these findings, more inert species and
geometries should be the subject of future studies in which
the analysis method presented here is applied. Unfortu-
nately, the presence of a molecule reduces the symmetries
of the systems to only the translation (space group P1).
This implies the need to evaluate the ground-state wave
function by using a very dense Brillouin-zone sampling,
and the calculation of the atomic forces on many distorted
configurations, to obtain the phonon spectrum. Moreover,
the identification of the stable geometry requires the opti-
mization of several starting configurations differing in the
initial molecule position, thus increasing further the com-
putational needs to consider more kinds of intercalant
species. For this reason, we limit our analysis to the study
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FIG. 12. (a) Average force and (b) average mode frequency as

a function of the width of the valence band. Legend is common
to all the subfigures.

cases presented. However, we believe that our results
already point to an alternative route for how to investi-
gate the relation between the electronic structure and the
nanoscale mechanisms hindering the exfoliation. Finally,
the width of the valence band seems to be a promis-
ing descriptor for automated engines aimed at screening
databases in search of suitable exfoliation-assisting moi-
eties, boosting the design of nanoengineered devices with
targeted functionalities.

IV. CONCLUSIONS

We study how inert molecules modify the nanofric-
tional response when used as an intercalant for exfoliation
in van der Waals transition-metal dichalcogenides. The
exfoliation occurs if the applied external forces, aimed at
separating the layers, are larger than the internal forces that
return the atoms to their equilibrium positions; such inter-
nal forces manifest themselves as internal friction. If we
are able to reduce the internal friction, we can facilitate
the exfoliation process. We find that the inert interca-
lated molecule determines the width of the valence band
although it does not interact with the atoms of the layers.
The valence-band width seems to correlate with the vibra-
tional properties related to the nanoscale friction: small
widths correspond to small interlayer binding forces and
hence to reduced friction and easy layer sliding and sep-
aration. A similar correlation is found with the friction
and adhesion forces: the larger the valence-band width, the
larger the forces. Since such forces arise during the exfoli-
ation process, our results suggest that suitable values of the
band width may ultimately assist the exfoliation. The anal-
ysis protocol presented can be used in systematic studies
on the frictional response in the presence of inert inter-
calated species; this would help to define the potentiality
and the limitations of the valence-band width as a friction
descriptor. The present results also suggest suitable inert
molecules to be used in combination with other methods
directed at the fine control of the valence band, such as
external electric fields [60].

ACKNOWLEDGMENTS

This work was done with the support of the Grant
Agency of the Czech Technical University in Prague
(Grant No. SGS19/175/0HK3/3T/13), the Czech Sci-
ence Foundation (Project No. 17-24164Y), the project
“Centre of Advanced Applied Sciences” (Grant No.
CZ.02.1.01/0.0/0.0/16_019/0000778), and the project
“SOLUTION,” which has received funding from the Euro-
pean Union’s Horizon 2020 research and innovation pro-
gram under Grant Agreement No. 721642. This work
was supported by the Ministry of Education, Youth and
Sports of the Czech Republic through the e-INFRA CZ
(ID:90140).

064041-9



MISSAOUI, CAMMARATA, BELVISO, and POLCAR

PHYS. REV. APPLIED 185, 064041 (2021)

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov,
Electric field effect in atomically thin carbon films, Science
306, 666 (2004).

[2] Dmitri Golberg, Yoshio Bando, Yang Huang, Takeshi
Terao, Masanori Mitome, Chengchun Tang, and Chunyi
Zhi, Boron nitride nanotubes and nanosheets, ACS Nano
4,2979 (2010).

[3] C. N. R. Rao and Urmimala Maitra, Inorganic graphene
analogs, Ann. Rev. Mater. Res. 45, 29 (2015).

[4] Hai Li, Jumiati Wu, Zongyou Yin, and Hua Zhang, Prepa-
ration and applications of mechanically exfoliated single-
layer and multilayer MoS, and WSe, nanosheets, Accounts
Chem. Res. 47, 1067 (2014).

[5] Manish Chhowalla, Hyeon Suk Shin, Goki Eda, Lain-Jong
Li, Kian Ping Loh, and Hua Zhang, The chemistry of
two-dimensional layered transition metal dichalcogenide
nanosheets, Nat. Chem. 5, 263 (2013).

[6] A.K.GeimandI. V. Grigorieva, Van der waals heterostruc-
tures, Nature 499, 419 (2013), perspectives.

[7] Andrea Vanossi, Nicola Manini, Michael Urbakh, Stefano
Zapperi, and Erio Tosatti, Colloquium: Modeling friction:
From nanoscale to mesoscale, Rev. Mod. Phys. 85, 529
(2013).

[8] R. F. Frindt, Single crystals of MoS, several molecular
layers thick, J. Appl. Phys. 37, 1928 (1966).

[9] Valeria Nicolosi, Manish Chhowalla, Mercouri G.
Kanatzidis, Michael S. Strano, and Jonathan N. Cole-
man, Liquid exfoliation of layered materials, Science 340,
1226419 (2013).

[10] PerJoensen, R. F. Frindt, and S. Roy Morrison, Single-layer
MoS,, Mater. Res. Bull. 21, 457 (1986).

[11] Zhiyuan Zeng, Zongyou Yin, Xiao Huang, Hai Li, Qiyuan
He, Gang Lu, Freddy Boey, and Hua Zhang, Single-layer
semiconducting nanosheets: High-yield preparation and
device fabrication, Angew. Chem. Int. Edit. 50, 11093
(2011).

[12] Zhiyuan Zeng, Ting Sun, Jixin Zhu, Xiao Huang, Zongyou
Yin, Gang Lu, Zhanxi Fan, Qingyu Yan, Huey Hoon Hng,
and Hua Zhang, An effective method for the fabrication of
few-layer-thick inorganic nanosheets, Angew. Chem. Int.
Edit. 51, 9052 (2012).

[13] Ting Cao, Gang Wang, Wenpeng Han, Huiqi Ye, Chuan-
rui Zhu, Junren Shi, Qian Niu, Pingheng Tan, Enge Wang,
Baoli Liu, and Ji Feng, Valley-selective circular dichroism
of monolayer molybdenum disulphide, Nat. Commun. 3,
887 (2012).

[14] Hualing Zeng, Junfeng Dai, Wang Yao, Di Xiao, and
Xiaodong Cui, Valley polarization in MoS; monolayers by
optical pumping, Nat. Nano. 7, 490 (2012).

[15] Kin Fai Mak, Keliang He, Jie Shan, and Tony F. Heinz,
Control of valley polarization in monolayer MoS, by opti-
cal helicity, Nat. Nano 7, 494 (2012).

[16] Kin Fai Mak, Changgu Lee, James Hone, Jie Shan,
and Tony F. Heinz, Atomically Thin MoS,: A new
Direct-Gap Semiconductor, Phys. Rev. Lett. 105, 136805
(2010).

[17] Humberto R. Gutiérrez, Nestor Perea-Lopez, Ana Laura
Elias, Ayse Berkdemir, Bei Wang, Ruitao Lv, Florentino
Lopez-Urias, Vincent H. Crespi, Humberto Terrones,
and Mauricio Terrones, Extraordinary room-temperature

photoluminescence in triangular WS, monolayers, Nano
Lett. 13, 3447 (2013).

[18] Xiaobo Yin, Ziliang Ye, Daniel A. Chenet, Yu Ye, Kevin
O’Brien, James C. Hone, and Xiang Zhang, Edge nonlin-
ear optics on a MoS; atomic monolayer, Science 344, 488
(2014).

[19] Andrea Splendiani, Liang Sun, Yuanbo Zhang, Tianshu Li,
Jonghwan Kim, Chi-Yung Chim, Giulia Galli, and Feng
Wang, Emerging photoluminescence in monolayer MoS;,
Nano Lett. 10, 1271 (2010).

[20] Simone Bertolazzi, Jacopo Brivio, and Andras Kis, Stretch-
ing and breaking of ultrathin MoS;, ACS Nano 5, 9703
(2011).

[21] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti,
and A. Kis, Single-layer MoS, transistors, Nat. Nano 6, 147
(2011).

[22] Jonathan N. Coleman et al., Two-dimensional nanosheets
produced by liquid exfoliation of layered materials, Science
331, 568 (2011).

[23] Kai-Ge Zhou, Nan-Nan Mao, Hang-Xing Wang, Yong
Peng, and Hao-Li Zhang, A mixed-solvent strategy for
efficient exfoliation of inorganic graphene analogues,
Angew. Chem. Int. Edit. 50, 10839 (2011).

[24] Minoru Osada and Takayoshi Sasaki, Exfoliated oxide
nanosheets: New solution to nanoclectronics, J. Mater.
Chem. 19, 2503 (2009).

[25] Martin B. Dines, Lithium intercalation via n-butyllithium
of the layered transition metal dichalcogenides, Mater. Res.
Bull. 10, 287 (1975).

[26] Goki Eda, Hisato Yamaguchi, Damien Voiry, Takeshi
Fujita, Mingwei Chen, and Manish Chhowalla, Photolumi-
nescence from chemically exfoliated MoS;, Nano Lett. 11,
5111 (2011).

[27] Qing Hua Wang, Kourosh Kalantar-Zadeh, Andras Kis,
Jonathan N. Coleman, and Michael S. Strano, Electron-
ics and optoelectronics of two-dimensional transition metal
dichalcogenides, Nat. Nanotechnol. 7, 699 (2012).

[28] A. Castellanos-Gomez, M. Barkelid, A. M. Goossens,
V. E. Calado, H. S. J. van der Zant, and G. A. Steele, Laser-
thinning of MoS,: On demand generation of a single-layer
semiconductor, Nano Lett. 12, 3187 (2012).

[29] Wei-Qiang Han, Lijun Wu, Yimei Zhu, Kenji Watan-
abe, and Takashi Taniguchi, Structure of chemically
derived mono- and few-atomic-layer boron nitride sheets,
Appl. Phys. Lett. 93, 223103 (2008).

[30] Yi Lin, Tiffany V. Williams, and John W. Connell, Solu-
ble, exfoliated hexagonal boron nitride nanosheets, J. Phys.
Chem. Lett. 1, 277 (2010).

[31] Graeme Cunningham, Mustafa Lotya, Clotilde S. Cucinotta,
Stefano Sanvito, Shane D. Bergin, Robert Menzel, Milo S.
P. Shaffer, and Jonathan N. Coleman, Solvent exfoliation
of transition metal dichalcogenides: Dispersibility of exfo-
liated nanosheets varies only weakly between compounds,
ACS Nano 6, 3468 (2012).

[32] Z. Ding, L. Viculis, J. Nakawatase, and R. B. Kaner, Inter-
calation and solution processing of bismuth telluride and
bismuth selenide, Adv. Mater. 13, 797 (2001).

[33] H. S. S. Ramakrishna Matte, A. Gomathi, Arun K. Manna,
Dattatray J. Late, Ranjan Datta, Swapan K. Pati, and
C. N. R. Rao, MoS; and WS, analogues of graphene,
Angew. Chem. Int. Edit. 49, 4059 (2010).

064041-10


https://doi.org/10.1126/science.1102896
https://doi.org/10.1021/nn1006495
https://doi.org/10.1146/annurev-matsci-070214-021141
https://doi.org/10.1021/ar4002312
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nature12385
https://doi.org/10.1103/RevModPhys.85.529
https://doi.org/10.1063/1.1708627
https://doi.org/10.1126/science.1226419
https://doi.org/10.1016/0025-5408(86)90011-5
https://doi.org/10.1002/anie.201106004
https://doi.org/10.1002/anie.201204208
https://doi.org/10.1038/ncomms1882
https://doi.org/10.1038/nnano.2012.95
https://doi.org/10.1038/nnano.2012.96
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1021/nl3026357
https://doi.org/10.1126/science.1250564
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nn203879f
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1126/science.1194975
https://doi.org/10.1002/anie.201105364
https://doi.org/10.1039/b820160a
https://doi.org/10.1016/0025-5408(75)90115-4
https://doi.org/10.1021/nl201874w
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1021/nl301164v
https://doi.org/10.1063/1.3041639
https://doi.org/10.1021/jz9002108
https://doi.org/10.1021/nn300503e
https://doi.org/10.1002/1521-4095(200106)13:11{\T1\textexclamdown }797::AID-ADMA797{\T1\textquestiondown };3.0.CO;2-U
https://doi.org/10.1002/anie.201000009

EFFECT OF NONINTERACTING INTERCALANTS...

PHYS. REV. APPLIED 15, 064041 (2021)

[34] S.Jiménez Sandoval, D. Yang, R. F. Frindt, and J. C. Irwin,
Raman study and lattice dynamics of single molecular
layers of MoS;, Phys. Rev. B 44, 3955 (1991).

[35] Rabin Bissessur, Joy Heising, Wakgari Hirpo, and Mercouri
Kanatzidis, Toward pillared layered metal sulfides. inter-
calation of the chalcogenide clusters CosQg(PR3)¢ (q = s,
se, and te and r = alkyl) into MoS;, Chem. Mater. 8, 318
(1996).

[36] Gabin Yoon, Dong-Hwa Seo, Kyojin Ku, Jungmo Kim,
Seokwoo Jeon, and Kisuk Kang, Factors affecting the exfo-
liation of graphite intercalation compounds for graphene
synthesis, Chem. Mater. 27, 2067 (2015).

[37] Reza Rasuli and Azam Irajizad, Density functional the-
ory prediction for oxidation and exfoliation of graphite to
graphene, Appl. Surf. Sci. 256, 7596 (2010).

[38] Gregorio Garcia, Mert Atilhan, and Santiago Aparicio, In
silico rational design of ionic liquids for the exfoliation and
dispersion of boron nitride nanosheets, Phys. Chem. Chem.
Phys. 18, 1212 (2016).

[39] Yoshiyuki Miyamoto, Hong Zhang, and David Tomanek,
Photoexfoliation of Graphene from Graphite: An Ab Initio
Study, Phys. Rev. Lett. 104, 208302 (2010).

[40] Nina I. Kovtyukhova, Yuanxi Wang, Ayse Berkdemir,
Rodolfo Cruz-Silva, Mauricio Terrones, Vincent H. Crespi,
and Thomas E. Mallouk, Non-oxidative intercalation and
exfoliation of graphite by brensted acids, Nat. Chem. 6, 957
(2014), article.

[41] Guijian Guan, Shuangyuan Zhang, Shuhua Liu, Yongqing
Cai, Michelle Low, Choon Peng Teng, In Yee Phang,
Yuan Cheng, Koh Leng Duei, Bharathi Madurai Srini-
vasan, Yuangang Zheng, Yong-Wei Zhang, and Ming-Yong
Han, Protein induces layer-by-layer exfoliation of transi-
tion metal dichalcogenides, J. Am. Chem. Soc. 137, 6152
(2015).

[42] Jack R. Brent, Nicky Savjani, and Paul O’Brien, Synthetic
approaches to two-dimensional transition metal dichalco-
genide nanosheets, Prog. Mater. Sci. 89, 411 (2017).

[43] Xianglu Yin, Yuewei Li, Wei Wu, Guangwen Chu, Yong
Luo, and Hong Meng, Preparation of two-dimensional
molybdenum disulfide nanosheets by high-gravity technol-
ogy, Ind. Eng. Chem. Res. 56, 4736 (2017).

[44] Qingyong Zhang, Liang Mei, Xiehong Cao, Yuxin Tang,
and Zhiyuan Zeng, Intercalation and exfoliation chemistries
of transition metal dichalcogenides, J. Mater. Chem. A 8,
15417 (2020).

[45] Liangzhu Zhang, Cheng Chen, Jiadong Zhou, Guoliang
Yang, Jiemin Wang, Dan Liu, Zhiqiang Chen, and Wei-
wei Lei, Solid phase exfoliation for producing dispersible
transition metal dichalcogenides nanosheets, Adv. Funct.
Mater. 30, 2004139 (2020).

[46] Giacomo Levita and Maria C. Righi, Effects of water
intercalation and tribochemistry on MoS, lubricity: An ab
initio molecular dynamics investigation (chemphyschem
11/2017), ChemPhysChem 18, 1490 (2017).

[47] Hyunsoo Lee, Jae-Hyeon Ko, Jin Sik Choi, Jin Heui
Hwang, Yong-Hyun Kim, Miquel Salmeron, and Jeong
Young Park, Enhancement of friction by water intercalated
between graphene and mica, J. Phys. Chem. Lett. 8, 3482
(2017).

[48] Antonio Cammarata and Tomas Polcar, Control of energy
dissipation in sliding low-dimensional materials, Phys. Rev.
B 102, 085409 (2020).

[49] Qionghua Zhou, Qiang Li, Shijun Yuan, Qian Chen, and
Jinlan Wang, Band-edge engineering via molecule inter-
calation: A new strategy to improve stability of few-layer
black phosphorus, Phys. Chem. Chem. Phys. 19, 29232
(2017).

[50] B. Schonfeld, J. J. Huang, and S. C. Moss, Anisotropic
mean-square displacements (msd) in single-crystals of 2H-
and 3R-MoS,, Acta Crystallogr. B 39, 404 (1983).

[51] V. L. Kalikhman, Inorg. Mater. 19, 957 (1983).

[52] L. H. Brixner, Preparation and properties of the single
crystalline AB,-type selenides and tellurides of niobium,
tantalum, molybdenum and tungsten, J. Inorg. Nucl. Chem.
24,257 (1962).

[53] W.J. Schutte, J. L. De Boer, and F. Jellinek, Crystal struc-
tures of tungsten disulfide and diselenide, J. Solid State
Chem. 70, 207 (1987).

[54] V. L. Kalikhman, Neorganicheskie Materialy 19, 1060
(1983).

[55] A. A. Yanaki and V. A. Obolonchik, Inorg. Mater. 9, 1855
(1973).

[56] X. Gonze, G.-M. Rignanese, M. Verstraete, J.-M. Beuken,
Y. Pouillon, R. Caracas, F. Jollet, M. Torrent, G. Zerah,
M. Mikami, Ph. Ghosez, M. Veithen, J.-Y. Raty, V. Ole-
vano, F. Bruneval, L. Reining, R. Godby, G. Onida, and
D. R. Hamann, and D. C. Allan, A brief introduction to
the ABINIT software package, Zeitschrift fiir Kristallogra-
phie - Crystalline Materials 220, 558 (2005).

[57] Marc Torrent, Frangois Jollet, Frangois Bottin, Gilles
Zgrah, and Xavier Gonze, Implementation of the projector
augmented-wave method in the ABINIT code: Application
to the study of iron under pressure, Comput. Mater. Sci. 42,
337 (2008).

[58] X. Gonze et al., ABINIT: First-principles approach to mate-
rial and nanosystem properties, Comput. Phys. Commun.
180, 2582 (2009).

[59] X. Gonze et al., Recent developments in the ABINIT soft-
ware package, Comput. Phys. Commun. 205, 106 (2016).

[60] Florian Belviso, Antonio Cammarata, Jamil Missaoui, and
Tomas Polcar, Effect of electric fields in low-dimensional
materials: Nanofrictional response as a case study,
Phys. Rev. B 102, 155433 (2020).

[61] John P. Perdew, Kieron Burke, and Matthias Ernzerhof,
Generalized Gradient Approximation Made Simple, Phys.
Rev. Lett. 77, 3865 (1996).

[62] Axel D. Becke and Erin R. Johnson, A simple effec-
tive potential for exchange, J. Chem. Phys. 124, 221101
(2006).

[63] Hendrik J. Monkhorst and James D. Pack, Special points for
brillouin-zone integrations, Phys. Rev. B 13, 5188 (1976).

[64] See Supplemental Material at http:/link.aps.org/supple
mental/10.1103/PhysRevApplied.15.064041 for section
“Geometry of the Z:MX, stable structures”.

[65] Atsushi Togo and Isao Tanaka, First principles phonon
calculations in materials science, Scr. Mater. 108, 1 (2015).

[66] Laurent Chaput, Atsushi Togo, Isao Tanaka, and Gilles
Hug, Phonon-phonon interactions in transition metals,
Phys. Rev. B 84, 094302 (2011).

[67] K. Parlinski, Z. Q. Li, and Y. Kawazoe, First-Principles
Determination of the Soft Mode in Cubic ZrO,, Phys. Rev.
Lett. 78, 4063 (1997).

[68] Antonio Cammarata and Tomas Polcar, Layering effects
on low frequency modes in n-layered MX, transition

064041-11


https://doi.org/10.1103/PhysRevB.44.3955
https://doi.org/10.1021/cm950378+
https://doi.org/10.1021/cm504511b
https://doi.org/10.1016/j.apsusc.2010.06.009
https://doi.org/10.1039/C5CP05376E
https://doi.org/10.1103/PhysRevLett.104.208302
https://doi.org/10.1038/nchem.2054
https://doi.org/10.1021/jacs.5b02780
https://doi.org/10.1016/j.pmatsci.2017.06.002
https://doi.org/10.1021/acs.iecr.7b00030
https://doi.org/10.1039/D0TA03727C
https://doi.org/10.1002/adfm.202004139
https://doi.org/10.1002/cphc.201700523
https://doi.org/10.1021/acs.jpclett.7b01377
https://doi.org/10.1103/PhysRevB.102.085409
https://doi.org/10.1039/C7CP05730J
https://doi.org/10.1107/S0108768183002645
https://doi.org/10.1016/0022-1902(62)80178-X
https://doi.org/10.1016/0022-4596(87)90057-0
https://doi.org/10.1016/j.commatsci.2007.07.020
https://doi.org/10.1016/j.cpc.2009.07.007
https://doi.org/10.1016/j.cpc.2016.04.003
https://doi.org/10.1103/PhysRevB.102.155433
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.2213970
https://doi.org/10.1103/PhysRevB.13.5188
http://link.aps.org/supplemental/10.1103/PhysRevApplied.15.064041
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1103/PhysRevB.84.094302
https://doi.org/10.1103/PhysRevLett.78.4063

MISSAOUI, CAMMARATA, BELVISO, and POLCAR

PHYS. REV. APPLIED 185, 064041 (2021)

metal dichalcogenides, Phys. Chem. Chem. Phys. 18, 4807
(2016).

[69] Antonio Cammarata and Tomas Polcar, Vibrational con-
tributions to intrinsic friction in charged transition metal
dichalcogenides, Nanoscale 9, 11488 (2017).

[70] D. M. Wallace, Thermodynamics of Crystals (John Wiley
& Sons Inc, United States of America, 1972).

[71] J. M. Ziman, Electrons and Phonons: The Theory of
Transport Phenomena in Solids (Oxford University Press,
London, 2001).

[72] J. Safko, H. Goldstein and C. Poole, Classical Mechanics
(Pearson Education, New York, 2002) 3rd ed. p. 238.

[73] Antonio Cammarata and Tomas Polcar, Tailoring nanoscale
friction in MX, transition metal dichalcogenides, Inorg.
Chem. 54, 5739 (2015).

[74] Antonio Cammarata and Tomas Polcar, Overcoming
nanoscale friction barriers in transition metal dichalco-
genides, Phys. Rev. B 96, 085406 (2017).

[75] Antonio Cammarata, Paolo Nicolini, Kosta Simonovic,
Egor Ukraintsev, and Tomas Polcar, Atomic-scale design
of friction and energy dissipation, Phys. Rev. B 99, 094309
(2019).

[76] Antonio Cammarata and James M. Rondinelli, Covalent
dependence of octahedral rotations in orthorhombic per-
ovskite oxides, J. Chem. Phys. 141, 114704 (2014).

[77] M. J. Han, C. A. Marianetti, and A. J. Millis, Chemi-
cal control of orbital polarization in artificially structured
transition-metal oxides: La;NiXO¢(X = b, al, ga, in) from
first principles, Phys. Rev. B 82, 134408 (2010).

[78] Antonio Cammarata and James M. Rondinelli, Octahe-
dral engineering of orbital polarizations in charge transfer
oxides, Phys. Rev. B 87, 155135 (2013).

[79] Antonio Cammarata and Tomas Polcar, Electro-vibrational
coupling effects on “intrinsic friction” in transition metal
dichalcogenides, RSC Adv. 5, 106809 (2015).

[80] Graeme Henkelman, Blas P. Uberuaga, and Hannes Jons-
son, A climbing image nudged elastic band method for
finding saddle points and minimum energy paths, J. Chem.
Phys. 113, 9901 (2000).

[81] Graeme Henkelman and Hannes Jonsson, Improved tangent
estimate in the nudged elastic band method for finding min-
imum energy paths and saddle points, J. Chem. Phys. 113,
9978 (2000).

[82] G. Kresse and J. Furthmiiller, Efficiency of ab-initio
total energy calculations for metals and semiconductors
using a plane-wave basis set, Comp. Mater. Sci. 6, 15
(1996).

[83] G. Kresse and D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev. B 59,
1758 (1999).

064041-12


https://doi.org/10.1039/C5CP06788J
https://doi.org/10.1039/C7NR04034B
https://doi.org/10.1021/acs.inorgchem.5b00431
https://doi.org/10.1103/PhysRevB.96.085406
https://doi.org/10.1103/PhysRevB.99.094309
https://doi.org/10.1063/1.4895967
https://doi.org/10.1103/PhysRevB.82.134408
https://doi.org/10.1103/PhysRevB.87.155135
https://doi.org/10.1039/C5RA24837J
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1323224
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevB.59.1758

	I. INTRODUCTION
	II. METHODS
	A. Computational details
	B. Sliding and breathing modes

	III. RESULTS AND DISCUSSION
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


