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ABSTRACT: We applied the ab initio approach to evaluate the stability and physical
properties of the nanometer-thickness NaCl layered films and found that the rock salt
films with a (111) surface become unstable with thickness below 1 nm and
spontaneously split to graphitic-like films for reducing the electrostatic energy penalty.
The observed sodium chloride graphitic phase displays an uncommon atomic
arrangement and exists only as nanometer-thin quasi-two-dimensional films. The
graphitic bulk counterpart is unstable and transforms to another hexagonal wurtzite
NaCl phase that locates in the negative-pressure region of the phase diagram. It was
found that the layers in the graphitic NaCl film are weakly bounded with each other
with a binding energy order of 0.1 eV per stoichiometry unit. The electronic band gap
of the graphitic NaCl displays an unusual nonmonotonic quantum confinement

Bulk

response.

Nanoscale

SECTION: Physical Processes in Nanomaterials and Nanostructures

S odium chloride, also known as salt, table salt, or common
salt, is one of the simplest and most thoroughly studied
ionic crystals. In contrast with the covalently bounded systems,
the sodium chloride displays a bare range of allotropes. It has
been well established that NaCl with a rock salt structure (the
B1 phase) transforms into a CsCl structure (the B2 phase) at
about 30 GPa and room temperature.’ A number of
theoretical® and experimental® studies confirms that in the 0—
300 GPa region, only these two phases occur, but the metallic
low-symmetry NaCl* phase becomes favorable only at the
extremely high pressures. Also, the stable Na,Cl, phases of
different stoichiometry were predicted and investigated in ref S.

Another wurtzite-type phase of sodium chloride was
predicted in ref 6. Despite the low energy, such a phase was
not synthesized experimentally because of the negative value of
the phase transition pressure. A completely different situation
may occur in the nanoscale case; one phase, stable in the bulk,
may become unstable or metastable if one or more dimensions
are reduced to nanosize. For example, it was predicted that the
graphitization effect greatly reduces the stability of the diamond
nanofilms, which leads to its splitting into a multilayered
graphene.”® Also, the theoretical analysis in ref 9 reported that
polar materials with favorable zinc blende or wurtzite-type
structures tend to split into weakly bounded layers for the case
of the few-atomic-layered films. The prediction was confirmed
in the recent experimental works,'”'! where the graphitic-like
thin ZnO and SiC nanofilms were observed during growth by
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different techniques. The effect of graphitization of cubic thin
films with diamond, zinc blende, and rock salt crystal structures
was theoretically predicted in our recent study,'> where the
general tendency of graphitization in ultrathin slabs of cubic,
zinc blende, and rock salt crystals was investigated.

Here, we show that the sodium chloride (111)-oriented
nanofilms of rock salt structure spontaneously transform to
films of a new graphitic phase (G-NaCl) to reduce the huge
stress of the polar surface. Moreover, it was found that the
energy of the considered G-NaCl films is practically equal to
the energy of favorable B1-NaCl films with a (001) surface of
the same number of layers. We investigated the atomic
structure, properties, and stability of such a phase in both
nanoscale and bulk states and found that G-NaCl is stable only
in the case of the few-layered films with a thickness up to 1 nm.
In the bulk case, G-NaCl transforms to a wurtzite-type
structure.

The Letter is organized as follows. In the first part, the
sodium chloride phase diagram calculation results are discussed,
and a negative pressure region for the wurtzite NaCl phase (W-
NaCl) is defined. The stability and electronic properties of W-
NaCl are analyzed and compared with the rock salt B1 phase.
The second part is devoted to the investigation of the transition
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from B1-NaCl films with a polar (111) surface to the films of a
new graphitic phase. The relationship between the graphitic
and wurtzite phases is discussed. The physical origin of the
transition is investigated in detail, and the critical thickness
below which a spontaneous conversion from rock salt to a
layered graphitic structure occurs is determined. The in- and
interlayer bond energy of the films is analyzed. The third part of
the Letter is devoted to the investigation of the elastic
properties of the films. Finally, the nonlinear electronic
properties of the films of a new phase are discussed.

All calculations of the atomic structure and electronic
properties of the considered phases were performed at a
DEFET level of theory within the local density approximation
usinfg the Perdew—Burke—Ernzerhof (PBE) parametriza-
tion'"~" and a plane wave basis set implemented into the
Quantum ESPRESSO package.'® The plane wave energy cutoff
was set to 30 Ry. To calculate the equilibrium atomic
structures, the Brillouin zone was sampled according to the
Monkhorst—Pack'” scheme with an 8 X 8 X 3 k-point
convergence grid for bulk phases and 8 X 8 X 1 k-points for
nanoscale thin films. To avoid the spurious interactions
between the neighboring layers of G-NaCl or B1-NaCl films,
the vacuum space between them was greater than 15 A.

The phase diagram was obtained from the calculations of the
Gibbs free energies G of the compared phases in the
quasiharmonic approximation18

G(P, T) = E)(V) + PV + U,(V) + E,(T, V)

where E, Uy, and F,, are the total energy from the DFT
calculations, while the zero-point (U,) and vibrational (F,)
energies are calculated from the following relations:

U,(V) = % /g(V, w)hw dw

Fo(T, V) = kT ‘/Qg(V, ) ln[l - exp(—:—a;]] dw

B

Here, g(w) is the phonon density of states (PhDOS) at the
given pressure, calculated using a density functional perturba-
tion theory."” The PhDOS was calculated for each value of the
equilibrium volume for each studied structure, using the density
functional perturbation theory. Then, the PhDOS integrations
above yielded the zero-point (U,) and vibrational (F,,)
energies, for every chosen temperature. Substitution of all of
the calculated energy contributions into the equation for Gibbs
free energy allowed one to obtain the temperature-dependent
phase transition pressure values.

The chosen approach is validated by refs 20 and 8, where the
phase equilibrium lines for h-BN/c-BN and graphite/diamond
were obtained, which appeared close to experimental data.

The GW calculations of band gaps of G-NaCl films with
different numbers of layers were performed on top of PBE wave
functions at the optimized geometry as implemented in the
VASP*'7** package. The plane wave energy cutoff was set to
400 eV. The k-point mesh in the lateral directions was 8 X 8,
while for the perpendicular direction, the number of k-points
was 1.

First, let us consider the bulk sodium chloride phases. The
atomic structures of the bulk wurtzite (W) and cubic B1 and B2
phases of NaCl are shown at Figure la—c, respectively. Detailed
crystal data, lattice constants, densities, and the main
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Figure 1. Atomic structures of the (a) waurtzite, (b) cubic B1, and (c)
B2 NaCl phases. (d) The phase diagram of bulk NaCl. The stability
regions of B1, B2, and W phases are marked by blue, yellow, and red,
respectively. A red solid line and red points with error bars are
experimental data of the B1/B2 phase boundary from ref 3. The inset
shows the total energy per stoichiometry unit as a function of the unit
volume for the considered bulk NaCl phases marked by corresponding
colors. (e) PhDOS for cubic B1 (blue color) and W (red color) NaCl
phases. (f) The electronic density of states for B1 and W phases. The
Fermi level is marked as zero.

mechanical characteristics of these phases are summarized in
Table S1 (see the Supporting Information).

To obtain the temperature-dependent values of the phase
transition pressure, we substitute the calculated energy
contributions (total energy E,, zero-point energy U, and
vibration energy F,;) into the equation for the Gibbs free
energy. Figure 1d displays the phase diagram obtained for three
NaCl phases, the subject of the present study. The general
features of this phase diagram are very similar to those of the
isostructural MgO.** A red solid line and red points with error
bars represent the experimental data of the B1/B2 phase
boundary from ref 3. As one can see from Figure 1d, the chosen
approach has a good agreement with the corresponding
experimental data where the calculated data (black line) are
within the confidence interval of the experimental values of the
phase transition pressure.
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The obtained phase diagram shows that W-NaCl (Figure 1a)
is located in the negative range of the phase transition pressure
due to the higher energy and lower density than the Bl ghase
(Figure 1b), which agrees with reference theoretical data.” The
negative pressure is the reason why this simple and low-energy
phase has not been yet experimentally produced. It was
established that W-NaCl displays a lower density and a higher
compressibility, which along with the pressure difference of ~2
GPa at 0 K (Figure 1d) with cubic B1-NaCl allows us to draw
an analogy with carbon where the phase transition pressure
between graphite and diamond also equals ~2 GPa at 0 K
Among other things, the W-NaCl is very similar to the graphite
structure with the exception of bonding strength and interlayer
interaction along the c-axis. On the other hand, the main
difference between NaCl and carbon is that hexagonal W-NaCl
phase is less stable than its cubic (B1-NaCl) counterpart, which
could be seen from the inset of Figure 1d, where the total
energies of the considered phases are shown as a function of the
unit volume.

The stability of the considered phases could be described in
terms of phonon frequencies. We calculated the PhDOS for
both cubic (B1) and wurtzite (W) NaCl phases, as shown in
Figure le at 1 atm. The obtained PhDOS for W-NaCl shows
only positive frequencies, which validates the stability of such a
phase. As one can see, the main PhDOS peak of B1-NaCl is
located at 153 cm ™', while the main peak of the W phase shifts
toward the high-frequency region and equals 189 cm™.

The study of electronic properties of bulk B1 and W phases
shows that both NaCl phases display wide insulating band gaps
at about 5.0 and 4.8 eV, respectively (also the systematic
underestimation of the band gap should be taken into account);
see Figure 1f. Also, we calculate the fundamental gap of bulk B1
and W-NaCl phases by the GW approach. The obtained values
show the significant scissor shift of the bands from 5.0 to 7.6 eV
and from 4.8 to 7.7 eV, correspondingly. The GW band gap is
in good agreement with the experimental data of 8.97 V.

The analogy between the carbon and sodium chloride phases
can be drawn further. The known surface effect of
graphitization leads to the transformation of the diamond
nanometer thick slab into the multilayered graphene.® The
fundamental difference in the bonding between sodium and
chloride prevents the expectation of the same behavior in the
considered case. However, we found that in the case of few-
layered films, the W-NaCl thin films are more stable and more
energy favorable compared to Bl films with the (111)
orientation of the surface. The main reason for this instability
is the charge transfer from the outermost anions to the cations
to remove the huge dipole moment oriented along the (111)
direction leading to a divergence of the surface energy that
makes the surface intrinsically unstable.*®

We performed a step-by-step investigation of the hexagonal
phase of sodium chloride, where we gradually reduced the third
dimension from the bulk to nanometer-thick films. It was found
that cubic B1-NaCl films thinner than eight layers are unstable
and spontaneously transform to graphitic hexagonal NaCl films
(called G-NaCl) with an ABC stacking of the layers. The
energies of thin cubic Bl films are higher than the energies of
the corresponding G-NaCl films (Figure 2a). It can be seen
from Figure 2a (black line) that the energy difference between
the G-NaCl and the cubic B1-NaCl phases decreases as the
number of layers increases (from 2 to 8) and approaches 0 at
the number of layers equal to eight. At a further increase of the
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Figure 2. (a) The difference of the energy per stoichiometry unit
(black line) and the dipole moments (blue line) of G-NaCl and B1-
NaCl films as a function of the number of layers. b) Energy barriers
show the transition from B1-NaCl films with different thicknesses (n =
2—6, o) into G-NaCl films. The transition of the bulk B1 phase to the
W phase is shown by a bold black line. The inset shows the absence of
the energy barrier for the transition from G- to W-NaCl phases in the
bulk state. (c) The dependence of the interlayer binding energy on the
inverse number of layers for thin G-NaCl films. Energies are given per
stoichiometry unit.

thickness, the cubic Bl films no longer spontaneously split to
graphitic films and become energy-favorable.

The dominant impact of the electric dipole moment on the
stability of B1 films was confirmed by the calculations of the
dipole moment value along the direction normal to the (111)
surface of the both G- and B1-NaCl films, as shown in Figure
2a (blue line). The dipole moment of the isolated NaCl films
was calculated using the procedure developed in ref 27. The
energetic benefit of the layered G-NaCl films comes from
removing the surface dipole component normal to the (111)
surface; thus, the electrostatic energy penalty reduces. The
values of dipole moments for graphitic G and cubic B1 sodium
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chloride films become equal when the number of layers equals
eight, which is closely correlated with the total energy
difference for the films with different thicknesses (Figure 2a).
Decreasing the dipole moment of the thick Bl films prevents
the splitting and promotes the stability of such films.

Then, we compare the energies of G-NaCl films with the
energies of Bl films with a lowest-energy (001) surface
orientation.”® It was found that B1-NaCl slabs with a (001)
surface were a little more favorable than G-NaCl films with the
corresponding thickness by 0.17 eV/unit, which means quite an
equal probability of the formation of NaCl slabs with either G
or B1 types of structures.

Further study is devoted to the investigations of the energy
barriers of the spontaneous splitting of B1-NaCl films into
graphitic G-NaCl films with different thicknesses (n = 2—6, o),
as presented in Figure 2b. Transition paths show that cubic Bl
films transform to graphitic films with a small barrier (0.089—
0.031 eV/unit, which can be overcome by room temperature)
in the thickness range of 3—S5 layers and split without a barrier
for the thicker films (>5 layers) and for bilayered films. In this
case, a film consists only of the surface and is mostly exposed by
the impact of the destabilizing dipole moment. Subsequent
increasing of the thickness leads to further increasing of the
stability of B1 films, which no longer split into G films.

The transition path between G-NaCl and W-NaCl phases in
infinitely thick slabs, corresponding to bulk structures, is shown
in the inset of Figure 2b. Because there are no energy barriers,
the less stable graphitic phase transforms to the wurtzite phase
spontaneously. This is the reason why we considered the bulk
transition from the cubic Bl phase directly to the wurtzite
phase instead of G-NaCl. As one can note from Figure 2b, the
cubic BI-NaCl phase is more stable than the hexagonal W-
NaCl phase by 0.13 eV/unit. The transition path from the bulk
W phase to the B1 phase has a negligibly small energy barrier of
0.02 eV/unit, which allows the spontaneous transformation of
the W-NaCl phase into the more stable B1 phase at a nonzero
temperature. This fact explains why the W-NaCl phase has still
not been obtained in experiment. Therefore, we can conclude
that the sodium chloride phase with a hexagonal symmetry can
only exist in the nanoscale state.

To determine the strength of the interaction between the
layers of G-NaCl films, the interlayer binding energy of the
films with a different number of layers was evaluated as Ey; 4 =
(E§ — NEf)/N, where N is a number of layers in the graphitic
film, EY is total energy of a single layer, and ES is total energy of
the film consisting of N layers. One can see from Figure 2c¢ that
the interlayer binding energy increases as the thickness
increases and approaches the bulk value of —0.147 eV/unit
for a graphitic phase. Such behavior indicates a stronger
interaction between the layers in the bulk G-NaCl than that in
the nanoscale films, which means that thin G-NaCl films could
be split easier compared to the bulk ones. The order of the
value of the interlayer binding energy corresponds to the van-
der-Waals interaction and is comparable with the values for
graphite,” which manifests the relative independence of the
monolayers in the films and their possible extraction using
techniques such as mechanical®® or liquid®" exfoliation.

In addition to the stability of bulk and nanoscale sodium
chloride phases, the elastic and electronic properties of these
materials were studied in detail. The electronic properties of the
nanoscale graphitic sodium chloride films were studied by both
DFT-PBE and GW approaches, and the nonlinear behavior of
the band gap dependence on the film thickness was found, as
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shown in Figure 3a. The DFT-PBE approach shows that all of
the studied graphitic films are insulators with the band gap
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Figure 3. (a) The band gap dependence on the G-NaCl film thickness
calculated using both DFT-PBE and GW approaches, denoted by solid
and dashed lines, respectively. (b) Two-dimensional elastic constants
C}; (solid line) and Cj, (dashed line) of the nanoscale G-NaCl films
depending on the number of layers. The inset shows the values of the
elastic constants C;; and C,, (solid bars) and calculated velocities of
longitudinal v, and transverse vy, acoustic waves (dashed bars) for
the bulk phases. Experimental values of the elastic constants for the B1
phase taken from ref 33 are shown by black points with error bars.

higher than 3 eV. As one can see, the band gap value decreases
from 4.6 €V as the film thickness increases up to 24 A, which
corresponds to a G-NaCl film with eight layers with a band gap
value of 3.1 eV. The nonlinear dependence of the band gap
upon the thickness is similar to the already studied dependence
of ultrathin diamond films.>* The surface contribution to the
electronic properties for the films thinner than 24 A (eight
layers) is higher than that for the thicker films, which relates
with the stability of the films and with the electric dipole
moment on the surface. Further increasing of the thickness
leads to some changes in the band gap function behavior, where
the band gap value increases with the thickness and approaches
the value of the bulk G-NaCl phase (4.4 eV).

To get some more accurate results on the band gaps of the
graphitic NaCl films, we used a GW approach. We calculated
band gaps for the bulk G-NaCl and nanoscale graphitic films.
The calculated fundamental gap for the bulk G-NaCl phase
shows values of 7.1 eV compared to the DFT-PBE calculated
value of 4.4 eV. In the case of nanoscale graphitic NaCl films,
the GW approach was used to calculate the band gaps of G-
NaCl films with a number of layers equal to 2, S, 7, 10, and 14
(see Figure 3a) to confirm a general dependence of the band
gap on the thickness. It was found that besides the scissor shift
of bands, the GW approach does not change the band gap
dependence on the film thickness, which allows the conclusion
that the obtained nonlinear behavior of the band gap is correct.

dx.doi.org/10.1021/jz502046f | J. Phys. Chem. Lett. 2014, 5, 4014—4019
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To evaluate the elastic properties of the graphitic NaCl films,
the two-dimensional elastic constants Cj; and C;, (N/m units)
for nanoscale graphitic films and elastic constants C;; and Cj,
for bulk phases (B1, W, and G) were calculated as shown in
Figure 3b. One can see that the calculated two-dimensional
elastic moduli for the nanoscale graphitic films rise as the
number of layers (thickness) increases.

We also calculated the C;; and C,, elastic constants for all
considered bulk phases, as shown in the inset of Figure 3b. As
one can see, the obtained values of the elastic constants for the
bulk cubic B1 phase (C;; = 39.9 GPa, C, = 13.1 GPa) are in
good agreement with the corresponding exgerimental data (C,
=482 + 1.4 GPa, C;, = 12.8 + 0.8 GPa),> which are depicted
as black dots with error bars. The elastic constants C;;, C,, of
bulk W- and G-NaCl phases were calculated as well, and their
values equal 31.6, 14.6 GPa and 35.6, 28.2 GPa, respectively. It
should be noted that the distinctive feature of the G-NaCl
phase is a relatively high value of C,, compared to other bulk
phases. The two-dimensional elastic constants can not be
compared with the constants of the bulk phases due to the
different dimensionalities. However, they can be used to
calculate a more valuable characteristic of the material, such as
velocities of acoustic waves, which could be compared with the
corresponding data for bulk phases.

The velocities of longitudinal and transverse acoustic waves
can be estimated from the obtained elastic constants using
simple relations v, = (C;;/p)"* and vpy = [(1/2)(Cy; — Cpy)/
p]"% where p is density.

The obtained velocities of the acoustic waves for the bulk
sodium chloride phases are illustrated in the inset of Figure 3b.
We calculated the velocities of longitudinal and transverse
acoustic waves for the B1-NaCl phase (v, = 4.31 km/s, vy =
249 km/s), which agree well with the corresponding
experimental data (v, = 4.66 + 0.06 km/s, vy, = 2.82 +
0.08 km/s).*® It should be noted that the calculated velocity of
the longitudinal acoustic waves for the bulk W-NaCl phase (v,
= 4.45 km/s) is very close to the corresponding velocity of the
graphitic phase (11, = 443 km/s) and is slightly higher than
that for its cubic counterpart (see the inset of Figure 3b). A
relatively high value of the Cj, elastic constant of the G-NaCl
bulk phase leads to the lower velocity of the transverse acoustic
waves (U, = 1.43 km/s) compared to the other phases. In the
case of nanoscale films, both velocities of longitudinal and
transverse acoustic waves behave independently on the number
of layers (thickness) and oscillate around the bulk values of the
G-NaCl phase.

In summary, we performed density functional calculations to
explore in detail the phase diagram of sodium chloride. We
found that the stability region of a W-NaCl phase was located
in the negative range of the phase diagram due to the higher
energy and lower density than the B1 phase, which hides the
wurtzite phase from the view of researchers. The electronic
properties and stability of the W-NaCl phase were studied
compared to the Bl phase. We found that in the nanoscale
region, the B1-NaCl thin slabs become unstable due to the high
dipole moment, which destabilized the (111) surface and
transformed the Bl films to the new graphitic G-NaCl thin
slabs instead of W-NaCl. We determined the critical thickness
of the NaCl films below which a spontaneous splitting of the B1
films to G-NaCl films occurs, driven by the surface energy
reduction due to the removal of the electrostatic dipole
moment normal to the surface. Investigation of the elastic
properties of both bulk and nanoscale phases shows that the
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graphitic phase displays a higher value of the C,, elastic
constant. This work is in a trend of the “post-graphene” age,
where scientists investigate different alternative layered
materials that may overcome the outstanding graphene
properties. We believe that our investigation of the new
graphitic NaCl phase will open a novel family of ionic layered
nanomaterials.

B ASSOCIATED CONTENT

© Supporting Information

Crystal data, density, and bulk modulus for NaCl phases
considered in this study. This material is available free of charge
via the Internet at http://pubs.acs.org.
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