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Stability of Planar Slits in Multilayer Graphite Crystals
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Using a two-dimensional coarse-grained chain model, planar slits in multilayer graphite crystals are simulated.
It is shown that when covering a linear cavity on the flat surface of a graphite crystal with a multilayer graphene
sheet, an open (unfilled slit) can form only if the cavity width does not exceed a critical value L, (for width L > L,,
only a closed state of the slit is formed, with the cavity space filled by the covering sheet). The critical width of the
open slit L, increases monotonically with the number of layers K in the covering sheet. For a single-layer cavity,
there is a finite critical value of its width L, < 3 nm, while for two- and three-layer cavities, the maximum width
of the open slit increases infinitely with increasing K as a power function K“ with exponent 0 < o < 1. Inside
the crystal, two- and three-layer slits can have stable open states at any width. For a slit with width L > 7.6 nm,
a stationary closed state is also possible, in which its lower and upper surfaces adhere to each other. Simulation
of thermal oscillations showed that open states of two-layer slits with width L < 15nm are always stable against
thermal oscillations, while wider slits at 7 > 400K transition from the open to the closed state. Open states of
three-layer slits are always stable against thermal oscillations.
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1. Introduction

Nanosize pores and capillaries are actively studied due
to their importance for understanding of many natural
phenomena and their potential application. Thus, they may
transfer liquid with new properties, which are not possible
at a larger scale [1]. Nanopores are used to study biophysics
and chemistry of individual molecules [2]. To create
smooth capillaries with precisely controlled dimensions, a
method of their assembly was proposed on the basis of
Van der Waals interaction [3] from two atomically flat
sheets, separated by spacers of two-dimensional crystals [4].
Two-dimensional materials that were used were single-layer
and multi-layer graphenes with precisely controlled number
of layers [5]. Such assembly makes it possible to create
structures that may be seen as flat empty slits with height
of several atoms in a graphite crystal [6]. Such slits were
used to study water transfer in the channels with the
height from one [7] to several dozens atomic layers [5,8].
A programmable nanoliquid switch was proposed on the
basis of such channels [9].

Internal cavities may also be used as pressure nanosen-
sors [10-13]. Flat slits in the laminar structures may serve
as effective optical waveguides [14]. Other options of using
two-dimensional slits are given in the review [15].

When nanoslits are created in graphene and other lamellar
materials, a problem of stability of these pores to the
environmental exposure arises. Thus, for example, in one

of the first papers the nanochannels with the height of one
carbon atom layer were unstable and collapsed in the exper-
iment [5]. In fact it was possible to only obtain nanochannels
with height of two, three or more layers. As it was shown
in a later paper, the inability to produce nanochannels with
the height of one layer was related to the insufficiently
precise treatment of graphite nanocrystal edges that caused
channel closure [7]. In paper [9] a phenomenological model
was proposed to describe the stability of nanoslits. In this
model stability of pores is determined by the balance of Van
der Waals interactions of the upper and lower surface of
the pore, pore deformation energy upon its collapse, and
also capillary pressure caused by nanocondensation of a
solvent inside the channel. Even though this model makes it
possible to obtain the results that agree quite well with the
experiment, it pays little attention to the case of a few layers
in the upper part of the pore (continual approximation is
applied), and the effect of layers sliding and thermal fluctu-
ations is not taken into account as well. In this paper due
to the use of coarse-grained and full-atomic model of the
graphene pore, the effect of these factors on the nanopore
resistance will be taken into account in more detail.
Graphene sheets (nanoribbons) may bend easily and slide
on each other, which makes it possible for them to fill
the substrate irregularities [16]. Such high mobility of the
sheets prevents formation of large flat cavities (slits) with
the height of several layers, since due to the shift and bend
the upper and lower layers of the cavity may come closer,
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having filled its space [17]. In this paper, the maximum
possible dimensions of the cavity will be determined using a
two-dimensional coarse-grained chain model of a multi-layer
crystal. It will be shown that the permissible dimensions
depend on the quantity of the graphene sheets that form the
cavity surface.

Section 2 describes a two-dimensional coarse-grained
chain model of a multi-layer graphite crystal in the form
of a system of parallel linear chains. In section 3 this model
is used to find stationary states of flat slits formed when the
cavity on the flat surface of the crystal is coated with a multi-
layer graphene. In section 4 the flat slits inside the graphite
crystal are modelled, and in section 5 their resistance to
thermal vibrations is analyzed. In section 6 modeling using
full-atomic 3D models is carried out to test the obtained
results. The main conclusions are presented in the section 7.

2. Chain model of multi-layer graphene

A graphene sheet is an elastically isotropic material,
its longitudinal and flexural rigidity wealky depend on its
chirality. Therefore, for certainty let us consider the sheet
deformations in the zigzag direction; see Figure 1, a.

Let the sheet lie in plane xy of a three-dimensional
space in its ground state. In direction of axis x (in zigzag
direction) the sheet is a periodical structure with a pitch of
a, = r.cos(m/6), where r. =1.418 A — equilibrium length
of valent bond C—C. Translational cells of this structure
form atoms located along the lines parallel to axis y.
If the movements of the graphene sheet are considered,
when the atoms on one vertical line move synchronously,
the sheet dynamics may be described as the displacement
of the beads of the linear chain of atoms in plane xz;
see Figure 1,b. Here every bead describes displacements
of all atoms of the sheet located on a single vertical
line (all atoms with the same coordinates x,z). Such
two-dimensional chain model was first used to model the
dynamics of carbon nanoribbon rolls [18,19] and folds in a
graphene sheet on a flat substrate [20).

The Hamiltonian of such chain system has the following
form

H = [1/2M(tty, ity) +V(ra) + U6,)], (1)

where index n specifies the number of the chain bead,

M. =12m, — chain bead mass (carbon atom mass),
u, = (x4, 2,) — vector specifying the position of the nth
bead, r, = |v,| — distance between the adjacent beads n
and n+ 1 (vector v, = u,41 —uy,), 6, — angle between

the adjacent beads of the chain (angle between vectors v,
and —v,_1).
The longitudinal rigidity of the chain is described by a
harmonic potential
V(r)=1/2K.(r —a)?, (2)

where a = a, = 1.228 A — chain pitch, K, = 405N/m —
the inter-bead interaction stiffness. The flexural rigidity of
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Figure 1.  Schematic of the two-dimensional chain model
construction for (@) a flat graphene sheet in plane xy (u, — vector
of coordinates of the nth carbon atom). The model of the chain (b)
with a pitch of a = a, and (¢) a = 2a, (n — number of the chain
link, M. — carbon atom mass, M = 2M. — united atom mass).

the chain is described with the following potential
U(6) = gg[cos(0) + 1], (3)

where cosine of nth angle is cos(6,) = —(Vy—1, Un)/Fn—17n,
energy is €y = 3.5eV. At these values of K and ¢p the
dispersion curves of the chain match best the dispersion
curves of longitudinal and flexural oscillations of the flat
graphene nanoribbon [18].

In the chain model, multilayer graphene sheet corre-
sponds to a system of parallel chains (Fig. 2) with the
Hamiltonian

N
H=>"3"1/2M(itns. iins) + E1 + B2, (4)

K
k=1 n=1

where index k specifies the chain number, and n — the
bead number. The vector u,x = (Xnx,Znx) specifies the
coordinates of nth bead of kth chain (K — number of
chains, N — number of links per chain).

The first term in the Hamiltonian (4) specifies the kinetic
energy of the molecular system, the second term describes
the potential energy of the chains

N

E, = Z Z[V(rn,k) +U(Oni)]. (5)
k=1 n

=1

where the distance between the adjacent beads of the
chain r,; = |v,x| (vector v, = upi1.6 — Unyi), cosine of
the valence angle cos 6, x = —(Vn—1.4> Vnk)/Fu—14Fnk-
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Figure 2. The chain model of the multilayer graphene, k —
number of the chain (sheet layer), n — number of the chain
bead (vector u, i specifies the coordinates of the bead n, k), M —
the bead mass. The potential V(r) describes longitudinal rigidity,
and U(0) — flexural rigidity of the chain. Grey circles show Van
der Waals radii of chain beads.

The third term

||
n MT

Z Z Z erl kisna, kz (6)

describes weak non-valent (Van der Waals) interchain
interactions, 7, k,umy.ky=|Uny.k, —Un,.k,| — the distance be-
tween the beads of chains (n, k;) and (ny, k2). Energy
of interaction may be described with high accuracy by
Lennard—Jones potential (5,11)

W(r) = eo[5(ro/r)"" — 11(ro/r)’]/6, (7)

with equilibrium bond length ro = 3.61 A, energy of inter-
action &y = 0.0083 eV [20].

Homogeneous state of the multilayer graphene (Figure 2)
is set by the coordinates

0 0 0 N,K
{un,k = (xn,k’ Zn,k) n=1,k=1°

where x0, =na for odd k and x0, = (n+1/2)a for
even k, z0, =kho, ho=3.352A — distance between
adjacent chains (layers). To model an infinite graphene,
it is convenient to use periodic boundary conditions, and
for the end-size graphene — free boundary conditions.

To find the ground state, it is necessary to solve the
problem for a minimum of potential energy of the molecular
system

E=E +E, > min: {“n,k}yﬁ,k:r (8)

Table 1. Changes in the chain model parameters as the chain
pitch increases d times (AE — pinning energy)

d | a | M |Ky (N/m)|eg (eV)|eo (eV)|ro (A)|AE (meV)

1 |ax|M:.| 4050 3.500 | 0.0083 | 3.610 0.1

2 |2a.|2M.| 2025 1.750 | 0.0316 | 3.673 43

2.129\da, |dM.| 190.2 1.644 | 0.0352 | 3.694 6.0

The minimization problem (8) was solved numerically by
the conjugate gradient method [21,22]. For a system of
chains corresponding to the crystal graphite, the distance
between the adjacent chains (layers) is o = 3.352 A, and
energy of interaction of one chain bead with the adjacent
chain Ey = —52meV. Here, in order to shift the chain
by one period, it is necessary to overcome an energy
barrier AE = 0.1meV for every bead. To compare the
energy of adhesion and pinning per atom calculated in the
approximation of the density functional theory (DFT), they
are Eyp = 49 meV, AE = 6 meV, respectively [23]. Therefore,
the two-dimensional chain model describes quite well the
energy of interaction of the graphite sheets, but due to
very low energy of pinning AE it makes it possible for
the chains to practically freely slide one against another.
In three-dimensional models, when the energy of atom
interaction between the adjacent layers of graphene is
described with the Lennard—Jones potential (6,12) [24]
the assessments of the pinning energy per atom are
low AE = 0.43meV. Precise agreement with the data
from the DFT may be obtained in the models with
the Kolmogorov—Crespi potential for interlayer interactions
of atoms [23,25,26]. This potential takes into account
the dependence of the interaction energy on the mutual
orientation of normals to the graphene sheet, which makes
it possible to describe the energy sliding surfaces in more
detail.

One can increase the pinning energy in the chain model
by increasing the chain period a (at the expense of
using of more coarse-grained chain). Let us introduce
the parameter of discretness d =a/a,. To maintain
the linear density, longitudinal and flexural rigidity when
increasing the chain pitch 4 times, it is necessary to
increase the bead mass d times, and to decrease the
parameters K and ¢ — down to d fold. The param-
eters of the potential (7) must be changed in order to
preserve the distance between the adjacent chains /4y and
energy of their interaction Ep per the chain length a,
in the ground state. The specific values of the changed
parameters are given in Table 1. Of course, as the
chain discreteness increases, the positions of beads no
more correspond to positions of carbon atoms of the
graphene sheet, but in the continual approximation the
chain deformations with continue to correspond to the sheet
deformations.
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Figure 3. Stationary state of two-layer slit (K, = 2) with width
L, = (Ng + 1)a, coated with K-layer graphene, at (a) N, = 15,
K=1, () N=16, K=1, (c) N, =22, K=3, (d) N, =23,
K=3, (e) N, =29, K=06, (f) N, =30, K =6. Red indicates
the upper part of graphene, green — substrate sheets partic-
ipating in the slit formation, blue — other substrate layers.
A chain model with discretization parameter d = 2 (chain pitch
a = 2a, = 2.456 A) was used. Only 8 upper layers from K, = 50
layers are shown (number of beads per chain Ny = 200, N = 180).

3. Critical slit width depending
on the thickness of the upper layer

To model the substrate with the linear cavity, let us first
consider the system from K; = 50 chains with periodic
boundary conditions along axis x (number of beads in
each chain N; = 200, 400). To create a cavity from K,
the upper chains, let us remove it in the center of N, of the
beads; see Figure 3. The number of chains K, =1, 2,3
determines the depth of the cavity L, = K,hp, and the
number of beads N, — its width L, = (N, + 1)a. Let us
then cover the substrate on top with the system from K
parallel chains (number of links N = 160, 320). These
chains correspond to K-layer graphene covering the cavity
in the substrate, we will use the free boundary conditions
for them. Therefore, the system of K, = K; + K beads
consisting of N, = K,Ny—K N, + KN links, we will model
the linear cavity (slit) of L, x L, in the flat surface of
graphene crystal coated on top with a finite multi-layer
graphene.

To find the stationary state of this molecular system, it is
necessary to numerically solve the problem for a minimum
of its potential energy (8). To fix the slit position, let us fix
the x-coordinates in the first external beads of the chains
that form a slit. The solution to problem (8) showed that
for K, =1, 2, 3 there is always a finite maximum possible
width of the cavity L, = aN,, when the coating with multi-
layer graphene will not result in filling of the slit space
with the upper layer (the slit will remain in the stationary
open state, where the coating graphene does not touch
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its bottom); see Figure 3, g, ¢, e. At larger width (at L, > L,)
the slit space will always be filled with the upper layer
(coating of the cavity results in the transition of the formed
slit into the stationary closed state); see Figure 3, b, d, f. Here
only the stationary state is possible, when the upper layer
adjoins the bottom of the slit.

Note that such closed state is only possible for the slits
with width of L, > L.. For narrow slits with L, < L. there
is only a stationary open state, and at L, € (L., L,) there
are two stable stationary states with the empty and filled
space of the slit. Here the slit (the coated cavity) is a
bistable system. For wide slits with L, > L, there is only a
stationary state with the filled slit space. Dependence of the
limit values of the slit width L. and L, on the number of
graphene sheets K in the coating layer is provided in Table 2.
As you can see from the table, for a two-layer chain these
values are increasing monotonously as the number of K
layers increases.

Figure 4 shows the dependence of the maximum width L,
on the number of graphene sheets K in the coating layer. As
you can see from the figure, there is a limitation for a single-
layer slit (K, = 1) regarding the size of the unfilled (open)
slit. Regardless of the number of K layers, the maximum
width of the open slit is L, < 2.16 nm when using a chain
model with discreteness of d =1, L, <2.70nm at d =2
and L, <2.88nm at d = 2.129. For two- and three-layer
slits (K, = 2, 3) the maximum width of the open slit grows
monotonously as a power-law function of the number of
layers K:

L,~K% by K— oo

For a two-layer slit the parameter is a = 0.17, 0.4, and
for a three-layer one — a = 0.22,0.52 (the values were
obtained using a model with chain discreteness of d = 1 and
d =2, 2.129). Therefore, the increase of the discreteness
parameter d causes the increase of the maximum slit
width L,. This width depends on the ability of the top
layer to fill the slit, which is related to the ability of the
longitudinal motion of this layer edges. As d increases, such
ability decreases, since the pinning energy increases.

Note that the limit value of slit width L, does not
depend on the length of the coating chain L = (N — 1)a, if
N > N,. Thus, at K, =2, K =1, the value L, = 3.93nm
(N, = 15) is obtained at N = 90, 180, 360, and at N = 45
the width is L, = 3.68 nm (N, = 14), at N = 25 the width
is L, = 3.44nm (N, = 13).

Table 2. Dependence of limit values of L., L, slit width on the
number of K graphene sheets in the coating layer for a two-layer
slit (K, =2,d=2)

K 112346810 14 | 20 | 30
L. (nm)|3.17|3.42|3.67|391|4.16|4.41|4.66| 5.15| 5.40| 5.64
L, (nm)|3.93|4.67|5.65|6.39(7.37|8.35/9.34|10.56|12.28 | 14.00
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Figure 4. Dependence of maximum width of open state of L, slit on the number of K graphene sheets in the coating layer. Within different
models these dependences were calculated for a slit with height of one, two and three layers. The panel (a) compares the results of
the initial two-dimensional model (parameter d = 1, curves 1,2,3) with a full-atomic LJ-model (curves 10,11,12). The panel (b) gives
the values of maximum width in a two-dimensional model at d = 2 (curves 4,5,6), at d = 2.129 (curves 7,8,9), and also within a three-
dimensional KC-model (curves 13,14,15). Curves 1,4,7,10,13 provide dependence for a single-layer slit (K, = 1), curves 2,5,8, 11,14 —
for a two-layer slit (K, = 2), and 3,6,9,12,15 — for a three-layer slit (K, = 3). Logarithmic axes are used, dotted lines show power-law

dependences K°.

The obtained dependences L,(K) make it possible to
conclude that inside the graphite (multi-layer graphene)
crystal the single-layer unfilled linear cavities (empty slits)
may have the width of not more than 3 nm, and the width
of the stable open two-layer and three-layer cavities is
practically unlimited. Note that if the cavity in the substrate
prior to its coating was previously filled with something, for
example, with water, the size of such cavity is not limited.
Here the molecules filling the cavity will prevent its collapse.

4. Slits inside a multi-layer crystal

To simulate the slits inside a multi-layer crystal, let us
consider a system from K = 100 chains of N = 200 beads
with periodic boundary conditions along both axes. For

more certainty, let us further limit ourselves to use of the
chain model with discreteness of d = 2.

Let us remove in K, =1,2 adjacent chains the
N, beads, having thus created a slit with size of
L, = (Ng + 1)a x L, = Kzhy in the crystal. To find the
stationary state of the slit, let us solve the problem of the
minimum energy of the system (8). The numerical solution
to the problem demonstrated that the single-layer slit in
the crystal may stay in the unfilled state only at N, < 11;
see Figure 5. Therefore, the width of the open single-layer
slit is always below 2.95nm, which matches the estimate
obtained in the previous section.

The solution to the problem (8) demonstrated that
the open state of the two-layer slit is stable at any
length (here the limit value is L, = c0). At N, > 30

Physics of the Solid State, 2025, Vol. 67, No. 11
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(at Ly > L. =3la =7.61nm) there is also the closed
stationary state of the slit, where its upper and lower
surfaces adjoin each other; see Figure 6. Dependence
of the energy difference of these stationary states of the
AE = E. — E, slit on its width L, = (N, + 1)a is shown
in Figure 7. The energy difference grows practically linearly
with the slit width increase. At L, < L; = 12.77nm the
open state of the slit is more energetically favourable
(E, < E.), and at L, > L; the ground state will already
be the closed state (E, > E.).
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Figure 5. View of stationary state of single-layer slit in multi-layer
crystal with width of L, = aN, at N, = 10, 11, 12, 13 (a, b, ¢, d).
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Chain pitch a = 2a, (chain discreteness d = 2).

Figure 6. View of stationary state of two-layer (a) open and (b)
closed slit in a multi-layer crystal with width of L, = 24.8 nm
(Ng = 100, chain pitch a = 2ay).
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I : I I
10 15 20
L., nm

Figure 7. Dependence of energy difference AE = E, — E. of
open and closed stationary state of two-layer slit in multi-layer
crystal on its width L.

5. Impact of thermal fluctuations

To test the stability of the slit stationary states, let us
conduct molecular-dynamic simulation at temperature of
T < 930K. To simulate the thermal fluctuations of a multi-
layer structure, it is necessary to numerically integrate the
Langevin’s system of equations

oH
Miiy = 3

—I'Muy ;. — Eux, 9)
Un,k

where index k =1,..., K sets the chain number, index
n=1,...,N — chain bead number. Here M =2M,. —
mass of a chain bead, I'=1/t, — friction coefficient
(thermostat relaxation time 7, = 10 ps),

En,k = (én,k,h én,k,Z)

two-dimensional vector of normally distributed random
forces with correlation functions

&y ker,i (01)émykey, j (82)) = 2MRTT 8,1, 8,, 61 6 (12 — 11)

(kg — Boltzmann constant, T — thermostat temperature).

In simulation we will use periodic boundary conditions
with the fixed cell size. Therefore, for correct simulation it
is necessary to take into account the thermal expansion of
the system along axis z upon heating when setting the initial
dimensions of the cell (the compression along axis x may
be neglected). To study the change of the distance between
the adjacent layers of graphene i(T), let us first consider the
system from K = 80 chains from N = 200 links. Let us take
along axis x (using index n) periodic boundary conditions
with period Na, and along axis z (using index k) — free
boundary conditions. Let us take the stationary state of the
system from K parallel chains as the initial condition of the
system of motion equations (9)

{un1(0) = ug,k’ Uk (0) = O}LV;Iik:l-

Let us numerically integrate the system of motion equa-
tions (9) by Verlet method [27] with integration step of
At = 1fs. After equilibrium with the thermostat is achieved,
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Figure 8. Dependence of average distance between adjacent
chains 4 on temperature 7. Markers provide values obtained
numerically, the solid line corresponds to dependence (10).

Figure 9. State of two-layer slit (K, =2, N, =
layer crystal at temperature (a) T

100) in a multi-
=300, (b) 510 and (c) 540K.
The configuration of the multi-layer system in the slit vicinity is
shown at the moment of time 7 = Sns.

let us integrate the system for r = 10 ns and find the average
value of the distance between the adjacent central chains /.

Numerical simulation demonstrated that the thermal
fluctuations result in increase of the distance between
the adjacent chains, described with high accuracy by the
following formula

A(T) = ho + a1 T + axT?, (10)

where  ho = 3.3576 A, a; =3.0-107*A/K,
=17.3-10~% A/K?; see Figure 8.

To simulate the impact of thermal fluctuations on the slit
shape, let us take the system from K = 100 parallel chains

) =

located at the distance of (T from each other. Let us take
the chains with the bead number of N = 200, 400, 800.
Along axis x we use the periodic boundary conditions with
period of Na, and along axis z (using index k) — periodic
boundary conditions with period of Kh(T).

In virtue of instability of single-layer slits with width of
L > 3 nm, slits with height of more than one layer that we
will consider further are of greater interest.

To create a two-layer slit with width of L =
we will remove N, beads in two adjacent chains.

Numerical integration of the system of motion equa-
tions (9) demonstrated that the slit with width of
L<L,=15nm (N, < 60) always remains in the open
state at any temperature values. Wider slits at high
temperatures will change to a closed state. Thus, at N, = 50
the flat slit remained open at 7 < 930K for the entire time
of numerical integration of t = 5ns. At N, =60 the slit
remains open at 7 < 600K (at higher temperatures the slit
periodically changes from the open state to the closed one
and back). At N, =70, 80, 100 and 200 (L = 17.4, 19.9,
248 and 49.4nm) the slit remains open at temperature
T <T.=510, 630, 510 and 420K, respectively. Here
at T > T, the slit changes to the closed state and further
remains in it; see Figure 9.

A three-layer slit (K, = 3) is always stable to thermal
fluctuations. Thus, at any temperature 7 < 930K it always
remains in the open state.

(Ng+ 1)a

6. All-atom simulation

It is natural to compare the predictions of the two-
dimensional graphene model with a more detailed three-
dimensional atomic model, where a separate particle corre-
sponds to a carbon atom, but not an atom band with the
width of da,. Let us consider that the hydrogen atoms are
attached to the carbon atoms on free edges of the graphene
sheet. The group of these CH atoms will be considered by
us as one (combined) atom of 13m,, mass.

Potential energy of the multi-layer graphene made of K
nanoribbons on a flat substrate is:

Z Z Z rﬂ1k1ﬂ2k2 (11)

where vector u,; = (xn,k, Ynks>Znk) specifies the coordi-
nates of nth carbon atom of kth nanoribbon, N — number
of atoms in each layer.

The first term of the sum (11) E, ; specifies the energy of
interaction of nth atom of kth nanoribbon with the adjacent
atoms of the nanoribbon (the deformations of valence
bonds, valence and torsion angles are considered [28]). The
potential

P(z) = eolB(h:/2)* — a(h./z)')/ (@~ B), (12)
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Figure 10. Stationary state of two-layer slit (K, = 2), coated with
two-layer graphene at width L =2.70nm (N, = 21): (a) open
and (b) closed state; at width L = 4.30nm (N, = 34): (c) open
and (d) closed state. Red indicates the upper sheets of graphene,
green — substrate sheets participating in the slit formation.
LJ model is used.

Figure 11. Stationary state of three-layer slit (K, = 3), coated
with three-layer graphene at width L =3.44nm (N, =27):
(a) open and (b) closed state; at width L = 8.72nm (N, = 70):
(c) open and (d) closed state. Red indicates the upper sheets
of graphene, green — substrate sheets participating in the slit
formation. LJ model is used.

describes the energy of interaction of the nanoribbon
atom with the flat substrate z <0, formed by the
surface of the graphite crystal, the interaction energy
eo = 0.0518 eV, equilibrium distance to the plane of the
substrate h, = 3.37 A, extent a = 10, 8 = 3.75 [29].

The last term in formula (11) describes the energy
of non-valence interaction of atoms in different layers,
Py kiinaks = |Uny ks —Uny.iy| — distance between the atoms
ni, k1 and ny, ko, potential

W(r) = ewf{[(ro/r)° = 1> =1}, (13)

where &, = 0.002757 eV, r, = 3.807 A [24].
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As it was described in section 2, the above model with
pairwise Lennard-Jones interactions of atoms (LJ-model)
provides a lower pinning energy. Therefore, let us also
consider a force field (KC-model), where the pinning energy
of graphene sheets matches the results obtained by the DFT
method [23]. In this force field the interaction of close
atoms is determined by REBO [30] potential, and non-
valence interactions of atoms from different layers — by
Kolmogorov—Crespi potential [25]. The potential energy of
the system was supplemented with a summand responsible
for interaction with the substrate (12). The calculations
by the energy minimization method for this model were
conducted using LAMMPS suite [31].

Let us take as a substrate a multi-layer graphene
from K; =5 nanoribbons, where direction ,zigzag“
matches axis x, and direction ,,chair — axis y. Let us con-
sider nanoribbons with size of Ly = 2N,a, x L, = 3N,r,,
where N, =200, Ny, = 5. Each nanoribbon will consist
of Ny =4N.N, = 4000 carbon atoms. To simulate the
substrate, we will use the periodic boundary conditions
with periods along axes x and y: 2N,a, =49.12nm
and 3N,r, = 2.127 nm.

To create a slit from K, =1, 2,3 upper nanoribbons,
let us remove in their center N, x 4N, atoms, having
thus created a transverse cavity of width L = (N, + 1)a,;
see Figure 10 and 11. Then we coated the cavity in the
substrate with K-layer nanoribbon of the same width L,, but
shorter length (2N — 1)a, with a number of transverse cells
N =160. Here we will use the free boundary conditions
along axis x, and along axis y — periodic boundary
conditions. This three-dimensional molecular structure will
correspond to the two-dimensional multi-layer structure
considered in section 3.

To find the stationary state of the slit coated with multi-
layer graphene, it is necessary to numerically solve the
problem for a minimum of potential energy

E — min: {un,k}ivi’f?l:l’ (14)

where the total number of layers is K, = K; + K, Ny —
number of atoms in kth layer (nanoribbon).

The numerical solution to the problem (14) demonstrated
that for the number of layers participating in the formation
of the slit K, = 1, 2, 3 there is always the maximum possible
width of the slit L,, for which there is a stable stationary
state with an open slit (in this state the upper layer will
not touch the slit bottom); see Figure 10,a,c and 11,a.c.
At larger width only the closed stationary state of the
slit is possible, where the upper layer joins tightly the
slit bottom — see Figure 10,b,d and 11,b,d. The closed
stationary state only exists for the slits with width L > L.,
where the limit value of the slit is L. < L,. Therefore, for
width L < L, there is only the open stationary state of the
slit, at L € (L., L,) there are simultaneously two stationary
states (open and closed), and at L > L, the slit only has
the closed state. The open stationary state is energetically
more favourable only at the slit width of L < L;, where the
value is Ly € (L., L,). Specific values of the slit width L.,
L, and L, are given in Table 3.
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Table 3. Dependence of limit values of slit width L., L;, L, on the
number of graphene sheets K in the coating layer for K,-layer slit
(values are given in nm, LJ-model is used)

K, K 1 2 3 4
1 L, 172 197 2.09 221
2 L. 209 246 2.58 282
2 Ly 2.58 295 3.19 344
2 L, 381 430 467 491
3 L. 209 246 2.58 282
3 L 3.56 405 442 479
3 L, 7.37 761 8.37 9.09

As you can see from Figure 4, the three-dimensional LJ-
model agrees well with the two-dimensional chain model
(d=1), and the KC-model — with the same model at
d =2.129. Values of the maximum width of the slit in
the KC-model, as expected, somewhat exceed the estimates
from the LJ-model. Differences in the pinning energy of
two three-dimensional models also impact the deformation
changes of the upper layer of graphene in slit collapse. Thus,
in the KC-model with stronger pinning the collapse of the
single-layer slit shifts edges of the upper layer relative to the
middle layers by 0.1 A in contrast to 1A for the LJ-model.
Similar, but less pronounced differences are observed in
collapse of the two-layer (shift by 0.4 A vs. 1.3 A) and three-
layer slits (shift by 1.5A vs. 3.5A).

7. Conclusion

This paper refined the previously proposed two-
dimensional chain model of multi-layer graphene [17]. By
increasing the pitch of the chain d = 2.129 times and rescal-
ing of interaction constants, the mechanical properties and
the cohesion energy of graphene sheets were maintained,
and the pinning energy was brought in compliance with the
values calculated within the DFT simulation [23].

Formation of flat slits in multi-layer graphite crystals
was simulated using a two-dimensional coarse-grained chain
model. It was shown that the multi-layer graphene coating
of the linear cavity on the flat surface of the graphite crystal
may lead to formation of an open (unfilled) slit only at
cavity width not exceeding the limit value L,. At larger
width of the cavity (at L > L,) the upper layer of graphene
due to bend and shift of the edges fully adjoins its bottom,
forming the closed (collapsed) state of the slit. The closed
state is only possible at the slit width exceeding the thresh-
old value L. < L,. Therefore, for the narrow slits with width
of L < L, only the open stationary state is possible. For the
slits of medium sizes L € (L., L,) there are two stable sta-
tionary states — open and closed. Here the slit (the coated
cavity) is a bistable system. And for wide slits with L > L,

there can only exist a closed stationary state with the space
of the cavity filled with the coating top layer. The limit value
of the width of the open slit L, monotonously increases
with the growth of the number of graphene sheets K in the
coating layer. For the single-layer cavity there is a finite limit
value of its width L, < 3 nm, which does not depend on K.
For two- and three-layer cavities the maximum width of the
open slit grows as a power-law function as the K increases:
L, ~K* at K — oo (index 0 < a < 1).

The conducted simulation demonstrated that the single-
layer slit inside the graphite crystal may stay in the open
(unfilled) state only at its width of L < 3nm. Two- and
three-layer slits here may have stable open states at any
width (limit value of L, = c0). At L > 7.6nm the two-
layer slit may also remain in the stationary closed state,
in which its lower and upper surfaces adjoin each other.
The difference of energies in these stationary states grows
linearly with the increase of the slit width. At width
of L < L; =12.8nm the open state has lower, and at
L > Ly — higher energy.

Simulation of thermal fluctuations demonstrated that the
open states of two-layer slits with width of L < 15nm
are resistant to thermal fluctuations at temperature of
T <930K. Wider slits at 7 > 400K transition from the
open state to the closed state that is more energetically
favourable. Open states of three-layer slits are always
resistant to thermal fluctuations.

The conducted partial simulation of slits using three-
dimensional full-atomic models confirmed the main results
obtained using a two-dimensional chain model.
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