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nanolayer-nanochannel inclusions formed by hard dumbbells
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Abstract: The article investigates the possibility of modifying the elastic properties of materials by altering their structure
at the atomic level. Such approach could prove useful in tailoring the properties of materials to particular applications.
Advances in the nano-level techniques may prove this approach to be a cost-effective and fast to implement method of
achieving this goal. The subject of this work are studies of elastic properties of f.c.c. crystals with inclusions containing
di-atomic molecules, forming aperiodic phase within these inclusions. Recent studies showed that such phase may enhance
auxetic properties of the crystal. It has been discovered that Poisson’s ratio in the direction of [110] has been decreased
from −0.054 (pure f.c.c. crystal) down to −0.235 (inclusions with aperiodic phase of dumbbells). Here, different sized of
the inclusions are investigated, in order to extend that study. It has been found that increasing the size of the inclusions will
completely eliminate the auxetic properties when the diameters of the inclusion spheres increase. However, the decreasing
atomic diameters show that auxetic properties can be switched between the in-plane and out-of-plane directions (with
respect to inclusion nanolayers), by rotating the shape of the nanochannel around its longitudinal axis.
Key words: auxetics, degenerate phase, elastic properties, hard dumbbells, hard spheres, nanoinclusions, Poisson’s ratio

I. Introduction

Negative Poisson’s ratio [1] materials, although theoret-
ically possible, have not been known to exist until the late
1980s. Many believed that such properties of materials are
not possible in reality. It was the two ground braking works
that had changed the mindset of researchers and started a
completely new area of research that is rapidly evolving to
this day. One of the works showed that such materials can ex-
ist, by making a specially heat-treated foam [2], that exhibit
negative Poisson’s ratio. The other one focused on the sim-

ple thermodynamic model systems of hard cyclic hexamer
molecules in 2D [3], and proved, by its rigorous solution in
the static (zero temperature) limit [4], that it is possible to
obtain a thermodynamicaly stable system exhibiting a nega-
tive Poisson’s ratio. Auxetic [5] materials, as they came to be
called, exhibit a whole range of counter-intuitive mechani-
cal properties. Among others, their most famous property is
to expand laterally while subjected to longitudinal stretch-
ing. Such extraordinary properties [6–8] and their vast po-
tential applications [9–12], drive the motivation of the ever-
growing number of researchers to deepen our knowledge
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and understanding of the physical phenomena behind these
elastic properties. Auxetics have been extensively studied
from the macroscopic perspective. The studies concentrate
on auxetic structures [13–20], foams [21–24], fabrics [25–
27], and composites [28–31]. The studies on auxetic meta-
materials [32–36] constitute a step towards the analysis on
the micro level. In parallel, theoretical investigations have
been done to formulate various macro [13] or scale indepen-
dent models [37–44] that show these properties. Another ap-
proach to this subject is to look for the origin of the auxetic
properties at the micro or atomic levels. It has been found
that about 69% of crystals with cubic symmetry exhibit aux-
eticity [45]. The reason why these observations have not
been made earlier is that the negative Poisson’s ratio occurs
in these crystals only in the narow range of crystalographic
directions, whereas in other ones the PR is positive. Such
materials are now called partial auxetics [46]. A number of
atomic models have been proposed to examine the nature of
auxeticity in materials [47–51]. These and many other stud-
ies have shown that modifying the atomic structure of ma-
terials is a feasible approach to modify macroscopic elastic
properties of the material. Possibly to enhance its auxetic
properties to match the intended application. However, this
is a cumbersome task, as our understanding of how the pro-
cesses that occur on the atomic level, translate to the macro-
scopic properties of materials is still limited. Thus, further
studies of simple atomic models are required. One of the pro-
posed directions of study is modification of the crystalline
structure with inclusions. Although models described here
are purely theoretical, the advances in nanotechnology to
date, allow us to fabricate systems even with monoatomic
layers [52]. Thus, insight provided by such models may
prove valuable while designing and creating microscale sen-
sors or actuators in MEMS systems.

Nanolevel inclusions to crystalline structure is one ap-
proach towards modification of elastic properties of crys-
tals [53]. Such inclusions may be implemented in various
shapes and forms. Recently, a model has been proposed,
where in f.c.c. crystal of hard spheres certain spheres have
been replaced by hard spheres of different diameters. The
included spheres have been arranged in the form of an ar-
ray of [001]-nanochannels [54]. When the diameters of these
include spheres increased above 8% over the remaining
spheres in the system, a strong enhancement of the auxetic
properties have been observed. Yet, similar studies with in-
clusion in the form of a periodic stack of (001) crystalo-
graphic mono-layers showed only slight enhancement of the
auxeticity [55]. However, the most surprising result was ob-
tained when both types of inclusions have been implemented
in a single model. It has been found that inclusion in such
a form completely eliminates the auxetic properties of the
f.c.c. crystal of hard spheres [56]. This shows that processes
on atomic level do not translate to macroscopic properties
in a simple manner, and the observed effects are not addi-
tive. Lately, these studies have been extended by introduc-
ing additional constrains on spheres forming inclusions. The
latter have been randomly paired to form simple di-atomic
molecules, the dumbbells. The study of a model with (001)-
nanolayers joined with thin [001]-nanochannels, filled with

dumbbell molecules showed that auxetic properties can oc-
cur in such a model, and can be strongly enhanced, com-
pared to pure f.c.c. hard sphere crystal [57]. The molecules
within the inclusion form the so-called Degenerate Crys-
talline (DC) phase [58, 59], an aperiodic phase [60], fea-
turing no translational nor rotational order of molecules. Re-
cently this study has been further extended, to investigate the
impact of increasing number of adjacent (001)-nanolayers
or the widening of the [001]-nanochannels [61] The study
showed that increasing the number of layers and/or the thick-
ness of nanochannels, one can completely eliminate or de-
crease the auxetic properties , respectively.

The aim of the current study is to extend that re-
search by studying models containing arrays of wider [001]-
nanochannels joined with the stacks of multiple (two or
three) adjacent (001)-nanolayers, filled by the dumbbell
molecules forming the DC phase. Along with the previous
studies, these models will increase our understanding of the
impact of changing atomic sizes in the presence of molecular
bonds as well as different sizes and geometries of inclusions,
on elastic properties.

II. Studied systems

The models examined in this work are based on an f.c.c.
crystal composed of N hard spheres in periodic bound-
ary conditions. In the uniform (monodisperse) crystal each
sphere has the diameter of σ, which is also considered as the
unit of length. To such a crystal, inclusions with spheres of
different diameter (σ′ ̸= σ) are introduced. This is obtained
by replacing selected spheres from the pristine crystal (the
matrix) with inclusion spheres. All the latter spheres have
the same diameter. Thus, one obtains a binary system com-
posed of hard spheres either of the diameter σ′ (counting
Ninc spheres) or σ (counting N − Ninc spheres). The ratio
of the number of inclusion spheres to the number of all the
spheres in the system (Ninc/N ) is referred to as the concen-
tration. The number of inclusion spheres and their spacial
localization is arbitrary. Thus, one can introduce inclusion of
various shapes and sizes. In this work, we focus on models
with joined nanochannel and nanolayer inclusions. Here, we
introduce nanolayers in the form of two (L2) or three (L3)
adjacent (001) crystallographic layers, stacked periodically
along the [001]-direction. The nanolayers are joined with
an array of orthogonal nanochannels, oriented along [001]-
direction. The array is periodically stretched in x-y plane.
The diameters of the introduced nanochannels are such to
encompass spheres in the second (C2) and third (C3) coor-
dination zone from the channel’s axis. This corresponds to
the nanochannel radii equal to σ and

√
2σ respectively. The

four possible combinations of the proposed inclusions are
presented in Figure 1a). These models will be further ref-
erenced to as CiLj, where i, j = 2, 3. After the inclusions
have been introduced into the crystal, additional constrains
are imposed on the inclusion spheres. They are randomly
connected into di-atomic molecules (dumbbells). The latter
are rigid and their length l is equal to σ, i.e. the centres of
spheres forming a dumbbell are separated by the distance of
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Fig. 1. Visualization of a) atomic inclusions to the f.c.c. structure, b) pairing of the atomic inclusion spheres into dumbbell molecules,
c) studied topologies of inclusions of different number of adjacent nanolayers and various sizes of nanochannels (shown as atomic sys-
tems). The small green spheres in c) represent the matrix spheres, which were artificially scaled down, only for the viewing purposes.
In d) one of many possible arrangement of dumbbell molecules within the inclusion is presented (the matrix spheres have been artificially
removed). Part e) presents the studied supercell of C2L2 system in periodic boundary conditions. In the latter part, some periodic images

of the supercell have been removed to facilitate the view.

σ, regardless of the diameters of the individual spheres (see
Fig. 1b). At close packing, the dumbbells can be oriented
along six different directions, namely: [110], [11̄0], [101],
[101̄], [011], and [011̄]. The random pairing of the inclusion

spheres results in a phase that does not exhibit any periodic
order of molecules. Thus, this phase is a representation of
the DC phase of dumbbells within an f.c.c. lattice. The vi-
sualization of the periodic supercell with molecular bonds
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is presented in Fig. 1c), where matrix spheres were removed
and the inclusion spheres have been shown semi-transparent,
to reveal the distribution of molecules. The example super-
cell for C2L2 system have been shown with some of its pe-
riodic images in Fig. 1d).

All spheres in the system interact via a (purely geomet-
rical) hard potential, which can be expressed in the form:

βuij =

{
∞, rij < σij ,

0 , rij ≥ σij ,
(1)

where rij is the distance between the centres of spheres i
and j, and σij represents the sum of their radii. β equals
1/(kBT ), where kB is the Boltzmann constant and T is
the temperature. The total energy of the system is U =

(β/2) · Σ′

ijuij , where Σ
′

ijuij represents a double sum with
the condition i ̸= j. Because the molecules in the inclu-
sion are considered rigid (l = σ = const), the interac-
tion between inclusion spheres within a dimer is excluded
from calculations, i.e. does not contribute to the total energy
of the system. The hard sphere interaction potential is used
as the fundamental reference model in the condensed mat-
ter physics [62, 63] and, what is important for the current
study, a hard sphere crystal exhibits a negative Poisson’s ra-
tio [64, 65] and can be thought of as a partial auxetic [46].

III. Methods

III. 1. Elastic Properties
The computer simulations have been used to determine

the elastic properties of the proposed models. Simulations
were done by Monte Carlo (MC) method implementing the
Parrinello–Rahman approach [66–68]. This method allows
one to calculate the full elastic compliance tensor for the
crystal, through a single run in the isobaric–isothermal en-
semble (NpT ). The studied supercell occupies the paral-
lelepiped space that can be described by the so-called box
matrix (h), a symmetric square matrix of the rank three.
It is composed of the vectors defining edges of the paral-
lelepiped. This parallelepiped changes over the course of the
simulation. Hence, the h matrix also changes. As shown in
Ref. [67], one can express the Lagrange strain tensor as func-
tion of the box matrix and the reference box matrix (hp), in
the following form:

ε =
1

2

(
h−1

p .h.h.h−1
p − I

)
, (2)

where I is the identity matrix. The reference box matrix
hp ≡ ⟨h⟩ is the (ensemble) average value of the h matrix at
equilibrium under dimensionless pressure p∗ = pβσ3. The
components of the Lagrange strain tensor ε allow one to cal-
culate the elastic compliance tensor, defined as [68]:

Sαβγδ = βVp ⟨∆εαβ∆εγδ⟩ . (3)

In the above equation, Vp = |det(hp)| is the average vol-
ume of the system at the dimensionless pressure p∗ and

∆εαβ = εαβ − ⟨εαβ⟩, whereas the ⟨εαβ⟩ is the average of
the components of the strain tensor in the NpT ensemble,
and α, β, γ, δ = x, y or z. The elastic compliance tensor S is
a symmetric fourth-rank tensor, that allows one to describe
in full the elastic properties of the crystal at any symmetry.
Often it is more convenient to analyse elastic properties in
terms of elastic constants rather than elastic compliances.
The latter tensor can be also easily obtained from the fol-
lowing relation [69]:∑

n,m

SijmnBmnkl =
1

2
(δikδjl + δilδjk) , (4)

where δij is the Kronecker delta. As mentioned above, the
knowledge of the elastic compliance tensor S allows one for
complete description of a crystal’s elastic properties. Specif-
ically, the Poisson’s ratio in any direction can be determined
using the expression [70]:

νnm = −mαmβSαβγδnγnδ

nζnηSζηκλnκnλ
. (5)

From the above, it’s evident that PR depends on two mu-
tually orthogonal directions, represented by the unit vectors
n⃗ and m⃗. The former indicates the direction of the applied
external stress, while the latter (m⃗) represents the direction
in which the PR is measured. It should also be noted that
the Einstein summation convention is used for Greek in-
dices. For clarity, in the rest of the manuscript, we express
the Sαβγδ and Bαβγδ tensor elements in terms of the elastic
compliance matrix Sij and the elastic constant matrix Bij

elements, respectively, using Voigt notation [71]. The Latin
indices for the Sij and Bij elements of this symmetric square
matrix take the values i, j = 1, ..., 6. The described approach
pertains to infinitesimally small deformations. If this had not
been the case, a different approach should have ben used,
e.g., the one described in [3].

III. 2. Computational Details
Monte Carlo simulations done in this work used the

standard Metropolis algorithm [63] with two types of trial
moves. The first type changed the particles’ position and/or
orientation of dumbbells, and the second type was responsi-
ble for the changes of the system shape (the change of the
box matrix h). During a single MC cycle an attempt to move
(and/or rotate) each particle once, has been performed. At-
tempts to change the box matrix components have been per-
formed every

√
N particle trial moves. The acceptance ratio

for both types of trial moves has been set to 40%. Single sim-
ulation run took 107 MC cycles, of which the initial 10% has
been treated as period when system reached thermodynamic
equilibrium, and were discarded from simulations.

Models with N = 864, that correspond to crystal of
6 × 6 × 6 f.c.c. unit cells, have been examined. Depending
on the model, inclusions contained Ninc = 189 spheres for
C2L2, Ninc = 257 spheres for C2L3, Ninc = 209 spheres
for C3L2, and Ninc = 277 spheres for C3L3. Thus, the
concentration of inclusion spheres in the given systems was
c = 21.875%, 29.75%, 24.19%, and 32.06%, respectively.
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All systems were subjected to the external dimensionless
pressure p∗ = 100. The impact of changes of the inclusion
sphere diameters was investigated in the range of σ′/σ from
0.95 to 1.05. The selected σ′ had not changed during a simu-
lation run. For each value of σ′ five hundred individual sim-
ulations have been performed and the values of elastic com-
pliance matrix have been averaged prior to Poisson’s ratio
calculations.

IV. Results and Discussion

Earlier studies [56] have shown, that introduction of hy-
brid nanolayer-nanochannel inclusion into an f.c.c. crystal
lowers the symmetry of the system from cubic to tetragonal
one [71]. Similarly, in the current study, presented results
concern only the range of parameters (p∗, σ′) for which the
stable tetragonal phase has been obtained. To confirm the
symmetry of systems obtained from simulations one must
examine their shapes and their elastic compliances. In Fig-
ure 2 the values of the diagonal box matrix components are
presented for the C2 (a) and C3 (b) size nanochannels, re-
spectively. The data for systems with two adjacent nanolay-
ers (L2) have been plotted in orange and the data concerning
L3 systems, with black. It can be observed that, similarly
to [56], the in-plane dimensions, with respect to the inclu-
sion layer, are equal for systems at their respective σ′/σ val-
ues, i.e. h11 = h22 for each model. The values of h11 and
h22 increase with the increase of σ′/σ to accommodate for
the increase of inclusions. However, this increase in x and y
dimensions allows for the compression in z-directions, what
is reflected by the h33 values in all systems. These values
are lower for both L2 systems, as the increase of σ′/σ af-
fects the thickness of only two crystallographic layers. The
increase of the in-plane dimensions at high σ′/σ allows to
compress the crystal in [001] direction even below the value
of the pristine f.c.c. sample. The reason behind this contrac-
tion is mainly due to the fact that matrix spheres have more
available space to expand in x-y directions. When diameters
of inclusion spheres decrease (σ′/σ < 1), one can observe
a similar contraction of all systems. However, in this case the
mechanism is different. The joined inclusion layers as well
as the channel length decrease in z-direction, hence the re-
sulting compression is greater for L3 systems. Only minor
contraction observed on h11 and h22 is due to the matrix of
the crystal, which cannot be compressed any further when
σ′/σ is decreased below 0.99.

In Figure 3 the selected elements of the elastic compli-
ance matrix S∗

ij are presented. The data corresponding to
thinner (C2) nanochannel systems have been plotted with
open symbols and the ones corresponding to wider (C3)
nanochannel, with closed symbols, respectively. Further-
more, the data for two adjacent nanolayer systems (L2)
have been indicated with circles, and the L3 systems have
been represented by triangle symbols. As mentioned in Sec-
tion III. 1. elastic compliance matrix S has 36 elements. Due
to the symmetry of the matrix, only 21 elements are enough
to describe the crystal at the lowest possible symmetry. For
cubic symmetry the number of independent elastic compli-
ance elements is down to only S11, S12, and S44, while the

remaining elements are zero. As it can be seen in Fig 3, in
this case there are six independent elastic compliance ele-
ments, while the remaining ones are zero (to the degree of
computational accuracy). Thus, the matrix of elastic compli-
ance takes the form:

S =


S11 S12 S13 0 0 0
S12 S11 S13 0 0 0
S13 S13 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S66

 . (6)

Fig. 2. The diagonal elements of the box matrix h for C2 (a) and
C3 (b) models.

This confirms that, as in earlier studies of similar inclusion
without dumbbells [56], the symmetry of the resulting sys-
tems is the tetragonal one (422 symmetry class [71]). The
following conditions, that are required for the tetragoanal
symmetry are met:

S11 = S22,

S13 = S23,

S44 = S55, (7)
Si4 = Si5 = Si6 = 0 for i = 1, 2, 3,

S45 = S46 = S56 = 0.

The plots in Fig. 3 have been arranged such, that the columns
represent pairs of elastic compliances that are equal to each
other in the cubic case. An important remark is required here,
as when σ′/σ = 1 all the spheres’ diameters in the system
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Fig. 3. The elastic compliance matrix elements (S∗
ij) for all studied models.

Fig. 4. Elements of the elastic constants matrix (B∗
ij) for all studied models.
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are equal and, at close packing, one obtains systems, where
all the spheres form the perfect f.c.c. crystal. However, one
should keep in mind that the presence of molecular bonds
within the inclusion breaks the symmetry of the crystal even
at σ′/σ = 1 and there is not even a single case in this study,
where the symmetry of the system is cubic. It can be seen
from the plots that, qualitatively, all studied systems react
the same to the changes of atomic diameters of inclusion
spheres (σ′/σ). S∗

12 and S∗
13 decrease, regardless of whether

σ′/σ < 1 or σ′/σ > 1. All the remaining four compliance
elements increase when σ′/σ ̸= 1. The increase, however,
is more significant when atomic diameter of inclusion par-
ticles become larger. Interestingly, S∗

33 values for all stud-
ied models are very close, suggesting its low dependence on
the concentration of inclusion particles, which changes from
21% to 32% (see Sec. III. 2.). The S∗

11, S∗
44, and S∗

66 ele-
ments, however, show that the elastic compliance of mod-
els with thinner nanochannels (C2) increases over the wider
nanochannel systems, regardless of the number of adjacent
nanolayers introduced. Based on the S∗

11, S∗
12, and S∗

66, one
can conclude that typically the L3 systems have higher value
of the elastic compliance over the L2 systems, regardless of
the nanochannel diameter.

In Figure 4 values of elastic constants matrix B, calcu-
lated as described by Eq. (4), have been presented, per anal-
ogy to Fig. 3. It should be also noted, that elastic constants
Bij also follow the relations given in Eq. (8). It can be no-
ticed from the B∗

11 and B∗
33 plots, that the resistance to com-

pression in x-y plane is significantly increased due to the
presence of molecular inclusions and increased atomic sizes.
Whereas, compression resistance in the z-direction (B∗

33) for
all models decreases along with the increase of σ′/σ. The
reason behind this is an obvious consequence of the changes
in the sample’s shape, described above in the discussion of
Fig. 2. The presence of molecular bonds within the inclusion
layers are primarily responsible for the increase in compres-
sion resistance in-plane directions. Whereas, the in-plane ex-
pansion of the crystal weakens the out-of-plane compres-
sion resistance. Surprisingly, L2 systems have higher val-
ues of B∗

11 compared to L3 systems, and despite the fact
that the number of adjacent inclusion layers is a key factor
in this regard, the wider nanochannel systems (C3) exhibit
higher compression resistance over the respective C2 coun-
terparts. When comparing the compression resistance in the
z-direction, the C2L3 system exhibits the highest value of
B∗

33. Following the analysis of elastic compliance, here also
one might notice on B∗

44 and B∗
66, that shear resistance is

lowered in almost every case when σ′/σ ̸= 1. It can be
noticed that the in-plane shear resistance is the highest for
C3L2 model at high values of σ′/σ. However, this changes
when atomic diameters drop below σ′/σ = 1.015, when
C3L3 is the most resistant to shear deformations in x, y
plane. Similar to what was observed on elastic compliance
plots, values of B∗

13 show minor dependence on the number
of adjacent nanolayers. In case of this value, the key factor
is the width of the nanochannel. Whereas, B∗

12 constants de-
pend rather on the number of nanolayers, especially at high
values of σ′/σ.

In Figure 5 the Poisson’s ratio (νnm) in selected crystal-

lographic directions has been presented, plotted as the func-
tion of σ′/σ. The directions n,m indicate the loading direc-
tion and the direction of measurement, respectively. In gen-
eral, it can be observed that changing the atomic diameters
of the inclusion particles results in the increase of PR ev-
ery case among the eight selected directions. The changes of
Poisson’s ratio are more significant then the inclusion sphere
diameters increase (σ′/σ > 1). It can be noticed, that in most
of the presented directions, the values of PR depend rather on
the diameter of the nanochannel, rather than on the number
of the adjacent nanolayer. In the case of ν[101], ν[111], and
ν[110][11̄0] the wider the nanochannel leads to the smaller the
value of Poisson’s ratio. Whereas, PR for models with differ-
ent L-number but the same respective nanochannel size, have
very similar values. This is especially apparent for ν[101][1̄01],
where the C2 systems show high increase of PR value when
σ′/σ increases. For the corresponding values of σ′/σ, the C3
systems exhibit PR very close to zero. Only in the case of
ν[100][010] one can notice a clear dependence on the number
of adjacent inclusion nanolayers, where the L2 systems ex-
hibit higher PR value at σ′/σ = 1.02 than the L3 systems. In
all cases, the auxetic properties are removed or significantly
diminished for all systems, when σ′/σ > 1.025.

In Figures 6 and 7 the plots of the PR in spherical co-
ordinates for C2 and C3 systems, respectively, have been
presented. As described in Section III. 1. Poisson’s ratio de-
pends on the choice of two, mutually orthogonal directions.
Two-dimensional plots in Fig. 5 give only limited insight in
extreme values of four selected loading directions. It is not
feasible to visualize in full the PR relation to these two an-
gles. However, one can calculate the extreme values of Pois-
son’s ratio at a given direction of applied load, and plot them
as surfaces in the polar coordinates. For clarity, only the neg-
ative part of the surface of minimum PR has been plotted
(in blue colour), to show the changes in the auxetic proper-
ties of the models. The red surfaces indicate the maximum
PR with respect to different loading directions. All surfaces
in each plot have been uniformly sampled in 4.5 · 106 dif-
ferent loading directions. Based on the investigation of the
maximum PR, it can be seen that its increase occurs virtu-
ally for all n-directions, both in the case when the inclu-
sion diameters increase and decrease, with respect to the ma-
trix spheres. Here, it also can be noticed that this increase
is more significant for high values of σ′/σ. When examin-
ing the surfaces of negative Poisson’s ratio the conclusion
from previous paragraph is confirmed. The auxetic proper-
ties are removed from all systems at higher values of σ′/σ
and significantly diminished at low values of σ′/σ. How-
ever, what is interesting to note, depending on the size of the
nanochannel, the auxetic properties are diminished in differ-
ent directions. One can observe in Fig. 6 for the C2 models,
that auxetic properties are very small in-plane, whereas the
directions [101], [011] and their symmetric counterparts, still
show a notable negative PR. On the other hand, for the C3
system (especially for C3L2) in Fig. 7, it can be seen that at
σ′/σ = 0.95, the out-of-plane directions, mentioned above,
show small to none auxetic properties, whereas for [110] (in-
plane) direction, PR is notably more negative. This can be
attributed to the orientation of the nanochannel with respect
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Fig. 5. Poisson’s ratio (ν) in selected crystallographic directions for all studied systems plotted against the values of atomic diameter σ′/σ.
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Fig. 6. The surface of the maximum Poisson’s ratio (red) with respect to the loading direction n⃗, and the negative part of the minimum
Poisson’s ratio surface (blue), plotted in the spherical coordinates for C2 systems at selected values of σ′/σ.

Fig. 7. The surface of the maximum Poisson’s ratio (red) with respect to the loading direction n⃗, and the negative part of the minimum
Poisson’s ratio surface (blue), plotted in the spherical coordinates for C3 systems at selected values of σ′/σ.

to the crystal. In both cases, C2 and C3 nanochannels occupy
a cuboid space. The notable difference, when viewed from

the [001]-direction, is that the C2 nanochannel sides are par-
allel to the respective sides of the cuboid described by the h
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matrix. Whereas in the case of the C3 nanochanel, the latter
is rotated by π/4 around [001]-direction, which may explain
the different behaviour of auxetic properties between the sys-
tems. Similar models, but containing only single nanolayer
inclusions filled with dumbbells, have been recently stud-
ied [61], but in those systems the effect of increasing size of
the nanochannel on switching the auxeticity between differ-
ent directions when σ′/σ < 1, was very weak. Here, with
multiple adjacent nanolayers and wider nanochannels, it is
feasible to think about the possibility of applying this effect
e.g. in nanoscale directional stress/strain sensors to detect in-
plane or out-of-plane deformations.

V. Summary and Conclusions

The elastic properties of f.c.c. hard sphere crystal con-
taining nanostructural inclusions, have been studied here
with the computer simulations. Monte Carlo method in the
NpT ensemble has been used to calculate the elastic prop-
erties of four different model crystals, containing different
configurations of hybrid nanolayer and nanochannel inclu-
sions, filled by simple di-atomic molecules, called dumb-
bells. The dumbbell molecules created the degenerate phase
did not exhibit any periodic order of molecules within the in-
clusion. The diameters of spheres forming dumbbells were
increased or decreased with respect to the diameters of
spheres forming the matrix of the crystal. The impact of
these changes of the inclusion particles sizes, along with the
different configuration of the inclusion shapes and sizes, on
elastic properties of the f.c.c. crystal, have been the subject
of this study, which is an extension of the study done in [61].
It has been shown that adding multiple adjacent nanolayers
filled with dumbbells is responsible for the removal of aux-
etic properties from the f.c.c. hard sphere crystal, when the
diameter of inclusion spheres is at least σ′/σ = 1.02. It has
been shown that, for most cases, values of PR in given direc-
tions weakly depend on the configuration of inclusions that
have been studied. Only for ν[101][1̄01] and ν[111][11̄0] a no-
table difference at high values of σ′/σ has been observed.
Interestingly, changing the size of the nanochannel shows
significant impact on the auxetic properties at low values of
σ′/σ. It has been shown that different nanochannel sizes can
remove or significantly diminish auxetic properties in either
the in-plane or the out-of-plane directions. This effect might
find applications e.g. in nanoscale sensors for detecting the
direction of applied stress.
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