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COMPUTER SIMULATION
OF THE DENSITY OF THE STATE
OF THE NAF NANOCRYSTAL

At present, various theoretical research methods are intensively used to interpret experimental
results related to the study of the properties of defects in solids. Progress in this direction is possible
thanks to the improvement of computer technology and the development of modern quantum
chemical packages. The paper presents the results of computer simulation of the density of states and
the total energy of an ideal NaF nanocrystal (NaisFi4, NasFs, NajsF23) and with the simplest point
defects in various cluster compounds (Naj2F13, NaziF22). Simulation of characteristics is implemented
in the Atomistix ToolKit with Virtual NanolLab program in GGA (generalized gradient approximation)
functionality. Objects studied are quantum dots. The results obtained may be useful in the study of
nanocrystals.

Key word: NaF nanocrystal, density of states, band structure, total energy, computer simulation.
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2T. BUreAbAVMHOB aTblHAAFbl DYe KOPFaHbIChI KYLUTEPiHIH OCKepU MHCTUTYTbI,
KasakcTaH, AKkTe0e K.

NaF HaHOKPUCTaAbIHbIH, KYH TbIFbI3AbIFbIH
KOMIbIOTEPAIK MOAEAbAEY

Kasipri kesae KaTTbl AEHEAepAeri  akayAapAblH — KacverTepiH 3epTreyre  6GarAaHbICTbl
3KCMEPUMEHTAAAbI HOTUMXKEAEPAI TYCIHAIDY YLWiH TYPAI TEOPUSIAbIK 3epTTeyAaep 8AiCi GeAceHAi
KOAAAHbIAAAbI. BYA 6afFblTTaFbl MPOrpecc KOMMbIOTEPAIK TEXHOAOTMSIHbI XKETIAAIPY XKOHE 3amaHayu
KBAHTTbIK, XUMMSIABIK, XXMbIHTbIKTAPAbl 83ipA€Yy apKacbiHAQ MYMKiH 60AaAbl. bepiareH >kymbicta NaF
(Nai3Frs, NagFs, NapFa3) mAeaA HaHOKPUCTaAbl MEH KapanainbiM HYKTEAIK akayAapbl 0ap TypaAi
KAQCTEPAIK KOCbIAbICTapAblH (Nai2F13, Nazi1F22) Kyt ThiFbI3AbIFbI MEH TOAbIK, 3HEPrUSCbIHbIH KOMMbIO-
TEPAIK MoAeAbaeyi KepceTiareH. CunaTtTamasapAblH, MoAeAbaeHyi Atomistix ToolKit with Virtual
Nanolab 6arpapaamacbl  Herizinae GGA  (generalized gradient approximation) yHkuUmo-
HAAABIABbIFBIHAQ >KY3€re acblPbIAAbl. 3epTTEAreH OObEKTIAEP KBAHTTbIK, HYKTEAEPre >KaTKbI3bIAAAbl.
AAbIHFaH HOTMXKEAEPA] HAHOKPUCTAAAAPAbI 3€PTTEYAE MainAaAbl 6OAYbI MYMKIH.

Tyiin ce3aep: NaF HaHOKpUCTaAbl, Kyl ThIFbI3AbIFbl, 30HAAbIK, KYPbIAbIC, TOAbIK, 3HEprus,
KOMIMbIOTEPAIK MOAEABAEY .
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KomnbloTepHoe MoAeAMpOBaHMEe NAOTHOCTH COCTOSIHUS
HaHokpucTaaaa NaF

B HacToslee BpemMs MHTEHCMBHO MPUMEHSIIOTCS  Pa3AMYHble TeopeTMuyeckue MeTOAbI
MUCCAEAOBaHMS AAS MHTeprpeTaumMy 3KCMePUMEHTAAbHbIX PE3YAbTATOB, CBSI3aHHbIX C M3yueHuem
CBOMCTB Ae(EeKTOB B TBEPAbIX TeAax. [1porpecc B 3TOM HampaBAEHWM BO3MOXEH 6Aaroaaps
COBEPILEHCTBOBAHMIO  KOMMbIOTEPHbLIX  TEXHOAOIMIA M pa3paboTke COBPEMEHHbIX KBaHTOBO-
XUMMYECKMX nakeToB. B pabote npeacTaBAeHbl pe3yAbTaTbl KOMMbIOTEPHOTO MOAEAMPOBAHUS
MAOTHOCTU COCTOSIHUA M MOAHOM 3Heprum naeasbHoro HaHokpmcTtaaAa NaF (NaijsFqis, NasFs, NazaFas3)
W C NPOCTENLLIMMUM TOUEYHbIMU AedeKTaMM B Pa3AMUHBIX KAACTEPHbIX coeamHenusix (Naq2Fq13, NaziF2)).
MoaeArpoBaHMe xapakTepucTUK peaan3oBaHo B nporpamme Atomistix ToolKit with Virtual NanolLab B
dyHkumoHaabHocTM GGA (generalized gradient approximation). Mccaeayembie 06beKTbl OTHOCATCS K

KBAHTOBbIM  TOYKaM. r]O/\yLIeHHble PE3YAbTATbI

HaHOKPUCTAAAOB.

MOoryT OblTb  MOAE3HbIMM npn MCCAeAOBaHMUN

KatoueBble caoBa: HaHokpucTaaA NaF, MAOTHOCTb COCTOSIHMIA, 30HHas CTPYKTypa, MOAHas

3HEpPrusi, KOMMbIOTEPHOE MOAEAMPOBAHME.

Introduction

Currently, the properties of alkali halide
nanocrystals are of great technological interest on
the part of specialists in chemistry, physics, and
also engineers [1-7]. In [8], the results on adhesion,
bonding and construction, surface electron states
and other subtle effects in nano-lattices were
demonstrated. The processes of demetallization of
alkali  halide clusters by  shock-induced
fragmentation of cubic Naj4Fi» are discussed in
detail in [9]. The reactions arising during collisions
of NaF clusters with the silicon surface were
investigated in [10]. The X-ray diffraction study of
NaF nanocrystals in a photo-refractory glass is
described in detail in [11]. In [12-15], the
structural, electronic, dynamic, and thermodynamic
properties of alkali metal halides were calculated
from first principles using both full-potential and
plane wave pseudopotential methods. The use of
various effects, such as deformation, allows us to
consider the new possibilities of using alkaline
halide dosimetry crystals [16-18].

It is believed that nanostructured objects
include such objects, the characteristic dimensions
of which lie in the range from 1 to 100 nm. In
general, this dimensional limit is somewhat
conditional. The main feature of nanoobjects is
that, because of their smallness, they exhibit special
properties [19]. Since in nanocrystalline structures
the main part of ions lies in the outer layer, many
of their properties are revealed on their surface. In
many cases, these special properties can manifest
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themselves even when the size of nanoobjects
exceeds the conventionally set limit of 100 nm. In
[20], the energy of a 2x2x2 cubic cell of a NaF
crystal was calculated using the Hartree-Fock
method.

A deep understanding of the optical properties
of solids is impossible without a detailed
knowledge of their energy electronic structure.
Electronic processes in ionic crystals are
considered on the basis of an approximate
quantum-mechanical theory developed by Bloch,
Wilson, and others, called the band theory. In the
band theory, the motion of electrons and nuclei is
divided within the framework of the Born-
Oppenheimer adiabatic approximation.

One of the characteristics of the reflecting
property of a nano-object is the electron density of
states, which is an important parameter in statistical
and solid state physics [21], which determines the
number of energy levels in the energy interval per
unit volume or area.

In this paper, an attempt was made using
computer simulation using Atomistix ToolKit with
Virtual NanoLab to determine the density of states,
the total energy and the band structure of a NaF
crystal in various “negative” cluster compounds
(Na13F14, Nalen, Na4F5, Na22F23, NaZlez) at1 K.

Description of the object and methods of
research

Isolated alkali metal atoms Na and F halide
have the following electronic configuration: Na® —

Recent Contributions to Physics. Nel (68). 2019 75
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1s*2s72p®3s', F — 1s?2s?2p°. In the NaF matrix, the
ions of the corresponding elements take on the
following electron configuration — Na" — 1s*2s*2p°®,
F- — 1s2s%2p®. As a result, the valence electron
l%cated on the outer shell of Na” completely goes to
F".

The Najs3F14 cluster contains 27 ions, as shown
in Figure la, is a negatively charged cube with
indices (j, k, i) = (3, 3, 3) and with O, symmetry.
The NajFi3 cluster is obtained by removing the

.

NaisFi4 NaFi3
a b c

A
// -
'

Na® and F ions from the central region of the
nanoobject (Figure 1b). The NasFs object contains
9 ions, as shown in Figure lc, is a plane with
indices (j, k, i) = (3, 3, 1). The NaxF»; cluster is a
parallelepiped with indices (j, k,i)=(3, 3, 5),
containing 45 ions (Figure 1d). The Na F2, nano-
object, shown in Figure 1f, was obtained by
removing Na" and F ions from the center of the
penultimate layer [7]. The distance between the
centers of the nearest ions in NaF is 2.31A [22-23].

\ /‘\ /

NaziF22

NaxF2s3
d S

Figure 1 — The geometry of NaF clusters

In the adiabatic approximation, the solution of
the Schrodinger equation shows that the states of
an excess electron in a crystal with a periodic field
are described by the Bloch wave functions

0, (f)exp{_i[%_/zfj},

where the function (17 ) has translational lattice

symmetry, E is energy, k is the wave vector. For a
face-centered alkali halide crystal, the first Brillouin
zone is a fourteen-shaped truncated octahedron
shape; six faces have the form of squares, eight — the
form of regular hexagons. The I'" -point lies at the
center of the first Brillouin zone (k = 0), the X-point
lies at the center of the square plane, the L-point is at

ES [n]= In(r)gGGA (n(r)

Where n(r) is the density of a non-degenerate
ground state of a system of N electrons in a
potential v(r), corresponding to the ground state ¥
and energy E, ¢°“! is the universal functional
GGA, ex(n) is exchange-correlation energy of a
homogeneous gas with a density n.

the center of the hexagon. Along the [100] axis, the
wave vector value varies from 0 to kx, along the
[111] direction from O to k.. In all alkali halide
crystals, the maximum of the valence band and the
minimum of the conduction band are located in the
center of the Brillouin zone (point I'). The upper
hole zones are formed from the p-states of the
halogen and have a negative dispersion typical of the
p-zones. The bottom of the conduction band is s-
character, the effective electron mass is isotropic and
has a value of the order of (0,5-1)my.

Computer simulation of the objects of study
was carried out within the framework of the density
functional theory in the local density
approximation.

When performing calculations, the exchange-
correlation functional is approximated by a
generalized gradient approximation (GGA):

An (r)‘)n (r)dr

The main parameters of the computing resource
are: Intel (R) Core (TM) i7-4790 CPU @ 3.6 GHz
8 core processor, 8 GB RAM, system type — 64-bit
operating system, operating system — Windows 8.1.

The position of the electron is described by the
wave function v (x, y, z). The probability of finding
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an electron at a certain point (x, y, z) is described
by the expression |y (x, y, z)|>, where the total

probability I v (x, y,z)|2dxdydz is normalized
to one.

Electrons at the bottom of the conduction band
behave like free particles (with an effective mass)
trapped in a box. Consider the electrons of the
conduction band, but the result for holes is similar.
For our parabolic conduction band:

h2k?

2m’

(5-.)-

For electrons in a rectangular volume L.
through L, through L. with an infinite limiting
potential U (x, y, z) = 0 inside the box and outside
), the electron wave function y should reach zero
and take the form of a harmonic function inside the
region. Wave function solution:

v (x,y,z)=sin(k,x)sin (kyy)sin (k.z),

where k., k, 1 k. are wave vectors for an electron in
directions x, y and z. The real wave function in a
solid is more complex and periodic (with a crystal
lattice), but this is a good approximation for
parabolic regions near the edges of the zone.
Fulfillment of boundary conditions: when x, y
or z = 0, the sinusoidal functions vanish. On

Table 1 — Full and specific energy of NaF nanocrystal

opposite boundaries of the rectangular region, sin
(kely) = 0, sin (k,Ly) = 0, and sin (kL;) = 0,for
directions x, y and z. Allowed wave vectors satisfy:

kL. = mny, kyL, = wn,, k.L. = 7n.,

where n,, n,, n. are whole numbers [24].

Simulation results

Using computer simulation, the density spectra
of the states of the NaF nanocrystal were obtained
in various cluster compounds (Naj3Fis, NajoFis,
NayFs, NaxF2;, NayFap) at a temperature of 1 K
(Figure 2). The total and specific energy is
calculated not only in the indicated objects, but also
in their “positive” twins (table 1).

In Figure 2, a certain amount of energy levels
in the energy range from -20 eV to 20 eV are
clearly visible. In this case, in all spectra (Fig. 2 a —
/), the first pronounced narrow energy level is
located in the region of —18 eV. The main
relatively wide energy level is observed in the
region -1.5 + -2 eV to 0.5 eV. Then a series of
narrow energy levels is recorded in the energy
range from 3 eV to 16 + 20 eV. The characteristic
form of energy levels in the density spectra of
states indicates that a NaF nanocrystal in various
cluster compounds (NaisFis, NappFiz, NagFs,
NaxnF2, NaxFx») at 1 K can be attributed to
quantum dots.

Object Total energy, eV | Specific energy, eV Object Total energy, eV | Specific energy, eV
NaisFis -9140,61667 -338,5413581 NaisF13 - 8510,59120 -315,2070815
Nai2Fi3 -8480,54235 -339,221694 NaisFi2 - 7852,99247 -314,1196988
NauFs -3251,71604 -361,3017822 NasFq -2620,11205 -291,1235611
Naz2Fa3 -15030,90457 -334,0201016 NazsF2 - 14400,23120 -320,0051378
NaziF22 -14368,42587 -334,1494388 NazFai - 13742,51906 -319,5934665
ISSN 1563-0315 Recent Contributions to Physics. Nel (68). 2019 77
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Figure 2 — Density of states of NaF nanocrystal in various cluster compounds
(NaisF14, Nai2F13, NasFs, NaxF23, NaziFa)

When plotting the dependence of the total
energy on the number of elements in the negatively
charged clusters NajsFi4, NajoF13, NasFs, NaxFos,
Nay F2, we observe that the points lie along a
straight line (Figure 3). A similar qualitative result
is obtained with positively charged clusters of
Nai4F13, NaisF12, NasFs, NaxsFaz, NaxnFa.

According to the table, the total energy in
negatively charged clusters of Na3Fi4, Nai2F3,
Na4F5, Na22F23,Naz1F22 varies from -3251.71604
eV to -15030.90457 eV. However, the specific
cenergy fOI‘ the Na13F14, Na12F13, Na22F23,Na21F22
clusters has a narrower interval in the region

78

from —-334.0201016 eV to -339.22161694 eV.
At the same time, for the NasFs crystal, the
specific energy is the smallest value of —
361.3017822 eV.

The total energy in positively charged clusters
Of Na14F13, Na13F12, N35F4, Naz3F22, N322F21 Varies
from -2620.11205 eV to -14400.23120 eV.
However, the specific energy for Naj4Fi3, Naj3F2,
Nays3F2, NaxFs; clusters also has a narrow interval
in the range from -314.1196988 eV to
320.0051378 eV. At the same time, for the NasF4
crystal, the specific energy is the highest value of —
291.1235611 eV.
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Figure 3 — Dependence of total energy on the number of elements in NaF clusters
Conclusion

Thus, in this work, in the framework of the
density functional theory, the density of states and
the total energy of the NaF nanocrystal are
calculated, and the results of computer simulation
of the band structure in various cluster compounds

(NaisFis, NaioFi3, NasFs, NaxFz;, NayiFz) are
presented at a temperature of 1 K. Simulation of
characteristics implemented in the program
Atomistix ToolKit with Virtual NanoLab. The
characteristic form of the density of states
suggests that these objects can be attributed to
quantum dots.
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