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Spectroscopy of nanoscale crystalline structural elements

The study of structural elements, nanoparticles, microblocks and other nanoscale objects was an important
part of the study of crystals non-equilibrium properties. The behavior of nanoscale structures allows us to
judge the dynamics of the crystal lattice during doping, deformation, and interactions with radiation. Along
with x-ray and electron microscopic studies, optical methods for determining the size of nanoscale objects,
the energy of their electrons, and the symmetry of electronic States are increasingly being used. Among
nanoscale objects, proton-separated structural elements (PSE) attract special attention in connection with the
development of crystal structure block-hierarchical (BH) model. In this paper, we consider the possibility of
calculating the size of PSE crystals in a model of quantum-dimensional structures. According to this model
except values of the crystal potential in PSE, you should consider the area of high electron density, the exist-
ence of which is beyond the scope of conventional theory. Experimental data allow us to determine the posi-
tion of this zone as localized around the atomic core of the PSE. Note that the atomic backbone generally co-
incides with the unit cell, that is, it consists of the same number of atoms and has the same point symmetry

group.

Keywords: nanoparticles, microblocks, nanoscale cstructural elemtnts, proton-separated structural elements.

Introduction

The solution of the Schrodinger equation is quite difficult to obtain for arbitrary functions of the crystal
potential and the potential of the zone of increased electron density U(r) and ¥(r). We can use the spherical
approximation and assume that the function V(r) is spherically symmetric inside the sphere of radius R sur-
rounding the atoms. A similar approach takes place in the theory of a solid body as the method of attached
plane waves (APW) [1]. Within a unit cell, the eigenfunction y(k, r) corresponding to the energy E(k) can be
represented as a series

oo /

Y=Y C,(k)-Y,,(8,0) R(Er) n(R—r)+ 3 b, (k)-exp[i-k,-r] n(r—R),
1=0 m=-1 J

where 7, 0, ¢ are the polar coordinates of the radius vector r relative to the center of the PSE, n(x) is a step

function
) 0,x<0;
xX)=
1 1,x>0.

The main difference between the approach considered in this paper and the PPV is that there is no trans-
lational symmetry of quantum-dimensional structures [2-9]. We have the standard problem of an atom locat-
ed in a spherically symmetric quantum well [1]. The wave function will take the form: y, = R,(r)-Y,, (6,0).
The Schrodinger equation describing the stationary States of an electron with energy E has the form

2
h—~A\|I+(E—V(I’))~\|I= 0.
2m
The equation for the radial component will look like this:

R[’+2~RZ+{k2—l(1+l)]Rl=0, (1)

r r’
2mE

where k% = o
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The absorption spectra of the structural elements

The model under consideration, according to experimental data, assumes the value of the potential of
the zone of increased electron density, which is sufficiently large in comparison with the crystal potential.
Equation (1) is written in the infinite potential approximation. The function R,(E,r) can be defined by nu-
merically integrating a differential equation in the domain under consideration for a series of values E and /.
Using substitution, equation (1) can be reduced to the form

» 200+1) ,
Xet ( )Xz +k2X1:0- (2)
Differentiating equation (2) by r, we get
w 2(0+1) , 2(1-1) |,
X/+(T)X/+|:k2_ (rz ):|X1:0' (3)

By substituting x; =rY,,, (3), it is reduced to the form

. 2(0+2) ,
Xi+1 +(T)XI+1 +k2XI+1 =0 5

coincides with the one that the function must satisfy ,,, . Thus, successive functions are related by the rela-

tion
1, 1dY
Xen ==X X = =757 | Xo-
r rdr
Finally we find the following expression for radial functions

R =2k-j/(r),
where j (r) are spherical Bessel functions.
The electron energy En./ is defined by the expression under the condition
Jian(kR)=0. (4)
Numerically solving equation (4), a set of k values is obtained and the band spectrum is determined.
The final expression for the electron energy has the form
hZ
n,l = —2x2n !
T 2mR ’
where x,, are the constants found from equation (4) that characterize the electron energy levels in a crystal
with indices n, [/ [10].
Having a band spectrum, we find the allowed transitions between energy levels. Let's define the selec-
tion rules for absorption in the crystal. The symmetry of the crystal is important. When calculating the selec-
tion rules for a specific crystalline substance, it is necessary to determine the point symmetry group G of the

unit cell (the same symmetry group will be inherent in the PSE). We find the decomposition of the represen-
tation of this group by irreducible representations:

T=>aT"

The probability of a transition between energy States and is determined by the square of the matrix ele-
ment y,H,,y, of the H,, operator of the interaction of radiation with matter. If executed

v.Hy,p, =0, ®)
then the system cannot go from state W, to W, by emitting or absorbing a quantum of light. On the other

b

hand, the functions Y, and Yy, can be considered as elements of some linear spaces L; and L;, which are

transformed by representations 7; and 7; of the group G of the point symmetry of the crystal. As a result, the
left side of equation (5) is transformed by the action of the elements G in the representation 7:1 XV XT,. Here

the Hyz operator is transformed by the vector representation V' of group G. If the representation
T, xV XT, does not contain a single representation, then the matrix element in (5) is zero and the transition

Y, =V, in the considered approximation is forbidden. The representation f: XV T, must contain a single
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representation, and this requires that the product V' XT, contains at least one representation included in 7;

[11]. Then the selection rules in the crystal for light absorption PSE and PSE blocks are reduced to the fol-
lowing criterion
VXT,NT,#0. (14)

Taking into account the selection rules, we get a finite number of absorption lines in the crystal on the
PSE, and the number of electrons at the level with the index / is equal to (2/+1)2. You can also solve the in-
verse problem, that is, calculate the size of the PSE from a given absorption spectrum.

& 3
2,+10" nm

1.0

Figure 1. Dependence of the absorption wavelength of PSE blocks
on the step of a series of numbers in the Fibonacci series

This approach can be applied in some approximation to PSE blocks. There will be a difference in the
determination of the electronic density of the PSE block. It can be assumed that in this process, the determin-
ing value is the conduction electrons of the crystal. Changes in the structure of a block's potential are made
by its point symmetry relative to lower-order blocks. As can be seen from the expression for determining the
proper energy of an electron in a PSE, its energy spectrum depends on the size. Given the correspondence of
the PSE size to a number of Fibonacci numbers, it is possible to predict the absorption spectrum of PSE
blocks based on the specified PSE characteristics. Figure 1 shows the dependence of the absorption wave-
length of a crystal on a structural element on the number of the Fibonacci series. The calculation method dis-
cussed above provides sufficient accuracy for qualitative consideration of the spectrum.

The decrease of the electron density in the zones surrounding the PSE blocks is experimentally estab-
lished, and the block structure is modulated in the crystal space with an increase in their size. This is ob-
served until the value of the potential barrier of the zone of increased electron density of the next block be-
comes equal to the crystal potential considered in the solid state theory. This imposes a condition of finite-
ness of the modulation order and its critical value is different for different materials due to the difference in
the overall potential picture of the crystal lattice.

In the method of calculating the parameters of the PSE, significant approximations were made: the one-
electron theory was used, which replaced the interaction of the crystal's electrons with a certain effective
field, the zone of increased electron density had a spherical symmetry relative to the center of the PSE, and
the value of the potential barrier rushed to infinity. Despite the above-mentioned approximations, there is a
sufficient agreement between the calculated PSE sizes and experimental data from X-ray diffraction and ab-
sorption spectra at the f-centers of crystal color [12]. In this case, the F-center performed the function of the
PSE, and the feature of localization of an electron from an anionic vacancy on a cationic environment satis-
fies the formalism of the considered quantum-dimensional model of the crystal. The sizes of F-centers for a
number of alkali metal halides are estimated using known absorption lines. The considered model of the
F-center likens it to a block of a crystal. Satisfactory results are obtained when the potential of the F-center is
approximated by the rectangular well function. The choice of F-centers as the PSE model is quite justified,
since the crystals of alkali metal halides have a high symmetry, and therefore, the distribution of the uncom-
pensated positive charge of cations surrounding the anionic vacancy is close to spherical.

Oscillatory Raman spectra of structural elements

The method of studying the quantum-dimensional structure of a material based on light absorption is
generally simple. Solving the absorption problem, it is possible to obtain its band spectrum and other charac-
teristics obtained in the previous section. However, this method does not allow us to study the dynamics of
the lattice, both translational and quantum-dimensional, modulated, considered by the model in this work.
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The method associated with Raman scattering of light on the microblocks we are considering actually dis-
plays the properties of a modulated low-dimensional lattice and allows us to calculate its vibrational States.
Here, the symmetry of the crystal plays a crucial role and determines the matrix elements that are different
from zero.

We solve the vibrational problem and assume that the PSE vibrational movements occur in the crystal
space, similar to the vibrations of atoms in the translational model of a crystal. The vibrational motion of the
atomic core is considered as a collective vibrational process. Formally, this can be represented as a system of
3-dimensional oscillating oscillators with dimensions equal to the PSE and some effective masses. It is quite
difficult to solve such a 3-dimensional case of the problem, since, according to the quantum-dimensional
model, the distances between oscillating oscillators are not the same. It is necessary to simplify the problem
to the one-dimensional case, provided that the process of linearization of the crystal lattice preserves some of
its properties unchanged and does not significantly affect the values of those characteristics that need to be
studied in this work. The problem is reduced to the study of the characteristics of a one-dimensional aperiod-
ic chain of oscillating oscillators. The chain through some transformations can be described by the Fibonacci
sequence, which is a special case of aperiodic sequences. Then the one-dimensional Fibonacci chain will
preserve some properties of the crystal in 2-and 3-dimensional lattices [13]. This may be the property of self-
similarity, which is a fairly important characteristic of any Fibonacci sequences [1].

/
Let all PSE in a linear chain oscillate near the equilibrium position with an offset U (

] . Here o is the
o

PSE number in the chain, and / is the coordinate of the center of each PSE. Then the Hamilton and Lagrange
functions of the system in the harmonic approximation have the form

1 INT 1 w I I
H=T+q>=—2ma[a( ﬂ +—Z‘D( Ju[ ju( J
2% o 21,,’ ool o o
1 INT 1 | I I 4
L=T-®=— ' -—> o : : .
2 i) 3o () ()
o

Here m, — the effective mass of the PSE with the number a, CD( ,J — the coefficients of the second

(040

order in the decomposition of potential energy by deviations of the PSE.
The equations of motion respectively have the form

/ I/ /
ji +> @ : =0. 6
(o) 20 ) o) ®
Solutions of equation (6) have the form
l 0 l —iwt
u =u e (7)
o o
After substituting (7) in (6), we get

w I
Z|:d)( /j - Wzmoc'Saoc'Sll':| ’ uo [ Ij =0. (8)
o, (0404 o

The solvability condition of the system (8) is that the determinant is equal to zero

i
[@( ,j - wzmaf)m,[ =0. )
oo

Equation (9) is an algebraic equation of degree N with respect to w”. Denote the eigenvectors of the system
®) Z(oc( Jj ) and the corresponding eigenvalues w’ (/). Making the transition to normal coordinates

ua(;J:;la(a(j)-Q(j)-
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The Hamilton function takes the following form
H =EZ(Q*(1)~Q(1)+ w’(j)-0*(j)-0() -
j
From here we get the equation of motion for the PSE
() +w*(/)-0(j)=0.

Normal coordinates are complex. You can go to the coordinates g(j), which results in the Hamilton
function being reduced to the form

H=2T [P+ wa ()],

where p(j)=q(j) and the variables p(j) g(j) and are real.
We pass to the quantum case, in which these quantities are considered as operators

0
p(j)=—th——q())=4q()).
9q( /)
In this case, the Schrodinger equation has the form
1 2 a 2/ . 2/ }
29—+ w () g () v=EY. (10)
2 Z{ 9q(J)

The solution of equation (10) is well known and is written as
v=]Tw. () la)].
j

where is the vibrational quantum number of the oscillator with index j. Each of these functions satisfies the
equation

{——'T“‘l'wz'qz(j)}\lfm=Em'\lfm- (11)
The total energy E of a crystal in the state described by the numbers is
E= ZE( -
Solutions of such an equation as (11) are well known 1[14]

v()=| P

n2-2"-m

~exp(—%-quzj'Hm(Bq), (12)

where B* = % w?(j), H, (x) is a Hermite polynomial of order m.
The corresponding energy levels are determined by the formula
N :

Having determined a fairly General solution to this oscillatory problem, it is necessary to proceed to the con-
sideration of Raman scattering of light on the discussed PSE. We introduce the intensity of light scattering in
a single solid angle /, which is proportional to the transition probability:

Lz = 2 (n( By, (((7( By (n( - S(AW =) . (13)

Here (n(=(,,( are the initial and (7( =(,,( final vibrational States. Expression (13) corresponds to the

case of a temperature equal to zero. To generalize to the case T # 0, we should include in (13) the tempera-
ture averaging over the initial States. Assuming further that the energy change during scattering is equal to
Aw is fixed, we write a generalized expression for the scattering tensor [15]:

Lz (AW, T)) :%Z(n(PM,(ﬁ( : (ﬁ(Pﬁ,(n( e P S(Aw—w ), (14)

nn

where B=(k-T)", Z=Y et
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Expression (14) can be represented in terms of the spectral density of the green temperature function by
rewriting the matrix elements of the polarizability operator in the framework of secondary quantization. Af-
ter that, the expression for intensity can be written using the green function or its Fourier components [15].
We can limit ourselves to a simple calculation of matrix elements with a known expression (12) for the wave
function of oscillating PSE. Thus, knowing the matrix elements of the polarizability operator, it is easy to

calculate the matrix elements of the form (n( B, (7( and find values for the intensity of Raman scattering of

light on the PSE for a specific vibrational transition.

In addition to this method of calculating the intensity of Raman scattering of light on structures, another
method can be used, which is somewhat different from this [13]. By finding the equation of motion for the
green function, one can obtain a system of linear non-uniform equations that is sufficiently easy to solve.
This method allows you to calculate the elements of the series that the intensity is decomposed into.

Recently, it is common to refer aperiodic structures to structures that are in accordance with the Fibo-
nacci series. We obtain solutions that allow us to judge the structure of any aperiodic lattice. In [13], we ob-
tained a ratio for Raman scattering frequencies that corresponded to the numbers of the Fibonacci series. In-
tensity peaks were detected in the acoustic region with frequencies: w;=13.4, w,=21.7, w3=35.0 and

w,=56.7 cm™". Tt is not difficult to notice that wo/w,=ws/wy=wy/wy= is the number of the Golden sec-

tion, that is, with some accuracy, the frequencies obtained both from the calculation and from the experiment
are multiples of the corresponding Fibonacci numbers. The superatomic lattice of the studied sample was
dimensionally quantized by the numbers of this series. The obtained result of this work gives grounds to as-
sert that the vibrational Raman spectra represent direct information about the structure of the superatomic
lattice.

Conclusion

Two methods for calculating the parameters of a block modulated lattice are considered. Despite the
approximations, the methods allow us to reveal a qualitative picture of the electronic crystal in some cases,
the theory and experiment give a satisfactory match. In other cases, such approximations are crude and insuf-
ficient to obtain accurate values of the spectral characteristics of a quantum-dimensional lattice. To get a
more accurate picture, several significant amendments should be included in the consideration of both tasks.
In the method based on the light absorption spectra of the BH structure, it is necessary to take into account
the presence of wave functions outside the PSE. The symmetry of the PSE makes a significant contribution
to the solution, and in the future it is possible to abandon the spherical symmetry of its potential. Taking the-
se amendments into account is the next step in this task. In the method based on the vibrational Raman spec-
tra of light by the microblock structure of the crystal, it is possible to further consider the 3-dimensional case.
Currently, issues related to quantization of the crystal structure are widely considered. A significant interest
is the study of the properties of such crystal lattices based on pre-known models of the crystal at a level other
than the atomic one.
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10.B. bopoaun, K.B. Ceiconos, B.P. Panne, I'.B. BaBunosa, O. Crapsl

Hanoenmemai KpucTaJbl KYPbLUIBIM/BIK 3JIeMEHTTEPAiH CEKTPOCKONMMSIChI

KypBUTbIMIBIK 37IeMEHTTep i, HaHOOONIIEKTep i, MUKPOOIOKTap bl JkoHEe Oacka Ja HaHOeMIMIeMAI 0OBEeKTi-
JepAi 3epTTey KPUCTAIIApAbIH TEle-TeH eMeC KACHETTEpiH 3epTTEeyAiH MaHbI3Ibl Oeniri. Hanoemmemmi
KYPBUIBIMIAPABIH TOpTiOl Kocmamay, aedopManust >KOHE COyJIeMEH o3apa opeKeTTecyle KpHCTalIbl
TOpJIapABbIH JMHAMHUKAChIH Oarajayra MYMKIHAIK Oepeni. PeHTreHaik oHe 3JIEKTPOHbI-MUKPOCKOIHUSIIBIK
3epTTEYJIEPMEH KaTap HaHOOMIIEeM Il 00BEKTIIEPAiH OJILeMACPiH, OJapblH IEKTPOHIAPBIHBIH SHEPTUSICHIH
JKOHE DJICKTPOHABIK KYHAIH CHMMETPHUSCHIH aHBIKTAYAbIH ONTHKAIBIK oicTepi KEHiHSH KOJIaHbUIA/IBI.
Hanoemnmemai oO0bekTiiep apachlHOa KPHCTAIABIK KYPBUIBIMHBIH ONOKTHIK-Hepapxusuiblk (BM) mopenin
a3ipieyre OalaHBICTBI NPOTOH-OOMIHTeH KyphUIBIMABIK d1eMeHTTep (IIKD) epexmie Hazap aymapanisl.
Makasana KBaHTTBIK-OJILIEMIIK KypbuibiMaap Mozeninzeri ITKD KpucTangapbHBIH MeJILIEPIiH ecenTey
MYMKIHZIri KapacTtelpsurraH. By mopensre cotikec, ITIKD-ne xpucranmap oneyeTiHiH MoHzepiHeH Oacka,
JKaJIIBl KAOBUIIAHFaH TEOPHSIAaH THIC XKOFAPBI AEKTPOH/BIK THIFBI3BIK aiiMarblH KapacThIpy Kepek. DKcIe-
PHMEHTAJIIBI ACPEKTEP OCHI aiiMaKThIH karaaiibiH IIKD aToM sApOoChIHbIH aifHaIachIHAA OKIIAYJIaHABIPbUIFAH
Jien aHbIKTayFa MYMKIiHZIK Oepezi. ATOMZIBIK KaHKA Kbl XKar[aiila 3JIEMEHTapIIbIK YAIIbIKKA COHKec
KeJie/li, SFHU aTOMIap/IbIH Oip CaHBIHAH TYPAIbl KOHE CHMMETPHSHBIH Oip HYKTENi TOOBI Oap.

Kinm ce30ep: HanoOemmekTep, MHKPOOIOKTap, HAHOOMIIEMIl KYPBUIBIMIABIK 3JIEMEHTTEp, NPOTOHMAbI-
06JIHIeH KYPBUIBIMABIK 3JI€MEHTTEP.

10.B. bopoaun, K.B. Ceiconos, B.P. Panne, I'.B. BaBunosa, O. Crapsl

CrnekTpocKonusi HAHOPa3MePHBIX KPUCTALUINYECKUX CTPYKTYPHBIX 3JIEMEHTOB

W3ydenne cTpyKTYpHBIX JIEMEHTOB, HAHOYACTHI], MUKPOOJIOKOB U APYTUX HAHOPa3MEPHBIX OOBEKTOB OBLIO
Ba)KHOH YacThIO M3YYCHUsI HEPAaBHOBECHBIX CBOMCTB KpHCTAIOB. [ToBeneHre HAaHOPa3MEPHBIX CTPYKTYp I10-
3BOJISIET CYJIUTh O JUHAMHUKE KPUCTAUINYECKOH PEIISTKH P JIETHPOBAHUH, eOpMaIUy U B3aUMOACHCTBAN
¢ m3nydyeHnem. Hapsimy ¢ peHTT€HOBCKMMU U 3JIEKTPOHHO-MUKPOCKOITMYECKUMU HCCIIE0BAaHUAMU BCE IUPE
UCIIONB3YIOTCS ONTHYECKUE METOJBI ONPEAeTIeHHs Pa3MEPOB HAHOPA3MEPHBIX OOBEKTOB, SHEPIHU HX 3NEK-
TPOHOB M CHUMMETPHH 3NIEKTPOHHBIX COCTOSIHUH. Cpely HaHOPa3MEPHBIX 00BEKTOB 0CO00€ BHUMAHHE MPH-
BJIEKAIOT MPOTOHHO-pa3JeNeHHble CTPYKTypHble ayieMeHTsl (IICD) B cBs3m ¢ pa3paborkoil GnouHO-
nepapxudeckoit (BH) monmenu kpucramumdaeckoil CTpyKTypsl. B crathe paccMOTpeHa BO3MOXKHOCTh pacdeTa
pa3mepoB kpuctawioB IICD B MojenH KBaHTOBO-pa3MepHEIX cTpyKTyp. CoracHo 3Toif MoJenH, KpoMe 3Ha-
yeHn# noteHnuana kpucramwia B [ICD, ciienyer u3yduTh 00J1acTh BEICOKOW 3JIEKTPOHHOM IIOTHOCTH, CyIIe-
CTBOBAaHHME KOTOPOH BBIXOIUT 3a PAMKH OOLICTIPUHATON TEOPUH. DKCIIEPUMEHTAILHEIE JaHHBIE TTO3BOJISIOT
OIIPENENHUTD MOJIOKEHUE 3TON 30HBI KaK JOKAIN30BaHHON BOKpPYT aToMHOTO siapa [ICD. 3ameTum, uTo atoM-
HBIH OCTOB B OOLIEM Clly4ae COBIAAACT C JIEMEHTApHOW SAYEHWKOH, TO €CTh COCTOMT U3 OJHOTO M TOTO Ke
YHCJIa aTOMOB U UMEET OJJHY U Ty K€ TOUEUHYIO TPYIITy CHMMETPUH.

Kniouesvie cnosa: HaHOYACTHIBI, MHMKPOOIOKM, HAaHOPa3MEPHBIE CTPYKTYPHBIE BJIEMEHTHI, INPOTOHHO-
pa3zielieHHbIE CTPYKTYPHBIE JJIEMEHTBL.
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