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ABSTRACT

The paper presents the results of quantum chenciigulations of the change in the lattice energyl dhe
energy parameters of internal motion in a Lafanocrystal during a phase transition from a digfie state to a highly
conducting phase. Quantum-chemical calculationsewdne for three nanogrids with linear dimensioh®d x 2.0 x
2.2nm, 2.9 x 2.0 x 2.2 nm and 3.5 x 2.0 x 2.2 ritrhas been established that the increment in thgnitude of the
lattice energy in all nanolattices decreases withicrease in the number of disordered fluorinesiamthem. It was also
established that the increment of the lattice epdrgth an equal number of disordered fluorine ipissmore significant
for nanogrids with a larger number of ions. It ieosvn that, for all nanogratings, the energy & a single act of
disordering of the anion sublattice with an incriges number of disordered ions decreases from 0.16-@V in the

dielectric phase to 0.02—0.04 eV in the superictate.
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INTRODUCTION

Superionic (SI) materials form a special classutifstances, attracting the attention of a wide rarigesearchers
for their unusual properties, which are extrematgiiesting both from the standpoint of the fundatalguroblems of solid
state physics and physical chemistry and in commeetith purely applied aspects [1-3]. In most caske conductivity of
typical Sl conductors is close to the values charatic of melts and concentrated solutions afragrelectrolytes. So, if
the conductivity of ordinary ionic crystals at teengtures sufficiently far from the melting poins, @rule, does not exceed
6;~ 10° S/ cm, then the ionic conductivity of good Sl daators iss; ~ 10" - 100 S / cm. Thus, SI materials have mixed
properties: the conductivity of a melt or electtelgolution on the one hand, and the mechanicahgtih and elasticity of
a solid body on the other. For this reason, S| rim$eare often called solid electrolytes. In soraspects, these are
materials that fill the gap between liquids andstajs, and the measure of the disorder of thet&tdaof materials can be

controlled with the help of temperature.

In addition to the practical significance of therSaterials, their comprehensive study is a logicaitinuation of
a number of objects that are becoming increasinghplex to study. From the point of view of physichemistry, Sli
conductors represent an important link in a vastyaof electrically conductive materials. Moreovier, a large class of Si
conductors, the transition from the dielectric (Dfte to the highly conducting state often hasctigracter of a phase
transition (PT), which is diffuse in a certain teangture range. The interest of specialists in tielysof transport

processes in solids to fluoride-conducting ionimauactors, in particular, to LaRLn-La, Ce, Pr) crystals, is primarily
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determined by the wide possibilities of their apation in various technical fields. In particultre Sl Lnk crystals are
extremely perspective as a material for working atesl in high-capacity solid-state batteries, etadtromic displays,

gas-analytical sensors, and various micro-ion a@evic

The use of modern film technologies allows changamgl improving the physicochemical properties af-io
conducting materials, as well as significantly engliag the field of application of such materialsthis case, an important
factor in various technical applications is thetfdmat Lnk crystals possess a sufficiently high specific eanidity in the
region of room temperature. The anion sublatticd_rmif; crystals consists of three types of structuratiypequivalent
fluorine ions, called F F,, and k. The process of active disordering of the anidsiagtice, for example, in a LgErystal,
is observed in the range of 240-540 K and continugisthe melting point of the material. Moreovar the range of 240—
320 K, the lattice disordering is determined byiva&cimotion in the I sublattice. The remaining fluorine ions &d R
together with metal cations form anion — cations@)gplanes in the lattice structure. The sublatafehese ions are more

conservative and disordered at temperatures insexafe360—420 K.

An analysis of recent work has shown that dired#égcribing the dependence of the energy paramaftérsernal
motion on the degree of disordering of the Sl dattdof materials in the framework of classical thedynamics is rather
difficult [4]. As a rule, the physical approachesdamathematical methods used in this case leadh@mwne hand, too
complex mathematical calculations related to therttally activated nature of the lattice disordenmgcess, and, on the

other hand, to a significant increase in computaukation time.

At the same time, the problem of describing the mtage of the energy parameters of intracellulartiom
depending on the degree of disordering of one @fstiblattices can be largely successfully solvadadays on the basis
of modern software. We note in particular the thett modern computer simulation makes it possibléa@ microscopic
(atomic) level to investigate and describe in detes features of the motion of individual ionsarwide temperature range
(both in the DE phase and in the Sl state). Moreaygantum — chemical modeling of the process ofingpions in a
disordered sublattice in some cases can provide mane detailed information about the intracellutlasvement of ions,
which is very difficult or impossible in laboratogxperiments. For this reason, the data obtainenidgns of the quantum
chemical simulation are, as a rule, original, diégtg in detail the atomic picture of internal nmtiin the lattice of the

conductor under investigation.

For quantum — chemical calculations of the energyameters of intracellular motion of fluoride iofer
nanoscale Laflattices, we used the package of quantum — chémirograms MOPAC 2016 [5]. For calculating the
lattice energy of bonds and the energy paramefaigdnternal motion we used the semi-empiricathnd PM7 with an
extended set of elements, including the elememthdaum and fluorine. In the process of calculaiasing quantum —
chemical programs, the bond energy of a systemadtigies (ions) was determined by a large numbeteoergy”
members, which are determined by interactions abua types (core — core, electron shell — com) &iking into account
both long-range and short-range potentials . Tthes,energy of interparticle bonds in Lakano-lattices, in solid-state
physics called the lattice energy of cohesion, easulated in a physically sufficiently adequatepraximation. The

methodology for such model calculations is desctilpedetail, for example, in [6].

As already noted, the unusual physicochemical ptigseof S| materials make them attractive objdats
widespread use in a wide variety of applied fietifsphysics, chemistry, and technology. For exampisirument

electronics is characterized by the complexity amdiaturization of working modules using modermfitechnologies.
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Therefore, electronic instrument-making is activelypanding its functionality with new technical dms based on
unconventional physical approaches and princighesvever, it is obvious that the problem of a sigaifit reduction in
the size and mass of such devices can be solvedghrithe use of both new technological methodsremd materials, in
particular, solid electrolytes as a functional matewith a wide range of unusual properties [7,18]s also obvious that
further expansion of the applied use of SI materiglpossible only on the basis of a deep and sseftdestudy of physical
phenomena that determine the patterns of highriatenobility and the atomic picture of internal matin the lattice of a
solid body. In terms of the practical use of Slduactors, it should also be noted that the processesrring in nanoscale
systems form the basis of modern and promisinglstite nanotechnologies. In the context of thes@bib is interesting
to study and predict the properties of nanostrectunaterials based on the study of some charaateparameters in

nanoscale Sl conductors with the number of padifiiem several tens to 1100-1200.

In the present work, based on the data of compiteulation of structural disorder in a nanosizeéd erystal in
a wide temperature range, including a phase tramsftion region, the change in some energy paramdggermining the
efficiency of intracellular movement of fluorinens is investigated. In particular, the dependerfcth® magnitude of
these parameters on the degree of disorderingecdition sublattice during the transition from the © superion state is

described and analyzed.
RESULTS AND DISCUSSIONS

For model calculations and a detailed descriptibthe physical picture of changes in the latticediig energy
and the specific energlg, of the disordering of the anion sublattice, thrden8nogrids of Lak crystals with linear
dimensions of 2.1 x 2.0 x 2.2 nm (720 ions), 2B.&x 2.2 nm (960 ions) and 3.5 x 2.0 x 2.2 nm (l@2®is). Quantum-
chemical calculations of the features of the disdrdy process of the Lafnion sublattice were carried out for the case of
gradual (step-by-step) disordering of theskblattice in the studied nanolattices. The procéshermal disordering of the

anion sublattice was simulated on theskblattice, whose ions make up ~ 70% of the tatahber of fluoride ions.

Quantum-chemical calculations were carried outfbnanolattices with a consistent increase inrtlimber of k
ions transferred to the nearest interstices. Whedeting the process of thermal disordering of thmm sublattice, the
number of ions transferred to the internode inadasith each successive step for all nanogrideénsame way - by ten
disordered Fions. At the same time, all ten fluorine ions nibwe the interstices shifting in the XY plane. Arciease in
the “quasi-liquid” array of ions in the,;Fsublattice was carried out by attaching to it tf@ next quantum chemical
calculation) ten more disordered ions. In FigurguFé 1 shows the dependences of the change (inoteratong the
ordinate axis) of thaE value of the lattice binding energy for three LaBnolattices, due to the sequential increaseein th
number of disordered;FThe abscissa axis shows the numbers of suchdéisat ions. The zero value of the lattice energy
on the ordinate axis corresponds to a fully orddedtice when all the ions are located in theie giositions. The
incrementsAE of the bond energy in such a nanolattice are ab$ée first step corresponds to the formationrofygs of
ten disordered fions in all nano-lattices. In this case, the bagdéenergy in nanolattices increases by ~ 1.7-1.8 eV
(Figure 1). The second step is associated withfdhmation of ten more disordered Ions in each nanolattice, which
doubles the already existing arrays of point dsfelst this case, the total increment of the latéoergies in the three
nanolattices lies in the interval ~ 3.1-3.3 eV. Tuenbers 1, 2, and 3 with the curves of variatibthe lattice energies

correspond to those containing 720, 960, and 1208 i
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Figure 1: Changes in the Lattice Energy in the S| Eno-Lattices of the Lak Conductor Depending on the Number

of Disordered lons R

It can be clearly seen that each next step ingigleofthe three curves increases the energy ofidnegrids by an
ever smaller value. Moreover, the increment of létéice energyAE is most significant for nano-grids with a larger
number of ions. So, for a nanolattice with the nemtf ions 1200 (curve 3), the increments of itergg AE; from pitch
to pitch significantly exceed the correspondingémeents of energyFE; and AE, for nano-grids containing 720 and 960
ions. Thus, the lattice binding energy (as expégdtethe largest for a nano-lattice with the latgasmber of ions. From
which it follows that in the studied nano-lattice#h the corresponding changes in the number afrdered ions, the
AEz> AE,> AE; ratios are fulfilled.

It is equally interesting to consider the changéhimspecific energ, of the disordering of the;FSublattice as a
function of the number of disordered fluorine i@ml the number of ions in the nano-lattice. Figushows such changes
in the energyg, for the three Laf-nano-grids. Analysis of curves 1, 2, and 3, wi{ehbefore) correspond to nano-lattices
with the number of ions 720, 960 and 1200, allowsta draw the following conclusion. The specificesgy E, of
disordering of one fion with an increasing number of disordergdidhs gradually decreases in all nanolattices from
0.16-0.17 eV in the DE phase (when the fractiodisdrdered Fis minimal and not more than ten) to 0.02-0.04rethe
S| state, when the number of disordered fluorimesis tens. Moreover, the smallest energy valug,cf 0.02 eV was
obtained for a lattice of 1200 ions, containing ldrgyest number of disordered iBns (90 ions of this type). Accordingly,
the “highest” energy valug, = 0.04 eV was obtained in the S| phase for cuneofresponding to the lattice with the total

number of ions 720, in which 5Q ns are disordered (Figure 2).
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Figure 2: Change in the Specific Energ¥, of Disordering of the R, Sublattice as a Function of the Number of

Disordered Fluoride lons in the Lak; Nano-Lattices

Such a decrease in the specific endegys determined by the fact that when a disorderedisoformed in an
array of already existing interstitial anion — anieacancy defects, the effect on the energy pammeif the so-called
collective interactions in the quasi-liquid subittshould be taken into account [4]. Such coNecinteractions determine
the characteristics of the process of disorderifgomme of the Sl sublattices of the conductor; irttipalar, they
significantly reduce the value of energy parameiterertain crystallographic directions. Thus, aalgsis of the results of
guantum chemical calculations for MOPAC 2016 shtves when there is a relatively large number obdisred fluorine
ions in the I sublattice (S| phase), the energy parameters nmesorystallographic directions decrease by 4-8 gime

compared to their values in DE phase.

From Figure 2 it also follows that with an increasehe fraction of disordered fluorine ions andexrease, in
this connection, of the energy parameters, in @adr, the activation parametgg, these parameters take a nhumber of
intermediate values: 0.16, 0.14, 0.12, 0.10, 0128 @06 eV. This series &, values, converging in the Sl phase to the
minimum values of three grades of 0.04 eV (curyeD1)3 eV (curve 2) and 0.02 eV (curve 3), wereamtad for the first
time for the Sl crystal of Laf

Moreover, the parameté, varies from ~ 0.14 eV (curve 1), ~ 0.16 eV (cu®yeand ~ 0.17 eV (curve 3) in the
DE phase to values ~ 0.02 - 0.04 eV in the SI stasd#most linear. From this circumstance, it carcbncluded that if the
increase in the number of disordered ions in tlystal lattice of the crystal occurs in a linearhias, then the change in
the activation energl, will correspond to a certain linear function. Ihcalso be expected that if the change in the number
of disordered ions with increasing temperatureeiscdbed by another more complex function (for exiamas in Figure 3

taken from [9]), then the change in the endEgin the FP region will follow a more complex law.

It should be noted that the obtained values oftftevation parametdt, are well correlated with the values of the
energyE, of the single act of disordering of the $ublattice obtained in a completely different wapr example, from
experimental data on Raman scattering [10] or tliggantum chemical calculations of the paramé&gr single act
disordering of the Fsublattice in the DE and Sl phases (the resulsuoh calculations are shown in Figure 4 of [11]).

Figure 4 shows that the parameiiar which determines the change in the energy ofdtiee when the Fion moves to
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the nearest interstitial site, is 0.16 eV (cunerlthe DE phase)
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Figure 3: Temperature Dependence of the Concentrain of Disordered R lons in the Region of Phase

Transformations in LaF;
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Figure 4: Profiles of Potential Reliefs in the Lakg Nano-Lattice of 1200 lons with a Thermally Activaed

Displacement of the ;Hon From the Node To the Nearest Interstitial :S@erve 1 - Dielectric Phase (T <Tc),
Curve 2 - Superionic Phase €Ifc).and 0.03 eV (curve 2 for the Sl phase). Itlsady seen that these values almost

coincide with the values &, for the nano-grids in the DE and Sl phases, shdvaweain Figure 2
CONCLUSIONS

In the work, quantum chemical calculations basedten MOPAC 2016 software package show a consistent
change in the energy parameters that determineffleéency of fluoride ion transfer in the Sl nataitice of the Lak
crystal, depending on the degree of disorderinthefanion sublattice. It should be particularlyetbthat the new data
obtained through quantum — chemical calculatioass aule, reveal and describe the microscopic raatfithe features of
thermally activated processes, in particular, thec@sses of mass transfer of fluoride ions in théatfice of the Lak

conductor.
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It is also obvious that the conclusions obtaineth@work can be attributed to the entire S| sesfdanF; crystals
with a slight change in the numerical values of togresponding energy parameters due to the seecédinthanoid

compression of the lattice parameters.

The model schemes developed by the authors forinitgamicroscopically small values (on the order of
hundredths of eV) of energy parameters are basegositions widely known in crystal physics. Therefothe model
approaches used in the work are applicable to #serghtion of the energy characteristics of intermation in an

extensive Sl class of conductors with diffuse pheaeasitions.
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