ISSN : 0974 - 7486 Volume 11 I ssue 6

A Tndéian Yournal

— Fyfl Peper

M SAIJ, 11(6), 2014 [208-217]

Simulation of isothermal processesin uranium dioxide through
molecular dynamics method using
a parametrically temperature-dependent potential

Yuri Sergeevich Nagornov*, Andrey Valerievich Katz
Togliatti Sate Univergty, Togliatti, Samara Region, (RUSSIA)
E-mail: Nagor nov.Yuri@gmail.com; efsage@mail.ru

ABSTRACT

KEYWORDS

The present paper justifies the application of the temperature-dependent
potential to the molecular dynamics method through the exampl e of uranium
dioxide. Substantiation of the temperature dependence of interatomic
potential iscarried out based on the Newton quantum equation. Mean force
can be represented as a sum of derivative of potentia at the average atomic
coordinate and the summand that depends on square dispersion of the
coordinate depending on the temperature of the crystal. The selection of
parameters of potential was done at three temperature values: the initial
temperature and temperatures of phase transitions — 2670 and 3120K,
parameters of potentials for all other temperatures were found by
approximation. The paper cal cul ated temperature dependenciesfor thelattice
constant, enthalpy, heat capacity. Our data are good agreement with
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experimental data.

INTRODUCTION

At present, the molecular dynamics method is
widely employed for the simul ation of thermodynamic
and nonequilibrium processes.However, the classical
method of themolecular dynamicshassomesignificant
restrictions. For example, itisimpossibleto takeinto
account changesin the crystal e ectron subsystem and,
hence, their effects on the heat transfer and cohesive
energy.Besides, this method empl oysthe Newtonian
mechani cs equati ons contradi cting the quantum char-
acter of theatomicinteraction. Also, the quantum mo-
lecular dynamics method does not takeinto account
some quantum effectslike zero-point energy and tun-
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neling effects and requires significant computational
power and thusare substantia ly constrained by smu-
ltiontime,

Inthe classical molecular dynamics method (MD)
theform and thetype of theinteratomic potential are
postulated, and its parametersare constant regardl ess
of the purpose of calculation. Recent works Ref.[*2
devoted to the analysis of the interatomic forcesre-
vedl ed the dependence of interatomic potentiad onthe
temperatureand density of theelectron states. Thus, in
terms of the perturbation theory, the authors of Ref .14
perform averaging of theinteraction energy onthefield
stateswith thetemperature-dependent weight coeffi-
cients. Asaresult, alinear temperature dependence of
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theinteratomic potentia hasbeen obtained.

Thetemperature-dependent potentia inthemolecu-
lar dynamics method isstill not used widely, or isap-
plied to specific smulation tasks only Ref.3. Appar-
ently, if aheat transfer processwith temperature gradi-
entissmulated, or if local hot spotissmulated, thereis
uncertainty in selection of temperature-dependent po-
tentid parameters. Thatiswhy introducing temperature
parameter tothe potential opensnew possibilitiesinthe
adjustment procedureon one hand, but alowssmula-
tion of isothermal processes only on the other hand,
which limitsthe choice of smulated processto some
degree. Thepresent work aimsto justify application of
temperature-dependent potential for classic molecu-
lar dynamicsin general terms, and also to definethe
principleof selection of coefficientsof potential.

In Ref [ temperature dependence of potentia was
used to simulate overheated electron gasin acrystal
exposed toradiation. Themodd took into account two
temperatures—the temperature of the crystal and the
temperature of thee ectron subsystem; thisisasocdled
two-temperature model ¢, The authorsused theMD
method based on the Finnis-Sinclair potential and em-
bedding atom model. In order to perform parameter-
ization of the potentia intermsof thedengity functiona
theory, the electron density was cal culated using the
following expression?:

p(r) =23 il (r)’ W
wheref, arethe occupation numbers of the statei, in

accordancewith the Fermi-Dirac statistics, v, (r) isthe

wavefunction of theelectroninthestatei. Thus, the
electron density used with the semi-empirical Finnis-
Sinclair potentia dependson thetemperatureand leads
to exponentid dependence of theinteratomicforceson
thetemperature of the electron subsystem. Itisworth
mentioning that in Ref 12 thetemperatureof dectronsin
the crystal reached 10° K, while arbitrary measurable
effectson theform of the potential were observed at
temperatures of 1000K and higher.

The authors of®! used temperature dependence of
thepotentiad for molecular mechanicssmulations. The
molecul ar gatic S mulationsinvolveminimization of the
system energy with respect to the atomic positions.
However, molecular staticasmulationsarevaid only a
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0K (absolute zero). Theideaof work™® isto develop
temperature dependent interatomic potentialsthat are
valid at elevated temperatures (T > 0K) sothat static
molecular smulationscan be performed to modd high
temperature phenomena. The authors proposed the
equivalent static molecular smul ation techniquethat can
mode hightemperature(T >0K) phenomenaat afrac-
tion of the computing timeof conventional MD smula-
tions. The advantage of the proposed method is
achieved by invoking somereadily available materia
propertiesto extend theinteratomic potentia function
to describe thermal effects. Temperature dependent
interatomic potentialsare developed in order to facili-
tatethedesired equivdent static smulationsat eevated
temperatures. The Lennard-Jones potential isrepre-
sented asafunction with alattice parameter that islin-
early dependent on thetemperature:

[%J _2(%ﬂ @

wheree =-¢ (R))-k, T isaparameter depending onthe
temperature T, k; is the Boltzmann constant,
R=(1+aT)R isalattice parameter at thetemperature
T, aisdinear expansionfactor, R, istheinitia vaueof
the parameter. Thegiven method alowed to find mini-
mum energy states, elastic constants and
thermomechanica tensons.

We haveto emphasize that themol ecular mechan-
icshas somesignificant restrictions.It doesnot alow
smulating dynamicd effectssuch asradiation damage
and cascades, the phonon oscillation spectrum etc. Thus,
application of thetemperature-dependent interatomic
potentia for MD moddingisof particular interest. Few
works devoted to temperature dependence of the po-
tential aim to solve anarrow class of problems, like
Refs.28, inwhich the potential takesinto account the
overheated electron gasinacrystal. Therefore, in gen-
erd termsof classic molecular dynamics, the substan-
tiation of using thetemperature-dependent potential as
well ascomparison of computation resultsfor various
potential swith experimenta datahave not been made.

Or = &7

1 On application of the temperatur e-dependent
potential for MD

Since the temperature dependence of the inter-
atomic potentid isexplained individudly inany particu-
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lar case Ref .M, generalizationisrequired. Todo this,
wedetermineatomic potentiad energy inacrysa at vari-
oustemperaturesand estimate the effect of the change
of thisenergy on the solution of the Newtonian equa-
tionswithin the M D method. Intermsof the quantum
mechanics formalism and, in compliance with the
Ehrenfest theorems, themechanicd quantitiesaresub-
gtituted for the corresponding operators of momentum,
force and coordinate Ref [, A consequence deriving
from Ehrenfest theoremsfor ensembleaverage of me-
chanical valuesinthe one-dimension caseisthe New-
ton quantum eqution:

0°x _ oU(X)
ot? OX
where . isthe mass of the atom wave packet, ) —
describesthe averaged potential energy of theatomin
acrystal, x isthecenter of massof thewave packetin
acrystd.

Theatom isrepresented asthewave packet, i.e. its
wave function y notably differsfrom zeroinasmall
gpatia domain Ax only. Thewavefunctioninc udeswave
functionsof al eectronsand nucleus. Wedo not distin-
guish nucleuswavefunctionsfrom dectronwavefunc-
tions here. Therefore, we cal cul ate the atom impact
force as a sum of forces acting on the nucleus and
the electrons of the atom. If the average value of the
coordinatevariedinaccordancewiththeclassical New-
ton equation and thewavepacket shapedid not change,
the motion of the atom or the wave packet |w|? could
be considered as the motion of a point particle that
obeystheclass ca mechanicstheMD methodisbased
on. But the description of atomic motionin terms of
guantum mechanicsdoes not alow thisfor two rea-
sons. First, thewave packet spreads; second, in order
to make the center of mass of the 5 packet coincide
withthe point particlemotioninthe U(x) field, thefol -
lowing conditionisrequired:

U aU(x)
ox  ox @
Thelagt equationisgenerdly not fulfilledandisvdid
only under certain conditionsthat put restrictionstothe
MD method aswell. By convention, theaveragevaue
of theforce could be determined with the operator -
AU/X8:

©)

A )

Asaresult, the Newton quantum equation can be
written asfollows?:

?x U  aU® 1 aU(X)
a2 x x 2 X
Thus, the quasiclassical approximation gppliesand
the molecular dynamicscal culations givethe correct

result only if thefollowing conditionissatisfied:
oU (X) ) 10%U(X)
ox 2 ox°
Thegtateof theparticlecoincideswith theclassica
oneonlyif thekinetic energy coincideswithitsclassica
andogue. Thismeans, theuncertainty inthekineticen-
ergy should bemuchlessthanitsaveragevaue. Taking
into account the Heisenberg rel ation, thiscondition can
bewrittenas:
2 2 2
LA h™
2p 2p 8uAX?
Thequasiclassica approximation and theMolecu-
lar dynamicsmethod arevalid if the conditions (7,8)
aresatisfied. Bothinequalitiesare simultaneously ful-
filledonly at highkineticenergiesof theatomand dightly
vayingfidds. Wecan seethat asthetemperaturegrows,
thekinetic energy growsaswell, sotheinequality (8)
remainsvalid unliketheexpression (7). Asthetem-
peraturegrows, thiseffect becomeseven stronger. That
iswhy theexpression (7) islessgtrictly fulfilled asthe
temperaturegrows, whichinturn resultsin substantial
discrepancy between themolecular dynamicscalcula
tion and experimenta data. However, thetemperature
dependence can betaken into consideration by intro-
ducing a temperature dependent effective potential
U_,(x,T), which depends on the temperature param-
eter 0, that for each temperature T thefollowing New-
ton quantum equationisfulfilled:

" 02 _ U (XT)
ot?

AP —..  (6)

e @

8

©)

OX
Ui (XT) UK 1 UK 1 — s
er = = . AXZ g, -
Where— 4 % T2 o0 e“-Né X g, @ W+

Theequation (14) does not definetheform of in-
teratomic potential, but it providestheway to modify
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theclassica MD potentid. Taking into account thein-
equdity (10), thetypeof the potential U (x,T) hasthe
samerestrictionsas U(X) does. Ontheother Side, varia-
tion of the potential asthetemperature changesshould
bemuchlessthantheinitial absolutevalues. Consider-
ing expressions(7) and (9) thefirst-order gpproxima-
tion of the potentia U_(x, T) can be defined asafunc-
tionlinearly dependent onthetemperature, smilarly to?,
so that temperature variationsare small quantities of
the second-order with respect to U(X). In other words,
we can set the problem of finding the efficient potentid
&

Uprp(r,T) = U(r) + SU(r.T),
wherelU(r)[>>|oU(r T)|.

2 Choosingtheform and parameter sof the poten-
tial

Apparently, the advantage of thetemperature-de-
pendent potential isobserved at higher temperatures,
thus asatesting ground for the method we select ura-
nium dioxidethat haswide practical applicationsand
high melting temperatureof 3120 K. Uranium dioxide
isioniccrystd with cubica structuresimilar tofluorite
CaF,,.

Two mode saccounting for atomic description have
been considered by the different authorshaving devel -
oped potentiasfor UO, Ref 1, Thefirst oneisthe
rigidionmode! , which describesatomsas massive point
chargesinteracting viael ectrostaticinteractionsand a
short-range potential. The second model isthe shell-
coremodel that describes atoms asone massive point
charge- representing the nucleusand theinner e ectron
shells- bound by aspring to amassless shell - repre-
senting thevaencedectron shell. Inthismode! theed ec-
trostatic interactions act between both species, but the
short-range potentid actsbetween shelsonly. With both
models, interactions between ions have been formu-
lated in termsof ashort-range potential in addition to
thelong-range Coulomb interactions.

In our case the choice of apotential form is not
crucial, meaning theform of the potentia doesnot af-
fect adding temperature dependencetoit. The particu-
lar choiceof apotentia form dependson other criteria,
such assimul ation conditions, computationa power as
well assubjective preferences of researchers. Wetook
the most popular rigid ion model that takes into ac-

(10)
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count Coulumb interaction and the short-range
Buckingham potentid:

2
Ua (= 2020 ¢

ij

a+a —r CC;
b +b. )ex -
(B +b;) p[ 5 1h J ¢

| i

(1)

Since such computation for UO, was carried out
for thefirst timeand we operated interms of the“zero-
order” approximation, we decided to limit the number
of temperature-dependent parametersand only used
thefractional chargez(T)and theparameter f(T). Later,
the number of temperature-dependent parameters can
beincreased. Takinginto account expressions(7) and
(9) wetook coefficientsinthefollowing form:

{zi(T) =20(1=¢'T), whereé'T « 1

swhere T <3120 (12)

FA(T) = fu(L=8"T), whered"T « 1
Taking the Coulumb potential U (r,T) asan ex-
ample, let usshow that the chosenform complieswith
theexpression (10):

2ATIn;(Thas Botl L8720 {L-8'T)e
Uprp(rippT) = T2+ m = o ),.f’.}( :
tf tf
;!u]-'/!,,j(l—Zf'rTlSIZTZ)-EZ_l_ s =2:m-z[,-r.z2 |
Tij Tij
agizgf( 2 T+E e +
¥ij

+ =
-= U(r;) + 6U(r;,T)  (13)
Inour case, vauesof fractiona chargeswill bede-

pendent on electron shell. Asthetemperaturerai ses,
thebind of thee ectron shell with the nucleusdecreases,
therefore, dipole moment decreases, and theval ue of
fractiona chargesinthe potential should decreasetoo.
Taking into account expressions (7) and (9), and the
fact that at thetemperature of T,=2670K uraniumdi-
oxide movesto the superionic state, parametersof the
potential aretaken aspiecewiselinear dowly-varying
functionsof thetemperature:

o (L2012-26555-10°-T, T<T,

A1) = { 12279 = 13105-1075-T,T = T,

T) = { 401491072 -315:10 *- 7, eV/4, T<Tp (14
34853 -10 2 — 11223-107%-T,eV/A, T =Ty

Here, thefractiond chargevaueisspecified for ionsof
oxygen. Thechargefor uraniumion isobtained by mul-
tiplying thevalue by two. Thelinear functionsfor pa-
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rametersintersect at T =2670K, andlinear coefficients
a T changerather abruptly inthetransition point. The
rest parametersnon-dependent onthetemperaturewere
taken from Ref.'? and arelisted in TABLE 1. Thus,
the number of parametersin the potentia increasesby
thenumber of linear coefficientsat thetemperaturefor
thecharge and thef parameter.

The calculation was carried out on a

TABLE 1: Temperatureindependent parameter sof the po-
tential represented as(11)

a A b, A c, eV2.A3
U 1.318 0.036 0
(@) 1.847 0.166 4.166

supercomputer based on two Intel Xeon processors
with 160 Gflops of computational power each, and
four graphic processorsNvidiaTesaK 10 with apeak
computational power of 4.58 Tflops each. The soft-
wareused for smulationwastheDL_POLY 4.04 sys-
tem developed in Daresbury Laboratory (UK). Source
codes of the program were obtained from the devel -
oper andwerenot modified. Thesystem compiledwith
MPI (OpenMPI) and CUDA (CUDA 4.0) parallel
processing technol ogies givesthe edge by severa or-
dersin computation time over sequential implementa
tion. Thishardware-software appliance allowed to
perform computationsfor simulation periodsof 10 ns
and more. The potential was set asafilewith coeffi-
cientsfromthe TABLE 1 and calculated using (14),
so we had aset of filesfor various simulation tem-
peratures.

The periodic boundary conditionswere applied.
Thetrand ated cell was sel ected asacubicfluoritestruc-
turecrystd containingfrom 768to 12000ions. All com-
putationsimplied theintegration step of 2 fsand the
cut-off radius of 10.The Coulomb interactions were
treated with the classical Ewad summationtechnique.
Depending onthetask, computationswere performed
for amicrocanonical NVE ensembleor acanonical NPT
ensemble, but both casesfulfilledisothermd conditions.

Errorswere cal culated in accordance with root-
mean-square deviation, and for measuring thelattice
parameter dependence on thetemperaturethey were
0.016-0.018%, and for measuring enthalpy (Figure 1)
they didn’t exceed 0.01%.

3 Calculating ther modynamic char acteristics of
uraniumdioxide

The present paper perform comparison of uranium
dioxidethermodynamic characteristic cd culationresults
obtai ned with the present method with results by other
authorstaken from overview papers Ref.[1%1 and dso
with experimental datataken from theoverview paper
Ref.[*¥, We, likethe bulk of authors, perform recon-
struction of the potential of the parameter using experi-
mental dataof thethermal dilatation of the UQ, lattice
and by enthal py variation Ref.I". Parameters z and
f(T) calculated using the proposed method havetwo
linear regionswithabreek at thetemperatureof 2670 K
—this is temperature of transition to the superionic state
Ref., Thisstate is characterized by melting of the
oxygen sublatticewhilethe uraniumion structurere-
mainsintact. Thisisaso calledA-phase. We intention-
aly introduce two parameter regions, because they
describe different phase states Ref .3

Themethod proposed in this paper allowscal cu-
latingthelattice parameter (Figure 2) and enthalpy (Fig-
ure 1) of uranium dioxidewith good consstency of ca-
culated and experimental datafor thewholetempera-
ture range. Within the temperature range of 1500-
3120K, variationsof theeffectivechargein the poten-
tial and variationsof the parameter f(T) arelessthan
2% and 7% respectively, which corresponds to the
approximation of smal deviationsinthepotential. Im-
portantly, these dependenciesca cul ated with themostly
employed potentials, such as Basak!*®, Morelonl*€l,
Yamadd, Potashnikov®®, Arimd*, Lewig? exhibit
sgnificant disagreement with theexperimenta dataob-
tained for the high temperaturerange of 1500-3120K.

Interestingly, thelattice parameter cal culated using
the Basak and Moreloni*>¢ potentialswell coincides
withtheexperimentd vaues(Fgure2), but theenthdpy
functionisin disagreement with thetemperatureincrease
(Figurel). Incontrast, the cal cul ated dataobtained with
the use of Yamada potentia exhibit significant errors
for thelattice parameter, whiletheaccuracy for thebulk
modulusisrather good Ref .[Y,

Theagpproach proposed inthispaper resultsingood
agreement with experimental vauesinthewholetem-
perature range, and the discrepancy between calcula-
tionsand experimentd datadoesnot exceed 0.5% (Fig-
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Figure1 : The temperature dependence of the enthalpy for the experimental data taken from the overview paper by Fink**, the
present paper calculation dataand datawith applied variouspotentialsby Basak!*®, M or elonf*¥ and Potashnikovi*®

ures 1-3). Theselection of temperature-dependent po-
tentia parameterswas performed for the temperature
values of 300, 2670 and 3120K only, whilefor other
temperaturesalinear approximation of parameterswas
used. The adjustment of parameters of therest of po-
tentia s, which do not depend on temperature, was car-
ried out at either 0 or 300 K Ref 110111521,

Heat capacities at constant pressure C,and con-
stant volume C, were cal culated inacanonical NPT
ensemble and inamicrocanonicalNVE ensemblere-
Spectively. For that purpose, the dependenceof theatom
system energy on temperature was approximated by
polynomid functions. Then, the derivativefunction of
the energy with respect to temperaturewas cal cul ated
asaderivativeof obtained polynomias:

0 0
CP(T)=(§jpand cm>=(§jv

Figure 3 represents dependences of heat capacity
ontemperature C(T) obtained from experimental data
and ca culationsusing themol ecular dynamicsmethod.
Inthetemperature range of 1500-3120K thediscrep-
ancy of calculated databased onthemost accurate po-
tentials variesfrom 2 to 90%. The spread of experi-

(15)

mental datainthetemperaturerangeupto 1000K does
not exceed 4-6%, and for temperatures higher than
2000K the spread increases up to 15-20%. Theinter-
val between 1000 and 2000K is not studied experi-
mentaly, andisdescribed by apolynomid that “stitches”
both areastogether. A pproximation functionsand un-
certaintiesarerecommended in overview paperg322,
Frominterpretation of theseexperimenta data, Ronchi
and Hyland?® cal cul ated the contributions of each pro-
cessto comparewith available dataand provided an
excellent description of thetheoretica understanding of
the contributionsof each physical processto the heat
capacity. Thedominant contributionsin each of four
temperatureintervalsfor the solid discussed in detail
by Ronchi and Hyland®@ are summari zed bel ow.

1) Fromroomtemperatureto 1000 K, theincreasein
heat capacity isgoverned by the harmonic lattice
vibrations, which may be gpproximated by aDebye
model. By 1000 K, thiscontribution becomes con-
sant;

2) From1000to 1500K, the heat capacity increases
duetoincreasein theanharmonicity of thelattice
vibrationsasevidencedinthethermal expansion;

3) From1500t02670 K, theincreasein heat capac-
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Figure 2 : The difference of temperature dependence of the UO, |attice parameter between the experimental datataken from

theoverview paper by Fink*® and the present paper calculation data and datawith applied variouspotentialsby Arimal™,
Basak!™, Lewis?, Yamadal!”!. Theerror bar isdenoted for the experimental data
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Figure 3 : Comparison of experimental data taken from the overview work!*¥ with the present work calculated data of
temper atur e dependenceof uranium dioxideheat capacity C, using variouspotentialsArimal™, Basak™, L ewig®, Yamadal™
ity iscaused by formation of | attice and el ectronic Frenkel defectsboth from theoretica congderations
defects. The peak in the heat capacity at 2670 K and neutron scattering measurements of the oxy-
(85.6% of themelting point) hasbeen attributed to gen defect concentration asafunction of tempera-
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ture. A smilar discontinuity and anion behavior was

observed for ThO,}#+2;

4) Abovethephasetransition temperature, the peak
of the heat capacity dropssharply dueto rapid satu-
ration of the defect concentration. From 2700K to
themelting point, Schottky defects becomeimpor-
tant.

Astheca culationsshow (Figure 3), the dependen-
ciesC_and C,, calculated using the temperature-de-
pendent potential aso arein good agreement with ex-
perimental dataintheentirerange. All potentialsbelow
thetemperatureof 1500K exhibit heat capacity in ac-
cordancewith the Dulong-Petit |aw, and above 1500
2000K only two potentia's, Basak and Yamada, show
smdll discrepancy from the constant value, but are till
far from abnorma increase of heat capacity. Formation
of |atticeand el ectronic defectsisthereason for abnor-
mal increase of heat capacity at temperatures higher
than 1500K, whichiseffectively takeninto account in
our model. We cannot explicitly separatethe deposit of
electronic excitationsin our calculations, but thisen-
tropy termistakeninto accountimplicitly duringfitting
of parametersof the potential. As shown our calcula
tion data, the abrupt increase of heat capacity at tem-

—== Pyl Paper

peratures higher than 2500K can be caused by fast
growth of Frenkel pairs.

The calculated dependencies C virtudly coincide
withC ™, soitisinterestingtotakealook at the C./
C, ratio presented at Figure4. The heat capacity C, is
not defined experimentally™™, but is cal culated using
thethermal expansion coefficient o, molar volumeV
andisotherma bulk modulus, withthefollowing ex-
pression Ref M
Cp = Cy + 92V, Tfr (16)

From thisexpression we can seethat C>C,, so
Figure4 differentiatesareasbel ow and above one, cor-
respondingly, the area above oneisunphysical. The
unphysica areaof theC/ C, ratio gatherscaculations
based on all potential sexcept thetemperature-depen-
dent potential. A pparently, recal culation of errorsfor
the experimental dataplot produces high value of un-
certainty that ismostly caused by measureerrorsof C,
and .. The calculation result based on the tempera-
ture-dependent potentia issubstantialy better for few
reasons. First, the obtained valuesliein the physical
areaaboveonefor thea most entiretemperaturerange
of 500-3000K . Second, taking into consideration low
accuracy of experimenta dataour resultsfal withinthe

1.6
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L4 X  Lewis
0O Yamada
) i A QOur Data
) T .
o --== Uncertainty
= 12
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. 0600 "0¥®%0 6 " 3
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Temperature, K
Figure4: Comparison of experimental data calculated usingtheexpression (25) and calculated temper atur e dependenciesof
theC,_/C,, uranium dioxideheat capacity using variouspotentialsArima*, Basak™, L ewis®, Yamada’. Dotted linedesig-
natesuncertainty of theexperimental data, lineat thevalueof onesepar atesthephysical area from theunphysical one
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uncertainty area. Third, the cal culated and the experi-
mental curves are similar and have breaks at 1300-
1500K and maximums at 2500-2700K .

Theobtained conformity of the experimenta data
with calculation results can be explained by studying
uranium dioxideatom oscillation spectrumusing M D
method for various potential. Thisisplanned for the
next paper. For now we can specify severa consider-
ationsto put physica ground for temperature-depen-
dent potentia application.

Uranium dioxide shows semiconductor properties
at very hightemperature, 1500K or higher. At suchtem-
peratures ambipolar conductivity appears, unbound
electrons and hol es appear, lattice and el ectronic de-
fectsareproduced, which leadsto abnormal growth of
the heat capacity C_. Temperature dependence of the
potentia isinthefirst placerelated to changesin elec-
tron subsystem Ref @, such aschangesof crystal’s va-
lence band density state and appearance of unbound
charge carriers. The potential changeissmall, but it
should greetly influenceatom behavior during hightem-
peratureregion smulation. Caculationsmadewith the
classc MD donot allow to takeinto account changes
in electron subsystem of acrystal, and thus, heat ca-
pacity ispracticaly temperature-independent (Figure
3).

CONCLUSION

Ontheexampleof uranium dioxidethermodynamic
property simulation, the present study showsthat ap-
plication of thetemperature-dependent potentia tothe
molecular dynamicsmethod dlowsobtaining good com-
pliance of the cal culated date with the experimental
vaues. Thetemperature dependenceof theinteratomic
potentia isobtained as estimation of theaverageinter-
action force va uein the Newton quantum equation.
The paper showsthat the averaged force value can be
represented asasum of derivative function of the po-
tential of the average atom coordinateand asummand
that depends on the square dispersion of the coordi-
nate. If thefirst member complieswiththeclassc New-
ton equation, then the second one dependson crysta’s
temperature, according to quantum statistics.

Temperature dependence of the potential wasin-
troduced to the semi-empirica potentid for uraniumdi-

oxidethat takesinto account Coulombinteraction and
the short-range Buckingham potentid. The selection of
parametersof thepotentid was performed a threetem-
peratures—the initial one (300K) and the temperatures
of phasetransitions—2670 and 3120K, for the rest of
temperaturesthe potentia was specified by linear ap-
proximeation of parameters.

Comparison of caculationresultswiththetempera-
ture-dependent potentia and cal culationsbased onthe
most employed today’s potentials has shown promis-
ing outlook to apply the suggested method. Thetem-
perature dependences of the constant lattice, bulk
modulus, entha py, and heat capacity a constant pres-
sure and volume have been cal culated. The best com-
pliancewith the experimenta datawasacquired during
theanalysisof heat capacitiesand their ratio. Thecd-
culations conformsto experimental dataintheentire
temperature range of 300-3120K, while methods
based on other potentia sdisplay significant discrep-
ancy at temperatures higher than 1500K. Moreover,
C./ C, heat capacity ratio goesto the unphysical area
below onefor dl potentids, whilethe ca culation based
on thetemperature-dependent potential iscons stent
withinthe experimentd dataaccuracy.
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