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In this work molecular dynamics simulations were performed to reproduce the kinetic and
thermodynamic transformations occurring during melt crystallization, vitrification, and glass
crystallization(devitrification of PbF,. Two potential parameters were analyzed in order to access
the possibility of modeling these properties. These interionic potentials are models developed to
describe specific characteristic of BhRnd thermodynamic properties were well reproduced by one

of them, while the other proved well adapted to simulate the crystalline structure of this fluoride. By
a modeled nonisothermal heat treatment of the glass, it was shown that the devitrification of a cubic
structure in which the Pb—Pb distances are in good agreement with theory and experim&gp2©
American Institute of Physics[DOI: 10.1063/1.150111]9

I. INTRODUCTION during devitrification, modeled by computational methods

. like molecular dynamics.
In the last years a new class of oxyfluoride glass has L . - .
Our goal in this paper is to optimize the numerical con-

appeared as an important composite aiming at the develop;.,. . o )
. . : ditions of modeling the devitrification processes of an inor-
ment of new photonic devices. These mixed systems, com-_ . : ’ )
. ) . ganic material, using the molecular dynami®4D) tech-
posed by a well-known glass former oxide, like 3i@,0;, nique. Our experience in the crystallization behavior of
TeO,, or GeQ and heavy metal fluorides, can be obtained in que. P Y

the glassy state by the conventional melting/quenching t(:Jchquﬂuorlde glasses led us to investigate the devitrification

nique, at room atmosphete® In addition to the relatively plrocefs of a'f|(f:t|ve FbE.gle;lss, alr'r|1.|ngt at tlhe study of the
simple preparation method and optical characteristics of rard ao>—ceramic formation in fluorosticate glasses.
earth doped samples, very interesting devitrificatiglass
crystallization) features are presented by these systems. For
example, the MO—-PhFCdF, systems (MG-Si0O,, B,0O3,
and GeQ) are characterized by the devitrification of a cubic Il INTERIONIC POTENTIALS
structure, identified as lead fluorigie-PbF,, with the possi- In MD simulations, it is important to keep in mind that
bility of obtaining transparent glass ceramics under conyhe interionic potentials used are models trying to describe a
trolled thermal treatments. ¢d,Pb,Fa-type solid solutions  gpaific characteristic of a material. For example, a potential
were also identified in some devitrified sampfes. can be developed to well describe the structural characteris-
~ The crystallization processes in glasses have been stuffes of a material, in detriment of a good reproduction of its
ied by various generations of glass researchers. The knowb’ynamic properties. That is the case, for example, of the
edge of the nucleation and crystal growth processes has gl 5| potentials employed to describe the structure of silica
ways been the goal of these scientists due to its importancgyasses, in which the structural characteristics are well simu-
in the beginning, to avoid glass crystallization and, NOWa1ateq whereas the glass transition temperature is obtained in
days, to control it. Experimental techniques employed in this, higher value than the one observed experimentally.
kind of research are mainly thermal analysis differential e jiterature concerning MD simulations of P46 not
scanning calorimetry/differential thermal analysi®SC/  gytensive. We have selected two works to investigate, due to
DTA), but other techniques have been employed, for eXineir interesting similarities and differences. Walkeral®
ample, x-ray diffraction, vibrational spectroscoiiR, Ra-  have studied the conduction behavior of Rbhich pre-
man and x-ray absorption spectroscoANES/EXAFS).  sens 4 diffuse transition from a nonconducting to a fast-ion
On the other hand, molecular modeling has been useg nerionig conducting state at about 700 K. Another work
extensively as a power tool in the determination of structure§rw0|ving PbR, was made by Hayakawet al.® in a struc-

of glasses, mainly silicates and fluorozirconates. The interegf, o study of PbE—PbO-SiQ glasses. It was proposed that
in these deterministic and stochastic methods has grown Witr(l)ns PB* and F are present as clusters Pb—F along the

the computational development but, although the utilizationg;_q chains, and the glassy network former/modifier fea-
of these modeling techniques to understand the devitrificag, a5 of PB* and F ions depend on the PbO/Si@atio.
tion processes can be helpful, few wdtksmve been pub- The short-range atomic interaction used in both papers

lished concerning the thermodynamic changes in glassesgn pe described by the Buckingham potential, which con-

sists of a repulsive exponential and an attractive dispersion
dElectronic mail: mauricio.silva@univ-angers.fr term between the pairgepresented by C/r°)
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TABLE I. Buckingham two-body pair potentials used in MD simulations of 18-
bR 1@
15
Walker et al? Hayakawaet al® |
Atomic pair  AeV) p(A) CEeVA® Aev) pR)  Clev A 129
Pb—Pb 00 00 00 2510 0170 3.1x102 ®9]
Pb-F 122.7 0.516 0.0 1.361¢°F 0.170 3.1x10 2 .
F—F 10225 0225 107.3 7.310° 0.170 4.2% 102 6
dReference 8. 3_- :
PReference 9. |
0 T T T 1 1
2 3 4 5 6 8
U(r)=ZZ;e?/r;;+ Ay exp(—rij /py) = CIT, D %07 ) r(A)
whereZ is the charge on ions of specieandj, in units of s0d i
the electronic charge, andr; is the distance between these _
ions. A;; is the short-range coefficient for repulsion gndis 304
an adjustable constant. Although the interionic potentials >
used in the works cited above were the same, the pair poten- 20
tial parameters used in the MD simulations were rather dif-
ferent, as listed in Table I. These two sets of pair potential 10 ?i i ,
parameters will hereafter be called the “Walker model” and | i
“Hayakawa model.” ol i AN i
As our interest in this work is to model the transforma- 2 3 4 5 6 7 8
tions during vitrification/devitrification of Pf-we are deal- r (&)

ing with thermodynamic and structural properties. In this

case, an ideal interionic potentlal is the one that has the belE_IG. 1. Radial distribution functiong(r) for the pairs Pb—Plgsolid line)

t?r compromise be_tween these prope_rties. This paper is dé\'nd Pb—Hdotted ling, obtained by MD simulations using the Walke)
vided in the following way: We have investigated the two and Hayakawab) models.

potential parameters cited above by means of radial distribu-

tion function analysisg(r), simulation of EXAFS spectra

using modeled configurations, and ion diffusion coefficient » ) )
analysis(Secs. Ill and 1V. This preliminary investigation S&M€ conditions. Finally, a 5000-stefSsps run in theNVE
allowed us to select the potential parameters that better cofSeémble was performed in order to record the radial distri-
respond to our goals and in Sec. V we will present our result9ution functionsg(r). _ _

obtained with the modeling of the vitrification and devitrifi- 1€ Pb ly-edge EXAFS spectra simulations were per-
cation processes of PhFFinally, the presented results will formed using theserra.1program.” The modeled configura-

be discussed in Sec. VI and the conclusions traced in SelonS were introduced in therowms field and a configuration
VII. average over all absorbefBb) atoms was considered using

the CFAVERAGE card, in order to consider eventual distortion

in the absorbing atoms surroundings. The EXAFS spectra
lll. MOLECULAR DYNAMICS CALCULATIONS AND Fourier transforms were obtained using Michalowiczs
EXAFS SIMULATIONS AFs98 program®® “Modeled” EXAFS spectra were com-

For the long-range electrostati¢€oulomb potentials pared with experimental ones whose conditions for sample
the Ewald sum technigé®was used. preparation, spectra acquisition, and data analysis were de-
The simulations were performed using e poLy pro-  tailed in a previous work.
gram, developed in the CCLRC Daresbury Laboratbior
the generation of the crystal structure, we have constructed a
cubic fcc structure, of lattice constaat=5.93 A, Containing IV. COMPARISON BETWEEN MODELS
768 atoms256 cations and 512 anions a cubic box, du-
plicated in the three directions to infinifperiodic boundary Figures 1a) and 1b) show theg(r) curves for the
condition. For the two sets of parametei#/alker and Hay- Pb—Pb and Pb—F pairs obtained by the Walker and Hay-
akawa, the simulation procedures were identical. The sys-akawa models, respectively, and Table Il compares the coor-
tem was equilibrated at 300 K in the canoni¢BlVT) en-  dination numbers and interatomic distances obtained from
semble during a run of 20000 steps, with time step fixed athe MD simulations and the theoretical values, calculated for
0.001 ps, and then relaxed at the same time intd@@lps a perfect fcc Pbfcrystal of cell parametea=5.93 A. The
in the microcanonicalVE) ensemble. Then, as the experi- coordination numbers and interatomic distances are related
mental x-ray absorption spectra were obtained at liquid nito a central Pb atom. From Fig. 1 one can observe narrower
trogen temperature, the system was cooled down to 77 K anahd more intense peaks obtained with the Hayakawa model
the processes of equilibration and relaxation done under thihan those from the Walker model. Also, from Table I, one
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TABLE Il Kind of coordination atom and interatomic distances from a spectra, calculated by theEFF8.1program using as atomic

central Pb atom simulated using the Walker and Hayakawa models, CO”bonfiguration the DM simulation using the Walkéa) and

pared to theoretical values calculated considering a perfect fcg ¢?ipétal . . .

of cell parametea=5.93 A. Hayakawa(c) models(solid circles and the EXAFS signal
calculated by thererrs.1 program with the “perfect” fcc

Theoretical Walker model Hayakawa model  structure of3-PbF, generated by theroms progrant* (solid

8F at 257 A 8 F at 255 A 8F at 257 A line). The AToms program generates the atomic coordinates

12 Pb at 4.19 A 12 Pb at 4.17 A 12 Pb at 4.19 A for a given crystal from its crystallographic parameters. For a

24 F at4.91 A 24 F at4.91 A 24 F at4.91 A better visualization of the contribution of each coordination

6 Pb at 5.93 A 6 Pb at 5.93 A 6 Pb at 5.93 A shell to the whole signal, a Fourier transforamtion was per-

gj Eba;??gé&/& 222 lfba;ff;é& gj EbazfﬁgeAA formed in these spectra, using a Kaiser window=@.5)

30 F at7.70 A 32 Fat7.70 A 30 Fat 7.70 A between 3.48 and 16.00 A they are illustrated for the
Walker and Hayakawa models, in FiggbRand 2d), respec-
tively.

While Fig. 2a) shows a relatively good agreement be-
observes that the interatomic distance are best reproducetiveen the EXAFS oscillations of the modeled structure and
mainly in the first coordination shells, by the Hayakawathose obtained experimentally, Figh2 reveals an important
model. characteristic presented by the potentials of the Walker

Figures Za) and Zc) shows the comparison between the model. The first coordination shell, formed by fluorine atoms
Pb L, -edge EXAFS spectrum of a cubjg-PbF, sample, around the central lead atom, presents a weaker intensity
obtained experimentally at 77 Kpen circleg the modeled accompanied by an asymmetry in the modeled signal, in

0,100:
T
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FIG. 2. B-PbF, L,,-edge EXAFS spectray(k), and

respective Fourier transformed signdB(R)| (Kaiser
window between 3.48 and 16.00°A), obtained experi-
mentally (open circleg and calculated ones using the
MD configurations(solid circles and the perfect fcc
structure given by theroms program(solid ling). (a)
and(b): MD results from the Walker mode{¢) and(d):
MD results from the Hayakawa model.
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comparison to the experimental signal. In the same way, the 60

modeled signal at the right side of the peak corresponding to _ 507 (@ /”
the second coordination shell is less intense than the experi- ~E 40 /”
mental one. These results reflect the anionic disorder present *< 30 2 "

in the modeled configuration. 0 20 _—

The comparison made in Fig(@ show that the modeled 10 . W"“’
EXAFS oscillations obtained with the Hayakawa model are i : °.4T —
more intense than those obtained experimentally. On the 500 1000 1500 2000 2500 3000 3500
other hand, a good agreement is obtained when one com- 159 Temperature (K)
pares the modeled signal with the perfect crystal EXAFS 127 (b).
oscillations, calculated byerFFF8.1 AND ATOMS In Fig. 2(d) Zé’o,s—- -
the differences between the experimental and calculated 2S 6] '
ing AToMS or MD configurationy data are noteworthy, indi- Eo,s-'
cating the highly ordered environments obtained in the cal- 001e o a_n‘g/j\/a\,/o
culated EXAFS spectra. Comparing both calculated Fourier- ' —
transformed EXAFS signals in Fig(®, one can observe a o 500 1000 1500 2000 2500 3000 3500
difference in the intensity of the main peak at about 4 A, =" Temperature (K)
relative to the Pb—Pb and Pb—F interactions in the second VE'LQS'_ (© y 000200
lead coordination shell. This can suggest some degree of 2% oo
disorder obtained by the model proposed by Hayakawa, in 2057 »0,_0..&@-""’""
relation to the perfect ordering produced byowms. But, H-2104 __Dve.oe—-"“"@
compared with the experimental signal, the differences be- ‘2v15‘_0..a'°'a.0.-0
tween both calculated signals are rather irrelevant. 2,20 —— 7T

500 1000 1500 2000 2500 3000 3500

The other method employed to compare the features of
the two models was to follow the approximate ion diffusion
coefficient during constant heating. This study allows us tGriG. 3. (a) and (b): Diffusion coefficient variation with temperature of F
determine the possibility of a qualitative reproduction of (squares and PB* (circles ions obtained by MD simulations using the
thermodynamic characteristics of PZbEUCh as crystal melt- Walker model and the Hayakawa model, respectivedy.Internal energy
. dthet ition f the state of | duction to th variation during heating simulation using the Hayakawa mdthel dotted
Ing an ] e transi an rom the state ot low conduction to aﬁine is a guide to the eygsPhase transition$l) nonconducting to a fast-ion
of fast-ion conduction. The parameters suggested by Walkgguperionig conducting statet2) melting.
et al. were obtained to describe the ionic disorder of Pat
high temperature, and it was propo%edat the simulation

results are in good agreement with the experiment. On thef both ions occurs simultaneously, during fusion, at about
other hand, concerning the parameters suggested by Hay500 K. After the jump of the diffusion coefficient values,
akawaet al.’ obtained to well reproduce the structure of awith rising temperature, there is a nonconventional diminu-
lead oxyfluorosilicate glass, no information about the possition of the ions’ mobility. This after-melting behavior is also
bility of reproduction of phase transformations was avail-observed in Fig. &), which illustrates energy variation dur-
able. In order to investigate it, we have performed simulaing heating. At about 2500 K one observes the fusion clearly,
tions with both models, in which a constant heating wascharacterized by the endothermic discontinuithange in
employed, from 300 to 3500 K, with equilibration and relax- the specific heat during solid—liquid transitiprbut, with
ation (20 p9 processes for various temperatures. Figufas 3 rising temperature, the system relaxes into a lower energy
and 3b) illustrate the curves of variation of Pb (circles  state. These physically senseless behaviors are not explained
and F (squaresdiffusion coefficients, D, with temperature, and are probably due to mathematical artifacts of the poten-
obtained with the models of Walker and Hayakawa, respectal used.
tively. As recalled in the beginning of this paper, the interionic
Figure 3a) reveals the occurrence of two transforma- potentials used in MD simulations are models trying to de-
tions, labeled 1 and 2. Transformation 1 occurs at about 708cribe, with more or less successsecificcharacteristic of
K'in the fluorine D curve and is related to the transition froma material. As seen from the results presented, the interionic
the state of low conduction to that of fast-anion conductionpotential parameters proposed by Hayakastal® repro-
(superionic state This result shows a very good agreementduce very successfully the structural characteristics of a per-
with experimental value presented in the literatth®  fect crystalline fcc Pbfand, as shown in the cited reference,
Transformation 2, which occurs in both Pband F D it is a good potential to describe the structure of oxyfluoro-
curves at 2000 K, reflects the melting temperature. Thisilicate glasses. But, it does not reproduce the thermody-
phase transformation, better observed in thé"FD curve, namic transformations during heat. On the other hand, the
occurs at a higher temperature than the one observed expeiiterionic potential parameters proposed by Walkeal.®
mentally, T,,~1100 K’ while showing an excessive anionic structural disorder in the
The thermodynamic properties discussed above are natystal phase, even at low temperature, are a good model to
reproduced efficiently by the Hayakawa model, as seen idescribe the transformations concerning our work: the kinet-
Fig. 3(b). This figure indicates that the increase of mobility ics of vitrification and thermodynamics of devitrification of

Temperature (K)
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FIG. 4. Evolution of the internal energy with temperature during the cooling
and heating processes simulated using the Walker model. Circles:($low 0 3

Kps™) cooling process; up, open triangles: f&600 Kps') cooling pro-
cess; down, closed triangles; glass heating protes pst).

PbF,.. The results presented hereafter are those obtained ByG. 5. Radial distribution functiongy(r), of the Pb—PE) pairs at 200 K,
; ; ; recorded for the configurations obtained after sldvwKps -, solid line) and
MD simulation using the Walker model. fast(100 Kps'%, dotted ling cooling processes. Inset: cumulated distribution

function, n(r), obtained after slow cooling process indicating the Pb—Pb
V. CRYSTALLIZATION FROM THE MELT/ coordination numbers as 12, 6, and 24, respectively, as expected for a fcc

VITRIFICATION/DEVITRIFICATION MODELING structure.

The MD simulations on phase transformations were
made with 2592 atom@64 cations and 1728 anionss the
periodic boundary condition, used to avoid the effects ofFig. 5, which shows theg(r) curves of the Pb—Pb pairs at
artificial boundaries, would harm the dynamics in smaller200 K, recorded for the configurations obtained after slow
systemg. Our interest here is to reproduce the melt crystal-(solid line) and fast(dotted ling cooling processes. Thr)
lization, with a slow cooling rate, and the glass formation,curve for the fast-cooling case shows an amorphous-like
with a fast cooling rate. Then, by heating the amorphoustructure, while the one obtained after the slow-cooling rate
phase, one would expect the relaxatistabilization of the  indicates the formation of a regular Pb—Pb structure, at about
glassy structure, promoting the glass crystallizatidevitri-  the same intercationic distances and coordination numbers
fication). In this way, simulations were performed in the fol- obtained for the crystdkee Fig. 1a) and Table I]. The inset
lowing steps: starting from the liquid pha$8000 K), the in Fig. 5 represents the cumulated distribution function,
system was cooled down to 50 K with cooling rates of 1 andn(r), which indicates the number of atoms in each coordi-
100 Kps *. One would expect the melt crystallization during nation shell. These values are in good agreement with the
the slow-cooling process, while an amorphous phase is exxpected values.
pected to be obtained from the fast-cooling regime. The Finally, as expected, glass crystallization was obtained
glassy Pbk was then heated up to 1500 K at a rate of 1.5by heating, indicated by the exothermic transformation oc-
Kps 1 in order to verify the deuvitrification process. curring in the corresponding internal energy cugd®wn,

Figure 4 shows the evolution of the internal energy withclosed trianglesin Fig. 4 at about 650 K. This result is
temperature during the cooling and heating processes, wheoenfirmed by Fig. 6, which shows thg(r) curves for the
circles and up, open triangles denote the slow and fast cooRPb—Pb pairs at 600 Kdotted ling and 800 K(solid line),
ing cases, respectively, and down, closed triangles denote tlbtained during heating the glass at 1.5 KpsNo crystal-
glass heating process. like structure is observed in thg(r) curve at 600 K but, at

During the melt slow-cooling processircles, the drop 800 K one observers the occurrence of the crystallization
at about 650 K in the internal energy curve reveals the ocprocess, revealed by the structures at about 4.2, 5.9, and 7.3
currence of an exothermic transformation. This transformaA. Then(r) curve in the inset of Fig. 6 reveals the expected
tion corresponds to the melt crystallization, as revealed irtoordination numbers for a fcc structure.
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case. In fact, the Walker model parameters were developed
5. 4. for studies on disorder anomalies in BpEaused by anion
diffusion and defects, and reveal a good accordance of this
characteristic with experiment. Nevertheless, though this
model favors the modeling of ion transport features, also
verified in this work[Fig. 3(@)], it does not reproduce per-
fectly the experimental crystal anionic structure.

On the other hand, the EXAFS spectrum calculated us-
ing the atomic configuration obtained by MD simulation
with the Hayakawa model is in good agreement with the
one calculated using an atomic configuration obtained by the
ATOMS program. Nevertheless, no structural or thermal dis-
order was considered during calculations usiagoms
(Debye—Waller factorr=0) and its structure can be consid-
ered as a crystallographically perfggtPbF, crystal, free of
defects and thermal agitation. This observation explains the
higher intensity of the modeled EXAFS oscillations in rela-
tion to the experimental ones, which presents, naturally, a
non-negligible Debye—Waller factoio¢>0). These results,
added to the narrower peaks and better distance distributions
observed in theg(r) curves obtained by the Hayakawa
model[Figs. Xa) and Xb)] lead to the conclusion that this
. model is more adapted to the reproduction of the crystalline
o4—et - . structure ofg3-PbF, than the Walker model. Nevertheless, it
3 4 5 6 7 8 was seen that the Hayakawa model does not reproduce suc-

r (A) cessfully the ion conclusion characteristi¢dsg. 3(b)] and

thermodynamic features like crystal fusifdfig. 3(c)]. These

FIG. 6. g(r) curves for the Pb—Pb pairs at 600(otted ling and 800 K properties present a nonconventional behavior of stabiliza-
(solid line), obtained during heating the glass at 1.5 Kpsnset:n(r) curve  tion after fusion which is physically senseless.
indicating the expected value sof cation—cation coordination numbers fora  On the other hand, the Walker model is well adapted to
fee structure. describe the effects of fluorine mobility anomalies during
heating[Fig. 3(@], with a transition temperature obtained
from MD simulations ;=700 K), close to the ones ob-
served experimentallyT,~700 K (Ref. 15, or T;=711 K

As stated in this paper, the first part of our study was(Ref. 16]. These mobility anomalies are related to the supe-
dedicated to investigating two parameter potentials used tionic conduction characteristics of PhHts high conductiv-
describe the interatomic interaction forces in Rhffoposed ity properties are connected to the strong disordering in the
by Walker et al® and Hayakawaet al® Our goals were to fluorine sublattice, caused by thermal generation of Frenkel
evaluate the characteristics best described by these two modefects, inducting anionic transpdrtOn the other hand, the
els, in order to use them in our study of phase transformacation sublattice, as exemplified for CdPhF, mixed
tions occurring during fusion, quenching, and reheating &rystals;>*°plays an important role in the fluorine disorder-
PbF, modeled sample. ing process. It has been proposed that the lower Pb—F inter-

The calculation of Pb |,-edge EXAFS spectra using, as action coefficient compared to the other fluorides is respon-
atomic configurations, the modeled structures given bysible for the superionic properties of PhF
Walker and Hayakawa models has been successfully em- The modeling of kinetic and thermodynamic properties
ployed to determinate the structural characteristic simulatedsing the Walker parameters was successful. The same cal-
by these models. As seen in Figga2and Zb), related to the culations shown here for the Walker model were carried out
Walker model, by comparing the modeled EXAFS spectrawith the Hayakawa model, but without success. Glass crys-
with the experimental one, a difference in the oscillations intallization was attained by modeling the glass heating. A
the x(k) spectra and peak’s width and intensity in the Fou-mean distance of about 4.2 A between two closer lead atoms
rier transformed EXAFS signal is observed. The discrepanwas obtained, as seen in Fig. 6. This result is in total agree-
cies, better visualized in Fig(, mainly in the intensity of ment with Pb ,,-edge EXAFS analysis in Si@PbR—CdF,
the peak relative to the first Pb coordination shell and theglass ceramics (in which the crystalline phase is the
discordance in the right side of the peak related to the second—PbFR), Rpp_ps=4.20 A. Moreover, in the first cation—
coordination shell, reflect an excessive anionic disorder ircation vicinity, as expected for a fcc structure, the coordina-
the modeled structure. This feature is also observed in Fig. Xjon of 12 lead atoms was obtained, which corroborates the
where the peaks in the radial distribution function curvesoccurrence of the crystallization process.
appear as a broader distributidbut centered at expected Of course, the modeled crystallization can be controlled
positiong in relation to the ones in the Hayakawa modeland crystal growth obtained by an isothermal run at the be-

VI. DISCUSSION
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