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Inherent structure of a molten salt
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We calculated the inherent structure of a model melt of zlhcbromide over a wide range of
densities. Stable, metastable, and unstable branches were obtained for the zero temperature
pressure—volume isotherm of the inherent structure. The pressure—volume isotherm, the void
distribution, and the structure factor were used to identify the spinodal, independent of any model
equation of state. €000 American Institute of Physids$S0021-96060)50118-4

I. INTRODUCTION bromide (ZnBs). The ZnC} melt has been much more thor-
oughly studied than ZnBr both theoreticalll)t and

The concept of the inherent structure of a liquid wasexperimentally:>*? is known to be a goodbut relatively
introduced in order to divide the structure of a liquid into fragile with respect to transpé?ic)‘lz(e)) glass former with a
the part due to thermal fluctuations, and the part due to thgyw glass-transition temperature, and good empirical force
packing in the absence of fluctuations. One can calculate thgelds have been developed for that systémlevertheless,
inherent structure by extracting, from the simulated liquid, athe ZnBg, system has more immediate interest for us because
sequence of statistically independent instantaneous configef its utility as a gamma-ray shielding matetfaand issues
rations, and subjecting each to an instantaneous steepestising from its degradation and disposal, although we shall
descent quench to the nearest local minimum on the potentidlave nothing more to say about such applications here.
energy hypersurface. The inherent structure is the ensemble We conclude Sec. | with a plan of this paper. Section I
of the resulting nonequilibrium, zero-temperature, and usueescribes the details of the models and the calculations. Sec-
ally amorphoug, configurations, often represented by the ra-tion Il contains the results of the calculations, including the
dial pair distribution functionPDP?® calculated for the en- pair distribution functions and the pressure—volume isotherm
semble. The inherent structure of strongly associated liquid&t zero absolute temperati@ the inherent structure of the
(e.g., wateh) substantially reproduces the structure of theionic melt. We conclude this paper in Sec. IV with a discus-
equilibrium liquid, i.e., the peaks and valleys of the PDFsion of the results.
differ in width and magnitude but line up with those of the
liquid, and no new peaks or valleys are found in the inherent;, METHODOLOGY
structure. For every other type of liquid studied to dasy.,

one- or two-component van der Waals atdmsnetals and ST -, iy
metal alloy$ silicon/ sulfur® and purely theoretical monatomic liquids?® combining traditional molecular dy-

systemd?), the inherent structure contains more short- andamics with instantaneous quenching to obtain the pressure—

medium-range order than the corresponding equilibrium ”q_volume isotherm(_or “equation of state] for the s_yst_em.
uid. In particular, the second peak of the liquid PDF is usu-MOIeCUIar dynamics has been employed to study fonic melts

16,17 H ;
ally split in the inherent structure PDF, although the firstfOr over two decade3:®*"The primary input to a molecular

peak is usually changed only in its width and magnitude. ?ynamﬁs rc};atlr(]:ul?tmn IS a mobdeldfotg the&‘orges, oréh? ;anetrr?y
The inherent structure of ionic melts has not been exam-ro.rn whic . € forces may be de _uce ; ur .mo € o_r' N
air potential energy between the ions is a slight modifica-

tion of the models by Wilson and Madd€rand is listed in

We follow the approach employed previously for simple

structure of a model ionic melt. We chose a system with al_ ble 1. Without an explicit treatment of polarization effect
substantial size and charge mismatch between the cation and>'c " out-an explcit treaiment of polarization €Tects,

the anion, rather than the canonical 1:1 system with identical'® expect only qualitative correspondence b_etween this
- model and the ZnBr However, the model contains the es-
radii, because the former are usually better glass forilers,

-'sential features that we seek: a doubly charged cation, a sin-
and because the latter corresponds closely only to potassium

fluoride. To be specific, we chose a simple model of theeg charged anion, and a ratio of radii between 1:2 and 1:3.

interactions between the ions that corresponds to dinc Our constant-energy molecular dynamics simulation of
P the melt employed 486 Zi and 972 BT ions in a cubic box

with periodic boundary conditions, for twelve densities,
dAuthor to whom correspondence should be addressed; electronic maifrom 4.174 to 1.941 g/Cﬁ_‘] For reference, the equi|ibrium
YAG@INEL.GOV ; ; ;
PINEEL/Associated Western Universities, Inc. Graduate Student Fellow:SOIICI at_ room temperatLﬂ% IS 4'2_ g/crﬁ. The Coulombic
Present address: Chemical Engineering Dept., University of WisconsindNteractions were calculated using the method of Ewald

Madison, 1415 Engineering Dr., Madison, WI 53706-1691. sums’ The cutoff parameters for the sum were determined
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TABLE I. lon pair interaction potentials. The potential enekdys given in calculated the PDFs in the usual V%_y)y binning all pair

kilo calories per mole and the pair distanceis angstroms. distances less than half the box length, after the application
1300 of periodic boundary conditions, with a bin width of 0.05 A.
Zn?'-zr?t u(r)=— Although the PDF is formally the Fourier transform of
7t —Br u(r)=62 80(;3—3-00_@ S(k) —1, the structure factor was computed independently as
330 the average of exjK-r)on a grid ink space’ The average
Br —Br- U(r)=3130@ 2%+ — Br~ diameter was determined by locating the first maximum

of the Br —Br~ PDF of the inherent structure. Because al-
most no contacts between the strongly repulsive zinc ions
were found, the average Zh diameter was determined in-
pirectly by subtracting the Brdiameter from twice the di-
ameter of the ZA"—Br pair (also determined from the loca-
r;ion of the first maximum of the PDFThe relative available

using the method of Karasaffawith an accuracy of 0.001
kcal/mol/atom. The dynamics were advanced with the Verle
leapfrog algorithmy’ with a time step of 1 fs. For each den-

sity, the velocities were adjusted at the beginning of the ru | q ined i 2h | fth
to keep the temperature of the melt at 2000 °C, on averag olume was determined on a grid systént.he value of the

Although this temperature is much higher than that of the.ength of the box was divided by 0.415(About half the zinc

experimental boiling temperaturé50°0 at atmospheric ion r_adius) and t_he result rounded to the nearest ir_lteger to
pressuré? even at atmospheric pressure the simulated mel_?btam the spacing. A test sphere of the same radius as the

showed no signs of phase separation. The high temperatu|%n of interest was placed at each grid point. If there were no

is employed in order to make the sampling of configurationoverlaps with ions actually present in the cell, the point was

space(and of the “basins” that partition 1 efficient. The counted as an available volume point. The ratio of the num-

density series was generated by starting the melt simula’[ione,r of _SUCh aval!able volume pomt_s o the toFaI number of

from the ending configuration of the next highest density.pOIntS is the available volume fraction for the ion.

The box was expanded to obtain the desired density. The

system was then subjected to about 30 ps of microcanonicdll. RESULTS

Qynamicy to allow the melt to equilibrate. Subsequently, 20 o pjechanical and thermodynamic properties

instantaneous configurations were extracted at 1-2 ps inter-

vals in order to represent the inherent structure. The interval We simulated the melt, and calculated the inherent struc-

for each density was constant; however, some of the highdre, for 12 densities, from 4.174 to 1.941 gfGror in terms

densities had smaller intervals ps than the lower densities of specific volume, from 0.2396 to 0.5152 ¥ The mini-

(2 ps. mum energy of the inherent structure occurs between 0.2862
The minimizations(instantaneous quenchesere per- and 0.3039 crilg (3.494 to 3.291 g/c). Zero pressure oc-

formed by employing the extracted configurations of thecurs between 0.3096 and 0.3220%gn(3.291-3.106 g/cr)

melt as starting points for a constant-volume steepest-descent

trajectory to the nearest potential energy minimum of the
4.0 - STABLE UNSTABLE

ions. A literal implementation of steepest-descent algorithm .

requires orders of magnitude more time than more sophisti- 3.5 4 | |::><=><-’<::|

cated methods that essentially reproduce the steepest-descent \ 5 2 5

path?* A combination of steepest-descent and quasi-Newton 801 \ § E

procedures has been used successfully in previous work, but § 2.5 4 \, T &

in this study, we found that the conjugate gradient technique € 204 \\ @

was even more efficient and just as accurate. We employed ® * \

the Polack—Ribiere algorithfhwith a line search precision £ 15 i 2

of 0.1 so that the final gradient value is less than 10% of the g 104

original gradient value. For energy convergence, the energy &

difference between successive steps must be less than 0.001 05 1 '

kcal/mol; the rms displacement of the atoms, 0.003 A; and 0.0 4 B
the rms force, 0.100 kcal/mol/A. The minimization was re- os . . ‘\\."” : e

fined by requenching using more demanding convergence
criteria (energy difference<10 # kcal/mol, rms displace-
ment <10° A, maximum force <5x 102 kcal/mol/A
maximum displacement <5x 15> A than that used ini- FIG. 1. Pressure—volume isotherm of, and available volume to the bromide,
tially in each quench. in the inherent structure of molten ZnBrThe specific volume is given in

We calculated the average pressure, energy ion diam:_ubic centimeters per gram, the pressure is in gigapascal. Closed circles
! ! mark the pressure of the inherent structure. The solid curve marks the per-

eter, relative volume accessw_)le toerto_taI .stat.|c SUUCtu.re cent volume available to the bromide in the inherent structure. Block arrows
factor S(k), and the atomic pair distribution function point to the boundaries of the stable and unstable regions, respectively, of
(pD|:)3 for the 20 quenched configurations that we employedhe inherent structure. The double bar double arrow marks the metastable
to represent the inherent structure for each density. Neithdfd'"; the smaller solid double arrow marks the region that contains the
. . . spinodal(its width is our uncertainfy Open circles mark the pressure of the
the pressure nor the energy contain contributions from thggicyjated melt. The dashed line marks zero pressure of percent for refer-

kinetic energy, which is zero for the inherent structure. Weence.

0.20 0.25 0.30 0.35 0.40 0.45
Specific Volume
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FIG. 2. The total structure factor for the inherent structure of liquid Z2nBr
The wave numbelk| is given in A%, The specific volumes for each struc-
ture factor are listedin cubic centimeters per granin the legend. The

curves are splines through the data.
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and the minimum pressufslightly below—0.4 GPa occurs
between 0.3220 and 0.3621 ¥m(3.106-2.762 g/c). The
former interval contains the boundary between the thermo-
dynamically stable(positive pressure and compressibility
and the metastabl@egative pressure but positive compress-
ibility ) branches of the inherent structure equation of state;
the latter interval contains the “spinodaf*i.e., the bound-
ary between the metastable and the unstaiégative pres-
sure and compressibilitporanche$® The ionic diameters are
essentially constant throughout the density range: thé Zn
diameter varies between 2.0 and 2.2 A; the Rliameter
varies between 3.6 and 3.8 A. For comparison, the
empirical® mean diameter in a crystal is 1.48 and 1.66 A for
the four- and six-coordinated Zh, respectively, and 3.92 A
for the Br. For another comparison, the model gives a
Zn?*—Br distance of 2.56 A for the smallest neutral gas
phase configuration of a zinc ion between two bromiggs
the antipodes of the zinc ignas is usual for the fused salts,

25 1
2.0
1.5 1
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bt FIG. 3. Pair distribution functions for the melt. The top,
) 4 i middle and bottom panels correspond to the zinc-zinc,
o0 . J1N bromide—bromide, and zinc—bromide PDFs, respec-
: ‘ tively. The pair distance is given in angstroms. The
N ! legend labels the curves according to den§jtams per
cubic centimeter
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FIG. 4. Zrf"—Zr?" inherent structure PDF compared with the melt. The specific volume is 0.2g ¢on 3.707 g/crf). The distance is in angstroms. The
first peak is beginning to split. The inset is the region around the first peak of the inherent structure for various specific volumes.

this distance is shorter than th@7-2.8 A predicted from  the minimum,S(k) should approach zero fée— 0, because
the condensed phase diameters. The available voligne S(0) is proportional to the produciy, the isothermal com-
void) around the ZA" ion increases smoothly with increas- pressibility y is finite, and the temperature is absolute zero
ing specific volume for all branches, but the available vol-for the inherent structure. However, at the spinodk)
ume around the Brion begins to increase significanfignd  should begin to diverge for smé] even at zero temperature,
abruptly only in the metastable branch, corresponding to thenecause of the rapid divergence of the compressibility there.
growth of cavities in the metastable and unstable branchegigure 2 shows the static structure factor for some represen-
Figure 1 displays both the pressure versus specific volumegative densities. The divergence $fk) for smallk is appar-
and the volume available to the Brersus specific volume. ent for densities corresponding to the unstable branch.

For comparison we include the pressure calculated for  For the melt, the PDFs for all three interactions show
the model melt. Althou_gh we have not found an experimen-omy minor differences as function of densitfig. 3). The
tal pressure—volume isotherm for molten ZpBwe have  primary differences are the peak shift so that the neighbors
found an empirical fit of the variation of the density of the 5. slightly closer together at higher density. The second
zero-pressure melt with temperatuf@sfor 400°C<T peak of the Br—Br~ PDF is split at high densities, and
<620°C_:. Extrapolating the fit well beyond @ts intended gradually coalesces at lower densities.
range glve§ f"‘ metastablsuperheatedmelt odensny of 1'93 For all densities, the PDFs of the inherent structure show
glen? (specific volume 0.52 cffg) at 2000 °C, which coin- [as was indicated implicitly by(k)] that the inherent struc-

cides closely with our estimate as shown in Fig. 1. Th'? ure is amorphous. The 2h—Zr**PDFs of the melt and the
suggests that the model interactions between the ions, whil

. : . ) fiherent structurdFig. 4) are essentially the same at high

?tiTuﬁI: g:iggégtee ngsgrfxﬁ;(z)i\tlilgr? the acme of realism, COnc'iensities, except for the enhancem(_ent of the peaks a_n_d _vaI—
' leys of the latter. The fact that there is no peak in the vicinity

of the diameter of the zinc ion shows that there are almost no

pairs of zinc ions that are in contact. The location of the first

We calculated the static structure fac&(k) first in or-  peak occurs at about the right distan@&6 A, compared
der to see if we could obtain independent verification that thavith 5.4—5.6 A expected from the mean ion diamgter the
minimum in the inherent structures pressure—volume isoZn?*—Zr?* pair to be separated by a bromide at low density,

therm actually corresponds to a spinodal. For densities abowgith the zinc ions at the antipodéas part of the complex in

B. Structure
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FIG. 5. The Br —Br~ inherent structure PDF compared with the melt. The specific volume is 0.2/@;ctine axes are as in Fig. 4. The inset is the region

around the first peak of the inherent structure for various specific volumes.

which a bromide—bromide pair is separated by a zing.ion mean ZR"—Br —Zr?" angle is about 110°, as well as the

As the density is lowered to 3.707 g/2r0.27 cni/g), the  high-density case of about 180°.

first peak begins to split in tw@n contrast to the melt PDF, The first peak of the Br—Br~ PDF (Fig. 5 at high
which never splits The split persists for all lower densities densities is at the expected distance of about the diameter of
out to 1.914 g/crh(0.52 cni/g). The distance separating the a bromide in a crystal. As the density is lowered to 3.291
first and second peaks of the split is about 1 A. Apparentlyg/cn? (0.30 cnt/g), the first peak also begins to split in two
the zinc ions at low-to-intermediate densities penetrate twdagain in contrast to the melt PDF, which never sjlithe
kinds of empty spaces between the bromides, where thgressure of the inherent structure is still positive where the

10
B <
o FIG. 6. The ZR"—Br  inherent structure PDF com-
2 quench pared with the melt. The specific volume is 0.27%gn
- = - liquid the axes are as in Fig. 4.
4 4
Py
0 ‘ . ‘
4 6 8 ' 10 12 14 16 18
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split occurs. The split persists for all lower densities out toconfined systemor a defect in a model equation of state, as
1.914 g/crmi(0.52 cni/g). is the case with the original van der Waals model, but instead
The Zrt*—Br PDF (Fig. 6) is unremarkable at all den- is due only to suppression of fluctuations by the quenching
sities, for both the melt and the inherent structure. The firsprocess® That the transition between the convex and con-
peak has its maximum about where one would expect basethve part of the equation of state actually corresponds to the

on the empirical ion diameters. traditional concept of a spinodal is verified by examination
of the static structure factor, which begins to diverge for
IV. DISCUSSION AND CONCLUSION small (but finite) wave number as the density is lowered

We have presented the first calculation that we know mfrom the metastable to the unstable branch of the pressure—

for the inherent structure of any ionic melt. We chose a sysyolume isotherm. Our identification of the spinodal is also
tem with both a size and charge mismatch. In some respect E*pp‘_’”ed by the. rapid growth of vqume. available to th‘?
the inherent structure appears little different from the inher- fomide, suggestive of an arrested nucleation of the vapor in

ent structure of liquids of spherical atoms with only short—the \c;\?ndens?ddpha;e]. i for furth K
ranged forces; the BBr~ PDF follows this sort of behav- € conclude with Some suggestions Tor further work on

ior for high densities. However, the absence of new structuréhIS subject, in addmon to the explorgUon of the.conse-
in the Zr**—Zr?* PDF (compared with the méltat high guences of underlying crystalline transitions on the inherent

densities reminds us of the results obtained for all of the paigtrtjctur_e. dFor _ixalmple, wet regreft the ISCk ()Lg)((jpferlr?ﬁnttally
distribution functions for strongly associated liquids. Al- etermined critical parameters of zinc bromi or tha

though the explanation lies with the strong attraction of thenatter, the whole equation of stateecause we might have

zinc to the bromide ion, coupled with the even stronger re_otherwise been able to test the recent proposal that the ratio
' f the magnitude of the minimum pressure in the inherent

pulsion between the zinc ions, at the same time that sort ocft wre is 2030 i the critical L timat
behavior relies on a delicate balance of forces whose out: f“tjﬁ ure 1S c0-sutimes ;%” 4|cgppress Id ur estl)m?hg
come would be difficult to guess in advance of the calcula®' '€ Minimum pressure - bFa would give, by Tis

tions. proposal, an estimate of the critical pressure of 13—20 MPa,

For lower densitiegstarting at positive pressure but per- _belov;/ Lhat of antertﬁcztﬁz Mpé?h_ 'ior: ano':aher exam|lale, 'é i
sisting for negative pressudeshe Zrt* —Zr*" PDF does un- IS not known how the heories thatl have been employed to

cover new structure, i.e., a split in the first peak, which is noﬁescrlbe equilibrium ionic mefts® will perform on the in

evident in the melt PDF. This split in the first peak is not erent structures. In particular, it is not known if the corre-
' 8onding states theory for equilibrium molten sHitwill

seen in the inherent structure of other substances examin?: o .
old for their inherent structures. For yet another example, it

so far (see Sec.)l for van der Waals substances, for ex- . tk it or how the ph i dicted for th
ample, it is the second peak that splits. Furthermore, this spl p Notknown It or how the phase separation precicted for the

occurs at about the same density as the underlying s:olidﬁ'9h||3_/| +9|ssymme:rlc q t_)lnant/ 'ﬁm? mlxc:ufré% (e'tg"d.
solid phase transition for crystalline zinc bromfddt would —He"™™, encountered in astrophysics and fusion stydies

be tempting to conclude that the local structure of the uIti_Would appear in the inherent structure. Finally, there remains

mately amorphous inherent structure imitates this transitiont,he elucidation of the Stillinger—Lovett sum rufésor _the
eroth and second moments of the PDFs of the inherent

especially since there is a precedent for such behavior in 4

model nonionic syster?® There are at least two obstacles to structure. These rules are among the few exact results for

drawing this conclusion. First, we have not been able toequilibrium ions systems. Although the first of these rules is

identify the structure corresponding to the split in theexpected to hold for aII. densitig_s In view of its derivgtion
Zr2*—7r2* PDF to any part of a known structure for zinc from the charge-neutral_ny condmon, we do not know if the
bromide. Second, we have not determined if the split of th econd sum rulg holds in the mherent structure. We have not
first peak of then Z# —zr2* and the subsequent split of the P€€" able to reliably galpulate either of the moments because
first peak of the Br—Br~ inherent structure PDFs at even the volume tef”‘ 4mr®) in the integrand conspires W'th the
lower density are both the result of one single structuraPeak'Sha1rpen|ng effects of the quench itself to amplify the

change or if they are each the result of two distinct structuraPSCi"ationS in the pair_distribution functions, so much so that
changes. Therefore the question of the imgdciny) of the these do not decay in the 1458-atom system that we em-

solid—solid transition of the crystalline phases upon the inployedi tl'n the.” ?psenctc)a tOf a lrgllabtljel(;aosttlmate of the
herent structure remains open for this system. Now the zin@fymp 0 'Clgsg' a |0Tjs,d teweclan lat at?\ |m(;,=s e}sﬂTa‘ny
chloride has similar phase behavior, and because more re 1oms would be needed to caiculate the moments ot the n-

istic models are apparently available for that system, any erent structure PDFs; such a task is within the capabilities
further investigation of this question might be better carriedOf the most powerful supercomputers, but beyond our reach
out for models of the chloride. for the moment.

As in other studie$® we obtained a pressure—volume
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