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Fluctuating ionic polarizabilities in the condensed phase: first-principles calculations of the

Raman spectra of ionic melts

Robert J. Heaton and Paul A. Madden
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10 School of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ, UK
11 (Dated: February 20, 2008)

Abstract

15 An approach to calculating Raman spectra of ionic materials from first principles is described; the method is ap-
17 plicable to molten systems which cannot be treated by summing the contributions from normal modes of vibration.
18 The approach offers a way to validate a simulation by comparison with a Raman spectrum; for many materials under
20 extreme conditions of temperature or pressure, Raman spectroscopy may be the only practicable experimental win-
21 dow on the structure at the atomic scale. The method involves the direct calculation of the time correlation functions
23 of the polarizability fluctuations in the sample, which involves the introduction of a model for the dependence of
the polarizability on the ionic coordinates. The model is parameterized by fitting a large number of values of the
26 polarizabilities of individual ions in condensed phase environments. These are calculated, using a recently introduced
ab initio method, from the response of the electron density to an applied electric field on a series of configurations
29 obtained from molecular dynamics simulations of the material of interest. The results of the calculations are com-
pared with experimental spectra on liquid and solid LiF, liquid Bedhd LiF:Bek mixtures. The spectra are well

32 reproduced by the method, particularly the isotropic components which are generally most useful for the diagnosing
coordination structures in experimental studies. Sinceakthimitio methodology has already been shown to work for

35 oxides, the method should be applicable melts of geophysical intetestlia.
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I. INTRODUCTION

There is considerable interest in developing the capability to calculate Raman spectra of disordered
ionic materials from first principles. From a theoretical perspective, ionic materials are strongly interact-
ing closed-shell systems, and so push to the limit a description of their properties through the theory of
intermolecular force's In materials with polyvalent cations, the spectra contain distinctive bands which are
the signatures of particular coordination structérédaman spectra may be especially sensitive to particu-
lar intermediate-range structures, as with the signature of boroxyl rings in the spectra of boraté-§lasses
In the molten state, the Raman spectrum may be the only experimental technique capable of giving this
structural information because the corrosive nature of the high temperature melts prevents the design of
suitable containers or because the melt of interest contains so many components that the decomposition
of a diffraction pattern into partial structure factors is impracticable. Raman spectra of molten fluorides
have been obtained by using windowless Cadiisd the use of levitated droplets has enabled the spectra of
molten oxides to be obtainBdThis type of information is valuable to understand the properties of the melts
involved in electrofining or in various geophysical procesé€sNevertheless, the conversion of the pattern
of bands seen in a spectrum into structural information is not straightfotwiardilute solutions of a poly-
valent cation in a simple salt, the spectra of discrete molecular ions may be recognised by their polarization
characteristics and the pattern of band frequeAgiest in more concentrated melts, these coordination
polyhedra overlap, networks form and the direct interpretation of the spectrum becomes more hazardous.
Progress could be made by calculation of a Raman spectrum in a computer simulation: if the calculated
spectrum agrees sufficiently well with the experimental one to validate the representation of the real mater-
ial by the simulation, the detailed information it generates may be interrogated to provide the desired level
of structural information or to predict the values of quantities which cannot be measured directly.

The general expression for the light-scattering spectrum of a sample at frequenayisHift

lap(q, w) o \ES\Q%/ dt e (Iap(a, )ap(q, 0)) (1)
0

wherea andb are the directions of polarization of the incidef’j and scattered electric fields ands

the scattering vector, determined by the wavelength of the radiation and the scatteringlep@lg?) is

a spatial fourier component of the instantaneous value ofitHecomponent of the polarizability tensor

of the sample. Raman scattering is caused by the fluctuations in the polarizability which are caused by
interactions between atoms at relatively short interparticle separations compared to the wavelength of light
so the spatial correlation between the fluctuations extends only to small distances and we can safely replace

equation 1 by itg — 0 limit and calculate the correlation function of the fluctuating part of the polarizability
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ATl (t) = My (t)—(ILap) in what follows. If the material is such that the atoms are making small amplitude
vibrations about some equilibrium position then the Raman spectrum may be calculated by expanding the
polarizability about its value in the equilibrium configuration in terms of the normal modes of vibration,

{Qx}, with harmonic frequencie§vy },

0Qk

Substituting this expression into equation 1, retaining only the first derivatives, leads to the usual expression

s = (Tlag)o + Z [<8Haﬁ> Qk] + higher-order terms (2)
k 0

for the Raman spectrum in terms of normal mode frequencies

2

Ip(w) | EY | Z <8Hab) ]@lé(w — wp). (3)
k

0Qk

Recently, several groups of workéfd-12have shown how the Raman spectralaissesnay be calcu-
lated from first principlewvia equation 3. The normal modes and polarizability derivativesl/oQy)o,
are evaluated from density functional perturbation theory at a series of glass configurations genatated in
initio molecular dynamics simulations and the Raman spectrum calculated as an average over the spectra
obtained from these configurations. Using these methods, Pasquarello and co-Wdtkave cast light on
a number of long-standing controversies in the spectroscopy of glasses, such as the contribution of boroxyl
ring vibrations to the spectra of,B3;. However, these methods cannot readily be applied to liquids and
melts as the step of finding normal modes of vibration about local equilibrium geometries is not directly
applicable. It might, in principle, be possible to make progress using “instantaneous normal Yhodes”
the normal modes of the significant structdPegiowever, many of these modes occur at low, or imaginary
frequencies and are highly anharmonic, which will jeopardize the truncation of the expansion at the linear
term in equation 2. An alternative way of approaching the calculation of the Raman spectrum, which avoids
these limitations, is to obtain an expression for the dependence of the polarizability on the positions of all
the atoms and then compute the correlation functions of this expression from an MD trajectory. Previous
attempts to follow this route have been limited by the difficulty of constructing a suitable model for the
polarizability?23.

The starting point for obtaining such an expression is to relate the polarization of the sample in the

presence of the external fiekf,
P =TILE’, (4)

to the field- induced dipole moments of the individual atopé} :
N . .
P(r) =) p'd(r—r). (5)

3
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Provided that the field does not induce charge-transfer between different atenisr(normal dielectric

mediaf®-18

p'({r"}) = o'({r"}). | E°() = D TV.p7 ({"}) | - (6)
J#

The term in brackets on the right-hand side of this expression is the instantaneous valulciltfield
at ion i, it consists of the external fields’, plus the re-radiated fields from the dipoles induced in all
the other ions of the sampl&"” being the dipole-dipole interaction tensor between atbarsd j (Toifb =
Vo V(r)~1). The first term is the instantaneous dipole polarizability ofiiam’ ({r" }), it depends on the
positions of all other ions in the sample, since interactions with them change the value of the polarizability.
The individual dipole of iori therefore acquires a time modulation due to its dependence on the relative
positions of the other iongin the sample, through’({r"}) and through the dipole-induced dipole terms
involving T% . It is these fluctuations which are responsible for the Raman spectrum.

In the past, we have developed an expressionof@f{r™N'}) for an ionic materid®2% and obtained
values for the parameters it contains by combining various scaling arguments with a limited set of quan-
tum chemical calculations of the polarizabilities of small cluster8y these means we have been able
to reproduce Raman spectra of molten salts, including strongly interacting systems like trivalent metal
halide$-2324 These have allowed us to comment on the assignment of spectral features to particular struc-
tural units present in the melts. The calculations have been restricted to a semi-quantitative comparison
with experiment due to our inability to really pin down the polarizability model because of the problem of
decomposing thab initio calculated polarizability of a cluster into a set of contributions attributable to the
individual atoms due to basis set superposition errors, dipole-induced dipolesterfns

Recently we introduced a new development in the first-principles calculation of condensed phase
polarizabilitie$® which suggests a way of overcoming this bottleneck. The individual ionic polarizabili-
ties appropriate to particular condensed ionic configurations are calculated directly from a first-principles
calculation on a periodically replicated supercell. In referéhtiee mean polarizabilities of oxide ions
(as well as several cations) in a variety of ionic materials were calculated and compared with experimental
values (obtained from refractive indicei the Lorentz-Lorenz formula) and with previous calculatfdns
Despite the fact that the polarizabilities of oxide ions vary enormously from one material to another the
calculations reproduced the accepted values extremely well. Subsequently, the method has been tested on
condensed fluorides, with equally good agreement with experffhedince this method can be applied to
arbitrary condensed phase configurations, such as those obtained from MD runs on a melt, we can use it to
generate many'({r"V'}) values for representative ionic arrangements for the melt. We can then use this

large dataset to optimize the parameters in a general expressiof(far" }), for example, by minimizing

4
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the difference between theb initio-calculated values and the values obtained from the expression when
evaluated with exactly the same ionic configurations as used to generateitiio data.

We have made extensive use of a similar “force-fitting” ffe@ obtainab initio parameterized po-
larizable force-fields for ionic materid@®3L. The quantitative succe®sof this procedure, in generating
force-fields which predict observables without lossabfinitio accuracy, has encouraged this extension
to the Raman scattering. Of course, the quality of the spectra will be affected by the reliability of the
model expression for’ ({r™}). Here we will make use of the expression suggested in the earliefyork
but alternative expressions based upon different ideas about the representation of the interaction-induced
contributions to the polarizability could be investigated in future work; for example, a bond-polarizability
model could be tried.

In the present paper we will describe spectra calculated from equation 1 wéi iaitio parametrized
model for the polarizability. The time correlation functions will be evaluated from molecular dynamics sim-
ulations generated witab initio optimized polarizable interaction potentials obtained by force-fitting. The
optimization of the polarizability model and the interaction potential are performed on samples containing
~100 ions, for which theb initio calculations are viable, but the subsequent MD calculations to obtain
the time correlation functions are performed on considerably larger samples, to ensure that the interparticle
interactions are sampled correctly. The systems on which we will evaluate the procedure are id&8eF
their liquid mixtures. BeFis a structural analogue of Si€¥ and readily forms a tetrahedrally coordinated
network glass. Galeenet af* noted strong similarities between the Raman spectra of, B8, and
Ge0,, which reflect their common network structure. Mixing alkali fluorides with BbFeaks down the
network to form mixtures with similar properties to alkali silicates; this process results in major changes in
the Raman spectra and one challenge for simulation is to relate this evolution in the spectrum to structural
features. The LiF:BefFmixture becomes the material of choice as a solvent for actinide ions in the molten-
salt reactot® and as a heat-exchanger or blanket material in proposed breeder and fusion¥edtomuse
of these potential applications, an enormous amount of experimental work has been done on*fF-BeF
including Raman studi€® Alongside cryolit&?4, the electrolyte involved in aluminium extraction, it is by
far the best-characterized fluoride melt. We have already determined interaction potentials for these mix-
tures and compared simulation results with a wide range of observable propBei®sn the liquid and
solid state.

Besides examining the Raman spectra of the fluids, we will begin by presenting results for solid LiF.
LiF crystallizes in the rocksalt structure whose high symmetry means that there are no Raman-active lattice
vibrationg?, i.e. no Raman spectrum is predicted by using equation 2 truncated at first order (as in all

direct methods for calculating a Raman spectrum from first principles). The observed spectrum reflects the
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two-phonon density of states (DoS) and, as such, exhibits a number of sharp features arising from critical
points in the Do&%. The ability to reproduce these spectra is a very exacting test of both the polarizability
model and the interaction potential. Furthermore, we previously parametrized a polarizability model for
solid LiF by adapting quantum chemical methttf. We can use the parameter values obtained in this

work to assess the reliability of the parameters emerging from the fitting methods.

II. AB INITIO PARAMETRIZATION OF THE FLUCTUATING IONIC POLARIZABILITY MODEL.

A. Polarizability calculations

The calculation of the ionic polarizabilities proceeds through three stages. Firstly, we create several sets
of ionic configurations for the materials of interest. They are generated by molecular dynamics simulations
using high quality interaction potentials obtainedadyinitio force-fitting as described previouh?232
The simulations are performed with periodic boundary conditions on relatively small simulation cells, con-
taining roughly 100 ions, in order to enable us to carry out electronic structure calculations. The simulation
conditions are chosen so that configurations selected from them sample as wide a range of coordination
environments for the ions as are likely to be sampled in the experimental conditions and typically involve
calculations on high temperature crystals as well as the liquid phase. Typically, five ionic configurations
might be used as the basis of the parameterization of a model for some material, and given that the polariz-
ability of an ion has six independent components this means that roughly 3000 data values contribute to the
refinement of the model.

We then carry ouéb initio planewave DFT electronic structure calculations on the selected configura-
tions. We use the CASTEP cdewith a planewave cut-off of 1000 eV. Only tigpoint is included in
the Brillouin-zone sampling scheme since our interest is in performing calculations with quite large simu-
lation cells on insulating systems. The calculations are carried out using th® BREhange-correlation
functional and norm-conserving pseudopotentials created with this functional and optimized at the cut-off
energy using the OPIUM progrdfh As described in detail in refereri@ewe obtain the individual ionic
dipoles by transformation of the occupied optimum Kohn-Sham orbjftalsg ,—1,»s in the presence of an
applied electric field to a maximally localised set of Wannier Functdfis{u, }a—1.1s. In ionic (closed
shell) systems, this transformation localises a set of valence orbitals on each ion and the molecular charge
densities obtained from these orbitals has been shown to give excellent values for the ionic multipoles. The
electric field-induced dipoles are obtained from the Kohn-Sham orbitals from four electronic structure cal-

culations, consisting of the unperturbed system and the system (at exactly the same atomic positions) in the
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1

2

2 presence of weak electric fields applied in they and z directions. The ionic dipoles induced by these

5 fields are calculated from the differences between the total molecular dipoles in the presence and absence
6

7 of the fields.

8 . Do .

9 Since theseab initio dipoles are calculated from the linear response of the whole condensed phase
ig sample to an applied field, they correspond tophealues appearing in equation 6 with the applied field

12 beingE’. That is, the field appearing in the electronic Hamiltonian for the perturbed system is an external
13

14 field, like E?, but the individual ions have responded to tbeal field caused by the applied field for the

12 prescribed atomic configuration since all of the dipoles have been obtained as a result of a self-consistent
g calculation. From the set of individual induced dipoles for each of the selected configurations calculated
19 in this way we obtain individual ionic polarizabilities’({R"}) by invertingthe expression 6, taking into

20

21 account the periodic boundary conditions. In doing this, we calculate the dipole-induced dipole tensors
gg from the atomic positions in the selected configuration in the full periodic boundary conditions.

gg The final step in the process is to fit the values of the components of the individual ion polarizabilities
26 predicted by the model far’({R"}) we describe below evaluated with the same ionic configurations and
27

28 boundary conditions used in tfad initio calculations. To do this we minimize the difference between the

ég ab initio and predicted values by varying the parameters in the polarizability model.

31

32

33 B. The polarizability model

34

35

36 We will make use of the model for the fluctuating polarizabilities in ionic materials introduced some time
37 . . . .

38 agd®2L The idea developed in that model was to use the perfect crystalline environment as a reference
Zg point and to consider the effect of distortions in the crystal lattice on the polarizability of an ion. If the
41 distortion occurs some distance away from the ion of interest its effect is to create an electric field (and field
42

43 gradients) at the site of the ion which modify the ionic polarizability due to hyperpolarization effects, as
44 . . N . N . -

45 described by Buckinghah®. Two contributions to these “asymptotic” contributions to the polarizability

j? can be distinguished, which give the effect of a strong local field and a field-gradient respectively:

48 . 4 : .

49 any) = YA Falr)Fa(x) (7)

50 i

51 (B . .

52 oy = Z B'Fl5(r"). (8)

53 ‘

54 ~ and 3 are hyperpolarizabilities of the ion in its reference (crystalline) configuration. The sources of the
55

56 fields and field gradients are the charges and induced multipoles on the other ions in the sample

57

58 —

= Fale) = 3 (00 T+ 375,03, ) ©
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OF(r*
o = 3”" (10)
As such, they are simple functions of the pair separations of the ions and easily incorporated into a computer
simulation. ¢/, u’/, and@’ are the charge, dipole and quadrupole of jonThe dipoles £') included
in equation 9 are the dipoles induced by the interionic interactions (as opposedgbititkiced by the
external field) and also occur in the calculations of the interionic forces.

In a high symmetry crystal, where the ion is effectively spherigalnd B are specified by a single num-
ber. Previousl§??%, values for the hyperpolarizabilities were determined usimgnitio quantum chemistry
calculationé’ on a small cluster of ions embedded in a point charge lattice. In the present work we will
make use of equations (7) and (8) as contributionatdR”" }) and regardy and3 as single numbers to
be determined from the fits to tladb initio-determined polarizabilities.

Fowler and Maddel recognised a further contribution to the fluctuating polarizability from their dis-
torted crystal calculations. When the distortion of the crystal lattice was in the first neighbour shell around
the ion of interest, short-range corrections to the predictions of the asymptotic terms (in equations (7) and
(8)) are needed. They were attributed to “dents-in-the-wall” of the Madelung potential at the site of an
anion in a high symmetry crystal and short-range overlap interactions with immediate neighbours. They
were characterized from thab initio calculations on distorted embedded clusters. In order to express this
effect in a tractable way for a simulation, Madden and B&ftiproposed to represent the short-range

contributions with a generalized Drude model
i,(sr) _ ¢ Nyy1—1
« = [K'({r"})] (11)

wherek!({r"V'}) is a force constant tensor for ianlt was expressed in terms of short-ranged functions of
the separation betweéerand its neigbours in the most general form that can be adopted for a second rank

symmetric tensor consistent with a pairwise additive model:

K({rV}) = [ ko + D ACY) | 1+ B(r) (3747 — 1), (12)
J# J#
Herel is the unit tensor, and(r) andB(r) are functions describing the effect of the short-range interactions
on the isotropic and anisotropic parts of the Drude force constant matrix, and hence the polarizability. They
are rapidly decreasing functions of #/ is a unit vector in the direction af/, and#*/+% is the outer
product of this vector with itself. If all the short-range interactions are removed, the force constant returns
to its free valuefky, and the free-ion polarizability is thel/ky. The functions chosen fof and B match

the exponential which appears in the representation of the short-range repulsion in a Born-Mayer interionic
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1
2
3 ol

otential:
4 p
6 A(rY) = a" exp[—c(r — o¥)] (13)
2
8 B(r) = b7 exp[—dV (r' — a")). (14)
9
10 . . " .
11 In each of these expressions there are only two independent parametes$’, #ie simply the sum of
ig the interionic radii for iong andj, and are introduced in the hope that the other parameters will transfer
1; between different materials.
16 This representation of the short-range effects was shown to reproduce the limited amahrinitit
17 . . . . . : :
18 information available from the distorted cluster calculations. We propose to use this representation to com-
;g plete our model for ({RY}) and determine the parameters, c, d andk, from the fits to theab initio
g; obtained polarizabilities for a much wider range of distorted geometries using the new method.
23 As summarized above, the form of the polarizability model was motivated by consideration of the ionic
24 . e 1 .. L .
25 polarizability in high symmetry, high coordination number crystals, wladrénitio calculations on repre-
g? sentative embedded clusters were possible. For the alkali halides, the resulting?$ptateae shown to
28 agree well with experimental spectta However the model has since been used in a more empirical way
29
30 to represent the fluctuating polarizabilities in melts where this starting point is not obviously appropriate.
31 . . . L . . .
32 In cryolite and the trivalent metal halide systems, the coordination number of the anions is only two, which
gi is a marked departure from the original picture. In simulations of these syst&#&isthe representations
35 described above have been used, in order to capture appropriate functional dependence of the polarizability
36
37 on interionic separations, with the parameters estimated by scaling the values originally obtained in the
38 . . . . . . . . .
39 calculations on alkali halides. A major shortcoming of these simulations has been that without a quantita-
22 tive understanding of the size of different terms it has not been meaningful to calculate the whole spectrum
42 which, as we will see, is strongly affected by the interference between the different mechanisms. Conse-
43
44 guently, we have only been able to calculate “subspectra” associated with each of the mechanisms acting
jg independently. Although, these subspectra have allowed identification of the origin of the distinctive bands
j; seen in the experimental spectra of these polyvalent cation systems, we have not been able to reproduce the
49 distribution of Raman intensities across the whole spectrum. The hope in the present work is that with the
50
51 newly developed ability to parameterize the whole polarizability model, this limitation will be overcome.
52
53
54
55
56
57
58
59
60
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lll. RESULTS FOR LIF

A. Fitting the polarizability model

Within the above model, the polarizability of an ion in an arbitrary condensed phase configuration is

given by the sum of equations 7, 8, and 11
o' ({RV}) = "D (RN} + "B (RN} + " ({RY}). (15)

The expression contains several parameters, collectively knowry gsconsisting of the hyperpolariz-
abilities v, B, and the parameters of the short-range teri ¢, d and ky. They are to be determined
by minimizing the difference between the values predicted by the model with those olahinsitio for
exactly the same ionic configuration.
For each system of interest, the optimum set of parameters is determined by minimizing the objective

function

Aror({x}) = 3(Aiso({x}) + Ae({x}) + Ar({x})), (16)
with respect to variations ifiy }, where

Yo |adso (G {x}) — aigo(C, DFT)|?
A = =
o) >ic |ofso(C, DFT) ‘2 )

i,a O‘i a (C’ )_ O‘i a(C7 DFT)
Ap({x}) = 12+ ’C‘ 5 (GO ~ ok, ‘2 (18)

‘ 2

2

Zi,a,C a%,a(c’ DFT)
. . 2
1 Zi,a,c a’zl“,a (C’ {X}) & aZT,a(C7 DFT)
Ar(ix}) = 3 : 5 ‘ (19)
Y |0l o(C,DFT)|

Minimization of the objective function was carried out using the MINUIT pacKagehich allows us to
constrain the variations in the parameter values to a pre-set range. In these expressions, theurslex

over atoms, and the sum ow@rrepresents the sum over all atomic configurations included in the fit. Rather
than sum the differences for each of the six independent elements of the polarizability tensors collectively,
we have chosen to use combinations which have a particular symmetry as these will reflect different aspects
of the local fluctuations and also stimulate the different polarization mechanisms to different extents. For
example, only the short-range andmechanisms may affect the isotropic polarizability. The first term

in equation 16 involves the isotropic part of the polarizability tena@gy, = 3(al, + al, + ai,). We

have found it convenient to work with the fluctuations of the isotropic terms from their average value, so

10
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system Aror Aiso Ag  Ar
LiF crystal 0.0689 0.0317 0.1215 0.0536
LiF melt 0.1003 0.0491 0.1355 0.1165
BeR, melt 0.0745 0.0342 0.0869 0.1024
LiF-BeF, 0.1738 0.0248 0.2344 0.26R2

TABLE I: The isotropic and anisotropic contributions to chi-squared resulting from fits of the model to the DFT

calculated polarizabilities for pure LiF and Be&nd for their mixtures.

that prior to the calculation afi;go using equation 17, the average isotropic polarizability taken from the
DFT calculationsa?s%T, is subtracted from both the model and DFT predicted terms. This ensures that the
fluctuating part of the isotropic polarizability dominates the contribution that this term makes to the value

of chi-squared. The second and third terms sum the anisotropic contributions of E and T symmetries in

Tx

a;y)/47 O‘%E,2 - (a?rx - ag/y)/\/12}' and{az[‘,l = \/305331//27 azf,2 = \/30(?52/2, aiT,l = \/36“;/2/2} In the
fluid the E and T elements contain equivalent information. Note the factcé"saoﬁ% in equations 18 and

the octahedral symmetry appropriate to the rocksalt structure of crystallinédﬁiﬁ, = (2, —al, —

19, which ensure an equal weighting, and importance, for each of the different symmetry combinations.
For both the solid and liquid phases of LiF, we took five thermally distorted configurations from a
range of high-temperature simulations (500K-1500K) using a quadrupole-polarizable interaction potential
obtained byab initio force fitting. This potential has been shown to predict the phonon dispersion curves
of crystalline LiF extremely welft. Each simulation contained 64 ions. We performed DFT calculations of
the ionic polarizabilities as described ab&fdn LiF, only the fluoride ions have significant polarizability
fluctuations. A separate fit of the model to the fluoride ion polarizabilities was performed for the solid and
liquid phases. The optimum values of the objective function resulting from this procedure are given in table
I. For the solid phase, the isotropic polarizabilities are well reproduced, as are the off-diagonal elements
(contributions of T symmetry). Differences in the diagonal elements (contributions of E symmetry) are
slightly less well reproduced. For the liquid configurations, the fit is again very good, particularly for the
isotropic polarizabilities.
The quality of the fit is illustrated in figures 1. This figure shows the comparison afti@tio polariz-
abilities for each of the 160 fluoride ions (in five configurations each containing 32 fluoride ions) with those
predicted by the model with optimized parameters. The black lines join the values fran thigéo calcu-
lations, whereas the points indicate the values predicted by the model. We have shown the comparison for
the solid phase of LiF; the higher ion numbers are from configurations at higher simulation temperatures,

so that the amplitude of the polarizability fluctuations increases towards the right of the figure. Uniformly

11
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FIG. 1: The figures show values of the isotropic ad- y? polarizability tensor components for each of 160iBns

from 5 distorted rocksalt configurations of LiF, each containing 32dhs. The solid black line joins the ab initio

values whilst the points are the values predicted by the fitted model. The later configurations were taken from higher

temperature MD simulations and show greater polarizability fluctuations.

LiF solid|LiF liquid| Bek, mixture
o 6.811 8.379 6.226 7.032
BY | -133.3| -195.4 | -88.89 | -35.52
~F 228.1 301.0 100.3 100.3
k§ |0.06721| 0.04906| 0.08069 | 0.07054
F-Li1 0.01079| 0.01316 - 0.007949
b¥~1410.0027390.003098 - 0.001527
-1 0.9816 | 0.9817 - 1.263
d¥-t| 0.9906 | 1.056 - 2.028
a¥—Be - - 0.01206 | 0.01527
b —Be - - 0.002349/0.00033383
cF=Bel . - 1.379 | 1.220
d¥-Be - - 1.738 3.850
"~ | 0.000 0.000 |0.00062330.001026
b¥~F 10.0031870.002477 0.001504 0.003598
cF=F | 3.000 | 3.000 1.097 1.006
d¥~F | 0.7004 | 0.7384 1.556 1.239

TABLE II: Parameters for the models used in the light scattering simulations of LiF ang Bébmic units are used

throughout.c values of 2.513 for F and of 1.398 fobothcations were used.

good agreement is evident, and the corresponding figure for the liquid has a similar quality, as is evident

from the A values in the table.
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FIG. 2: The contributions of individual mechanisms to the overall polarizabilities: the left-hand panel shows the
isotropic fluoride ion polarizabilities, whilst the right-hand panel shows an off-diagonal elemgntyalues shown

are for the last of five rocksalt configurations.

The optimal set of parameters for the polarizability model are given in table 1l. For the crystal, the
parameters which emerge from the fitting procedure are very similar to those obtained from the previous
quantum chemical calculatiot’s®®. This is reassuring, as in the previous calculations the parameters per-
taining to each mechanism from the fluctuating polarizability were obtained with independent, well-directed
calculations; in the fits all of the mechanisms are lumped together. In particulgratiebB polarizabilities
were obtained from finite-field calculations with externally applied fi€ld§he parameters governing the
short-range contributions¢, b/, ¢/ andd” of equations 13 and 14) change very little between the solid
and liquid phases, suggesting a degree of transferability of this short-range model. Considerable changes
are seen however in the mean polarizabilitythe hyperpolarizabilities’3 and~, and in the force constant
ko (which is effectively a mean polarizability). The isotropic fluoride ion polarizability increases from an
average of 6.81 a.u. in the solid to 8.38 a.u. in the liquid. This reflects the decrease in confining poten-
tial experienced by anions in the less dense liquid plase majority of which find themselves in four-
or five-coordinate environments compared to the six-coordinate octahedral environment of the solid. The
larger values for the hyperpolarizabilities in the liquid phase reflect the same decrease in the strength of
the confining potential ky takes a value of 0.06721 in the solid phase, and 0.04906 in the liquid. If all
short-range interactions are removed, these values imply gas-phase polarizabilitiesf 44d920.4a}
respectively. The first of these is not dissimilar to the calculated free-ion polarizability @f, #hd it is
reassuring that in this limit, the model predicts a reasonable gas-phase polarizability.

Figure 2 shows the contributions of individual terms in the model to the overall polarizabilities. The left-
hand panel shows the isotropic Fon polarizabilities for the last of five rocksalt configurations. Their val-

ues result almost entirely from the short-range part of the model, with contributions fropatieehanism
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being dwarfed in comparison. Note that we have added a conatintdq the~ values to show their mag-
nitude clearly on the same graph. The right-hand panel shows the anisotropic contributions resulting from
the off-diagonal elementy,,,, of these tensors. Once again, thenechanism barely contributes, and the
anisotropic components arise from a complicated interplay between the short-rangehgperpolariz-

ability terms. Although not shown here, very similar results are seen for the liquid phase.

B. Raman spectra of LiF

Calculations of the light scattering spectra of the melt and crystal phases of LiF have been undertaken
using the models discussed above. We used the same quadrupole-polarizable interaction*potedial
to generate configurations for tla initio calculations. Each simulation contained 512 ions, and was
carried out in theVV'T ensemble at the density predicted by the potential under ambient pressure at the
temperature of interest. For the crystal phase, the simulation was run at 298 K, with data collection over a
0.363 ns trajectory of x 10° timesteps. The liquid simulation was equilibrated fox 10° timesteps at
1138K and statistics calculated ovex 10° timesteps.

The full expression for the polarization induced by the external field (equations 5 and 6) should be solved
iteratively in order to treat the dipole-induced dipole terms in a self-consistent manner. These terms are an
additional source of fluctuations in the total polarizabil®IT of the sample alongside those contained in
{a?({RN})}. Here we iterate equation 6 to first-order, and replace the instantaneous vaiiérdf})
by & so that the dipole-induced dipole term is calculated as if the ions respond with their average polariz-
ability. The result is that these dipole-induced dipole terms behave as an additional contribution to the total
polarizability

M= [ HEDRNY) + alP ARV + ok P ({RYY) ] Z ‘@IT, (20)

A

and this is the expression we will use for the calculations of the spectrum from equation (1). This first-order
dipole-induced dipole (DID) model will be adequate provided that the fluctuations in the polarizabilities are
small compared to their mean values, otherwise the replaceméat 6fR" 1)} by & will be jeopardized.
If the ratio of the mean polarizability to the inverse cube of the interionic separation becomes large, higher
order DID effects may become important. This could be significant when the cations as well as anions are
polarizable, which is not the case in the materials studied here.

In atomic and van der Waals molecular liquids the DID terms make the dominant interaction-induced
contribution to the light scattering spectrefinNote that the first-order DID spectrum is then predicted to

be purely depolarized (anisotropic), which follows from the traceless natufé pand hence the depolar-
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FIG. 3: The left-hand panel shows experimental spectra in three independent polarizations for crystalline LiF at 300
K, redrawn from referenéd. The To, and E, spectra have been increased by factors of 10 and 2 respectively. The
right-hand panel shows corresponding spectra for crystalline LiF calculated from computer simulations at 298 K,

scaled in the same way as the experimental data.

ization ratio of the interaction-induced spectrum will be 0.75. This is found to be the case in simple atomic
liquids such as liquid Argon, but many of the alkali halide melts have been shown experimentally to possess
significant isotropic components in their scattering, which points to the spectrum being dominated by the

fluctuations contained ifia’ ({RN})}.

1. Results for the crystal

Experimental spectra for crystalline LiF at 300 K in three polarizations have been published by Sharma
et al®?, and are reproduced in figure 3. These determine the three independent Raman spectra, resulting
from fluctuations in the polarizability tensor df;,, E, and T, symmetries for the cubic crystal. The
scales for thel';, andE, spectra have been amplified 10 and 2 times respectively, andthepectra
occurs only in combination with thE, result asA1; + 3E,). The shapes of these spectra reflect the form
of the two-phonon density of states. Two phonons of equal and opposite wavevector may contribute to a
spectrum if the distortion of the lattice they produce modulates the relevant component of the polarizability
tensof. The number of such phonon pairs tends to peak in certain frequency regions (critical points) which

lead to corresponding peaks in the spectrum.
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The spectra calculated from the simulations are shown in figure 3, right-hand panel. The agreement
with experiment is rather good in all but th&, case; this is by far the weakest spectrum (note the scale
factor of ten). The:, spectrum compares very favorably; there is a large broad peak at around 625 cm
with a shoulder at high frequency, and a smaller peak at 800! crBoth of these features are seen in
the experimental spectrum. The simulateédspectrum also shows a weak lower frequency peak at 540
cm~!, and a small bump at high frequency around 930 Enwhich are not detected in the experimental
spectrum. In théAy, + E,) spectrum, we see two additional peaks at 675 and 380" @mising from
the A, contribution to the spectrum. For the first of these peaks, there is a clearly visible counterpart in
the experimental spectrum, whilst for the second, we see a feature close by at around 410 The
calculatedI's; spectrum is much weaker than either of the other two spectra, in agreement with experiment:
it contains the broad features seen at 450, 600-700, and 800, dt it lacks the sharp peak seen in
the experimental spectrum &600 cnt !, which makes the overall appearance of the calculated spectrum
significantly different from the experimental one. It should be noted that Shatra&? were able to
reproduce these spectra with empirical lattice dynamics and polarizability models much better than we have
on our first-principles, molecular dynamics basis.

A possible reason for missing this sharp feature is that we are not sampling the two-phonon density of
states sulfficiently finely. In an infinite crystal, there is a continuous range of phonon wavevectors from zero
to the Brillouin zone boundary. The small size of our simulation eel @ x 4 unit cells) and the periodic
boundary conditions used, mean that the simulation allows only a small number of possible wavevectors
over this range. The number of possible phonon combinations which contribute to the two-phonon density
of states is thus greatly reduced from the infinite crystal case. Nevertheless, we see good agreement with
the broader features seen in the experimental spectra. It may be that these broader features arise from
critical points to which a significant volume of the Brillouin zone contributes, and this is sufficiently well
sampled by the limited set of wavevectors allowed in our simulation cell. The sharper peak appearing in the
Ty, Spectrum, on the other hand, contains contributions from a much smaller volume of the Brillouin zone
which is missed by our sampling scheme.

Bearing this limitation of calculating the two-phonon spectrum by MD in mind, we conclude that our
calculation of the crystal LiF spectrum is satisfactory in that the distribution of intensities between different

polarizations and between different bands in the spectrum seems to be generally very good.
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2. Results for the liquid

The Raman spectra of alkali halide melts are comparatively featureless. In figure 4, we show logarith-
mic plots of the isotropic fiso) and anisotropicfyn; — the average of the spectra calculated with the E
and T components of the polarizability) spectra calculated as described above for the simulation of molten
LiF at 1138 K. These spectra are of similar shape to those obtained in our earliét whikh have been
compared in detail with the experimental spectra obtained by Papatheaetcattf. We will not repeat
this comparison here, the lineshapes agreed well, except for the low frequency region of the depolarized
spectrum, and the only significant point of departure concerned the depolarizatiorp(atio, The ex-
perimentalp(w) reported in referen¢® was essentially frequency independent and clos& ito For the
previous simulatioft, overestimation of the anisotropic scattering was manifested in a depolarization ra-
tio much greater than observed in experiment, and with a significant frequency dependence. The current
theoretical predictions (appearing in the inset to figure 4) are much more in-line with the experimental ob-
servations;p(w) is essentially constant with a value close to 0.18. There is a clear improvement in our
prediction of the shape of the depolarization ratio, though at first sight it would appear that the theoretical
prediction is still somewhat too high. However, the light scattering spectra of LiF were later re-measured
by the same group, and although the spectral shapes measured were in excellent agreement with those
measured previously, the relative intensity of the anisotropic to the isotropic was found to be higher in the
new measurements. The new measurements will therefore result in an increase in the experimental depolar-
ization ratio though its shape would be the same. Unfortunately for our purposes, these new figures have not
been published. We attribute the improvement in the predicted depolarized spectrum to a better description

of the cancelation between the contributions from the different mechanisms.

3. The role of individual mechanisms

It is of interest to see how each of the different mechanisms identified in the polarizability model affect
the observed spectrum. Values for the zero-time correlation functions are given in table Ill, they determine
the contribution to the total intensity. We show the auto-correlation functions of the polarizability fluctua-
tions (per ion pair) associated with a given mechanidifxsr, B, v or DID), for example |AH{‘SO\2 )
(denotedlid).

The auto-correlation values give an idea of the importance of that mechanism. We can see therefore
that the short-range term is the most important contributor to the isotropic scattering, and dominates the

contribution. For the anisotropic scattering, large contributions are seen from three of the four mechanisms,
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FIG. 4: The simulated isotropic and anisotropic light scattering lineshapes for LiF at 1138 K are shown in the left-hand

panel; also shown in the inset is the simulated depolarization ratio. Right-hand panel: Contributions of the individual

mechanisms to the anisotropic scattering in liquid LiF. The spectra associated with the short-rangB, ddidDy

contributions to the anisotropic scattering are compared with the total spectrum for liquid LiF.

LiF BeR LiIF BeF,
Ii5, 3.790 5.348 I}, 0.003 0.106
I3hy 2.487 1.744k5 PP -0.78 -0.97
I\ 0.001 0.067 r%y,” -0.77 -0.89
I8 4.179 4.152xR10-5 -0.92 -0.42
IRID 2.986 2.668

TABLE llI: Scattering intensities by mechanism for liquids LiF and Bgpolarizability fluctuations are given per
formula unit for each system. In the second column,shalues indicate the strength of correlations between the

most significant mechanisms.

with the~ term making a negligible contribution. The DID term is appreciable in these simulations, much
more so than was seen in the previous simulation results. This can be attributed to the use of a larger fluoride
ion polarizability (taken from DFT calculations on the liquid phase, rather than the crystal value).

The magnitudes of the cross-correlations are reported in table Il in terms of the pararhiefer
1
R = (amAan®) / [(|am??) (Jan® ) ) (21)

whose magnitude is governed by the Schwartz inequality to lie between +1 and -1, with the limits reached if
the polarizability fluctuations due to mechanishand B are perfectly correlated or anti-correlated. In LiF
we can see that there is a very high degree of (anti-)correlation between the DIPtarms, which means

that their net contribution to the integrated intensity will be much smaller than would be predicted from their
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auto-correlation alone. There are similar, weaker anti-correlations between éimel DID terms, and the
sr-and B terms. The correlation functions involvingare too small to merit consideration. The physical
reasons for these correlations was discussed previously on the basis of a rathad tnocgersion of the
modef®. Although the different terms in the model arise from well-defined distinct physical sources, the
very high degree of correlation between them we now find withath&itio-parameterized model suggests

that we should reconsider whether they ought to be represented separately. We will return to reconsider this
issue at the end of the article.

The overall effect of these cross-correlations is to make the attribution of the anisotropic scattering to a
single mechanism very difficult. Indeed, the amplitude of the total polarizability fluctuation is only around
one-quarter of the fluctuations seen in the auto-correlation functions. In the right-hand panel of figure 4
we show anisotropic spectra associated with the individual interaction-induced polarizability mechanisms,
which we have called “subspectra” in previous wétkBhe spectra of the cross-correlations tend to behave
as a mixture of their parents. Also shown for comparison on the same intensity scale is the total spectrum;
its intensity is substantially less than several of the component spectra due to the anti-correlations discussed
above.

The~ contribution appears to be negligible, and we confine our attention to the three remaining terms.
We first note the similarity between the shape of KE"'™° and AII” spectra, and the difference in line-
shape from the short-range spectra. These results suggest that the positional fluctuations responsible for
most of theAII? intensity are longer range than those which show up in the short-range spectra, and that
this mechanism appears to couple to the same set of fluctuations seen in the DID spectra. In the region of
0-350 cnt!, the high degree of anti-correlation between the DID &nigrms seems to almost completely
cancel the influence of these terms on the lineshape, and the shape of the total spectrum is very similar to
that due to the short-range term alone. In practice, except the highest frequencies, the anisotropic line shape

may be regarded as a property®f1*" reflecting the near-neighbor dynamics in the melt.

IV. RESULTS: SIMULATIONS OF BEF »

A. Parameterization of the model for Bek,

Using a quadrupole-polarizable interaction potefiale carried out an equivalent parameterization of
the light scattering model for liquid Bg@FDFT calculations of the ionic polarizabilities were performed on
three liquid configurations, each containing 72 ions, which were taken from simulations of the liquid phase

at 1300 K. The F ion polarizabilitya! extracted from these calculations are smaller than those seen in
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liquid LiF, with an average value of 6.28. The results of the fitting procedure are shown in table I, and
the parameters obtained are given in table Il. The anion-cation short-range paramet&randb’ —B¢ are
quite similar to the corresponding Li-F values, whilst the paramefer§¢ andd¥—B¢ are slightly larger.
This is consistent with a short-range effect of comparable magnitude, but which decays more rapidly with
ionic separation due to the smaller size of thé Bmn. The hyperpolarizabilities of the Fon are consid-
erably smaller than those obtained in the LiF case. This may be a consequence of the greater compression
of the F~ ion, as witnessed by the reductiondfi, but it may also be a suggestion that the fitting process
is not differentiating the different terms sufficiently well. In the LiF fits we set the initial values of the
hyperpolarizabilities to the values which had been found in the previous embedded cluster calédlations
and found good fits without a substantial change in these values: in tBeFhyperpolarizability values
consistently moved to smaller values.

The fit quality is again good, showing that, despite the higher cation charge and the less symmetrical
coordination environment around the anions in Beémpared to LiF, the model is capable of reproducing
the DFT-calculated polarizabilities. The fluoride ions in liquid Beffe predominantly bridging between

adjacent Beif tetrahedra, with two nearest-neighbor’Beons forming a bent Be-F-Be bond.

B. Light scattering in pure BeF,

The Raman spectrum of liquid Bekvas calculated at 1300 K. The simulations were carried out with
both quadrupole and dipole polarizable interaction poterdfialsith similar results obtained in both cases.
The simulations were equilibrated over several nanoseconds (the structural relaxation time at 1300 K is
over 100 ps) and the spectra were obtained from trajectories of approximately 200 ps. In figure 5, we show
the experimental polarized and depolarized spectra for the room tempeagktsseneasured by Galeener
et al3*, together with the corresponding spectra calculated from the simulations lifuite The Raman
spectrum of Befis much more structured than that of LiF due to the persistence of quasi-molecular ionic
complexes, like Bei—‘, on much longer timescales than the Raman obsenti@nWe were unable to find
an experimental spectrum for the liquid phase but, to the extent that there is no major shift in the equilibria
governing the formation of these species due to the change of temperature, we can expect the liquid and
glassy spectra to be comparable.

The main features of the experimental Raman spectra are predicted well by the simulation. There is a
strong highly polarized feature at 282 th with several shoulders on both the high and low frequency
side, whose origin has been ascribed to a symmetric-stretching type motion of the bridging fluordtie ions

A highly polarized peak with similar sidebands is present in the simulated spectrum at around-300 cm
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FIG. 5: The polarized and depolarized Raman spectra of vitreous 8efoom temperature, redrawn frétare

shown in the left-hand panel: the sharp glitch at about 410'cim an experimental artifact. In the right-hand panel

the corresponding spectra from simulationdigfiid BeF, at 1300K are shown, together with the isotropic spectrum.

In the inset the contributions of the different scattering mechanisms to the depolarized spectrum are shown, note the

strong cancelation of the- and B-tensor mechanisms in the region of 800T¢m

it shows a shoulder at 361 crh on the high frequency side of the main polarized peak, which arises
entirely from the isotropic scattering. The latter appears at exactly the same frequency as the smaller of
the two peaks in the simulated infra-red absorption sp&ttra shoulder with the same shift from the
main polarized band is also seen in the experimental Raman spectrum and Getexftfemoted that the
frequency of this shoulder coincided with that of the smaller peak in the experimental IR sp¥ctAtm
higher frequencies, between 700 and 900 &ntwo or three weaker, broad and much less highly polarized
lines are also seen. Corresponding depolarized bands are seen in the experimental spectrum, at slightly
higher frequencies.

We will discuss the origin of these features in more detail below, after we have discussed the spectra of

the LiF/Bek mixtures.

1. The role of individual mechanisms

The values for the zero-time correlation functions are given in table Ill, alongside those for LiF. The
short-range term is again the dominant contributor to the isotropic scattering, and far outweighs the
term. The short-range, DID an@ mechanisms all have substantial auto correlations which suggest that the
make important contributions to the anisotropic scattering. There is however, a very large degree of anti-
correlation between these terms, so that their net contribution to the scattering intensity is greatly reduced

and it is difficult to associate specific features in the total spectrum with a single mechanism.
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This issue is highlighted in the inset to the right-hand panel of figure 5, which shows the anisotropic
spectra associated with the individual interaction-induced polarizability mechanisms, as well as the total
spectrum. It can be seen that tBeand sr mechanisms both have substantial peaks at about 80%,cm
this is the region of asymmetric stretching vibrations of the Befrahedra. However, because of the
anti-correlation between thB and sr contributions, the total spectrum shows only a weak peak at this
frequency. From one perspective, this finding is a considerable success since the feature is indeed weak
in the experimental spectrum. On the other hand, it is not desirable to have the observable appear as
a difference between two large terms, resulting in large errors as a consequence of small errors in the
individual terms. The DID mechanism may contribute to the scattering in the lower frequency regions (less
than 500 cm!), but does not seem to show up the vibrational features of the coordination polyhedra in the

same way as the other mechanisms.

V. LIF-BEF 2 MIXTURES

A. Parameterization of the model for LiF-BeF, mixtures

It is very desirable that the polarizability model is tranferable between the pure materials and their
mixtures — this should be so if the model contains a good representation of the physics governing the
interaction-induced contributions to the polarizabilities of the ions. We have noted above that the para-
meters in the model seem to be sensibly related between LiF ang Befugh we have seen larger than
expected changes in some values, notably the hyperpolarizabilities. In order to see if we can produce a
good, transferable compromise, a polarizability model for the LiF-Brktures was obtained by fitting to
the ab initio polarizabilities for the pure liquid LiF and Begsimultaneously In the past, we have shown
that a very good description of the interionic interactions in the mixture can be obtained by fitting a single
interaction potential t@b initio data on both pure phases. The results of the fitting of the polarizability
model are shown in table I, and the parameters obtained are given in table Il.

The quality of the fit is particularly good for the isotropic polarizability, and is comparable to that ob-
tained in the case of pure BgFThis is remarkable as the data in table 1l shows that the mean polarizabilities
of the F~ ions in liquid LiF and Bek differ quite considerably. The short-range term alone dominates the
isotropic polarizability. Using separate short-range parameters to model the effects of the neighboring Li
and Bé* ions, it has been possible, within a single model to reproduce the difference in average polariz-
ability between these two liquid phases and also the fluctuations. The quality of the fit to the anisotropic

components of the polarizability is less satisfactory, which probably reflects the difficulty of representing
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the hyperpolarization effects in both systems with the same hyperpolarizabilities. One final point concern-
ing the model is the value used for the averagep®larizability which determines the strength of the DID
effects. In this work, we have taken its value to be the average of the DFT calculated polarizability of the

fluoride ion in the liquid phases of LiF and BgF

B. Light scattering in LiF-BeF 5 mixtures

We performed simulations of the Raman scattering from three Lik:Beiktures containing 75, 67
and 50 % LiF at temperatures of 873K, 873K and 1073K, respectively. The trajectories were continua-
tions of those used to study the conductivity and viscosity of these sy®3teansl have already been well
equilibrated. The simulations of the light scattering spectra were performed over one million MD steps —
approximately 360 ps — on samples of roughly 500 ions.

In figure 6, we show an example of an experimental Raman spectra for the mixture of composition 60-40
% LiF-BeFR,38, which shows the general form exhibited by each of these spectra. It was also noted that the
effect of temperature on these LiF-Be$pectra was negligible. The main features are a broad, polarized
peak at 525 cm!, and much weaker, depolarized bands-&00 cnt!, 383 cnt! and 220 cm!. As
the melt composition is changed, similar features are observed until therBelE fraction exceeds 50%
though the bands broaden and shift. For higher concentrations the spectrum progressively changes shape
and evolves into the form of the network spectrum also seen i &id GeQ. In particular the strong
polarized peak appearing at about 525¢nm the relatively dilute mixtures shifts progressively to lower
frequencies. In the limiting case of pure molten Beif converges to the previously discussed 282 ¢m
band*.

In the right-hand panel of figure 6, we show the polarized, depolarized and isotropic scattering of the
mixtures predicted in our simulations at the 67-33 composition, close to the composition of the experimental
spectrum. The agreement between simulation and experiment is good, though the intensity of the broad
depolarized band close to 800 thiseems to be underestimated. The reason for this can be seen in the inset
to the right-hand panel of the figure, where we show the spectra associated witratitesr mechanisms
together with the total anisotropic spectrum. Both “subspectra” contain strong broad peaks at-800 cm
but, because of the anti-correlation between the two mechanisms, to which we have drawn attention above,
the two contributions almost perfectly cancel out in the total spectrum. It is clear then that the relevant
vibrational motion is present in the simulations, and that it can couple to the polarizability, but that the
degree of anti-correlation between the different mechanisms is overestimated in the polarizability model we

have used. Spectra of similar appearance were obtained at the other compositions studied.
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FIG. 6: Experimental Raman spectrum of molten LiF-B€60-40 mol %) from referencé are shown in the left-

hand panel: the sharp feature at about 350 tis an experimental artifact. In the right-hand panel we show the
polarized, depolarized and isotropic spectra calculated from the simulations. In the inset we show the contributions of
the separate mechanisms to the depolarized spectrum: note the strong cancellation aftie-tensor mechanisms

resulting in a very low intensity for the strong feature at 800 ¢nm the calculated spectrum.

75-25  66-34  48-52

873K 873K 1073K

A, 532 (550) 533(540) 545 (48D)

E  230(235) 243() 235()
T,-stretch 770 (795) 769 (790) 795 (820)
Ty-bend 359 (375) 355(365) 355 (4

TABLE 1V: Vibrational densities of states for the tetrahedral normal modes in LiF;Beélts. The peaks of experi-
mentally observed Raman peaks, where discernible, are given in brackets. Note that the good correspondence between
the experimental spectrum and isolated tetrahedral ion picture at low &efeentrations progressively degrades as

the network forms.

The structures of the LiF-BeFmixtures are dominated by the strong tendency of thedns to form
long-lived tetrahedral complexes with Be In the more dilute (in Bep) mixtures, independent B§F
ions may form, and the Raman spectra are dominated by the characteristic bands expected for tetrahedral
molecular ions which behave as independent scattering centres. I@dimse; we can compare the posi-
tions of the Raman bands with the peaks of the density of states of the vibrational normal modes of these
molecular ions, which can be calculated by the method of Pavigtt@i*3. In table IV we compare the
positions of these maxima with the positions of the Raman band peaks repdfte&an the most dilute
mixture (75:25) there is a good correspondence between the normal mode frequencies and the experimental

Raman band positions, the latter appear at slightly higher frequency than the simulations. The polarization
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characteristics are in accord with the symmetries of the normal modes. The correspondence is still quite
good at 66:34; this is the limiting composition ¢BeF;) at which a picture of independent B};‘Fions

might be appropriate, at higher concentrations these tetrahedral units must progressively link together to
form more and more complex oligomers (ZEB-'é‘, Beg,F‘l‘g, etc), eventually leading to the formation of a
complete tetrahedrally coordinated network in pure 8eFhis process was detailed in referetfceThe
oligomer vibrations involve coupling of the B%F units so that the vibrational bands seen in the Raman
(and infrared) spectrum occur at different frequencies to those calculated from the densities of states of the
individual BeE ™~ centres.

The simulated Raman spectra track the changes seen in the experimental spectra caused by this cou-
pling. The most distinctive change involves the lowering of the frequency of the main polarized band from
~550cnT! for the isolated Bef™ ion in the 75:25 mixture to the-282cnT ! in the pure melt. This as-
sociated with a change in the character of the relevant vibration from a stretch of a single Be-F bond to
a complex coupled vibration of the Be-F-Be linkages which make up the network. Each of the simulated
spectra for the LiF-Befmixtures show a single, broad and polarized peak such as that seen in experiment:
for the mixture of composition 75-25 mol % LiF-BgRhis peak is observed at 504 (550) thhand shifts
to lower frequency as the Beleontent of the melt is increased. There is a small shift to 503 (540) @n
67-33 mol %, followed by a much larger shift to 443 (480)cnat the 50-50 composition, the peaks in the
experimental spectra are given in brack&tsAlthough the frequencies at which we observe this peak are
consistently~40 cnt! too low, the simulations predict rather well the shift in its position with changing
composition of the melt. As we have already seen there is a good correspondence between the shape and
position of this polarized band in the pure melt.

The formation of the network has a more subtle effect on the bands seen in the depolarized spectrum. As
shown in figure 6 and table IV the broad band-®00 cnt! in the dilute solutions may be associated with
the density of states of the, Btretching vibrations of the BéF units, which are active in the infrared and
Raman (depolarized). Weak depolarized features are observed in the Raman and infared spectra of the pure
melt in the same frequency range, and whilst the overall character of the ionic motion which is responsible
for the spectra remains the same, several sub-bands form. When the network forms, these vibrations are
no longer independent and we must take into account the equivalent of the “k=0 selection rule” of the
spectroscopy of crystalsi-e. only the vibrations of different bonds which make in-phase contributions to
the polarizability and dipole moment are seen in the Raman and infrared spectra. Gatesliénoted
three features in the experimental spectra at frequencies of 745, 810, and 94@tenfirst of these appears
at the position of the high-frequency peak in the infra-red absorption spectra. We also se8iarttier

subspectra the broad density of states band (right-hand panel of figure 6) breaking up into three components
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(right-hand panel of figure 5) with the lowest frequency component the infrared active one. It is possible to

recognize similar features in the spectra of long wavelength charge-density waves in the sinf@lations

VI. DISCUSSION

We have described a practical process for the calculation of a Raman spectrum from first principles
which can be applied to molten systems; this has been made possible by the ability to calculate the polariz-
abilities of individual ions in a general condensed-phase envirorffadxo experimental information was
used in the simulations of the Raman spectra we have illustrated, and their comparison with the available ex-
perimental data at least suggests that it would be worthwhile to further refine the procedure. This depended
on the introduction of specific functional forms for the dependence of the polarizability and the interaction
potential on the ionic positions. The representation of the interaction potential has been developed system-
atically over a number of years and shown to reproduce other properties of the materials we have studied
here quite accurately. In this work, those aspects which reflect on the quality of the underlying potential
have performed well. Except for the lcomponent of the LiF crystal spectra, which is a very demanding
test, the frequencies of the experimentally observed Raman peaks have been reproduced quite accurately as
well as the evolution of the BeELiF spectra from the dilute solution to the network melt. Critical attention
should therefore focus on the representation of the fluctuating polarizability.

The model used for the polarizability was that suggested by calculations of the polarizabilities of ions
embedded in distorted crystal lattié@®n relatively weakly interacting, high coordination number ionic
systems like alkali halides. The model involves the introduction of several different mechanisms each of
which could be independently recognised in that context. In the present work, the isotropic polarizability
fluctuations appear to have been modeled very successfully, in all cases it proved straightforward to fit
the fluctuating polarizabilities coming from tlad initio calculations and the isotropic contributions to the
spectra have been reproduced well, judging by the comparison with experiment. In the materials studied,
however, only the short-range mechanism has made a significant contribution, so the representation has, in
this case, turned out to be rather simple. The parameters appearing in the Drude-inspired representation
of these terms have changed from one material to another in a sensible way. The ability to represent the
isotropic polarizability reliably is significant because most of the structural information about coordination
structuresetc. is derived from the isotropic contributions to the polarized experimental spectra

Several observations suggest that the representation of the anisotropic components of the polarizability
tensor has been less successful, it appears that the multi-mechanism representation may be more compli-

cated than is necessary or desirable for the melt spectra. In the anisotropic (depolarized) spectra we have
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calculated here, three mechanisms have been found to play an important role. Although we have been able
to fit theab initio data, the parameter values have differed from one material to another in an unsystematic
way. In the calculated spectra we have seen that there may be a very strong (destructive) interference be-
tween the different terms, which leads to errors through almost complete cancelation. We have also seen
that different mechanisms have similar subspectra, especiallyrthad B-tensor. These strong correla-

tions between different terms suggests that they are all being triggered by the same types of fluctuation in
the fluid. This is, at first sight, surprising since tBetensor, DID (andy) terms all involve long-ranged
functions of the interatomic fluctuations, whereas ¢héerm with which they interfere involves functions

which only extend over one or two ionic diameters. The conclusion is however, that the inclusion of the
explicitly long-ranged contributions to the polarizability may be unnecessary and that the fitting procedure
and the subsequent calculation of the spectra would be more straightforward if a single, short-ranged form
were introduced which incorporated all the effects currently separated in tietensor andy forms. We

note that Pasquarefland Scandofoand co-workers have shown how (short-ranged) bond-polarizability
models may represent the calculated polarizability fluctuations well in materials like &i@this suggests

that we should explore the use of such models in future extensions of this work.
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