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New Advances in the Study of Local Structure of Molten Binary Salts
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Accurate extended x-ray absorption fine structure measurements of molten RbBr and CuBr are
analyzed and compared with computer simulations and neutron diffraction results. Advanced multiple-
edge ab initio methods are used for data analysis. The short-range cation-anion pair distribution
function of liquid RbBr is found to be in agreement with previous molecular dynamic simulations
confirming the accuracy of present theoretical models. In liquid CuBr, due to the exceptional short-
range sensitivity, direct evidence for nearly covalent bonding is obtained, improving previous neutron
diffraction determinations. Possible important consequences of present results for experimental studie
of binary liquid systems are addressed. [S0031-9007(96)02158-8]

PACS numbers: 61.10.Ht, 61.20.Qg, 61.25.–f, 78.70.Dm
t

n
i

o

n

-
o
a
g

r
e
o
s

o
o
d

t
n

e
r-
ed
s-
for
f-
le
a-
he

nge
x-
m-
s a
-

e
n-
r
ta

ac-

4
-
ith
-

pa-
bed
vel
d

ing
of
he
Molten salts are of large applicative interest due
their peculiar thermodynamic, transport, and electrochem
cal properties, but deserve special attention also fro
the standpoint of basic physics [1,2]. The microscop
structure of simple ionic liquids has been investigated sin
a long time using both theoretical and experimental mea

Alkali halides are considered the prototype of ion
bonding, and reliable expressions for the interatomic p
tentials are currently available. Numerous computer sim
lations using different techniques were performed f
molten alkali halides (see, for example, [1,2] and re
erences therein). On the experimental front, the loc
structure of several molten alkali chlorides was in
vestigated using neutron diffraction and the isotop
substitution technique (see [3] and list in Ref. [2]). Ge
erally speaking, a good agreement between partial p
distribution functions derived from diffraction measure
ments, theoretical models, and simulations was achieve

Several other binary systems are conventionally clas
fied as “mainly ionic,” including a few superionic com
pounds. For example, copper and silver halides sh
a complex phase diagram in the solid phase and att
rather large values of ionic conductivity before meltin
occurs. Neutron diffraction (ND) experiments of liquid
CuCl and CuBr showed that the local structure diffe
considerably from those of molten alkali halides. R
markably enough, since the first pioneering experiment
l-CuCl [4], featureless Cu-Cu pair distribution function
were found [4,5]. On the contrary, the halide-halide an
Cu-halide distribution functions were found essentially
ionic character. Theoretical explanation of this behavi
is still a challenge, although the use of interaction mo
els including the imperfect ionicity of the bond has bee
attempted [6].

In this Letter, we report the results of accurate mul
edge x-ray absorption experiments on molten RbBr a
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CuBr showing that reliable information on local structur
of binary liquids and new insights on short-range inte
actions in the so-called superionic melts can be inde
obtained. As a matter of fact, a few ND experiments u
ing the isotope substitution techniques are available
molten binary systems for a variety of reasons. Quite o
ten, there are practical difficulties in the use of suitab
isotopes or mixture of isotopes allowing independent me
surements of the partial structure factors. Moreover, t
signal-to-noise ratio and theQ extension of someSsQd
measurements are sometimes unsatisfactory. Short-ra
structural information obtained from accurate EXAFS (e
tended x-ray absorption fine structure) data can nicely co
plement previous diffraction measurements and provide
direct experimental test for computer simulations of liq
uids. Pair distribution functions of liquid RbBr (l-RbBr)
obtained by molecular-dynamic (MD) simulations [7] ar
here directly compared for the first time with experime
tal results. Neutron diffraction results [5] on liquid CuB
(l-CuBr) are compared with present experimental da
showing the importance and usefulness of performing
curate EXAFS measurements on liquid systems.

The EXAFS spectra were measured at the EXAFS
beam line of the Laboratoire Pour l’Utilisation du Rayon
nement Electromagnetique (LURE, Orsay) equipped w
a double-crystal Si(311) monochromator. Low-noise EX
AFS spectra have been recorded at the Br, Cu, and RbK
edges in both solid and liquid phases using sample pre
ration techniques and high-temperature devices descri
elsewhere [8]. EXAFS data were analyzed using a no
multiple-edge [9]ab initio data-analysis approach base
on the GNXAS method [10].

Both solid and liquid phase spectra were analyzed us
multiple-scattering (MS) theory and taking account
the well-known background features associated with t
f1s3dg and f1s3pg double-electron excitations in Br and
© 1997 The American Physical Society
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Rb K-edge spectra [11,12]. EXAFS studies of solid Cu
[13] and RbBr [11,14] have been previously reported; h
we shall concentrate on structural analysis ofl-RbBr and
l-CuBr measured atT  730 6 5 and 520 6 5 ±C.

The EXAFS structural signalsxaskd related to the
a component (Cu, Rb, or Br) of the RbBr and CuB
binary liquids have been simulated using model par
pair distribution functionsgabsrd and gaasrd taken from
literature. In the case of RbBr the results of a M
computer simulation [7] were used. In Fig. 1, upper pa
we compare the experimental Rb and RbK-edgekxskd
EXAFS signals (Expt) with the results of the simulatio
(Calc). The residual curves show that the agreemen
good although a refinement of the signal can still
attempted.

A very different result is obtained if we calculate th
EXAFS signal of CuBr. In this case, a ND exper
ment was carried out using isotopic substitution of cop
and partialgabsrd functions evaluated. In Fig. 1, lowe
part, the experimental Rb and CuK-edge EXAFS signals
(Expt) are compared with those calculated (Calc) start
from the positive-defined maximum entropygabsrd deter-
mination [5]. The agreement is very poor. The amplitu
of the calculated signal is roughly the same as found
the l-RbBr case, but that of the experimental spectrum
at least 5 times bigger (note the change of scale in the
ure). A refinement of the short-range structure is clea
necessary.

The refinement of the short-range structure can
carried out using a convenient decomposition of
structural signalxaskd associated with model partial pa
distribution functions,

FIG. 1. Experimental EXAFSkxskd spectra (Expt) ofl-RbBr
(upper part) andl-CuBr (lower part) compared with calculate
signals (Calc) based on computer simulations (l-RbBr) and
previous diffraction experiments (l-CuBr).
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Z `

0
dr 4pr2rbg
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ab srdgs2d
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0
dr 4pr2ragsSd

aa srdgs2d
aa sr , kd

1 kgs2d
abstaildskdl 1 kgs2d

aastaildskdl 1 · · · . (1)

The gs2d terms in Eq. (1) are the irreducible two-bod
MS signals defined in Ref. [10]. ThegsSdsrd functions
are short-range well-defined peaks of the partial p
distribution functions, while the effective two-body MS
kgs2d

staildl are the result of the average using the tails of t
partial distribution functions.

Using the decomposition of Eq. (1), it is possible
perform a reliable refinement of the short-range p
gsSdsrd of the radial distribution [9,15,16] using mode
long-range tails (those of Refs. [5,7] in the present cas
Physical constraints on thegsrd shape, related to the
correct thermodynamic limit (k ! 0 in the structure
factor), have been used in the refinement process of
l-RbBr andl-CuBr structures.

In Fig. 2 the multiedge best-fit MS calculations (Fit) a
compared with the EXAFS experimental spectra (Ex
of l-RbBr. The decomposition of the calculated signal
clearly shown in the figure. The dominant signals,g

s2d
sSd-

BrRb andg
s2d
sSd-RbBr, are those related to the first peak

the gRbBrsrd distribution function [g
sSd
RbBrsrd]. The other

signals, related to thegRbRb andgBrBr distribution func-
tions and to the tail of thegRbBr one, are comparatively of
small amplitude, and we shall not discuss them in det

FIG. 2. Best-fit calculated signals associated with the sho
range part (g

s2d
sSd) and the tail of the partial distribution functions

for l-RbBr. The total best-fit curves (Fit) are compared wi
experimental data (Expt). The agreement is good as shown
the residual curve (bottom).
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The overall agreement between experimental and cal
lated spectra is excellent.

The refinedgRbBrsrd distribution is shown in Fig. 3
(upper panel) and compared with the result of the M
simulation [7]. The shape of the first peak is exact
reproduced, although a shift of about 0.07 Å towar
longer distances is found. The shift is slightly large
than the estimated error bar [9] on the foot of the fir
gRbBr srd peak. The origin of this small discrepancy coul
be assigned to possible inaccuracies in the short-ran
part of the interatomic potential. In fact, the importanc
of including ion polarization in the “rigid-ion” force
model was already recognized by the authors in Ref. [
However, the overall agreement is very good and th
confirms the quality of well established potentials an
computer simulation procedures for ionic melts.

The result of the multiedge EXAFS data analysis o
l-CuBr is shown in Fig. 4. The Cu and BrK-edge
EXAFS spectra are basically explained by the larg
amplitudeg

s2d
sSd-CuBr signals associated with the first pea

of the gCuBrsrd distribution function. The quality of the
fit is excellent, as shown by the residual curve. There
no evidence of a Cu-Cu signal while a quite small sign
related to thegBrBr srd is found to contribute to the BrK-
edge EXAFS. These curves are compatible with previo
results on thegCuCusrd and gBrBrsrd distributions. Here
we shall discuss in detail only thegCuBr srd distribution,
for which accurate information has been derived.

FIG. 3. Upper panel: comparison between thegRbBr srd dis-
tribution function obtained by EXAFS and that obtained b
MD simulations. Lower panel: comparison between prev
ous gCuBr srd determination by neutron diffraction (ND) and
present EXAFS refinement. Dashed and dot-dashed curves
the short-range part and the tail of the distribution function
The error bars indicate the estimated accuracy of the EXA
refinements.
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The reconstructedgCuBr srd of l-CuBr is shown in
Fig. 3, lower panel, and it is compared with that dete
mined using ND. The EXAFSgCuBr srd shows a narrower
well-defined first-neighbor peak (FWHM, 0.3 Å). The
remarkable difference between the EXAFS and ND d
terminations should not surprise the reader. The shar
gCuBr srd is perfectly compatible with the original ND data
[5], within the noise level. In Fig. 5 we compare th
experimentalSCuBr sQd ND measurement with the curve
obtained through back transformation from thegCuBr srd
refined using EXAFS data, and with the originalSsQd de-
rived in Ref. [5] using the maximum-entropy method.
is clear that the EXAFS and maximum-entropy curves a
both compatible with experimental data within the nois
level, as confirmed byx2 analysis. These two curves
however, correspond to remarkably different short-ran
gCuBr srd curves as shown in Fig. 3. By comparison th
corresponding EXAFS signals differ by nearly 1 order
magnitude as shown in Fig. 1 (lower panels). This is
typical case in which very precise structural informatio
can be gained by EXAFS experiments taking advanta
of the exceptional short-range sensitivity. In compariso
the ND investigation is limited by the low contrast in th
isotopes scattering lengths that, with a few exceptions
a rather general occurrence.

Present findings onl-CuBr shed some light on the
debate on the nature of the like-unlike ion interactio
in “superionic” melts, and, of course, are likely to b
extended to the CuCl case, usually considered as
erence compound for “superionic” melts. In fact,
is now clear that a simple ionic interatomic potenti

FIG. 4. Best-fit calculated signals associated with the sho
range part (g

s2d
sSd) and the tail of the partial distribution functions

for l-CuBr. The total best-fit curves (Fit) are compared wi
experimental data (Expt). The agreement is excellent as sho
by the residual curve (bottom).
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FIG. 5. Comparison of the partial structure factorSCuBr sQd as
derived by neutron diffraction (ND expt) [5], analyzed using t
maximum-entropy method (dashed), [5] and theSsQd derived
by present EXAFS experiment.

cannot account for the observed shape of the first p
of the gCuBrsrd, which instead suggests the existence
nearly covalent bonds [17]. The coordination numb
defined by the first peak is 3.0 (3), to be compa
with fourfold coordination of solid CuBr. Whilel-CuBr
cannot be simply considered a molecular liquid, it is cl
that theoretical models including nonionic interactio
should be devised to explain the experimentalgCuBrsrd.
New theoretical investigations are thus stimulated
present work.

The results presented in this Letter have two import
consequences. First, they demonstrate that EXAFS,
vided that accurate experiments and proper data ana
are carried out, can give very accurate structural in
mation useful for testing interatomic potentials and co
plementary to results obtained by other spectroscopie
liquid systems. In particular, several liquid binary sy
tems for which ND diffraction measurements are diffic
to perform can now be studied using multiple-edge E
AFS. Second, present data onl-CuBr are found to provide
new and reliable information on the partialgCuBr srd distri-
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bution function, improving our knowledge on fundame
tal processes in the so-called “superionic” melts whi
represent an example of transition between ionic and n
ionic liquids.
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