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A measurement of the structure of the superionic conductor
copper(I) bromide in its liquid phase by neutron diffraction
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Abstract. The scattering of thermal neutrons from samples of molten CuBr has been
measured on the D4B liquids diffractometer at the Institut Laué-Langevin, Grenoble.
The three partial structure factlors and pair distribution functions for this liquid have been
determined by isotopic substitution of copper. The investigation reveals a featureless
cation—cation partial structure factor and distribution function, and a considerable degree
of first-shell penetration by Lhe copper ions. Similarities of the cation—cation structure
to that previously found for CuCl, and evidence of an even greater cation mobility, are
consistent with a reduced charge transfer model for these liquids which melt from a
superionic phase.

1. Introduction

The first neutron diffraction experiment using isotopic substitution on a molten salt
was that of Page and Mika (1971) on CuCl. The most significant feature of their
results was the broad, [eaturcless and heavily damped partial structure factor of Cu-
Cu which, unlike the cation—cation structure factors subsequently found for the alkali
halides (for example, NaCl by Edwards ef a/ 1975), contrasts strongly with the highly
structured anion-anion structure factors. Subsequent measurements by Eisenberg et
al (1982) have confirmed that this behaviour is genuine and not simply an artefact
of the relatively low statistics and limited range of momentum transfer of the early
study. Attempts to explain this behaviour in terms of the formation of chemical
species or compound formation (Powles 1975) have proved unsatisfactory. Indeed, the
evidence from electrical conductivity and observed nuclear relaxation times (Boyce
and Mikkelsen 1977) are consistent with an ionic description. Other attempts to
explain the observed behaviour using models that include reduced ionic charges and
variable ionic sizes have been tried (Ginoza er al 1987, Stafford e a! 1990). However,
these did not prove satisfactory when compared with the experimental results.
Ginoza et al pointed out that if progress in modelling its structure is to be made,
proper attention would have to be given to the fact that CuCl melts from a superionic
phase. They sugpested that a similarly featureless cation—cation partial structure factor
should be present for the melts of other salts that exhibit superionic behaviour, such
as CuBr, Cul and Agl. The results of a diffraction study by Wood et a/ (1988) of
Nil,, which, in a separate inelastic scattering experiment (Wood 1988) was also shown

t To whom all correspondence should be sent.
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to melt from a superionic phase, and the less conclusive diffraction study of Agl by
Howe (1988) have both supported this suggestion.

In this present neutron diffraction study, results for the three partial structure
factors of CuBr have becn obtained using the method of jsotopic substitution of
copper. The results are compared with those for CuCl in an attempt to understand
the origins and controlling factors of the observed cation behaviour in molten salts
that melt from a superionic phase. In particular, the effects of changing the anion
species from chiorine to bromine can provide insight into the roles of ion size and
ionicity.

2. Experimental details

Using the Faber-Ziman definition of {otal structure factors, a single neutron diffrac-
tion experiment on a liquid containing two atomic species, a and b, with concentra-
tions C, and C,, yields

F(Q) = Cb][S,a(Q) ~ 1+ Cib[Sup( Q) = 1] 4 2C,Cuby8, S, (@) = 1] (1)

where b, and b, are the cohcrent neutron scattering lengths of the two species and the
S,5(@) are the partial structure factors. The total structure factor is the normalized
differential scattering cross-section and is related to the experimentally determined
sample cross-section by

1 do o T2
F(Q) = + 55 = 2 Caba
where N is the number of atoms in the neutron beam. The pair distribution functions,
gop(r), are related to the partial structure factors by Fourier sine transformation

9us(r) = 14 5 [ QUSas(@) = 1]5in(Qr)4Q @

where p is the mcan atomic number density. Fourier transformation of the total
structure factors will produce total distribution functions, defined as

Glr) = 4mrp 3 Cy Cababglonp(ry = 1) = = [ QF(Qsin(@r)dQ. @)

The total structure factors for four isotopically distinct samples of molten cop-
per(I} bromide have been obtained by measuring their differential scattering cross-
sections. The isotopic samples used were %3CuBr, ®*CuBr, ™*CuBr (defined in
table 1) and natural CuBr. The different coherent scattering lengths for each cop-
per isotope resulted in a set of equations for F'(Q) with different coefficients, from
which the three partial structure factors were calculated. The copper isotopes that
were used were chosen to give the optimum conditioning when determining the set
of 8,5 from the set of F(Q)s.

The isotopically enriched samples were prepared in powdered form by the isotopic
preparation unit at Bristol University. They were then dried by heating carefully
under vacuum to a temperature of 160°C over a period of about seven days and at
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Table 1. Parameters used for the data analysis of the four isolopic samples.

Composition
S aa (10~% cm?)t
Isotope % %Cu % %Cu b (107% emdt at07A
Copper-63 99,72 0.28 0.644 L75
Natural copper 69.17 30.83 Q.772 1.47
Copper mix 54,2 45.8 0.834 L34
Copper-635 0.39 99.61 1.059 0.85
Natural bromine 0.679 2.69

t From Sears (1984),

a pressure of 107°-105 Torr. The dried samples were then pre-melted and sealed
into cylindrical fused silica containers of internal diameter 3 mm and wall thickness
of 1 mm under half an atmosphere of argon.

The measurements were made using the D4B diffractometer at the Institut Laué-
Langevin (ILL), Grenoble, (Institut Laué-Langevin 1988), using neutrons with a
wavelength of 0.7 A and a beam height of 35 mm. The samples were heated by a
cylindrical vanadium foil furnace to a temperature of 515°C, 23°C above the melting
point. In addition to the four samples, spectra were measured for an empty container
and the empty furnace. Corrections were made for sample and container attenuation
as well as multiple scattering.

Total structure factors were obtained from the measured scattering intensities for
the four salts after subtraction of the corrected container and background scattering.
Normalization was achieved by scaling the high-Q limit of the data to the seif-
scattering level, which is determined by the scattering cross-sections. The spectra
measured by the two detector banks matched well over their region of overlap and
were combined using a flux weighting method. This involved evaluating a weighted
average with each data point being assigned a significance equal to 1/0?, where o is
its error.

Table 1 lists the parameters used for the analysis and figure 1 shows the total
structure factors obtained. In the absence of any density measurement for molten
CuBr, the value chosen for the analysis was that used by Stafford e al (1990) for
their simulation, p, = 0.035 atoms A~%, This was an estimate based on the densities
of CuCl and Agl. The uncertainty introduced by this lack of knowledge of the density
has becn taken into account when detcrmining structural parameters from these
results. The total structure factors have been Fourier transformed to produce the
total distribution functions of figure 2. '

The four simulianeous equations for these samples, derived from equation (1) are

SF(Q) = 0.104[ S0 (@) — 1] + 0.115[Sg5(Q) — 1] + 0.219[S¢ 5 (Q) — 1]
@

"F(Q) = 0.149[Scu 0, (Q) ~ 1]+ 0.115[8p,5,(Q) — 1] + 0.262[ S5, (Q) — 1]
()

"XF(Q) = 0.174{S¢,c,(Q) = 1] + 0.115[ Sp,p,(Q) — 1] + 0.283[S¢,p,(Q) - 1]
(6)
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Figure 1. The nomnalized differential scattering cross-sections of the four CuBr samples
(dots). The full jines are recombined from the panial structure factors. Each suecessive
plot has been displaced by 0.4.

GSF(Q) = D'ZSO[SCuCu(Q) - 1] + 0.1 ls[SBrBr(Q) - 11 + 0-360[SCuBr(Q) - 1]
™

For the separation of the partial structure factors from these total structure factors,
equations (4), (6) and (7) give the best conditioning and were the ones that were used.
The structure factor for the natural sample served as an independent check upon the
accuracy of the partials obtained, which are shown in figure 3. When recombined
with the coefficients of equations (4) to (7), these partials produced the full lines of
figure 1, which compare well with the original total structure factors.

In order to Fourier transform these partial structure factors to obtain pair dis-
tribution functions, it was necessary to extrapolate the data at Jow Q to the long-
wavelength limit at @ = 0. This was achieved with reference to the estimate of the
isothermal compressibility of molten CuBr made by Takeda et al (1989) from their
uitrasonic velocity measurements. Fortunately, because of the dependence on Q of
equation (2}, the distribution functions are insensitive to this region of Q-space. The
values of F(0) used were —0.40, —0.73, —0.54 and —0.49 for the 53CuBr, %*CuBr,
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Figure 2. Total distribution functions for the four samples of molten CuBr. Each
successive plot has been displaced by 0.5.

mixCyBr and natural CuBr samples respectively.

The statistical accuracy of the three partial structure factors is inadequate for
a direct Fourier transformation to real space. This is due to the relatively poor
conditioning which results from the use of copper isotopes. It was, therefore, nec-
essary to use a modification function of the form sin(7Q/ Q.. )/ (7/Qpay) prior
to transformation, where Q.. is the upper limit for the integration in equation (2).
This has the effect of reducing ripples in g(r) which arise from the finite range and
nojse of the data. The distribution functions obtained by this method are shown as
broken lines in figure 4. However, even with this use of a modification function,
the effects of truncation and noise upon these transforms are severe. For this rea-
son, the maximum-entropy method based upon the algorithm of Skilling and Bryan
(1984) has also been used. The real-space, maximum-entropy solutions are obtained
by iteration, from fitting their reverse Fourier transforms to the Q-space data, subject
to a maximum-entropy constraint. These maximum-entropy solutions are shown as
full lines in figure 4. The inverse transforms of these functions are the full lines of
figure 3.

Table 2 summarizes the structural parameters that have been obtained from the
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Figure 3. The three partial structure factors for molten CuBr (dots). The full lines are
the back-transforms of the maximum-entropy solutions,

data and the Fourier transforms. The coordination numbers have been derived by
integrating under the principal peaks in the 72g, (7} functions up to the first mini-
mum.

3. Results

From an examination of the partial structure factors and distribution functions of

figures 3 and 4 and the structural parameters of table 2, the following features are
apparent.

(i) The cation-anion structure. The Cu-Br partial structure factor displays char-
acteristics that are typical of an ionic liquid. In reciprocal space, the characteristic
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Figure 4. The three pair distribution functions for melten CuBr. The full lines are the
maximum-entropy solutions and the brokea lines are direct Fourier transforms of the
pattial structure factors,

‘Coulomb dip’ in S¢,5.(@) (indicative of charge ordering) is evidentat @ = 1.8 A-1,
and is approximately coincident with the principal peak in Sp,p,(@). In real space,
the first peak in g(r) is very well defined. It is narrow and is even higher than that
published for CuCl, although both heights are likely to be limited by the real-space
resolution.

(ii) Tetrahedral coordination. The coordination number of anions around cations
is approximately 4, which compares with a value of 3 % 0.7 for CuCl. In addi-
tion, the ratio of nearest-neighbour peak positions in r?ggg (r) and r2gg,p.(r) is
1.59 £ 0.03. This compares well with that expected for a perfect tetrahedron of
1.63, but is less than the value of 1.7 for CuCl, which was estimated from digitized
plots of the data published by Eisenberg ef al. It can be concluded therefore that
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Table 2. Structural parameters for molten copper bromide.

Cu-Br term  Br-Br term

Peak position in g(r) (A) 2.4340.02 3.89 £0.01
Peak height in g{r) 3.6+£0.7 24+04
Trough position in g{r) (A) 3.78+£0.03 5.30+£0.02
Peak position in r2g(r) (A) 2.50%0.04 3971003
Trough positlon in 2 g{ R} {A) 3.21£0.05 5.26 £0.02
Coordination number 3.63%0.45 11.1+4.07
FaeBe/Toubs 1.59 + 0.03

Dipfpeak position in S(Q) (A~1) 1.80+£0.04 1.88+0.02

tetrahedral coordination of bromide ions around copper ions is the prcdominant local
environment for molten CuBr, but not for CuClL

(iii) The anion-anion structure. Thete is discernible structure in gg,p,{r) out to
about 22 A, which is further than that observed for go,g.(r). Integration under the
first peak of r’gg,p; () yields a coordination number of about 12 nearest-neighbour
anions. This compares with a coordination number of 8 for the high-temperature BCC
a-phase of CuBr. These two facts imply a closely packed and ‘stiff” anion structure
in the liquid, similar to that found for CuCL The observation of a significant change
of the local structure upon melting is contrary to the suggestion of McGreevy and
Pusztai (1990) that salts always melt to form local structures that are similar to those
in the crystals from which they have melted.

(iv) The cation—cation structure. The Cu~Cu partial distribution function is even
more featureless than that found in CuCl This indicates a very high degree of
mobility for the copper ions. Considerable first-shell penetration of copper ions is
evident. On average, 253 5% of all ions within the first shell around a cation (defined
by the first minimum in r?gg 5.(7)) are copper rather than bromine ions.

Clearly molten CuCl is not unique in possessing a ‘gas-like’ distribution of mobile
cations within a well defined structure of anions; CuBr has a very similar structure.

4. Discussion

An attempt to model the anomalous structure of molten CuCl has been carried out
by Ginoza et a! (1987) using ionic potentials and the mean spherical approximation.
They had. great difficulty in reproducing even the broad [eatures of the experimental
data. In particular, they could only obtain a g, (r) that was much less structured
than g__(r) by using a very low value of 0.16e for the ionic charge and a cation-to-
anion size ratio of 0.36 instead of the Pauling value of 0.53, This combination appears
at odds with the naive expectation that reduced charge transfer would be associated
with an increase in cation-to-anion size ratio. Furthermore, the modelled g, (r)
still possessed considerably more amplitude of oscillation than the experimentally
determined function. Similarly, Stafford er o/ (1990) used ionic potentials in both
HNC and molecular dynamics methods in an attempt to simulate the structures of
the copper halides and Agl, all of which exhibit superionic behaviour in their high-
temperature solid phases. Once again they adopted a reduced effective charge, this
time of 0.5e, but their ion sizes werc obtained from crystal lattice constants, In their
comparison with the experimentally determined partial radial distribution functions
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for CuCl, none of the three partials was an acceptable fit. However, go o () was
substantially less structured than ge (), in accord with experiment, but was still
too structured when compared with the experimental function.

Clearly, both reducing the ion siz¢ ratio from its Pauling value, to perhaps un-
realistically low values, and reducing the eftective ionic charge have produced some
success in modelling the structure of molten copper chloride. However, no simulation
involving either or both of these features has yet been successful for CuClL

Comparison of our results for molten CuBr at 515°C with the published results
obtained by Eisenberg et al (1982) for CuCl, at a temperature that is only 15°C lower,
reveals a cation structure that is even less ordered for CuBr than for CuCl with similar
first-shell penetration. This is consistent with there being a smaller charge transfer
between ions in CuBr than there is in CuCl and with the changes in electronegativity.
It seems sensible, thercfore, to look for distinctive features in the local short-range
structure of the two salts which might arise from the reduced charge transfer.

The nearest-neighbour distances between the halide ions and between the copper
and halide ions (defined by the principal peak positions in r2g(r)) are listed in
table 3 for molten CuCl and CuBr, together with the Pauling ionic radii. In both
cases, the Cu-X distance (X=Cl, Br) is approximately 0.87 times the sum of the two
ionic radii. This similarity is expected, since the short-range repulsion must be the
most significant force in determining the Cu-X interionic distance between ions that
are in contact. However, the X-X necarest-neighbour distance does not scale with
e€ither the sum of the two ionic radii or the anion diameters. Comparison of the
peak positions with the sum of the ionic radii suggests that in CuBr, the Br ions are
more ‘in contact’ with one another than the Cl ions are in CuCl. This observation
is consistent with a reduction in the Coulombic force of repulsion for CuBr when
compared with CuCl and thercfore with reduced charge transfer. A similar trend for
the anion—anion distances compared with the anion diameters was observed for the
nickel halide series (Wood and Howe 1988) where similar models of charge transfer
were discussed.,

Tuble 3. Comparison of nearest-neighbour distances compared with Pauling jon radii for
CuCl and CuBr.

CuCl CuBr

Cu-Cl Cl-Cl Cu-Br Br-Br

Tagf(oy +0_) 088£0.01 1.47£0.03 0.86£0.02 1.36+0.02
Togf20- 067+£0.01 11240038 0.64+0.01 1.0214.02

It is useful to consider the effect of reduced charge transfer upon the mobility of
the cations. The reduction in magnitude of the charge-dependent forces (Coulomb,
Van der Waals and any polarization forces) should lead to a reduction in the depth
of the potential wells between which the mobile cations hop, and therefore to an
increase in cation mobility. The Monte Carlo simulation by Margheritis (1989) of
the superionic conductor Agl in its molten phase, which used the potential form
suggested by Parrinello er af (1983), showed a loss of structural ordering of the cation
species and of the cation-anion correlation upon reduction of the magnitude of the
ionic charge. This result is supparted by the other simujation results and suggests
enhanced mobility of the cations upon reduction of ionic charge,
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5. Summary

In conclusion, the results presented in this paper support the suggestion made by
Stafford er a/ (1990) that all of the copper halides should have similar structural
characteristics to CuCl. Both CuCl and CuBr exhibit & considerable asymmetry
between Cu-Cu and X-X pair distribution functions and a large degree of first-shell
penetration by copper ions. In contrast to CuCl however, CuBr has tetrahedral rather
than threefold coordination of cations by anions and melts to form an anion structure
that is markedly different from the one that it has in its solid-state high-temperature
phase. The loss of structural ordering in gg,c,{r) indicates a high cation mobility in
both salts, with the mobility in CuBr exceeding that in CuCl There is a large degree
of first-shell penctration by cations in both salts. The penetration in CuBr is similar
to that in CuCl in spite of an increase in the coordination number of anions.

These facts are consistent with a significantly reduced charge transfer in both of
these systems with the transfer in CuBr being even less than that in CuCl
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