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Abstract. A neutron diffraction study has been performed on AgBr at a series of
temperatures from 293K to 706 K (melting point, Tm = 701 K), including measurements
as close as 0.3£0.05° from Tm. Analysis of the structure factors using the reverse

Monte Carlo modelling technique indicates that the motion of the Ag¥ jons about their

rocksalt lattice sites is anisotropic, with increasing occupancy of the (3 11) tetrahedral

interstitial site as the melting point is approached. It is concluded that the silver
sub-lattice is undergoing a second-order transition to a fast-ion phase in which both
tetrahedral and octahedral sites are occupied (possibly similar to the fast-ion transition
in the high pressure FCC phase of Agl) although melting prevents complete transition.
There is a clear discontinuity in Bragg scattering at T, suggesting that the first-order
nawure of the melting transition is unaffecied.

1. Introduction

Silver bromide has been studied extensively because of its use in the photographic
process (see Hamilton (1988) for a detailed review) and its chemical similarity to
the fast-ion conductor silver iodide. However, these two compounds have different
structures at ambient temperature and pressure, reflecting the increasingly covalent
nature of the bonding as one poes from bromide to iodide. Silver iodide is stable
at low temperatures and normal pressures in the hexagonal wurtzite structure and
metastable in the cubic sphalerite (zinc-blende) structure. At 420K it undergoes
a structural phase transition to the fast-ion conducting e-phase, where the jodide
jons vibrate about BCC lattice sites, surrounded by highly mobile silver ions which
preferentially occupy the tetrahedral voids (Boyce et af 1977). At ambient temperature
and increased pressure (greater than about 4kbar) Agl exists in the face-centered
cubic (FCC) (rocksalt) structure (Mellander et af 1980, Akella et af 1969). In this phase
ionic conductivity measurements suggest a diffuse order—disorder transition to fast-ion
behaviour as the temperature increases (Mellander 1982, Tallon and Buckley 1983).
AgBr occurs in the rocksalt structure right up to the melting point at atmospheric
pressure and has not been reported to have a fast-ion tramsition. In spite of this,
the ionic conductivity at the melting point is only a factor of three less than that of
a-Agl (o, (AgBr) ~ 10 'em ™}, op, (Agl) = 2.6 2 tcm™?).

The predominant thermally induced defect in AgBr, as determined by transport
and thermal expansion measurements, is the cation Frenkel interstitial (Lawn 1963),
although a temperature independent Frenkel energy could not explain the rapid
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increase in ionic conductivity starting 150° below melting (Devlin and Corish 1987).
The large number of such defects indicates the possibility of a transition to fast-ion
conducting behaviour. However, it has been suggested that the increasing number of
anion Schottky defects produces a lattice instability which precipitates melting before
a second-order fast-ion transition occurs (Andreoni and Tosi 1983).

In two previous papers (Keen et al 1990a,b—hereafter referred to as I and II,
respectively) we have reported the results of a neutron diffraction study of AgBr,
where reverse Monte Carlo (RMC) modelling (McGreevy and Pusztai 1988) was used
to draw detailed structural conclusions. In particular, information about the temper-
ature dependences of interstitial occupancy and conductivity pathways was deduced.
In this paper the previous data (I and II) have been re-analysed by RMC modelling of
structure factors, as opposed to radial distribution functions; the truncation problem
which previously made treatment of the low temperature data sets unsatisfactory has
thus been removed. This extension of the RMC technique to model structure factor
data containing sharp features is described. We examine in detail the relative posi-
tions of Ag* and Br~ to try and elucidate whether the increasing disorder prior to
melting is indicative of ‘pre-melting’, or whether it is indeed a precursor of a second-
order fast-ion transition which never reaches completion. New powder diffraction
measurements taken within 0.3° of the melting point are reported.

2. Experimental details

The measurement and correction of powder neutron diffraction data, from AgBr
at 293, 490, 669, 684, 689, 697, 698, and 699+2K and of diffraction data from
the liquid at 703 and 70612 K, (the melting point s 701K) have been described
elsewhere (IT). The structure factors measured from the powder include both Bragg
and diffuse scattering, but obviously there is no Bragg scattering from the liquid.
For measurements even closer to T, a high-precision furnace arrangement (figure
1) has been developed to ensure small temperature fluctuations and high stability
over long periods. This consists of a massive nickel block (large heat capacity) with
a cut-out to allow the passage of neutrons, the cut-out being lined with neutron
absorbing gadolinium foil to decrease multiple scattering. Temperature gradients
across the sample are reduced by surrounding the sample position by a vanadibm
heat shield. Heating is by means of two resistive cartridge heatets, symmetrically
placed in the top and bottom of the block. The temperature is measured by a
platinum resistance thermometer connected to a six-decade resistance bridge which
is computer controlled. The deviation from the set point is used to drive a standard
proportional integral differential (PID) feedback system, with long time constants for
stability. The furnace may be operated in isolation (up to about 600K) or it may be
inserted inside a neutron scattering furnace with standard control and heating. In this
experiment the external heating element was a very thin tantalum cylinder through
which a high current was passed. This provided the bulk of the heating, while the fine
temperature control was maintained by the high precision insert. A stability of better
than 50mK at ~ 1000 K can be maintained for several days using this arrangement,
the limit being set by electrical noise from the external furnace controller.

New powder neutron diffraction measurements of AgBr were made at tempera-
tures 1.4, 1.1, 0.6 and 0.310.05° below T, on the D20 diffractometer at the Institut
Laue-Langevin, again including both Bragg and diffuse scattering. The height of the
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Figure 1. Furnace inseri, used to obtain high precision and stability for measurements
close to the melting point.

(200} Bragg peak was also measured continuously at one minute intervals during slow
heating. Sainple dependent scaitering from the external furnace heat shields, and
poor alignment of soller slits placed in front of the linear multi-detector to mini-
mize this scattering, resulted in an angle dependent detector efficiency. We could
not accurately correct for this and so the resultant structure factors contain a mod-
ulation. However, comparison of these structure factors indicates that little change
is occurring in diffuse scattering in this temperature region. The radial distribution
function obtained by Fourier transformation of the structure factor closest to T, was
very similar to that of the previous highest temperature measurement of the solid (see
figure 2); a detailed comparison is impossible since it is not obvious how the structure
factor moduiations affect the real-space distribution, but the differences between the
two are probably within the errors. The four new data sets are so similar that it is
unnecessary to show them all.

3. Analysis

In standard crystallographic methods of analysis only the (elastic) Bragg scattering is
used. This is determined by the time average structure of the system. If the time
average structure deviates from the inStantaneous structure then the intensities of
the Bragg peaks decrease at high Q and scattering appears between Bragg peaks.
This is (thermal) diffuse scattering. Diffuse scattering may also be produced by static
disorder in the structure. As the level of disorder increases with temperature the
number of resolvable Bragg peaks decreases and the number of parameters required
to reproduce the effects of anharmonicity and anisotropy increases; the problem
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Figure 2. Radial distribution functions, gg(r), for AgBr. The new highest temperature
data at 700.7K is shown by the solid line and the previous measurement at 699K by
the dashed line.

becomes poorly determined. In any case the elastic scattering, being related to a time
average, does not provide information on the instantaneous local atomic correlations
(though these may be imposed by the particular model used to fit the data). This
information, which is of interest in the study of disorder, is provided by the total, ie.
energy integrated, scattering, that is both Bragg and diffuse scattering.

The total structurc factors for AgBr have been analysed using the reverse Monte
Carlo (RMC) modelling technique, described in I and II and in greater detail by
McGrecvy et al (1990). The technique is similar to Metropolis Monte Carlo modelling
{Metropolis et al 1933), except that one moves atoms to minimize the difference
between the measured and calculated structure factors, rather than to minimize the
energy. Therefore no potential is required. One disadvantage of the method is that
it will tend to produce the most disordered structure consistent with the data, and
this must be remembered when interpreting the results.

In order to model a crystalline material successfully using this method, care must
be taken in the eatment of the Bragg peaks. This is because Bragg peaks repre-
sent long (essentially infinite) range order and therefore cannot be simulated in a
finite-sized configuration, the maximum number of atoms being dictated by CPU time
considerations. In the initia) study (1, Ii) this problem was circumvented by fitting to
the radial distribution function (obtained by Fourier transformation of the structure
factor) rather than to the structure factor itself. At high temperature this does not
cause a serious problem, since the structure factor is flat at high @, but for the low
temperature data (293K and 490K) there are still oscillations in this region, making
direct transformation unacceptable because of the truncation errors introduced. One
way of getting around this is to add to the structure factor an artificial ‘tail’, which
possesses damped oscillations of the same periodicity as those in the high Q region.
This proved difficult in the room temperature case, since the radial distribution func-
tion was sensitive to details of the ‘tail’, and so analysis could not be pursued. The
490K structure factor was treated in this way but the results of the analysis were
somewhat anomalous, Even if there is no truncation problem systematic errors from
the structure factor are redistributed in an unknown way in the experimental radial
distribution function on transformation.
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In the present case the problem of the long-range order in crystalline AgBr, or
more accurately of the finite configuration size, was tackled in a different way. A
cubic simulation with periodic boundary conditions contains real-space information
up o length L/2, where L is the cube length. Therefore the radial distribution
function g&(r) calculated (C) from such a configuration is a section from the actual
radial distribution function g(r), calculated by multiplying it by a step function:

1 ifrgLf2
0 otherwise.

mir) = { ®

Thus when g&(r) is transformed to reciprocal space the resulting structure factor,
FE£(Q) is the convolution of F&(Q) and the transform of the step function, m(r),
that is

M(Q) =sin{QL/2)/Q (2)
giving

sin(|Q; - Q;1L/2) _ sin(1Q; + Q;1L/2)
1Q: - Q1 1Q, + @

F@) = 1 [ Feca( )aa. o

Hence to allow direct comparison with F(Q), the experimental (E) structure
factor F;(Q) should be convolved with M(Q) :

sin(]Q; — @;1L/2) sin{]Q; + leL/z)) aQ
|Q; — @] 1Q; + Qi

RE@) =+ [ R .@
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Figure 3. Suucture factor, Fg{@), for AgBr at 699K, upper solid line (displaced
vertically) and comparison between Fi-(Q), lower solid line and the RMC fit, FZ(Q),
dashed line. The fit is so good that the dolted line is atmost invisible.

If go(r) is flat at r = L/2, as it would be for many liquids if L ~ 404, the
convolution does not alter F(Q) and is not necessary. Figure 3 shows an example of
a structure factor, F(Q), and its convolved counterpart, F¥(Q). The latter shows
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oscillations due to the form of the sinc function with which it has been convolved.
The Bragg peaks are lower and broader, because they now represent a finite range in
real space (the configuration size, L /2). However all information which is contained
in a configuration of length L is retained. Intensity lost from the Bragg peaks
is redistributed over the rest of Q space. There is no loss of short-range order
information, and the long-range order information is retained because of the periodic
boundary conditions and the fixed unit-cell size. The philosophy of this approach is
essentially the same as Rietveld refinement, where the complete diffraction pattern
is fitted as a single entity without attempting to determine the integrated intensities
due to individual Bragg peaks. The only difference is that, in this case, the resolution
function is related to the model rather than the diffractometer. It should be noted
that if one uses RMC to fit to the unconvolved F:(Q) the fit automatically ends up
looking like FE(Q).

Clearly we must also consider the effect of the instrumental resolution function.
Ideally the data would be first deconvolved from this, before being convolved with
M(Q) w take account of the finite box-size. Alternatively the calculated Fé'(QJ-)
can be convolved with the instrumental function before fitting to FFf'(QJ-). This
introduces errors if the experimental resolution function is not well known, In the
present case the full width at half maximum of the main peak of the sinc function is
AQ ~ 0.09A-1: the resolution of the diffractometer has this value at about 1A-1,
increasing to 0.6 A~! at 10A-!. We must therefore accept that the combination of
instrumental resolution and the artificial resolution function of the simulation will
result in some increase in the degree of local disorder. However the intention of the
present study is to compare local order between different temperatures, rather than
to obtain absolutc values at any particular temperature. In future we hope to extend
the RMC method to simultaneously fit Bragg scatiering measured with high resolution
and total scattering measured with high statistical accuracy.

4. Results

The trends with temperature in this re-analysis are consistent with those reported in
I1, but the degree of thermal disorder has been reduced. Very good agreement was
obtained between FE(Q) calculated from the RMC model and FF(Q) determined
from the experimental measurement (see figure 3), except for our most recent data
which could not be accurately corrected (see above). The RMC fit at 293K was
not as good as that obtained for the other temperatures. This is believed to be a
consequence of poor background subtraction in the correction procedure, since a
slightly different experimcntal arrangement was used in this case. For this reason the
293K data are not included in the results presented below.

The mean squared displacement from lattice sites, {u?), is given as a function of
temperature in table 1. This has been calculated directly from the RMC configurations
in the manner described in II. The isotropic mean square displacement, which is an
average over all directions, is calculated directly from the density of ions in an average
unit cell. The mean square displacements along particular directions are determined
by considering the averaged ion density along a tube of radivs 0.05xlattice constant,
centred on the lattice site and pointing in the required direction. The displacements
of Br~ ions are isotropic at all temperatures and increase rapidly as the melting point
is approached, (u®)!/? reaching 13% of the lattice spacing at 699 K. The Ag* ions
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Table 1. The mean square displacements of the jons about their lattice sites ({2)) in
A% and the increase in interstiial (tetrahedral) site occupancy by Agt as a function
of temperature up to 699K For the Agt separate values are given for mean square
displacements in the {100), {110} and (111} directions, as well as an average over
all directions (column 2). The mean squarc displacement of the Br~ is isotropic at all
temperatures and so only the average is given. The bracketed numbers give the statistical
variation in the last decimal place.

TE) Agt Agt Br- Agt %

(v3) {100) {110} {111} {u?} interstitials

490%2 050 (1) O008(1) 008Q) OI6(H 028 L7 (3)
66942 093(1) 015(2) GISE) 029 046(1) 252
6842 L00(2) O0I9() QIS 039(6) 0S0(1) 242
68942 103 (4) O0I8() OGIT(@) 035(9) 049 (1) 25(3)
69742 110(4) 017 () 0I7T@) 038(5) 052(1) 32(2
69812 L16(3) 019(3) 0I8(2) 045(6) 055(1) 36 (2
69942 120 (4) 020(3) 019(3) 048 (5) 056 (1) 39 (&)

have a larger {u?) than the Br~ ions at all temperatures, but the displacements are
anisotropic, by far the greatest being in the (111} direction (see table 1).

Although a large amount of disorder occurs before the melting point, the most
recent measurements very close to 7, show that the long range correlations change
discontinuously on melting, indicative of a first order tansition. The (200) Bragg
peak height decreases rapidly in the last degree before melting but still changes
discontinuously at T, where it completely disappears (see figure 4). To obtain a
very approximate value for the rate of change of the mean square displacement with
temperature, from the single Bragg peak measurement performed very close to T,
we assume that the vibrations of both silver and bromine ions are harmonic and
isotropic (although this is clearly not the case for the Agt). The expression for the
(200) peak intensity is:

= [o(bAg EXP{"%QQ(UZ)M} + by exP{—%Qg(uz)Br})z (3)

where @ = 2.11 A~! and b, is the scattering length for species x. An estimate of
d{u2}/dT can only be obtained if one assumes that it is similar for both Ag"™ and
Br—. This is not true in practice (table 1) and the change is thereby under-estimated.
With this approximation:

drI d{u?,,

where {u?},, is the mean square displacement averaged over Ag*™ and Br~, giving
d{u?),,/dT ~ 0.03 A% K~! in the last degree before melting, a change of 2.5% per
K. This value is of the same order, but smaller, than that calculated from the RMC
configurations at slightly lower temperatures (~ 0.035 A2 K-! at 3° below T, from
table 1). This is as expected because of the approximations made and the fact that
RMC tends to produce structures which are relatively disordered, as discussed earlier.

Figure 5 shows the partial radial distribution function, gAg_Ag(r), at various tem-

peratures, It is seen that the main peak in the solid state at ~ ~ 4 A decreases in
height, whilst the peak at r ~ 2.6 A increases, becoming the main peak in the liquid.
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0 5 , 10 15 689, 684, 669 and 490 K. Successive temperatures
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This is close to the distance between lattice site and neighbouring (111} interstitial
position in the crystal, so the development is consistent with an increasing number of
Ag* occupying the interstitial tetrahedrally coordinated (T) positions as well as the
regular octahedral (O) ones. In the crystal the occupancy of T sites can be calculated
by considering the actual distribution of silver jons. We define interstitials to be those
silver ions within 0.12xlattice spacing of the T site (see II for the reasons behind this
choice); a rapid increase in their number is found as the melting point is approached
(table 1). It should be noted that we probably over-estimate the percentage of inter-
stitials at all temperatures, both because of the criterion we have used to define them
and the fact that RMC produces relatively disordered structures. Some Ag* which are
vibrating about the true lattice sites, rather than about jinterstitial sites, are included
in our summation. The percentage at 490K probably gives an idea of the size of
the error, since there are unlikely to be a significant number of Frenkel defects at
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this temperature. However, there is no unambiguous way of defining such thermally
induced defects since the density distribution between the lattice and interstitial sites
5 continuous.
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Figure 6, Coordination number for unlike ions, Nag g, as a function of lemperature.
The melting point, Tm, is indicated. The error bars show the statistical variation between
different configurations.

While the number of interstitials is a useful guide to disordering in solid AgBr it
is perhaps more useful to look at parameters that can be calculated for both the solid
and melt. One such parameter is the first shell coordination number for unlike ions,
Nagp,. This is calculated from the integral of g, p5,(r) up to 3.6 A, which is close
to the first minimum at all temperatures. N,, g, equals 4 for perfect T coordination
and 6 for perfect O coordination, whereas for a situation in which the 4 Ag® in
the unit cell occupy the 12 T and O sites of the FCC lattice with equal probability
Npg gy ~ 4.6. These numbers are decreased by thermal vibration. Figure 6 shows
the variation of V,, p, With temperature. It can be seen that while it decreases more
rapidly as T}, is approached there is still a large jump between 699 and 703 K. The
value in the liquid just after melting is 4.11 £ 0.05, so that we are in a regime
where both O and T positions are occupied. This is confirmed by examination of
the bond angle distributions, where a bond is defined as a vector joining two ions
which are within a certain radius (chosen as the first minimum in the appropriate
gn—p(r)). This is a purely geometrical definition, no chemical bonding is implied.
Figure 7 shows the Ag-Br-Ag and Br-Br-Br distributions at 490, 699 and 703 K.
The Br-Br-Br distribution shows no symmetry change with temperature, so the local
arrangement of Br~ is not changing unexpectedly. However for Ap-Br-Ag a peak
at ~ 55° increases in magnitude as the temperature is raised. This corresponds to
a siteation where there is both O and T occupation, as indicated in figure 7. It s
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Figure 7. Ag-Br-Apg and Br-Br-Br bond angle distributions at 490, 699 and 703K
(T =701 K). Successive temperatures are displaced vertically by 1.0. Maximum bond-
lengths are 3.6 and 5.1 A for Ag-Br and Br-Br, respectively. The cosines which would be
obtained for variotts perfect FOC crystals are given, where T indicates four Ag* randomly
occupying the eight ietrahedral sites, O indicates occupation of the four octahedral sites
and B random occupation of the T and O sites; in all cases Br~ occupy a perfect rcC
sub-lattice.

hardly visible at 490K, is seen as a shoulder at 699K and as the major peak in the
melt.

5. Discussion

The results show that, while there are increasing numbers of Agt in the T interstitial
sites in the solid (up to several percent close to 7,,), in the melt there are comparable
numbers of Ag* ions in O and T positions. For many salts meiting does not radically
aiter the local atomic environment (McGreevy and Pusztai 1990) and so the changes
in the silver sub-lattice do not seem consistent with ‘pre-melting’, where one would
expect to see progressive disordering without alieration of the fundamental symmetry.
Similarly these changes are not necessarily a precipitating factor for the melting
transition, since in other fast-ion conductors (e.g. SrCl,, Cul and CuBr) considerable
disorder of one sub-lattice is possible over an extended temperature range in the
solid state, We cannot comment on the role played by Schottky defects, suggested
by Andreoni and Tosi (1983) to be responsible for the melting process, since these
cannot be modeled using the RMC technique. However, they are not necessary to
reproduce the data.

We explain the increasing disorder of the Agt sub-lattice as due to the onset of
a second-order transition and follow Andreoni and Tosi (1983) in suggesting that, in
the absence of melting, the resultant phase would be fast-ion conducting. If the local
order of the melt can be taken as representative, the bond angle distributions and
Nag-g; values indicate that in this phase the Agt would be distributed over both T
and O sites and able to diffuse between them, the majority of the ions taking part in
conduction. For a perfect crystal with FCC Br~ and Ag* in the resulting T sites the
contributions to the (200) Bragg peak from the two sub-lattices largely cancel, whilst
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for Ag* in the O positions the contributions are additive. The peak height directly
before melting (figure 4) indicates that the Ag® are still mostly in the O positions,
which implies that the transition temperature would be above T,. To determine
this temperature would require fitting to Bragg peak intensities measured over about
10° below T ; the data from figure 4 do not cover a sufficient range and are too
inaccurate.

A study of AgBr close to the melting point at higher pressures might lend further
insight by separating any ‘pre-melting’ effects from those due to the fasi-ion transition,
provided the fast-ion phase boundary does not follow the melting curve, This second-
order transition might be expected to be similar to the one to fast-ion behaviour in
the high-pressure FCC phase of Agl and so a study of this region of the Agl phase
diagram would be instructive. However accurate temperature work at high pressures
is difficult. The only structural work on fast-ion FCC Agl known by the authors is
the constant-stress molecular dynamics calculations of Tallon {1986), in which the
structure was found, on quenching, to still be that of rocksalt.

6. Conclusion

We have reported the first use of RMC fitting to structure factor data convolved to
take account of the finite model size. The results are consisient with previous work
which used RMC to fit radial distribution function data and extend the region of
fitting to lower temperatures with greatly improved accuracy. As in previous work a
steady increase was found in the number of (111) Ag' tetrahedral interstitials as
the melting point is approached. We conclude that the silver ions are undergoing a
second-order transition with a critical temperature above the melting point of AgBr.
This is the diffuse transition to fast-jon conducting behaviour proposed by Andreoni
and Tosi (1983). The final structure, if melting did not intervene, is postulated to
be one in which the silver ions would occupy both the octahedral and tetrahedral
positions of the FCC bromine sub-lattice and diffuse between them. The increase
in conductivity and disorder of the Agh sub-lattice close to the melting point is
then largely due to this diffuse transition to fast-ion conducting behaviour, rather
than being a ‘pre-melting’ effect. A similar study of the FCC phase of Agl would be
instructive in substantiating this conclusion. The large amount of disorder in the silver
sub-lattice does not seem to alter the first order nature of the melting transition.
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