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The one-phonon diffuse x-ray scattering of 8-Agl has been computed from a lattice-dynamical model with
parameters derived from neutron scattering data. The computed diffuse scattering is compared to
experimental results and excellent agreement is found. The complex and intense diffuse scattering of the
ordered B phase originates from a band of low-frequency dispersionless lattice modes. There are strong
indications for the existence of similar low-frequency dispersionless (local) lattice excitations in the
disordered o phase of Agl. Thus we argue that the diffuse x-ray scattering of the a phase is to a large
extent of thermal origin, and that intense phonon-induced x-ray scattering may in certain superionic
conductors completely preclude the extraction of information about static short-range order from diffuse x-

ray scattering.
I. INTRODUCTION

Since the early days of x-ray investigations the
study of diffuse scattering has been recognized as
a powerful tool to obtain detailed information on
the static and dynamical properties of solids.
Apart from the incoherent Compton scattering the
diffuse scattering is directly related to the time-
averaged electron density-density correlation
within the sample. In general this correlation
contains contributions from density fluctuations
due to lattice vibrations and from static disorder.
The cross section for first-order phonon scatter-
ing processes is inversely proportional to the
frequency of the scattering lattice vibration. In
an ordinary solid the main thermal contributions
are thus originating from the long-wavelength
acoustical phonons resulting in diffuse “thermal
haloes” around Bragg reflexions. Already in 1925

-Waller® realized that under certain conditions
thermal diffuse scattering may also produce an
appreciable intensity far from Bragg reflexions,
a fact first experimentally confirmed in 1938 by
Laval.? For a review of the early work in that
field the reader is referred to Ref. 3.

Unfortunately the relationship between thermal
diffuse scattering and the relevant lattice-dynami-
cal parameters is generally very complex so that
when the more powerful neutron scattering tech-
nique became available the interest in the experi-
mental study of thermal diffuse x-ray scattering
rapidly declined.

On the other hand diffuse x-ray study is a widely
used tool for the investigation of short-range order
in disordered solids,* " superstructures due to
lattice instabilities,®® and of ion -ion correlations
in superionic conductors.'°-1¢

.

In such experiments the presence of thermal
diffuse scattering remains a constant potential
complication as one is generally unable to account
quantitatively for the phonon-induced scattering.
In this work we present for the first time a de-
tailed analysis of the thermal diffuse scattering of
B-Agl, a compound .with a very peculiar phonon
structure and show how low-frequency lattice
modes may result in very intense structured dif-
fuse scattering through the whole reciprocal space.
The results are of particular relevance for the
interpretation of diffuse scattering data in super-
ionic conductors.

II. DIFFUSE SCATTERING IN SUPERIONIC CONDUCTORS

Superionic conductors or solid electrolytes con-
stitute a particularly interesting class of partially
disordered systems. They consist of an ordered
framework structure and a disordered sublattice
of mobile ions.'” Each of the latter disposes in
general of more than one equivalent lattice site.
The interaction between the mobile ions imposes
a certain degree of short-range order on the sub-
lattice of the mobile ions. As a consequence the
probability for a diffusional jump of a particular
ion depends on the configuration of the neighboring
ions, an effect sometimes accounted for in terms
of a configurational energy contribution to the
jump activation energy. As calculations show, such
effects may drastically lower the effective diffu-
sion barriers'®'® and thus be of prime importance
for a microscopic understanding of the conduction
mechanism.

Information on ion-ion correlations and domain
formation in superionic conductors has been ex-
tracted from diffuse x-ray data without explicitly
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accounting for thermal scattering of the generally
very complex structures. There is, however,
evidence that at least some of these materials
exhibit unusual low-frequency lattice modes?°~%?
which in turn may be the origin of intense thermal
diffuse scattering. As shown in Sec. III silver
iodide offers a unique opportunity to study this
question in detail.

II. SILVER IODIDE

At room temperature silver iodide crystallizes
in an ordered hexagonal (Wurtzite) structure®®
(B-AgI). The lattice dynamics of this phase has
been investigated by inelastic neutron scattering
experiments®*?® which were interpreted in terms
of a valence shell model. As a pecularity p-Agl
displays almost dispersionless low-frequency lat-
tice modes resulting in a very marked peak in the
density of states around 20 cm™?,

At 146 °C silver iodide transforms to the dis-
ordered o phase in which the iodine ions form a
regular bcc lattice whereas the silver ions are
highly mobile and each one disposes of six tetra-
hedral sites.?*~2® Although the g8— a transition is
of first order the interatomic distances do not
change much and one may speculate that in zeroth
order the lattice dynamics of a-Agl is not too dif-
ferent from that of g-Agl. This conjecture is sup-
ported by the calculations of Alben ef al. and by
recent inelastic neutron scattering experiments,
which both evidence a large density of state at
low frequencies, reminiscent of the low-frequency
modes found in the g phase. We may thus conclude
that p-Agl exhibits a low-frequency phonon-induced
diffuse scattering that is representative of the
thermal diffuse scattering of the superionic con-
ductor a-Agl but with no additional diffuse scat-
tering due to static disorder. Experimentally
B-Agl displays a rich diffuse scattering pattern
[see Fig. 1(a)] not differing in intensity or com-
plexity from other superionic conductors such as
HgAg,l,,"? or (C;H,NH)AgI,.”°

IV. COMPUTATION OF THE PHONON-INDUCED DIFFUSE
SCATTERING

As we have at our disposal a complete lattice-
dynamical model of g-Agl yielding phonon eigen-
frequencies w({) and eigenvectors &(x I§,7) for all
branches j and phonon vectors § (x numbers the
atoms in the unit cell) we may compute the cor-
responding diffuse scattering and by comparison
verify whether the observed scattering agrees
with the scattering derived from the model. The
model parameters were completely determined
from neutron scattering data so there is no ad-
justable parameter involved in this procedure.
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FIG. 1. (a) (Top) experimental diffuse scattering in
B-Agl. The picture is taken in a steady-crystal—steady-
film geometry (monochromatic Laue set up) with the
incident beam perpendicular to the hexagonal basal plane.
The scattering intensity thus corresponds to that on a
sphere tangential to the reciprocal basal plane [(001)
Ewald sphere] as shown in Fig. 5. The scattering on
the trace in the lower left side is analyzed in Fig. 6.

(b) (Bottom) Computed thermal diffuse scattering inten-
sity in the geometry of Fig. 1(a). The scattering is
displayed on a 16-step gray scale. The data are cor-
rected for absorption according to the experimental
situation of Fig. 1(a).

The one-phonon scattering intensity at the point
Q in reciprocal space is given by*®

1@-NY Q*16:@Q I'E@.1) @

mw3(g)
where the “phonon scattering factor” @G, is
= _ 8k 1d,5)
Q6,@=vmQ L =52 r,Q)

xexp[-W (Q)] exp[igF(x)]. (2)

N is the total number of unit cells, m =Y m, the
total mass of one unit cell, f, the scattering fac-
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tor of atom «, W, its Debye-Waller factor, 7, its
position within the unit cell, g is the reciprocal
lattice vector closest to Q so that

Q=g+§. 3)
E(§,j) is the total energy of the phonons (§,j):

> - 1 1
2@ 1@ (o= 1) @

For the actual computation we proceeded as fol-
lows: for each given @ the corresponding § and
the respective phonon frequencies and vectors
were determined, then finally the diffuse scattering
of each phonon branch j at this point was computed
according to Eq. (1).

The full spacial dependence of the diffuse scat-
tering in reciprocal space represents a very large
body of data. It is not the aim of this work to
perform any numerical comparison between com-
puted and measured scattering intensity; this
would involve explicit accounting for scattering
in air, incoherent scattering, absorption, etc. In-
stead we confine ourselves to a visual comparison
of the structures in the computed and the experi-
mental diffuse scattering. In order to facilitate
this comparison we have included an approximate
absorption correction in the computed results.
This results in an overall decrease of the computed
intensity comparable to that of the experimental
pictures but does in no way alter the structural
features of the diffuse scattering. We present the
computed intensities in terms of a 16-step shade
scale plotted with a Varian electrostatic computer
plotter. '

V. COMPARISON OF COMPUTED AND EXPERIMENTAL
DIFFUSE SCATTERING

The computed intensities in the hexagonal basal
plane in reciprocal space are shown in Fig, 2, The
computation does not include the (infinitely sharp)
Bragg reflexions but their position is evident
from the thermal diffuse haloes around the Bragg
spots due to the long-wavelength acoustical pho-
nons. In addition to this “normal” thermal scat-
tering there are diffuse streaks, connecting cer-
tain Bragg spots, overall a very complex diffuse
intensity distribution. The same remarks apply
to the computed intensity in the (110) plane shown
in Fig. 3. As shown later in detail the extended
diffuse structures originate from the dispersion-
less lattice modes around 20 em™*; the contribu-
tion of the optical modes is negligible.

Experimentally we have investigated the diffuse
scattering on single crystal g-Agl using a fixed
crystal fixed film method. A doubly bent LiF
crystal served as monochromator for the Mo Ko

v e ™™ o,

FIG. 2. Computed thermal diffuse scattering in the
reciprocal basal plane of f-Agl. The data do not con-
tain the (infinitely sharp) Bragg reflexions, but their
position is evidenced by the diffuse haloes due to the
long-wavelength acoustical phonons.

radiation. In this arrangement the intensity on a
plane film represents the projection of a spherical
cut through the reciprocal space. The single
crystals: had been grown from an aqueous solution
and were annealed for several days slightly below
146 °C in order to obtain samples free of poly-
types. The samples were either thin cleaved plates
(for incident beam parallel to hexagonal axis) or

FIG. 3. Computed thermal diffuse scattering in the
reciprocal (110) plane.
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FIG. 4. (a) (Top) Experimental diffuse scattering on a
sphere tangential to the reciprocal (110) plane [(110)
Ewald sphere]; as thin rodlike samples had to be used in
this geometry, the central part of the picture contains
an appreciable amount of air scattering from the pri-
mary beam. (b) (Bottom) Computed thermal diffuse
scattering in the geometry of Fig. 4(a).

thin etched rods (for the other geometries), All
presented results were taken at room temperature.
The diffuse scattering on a sphere tangential to

the reciprocal (001) and (110) planes respectively,
are shown in Figs. 1(a) and 4(a). The relative size
of the Ewald sphere and the reciprocal lattice is
shown in Fig. 5.

For a direct comparison we have computed the
scattering intensity corresponding to the experi-
mental situation in Figs. 1(a) and 4(a); the results
are shown in Figs. 1(b) and 4(b). In comparing
computed and experimental data one has to keep
in mind, that the latter data contain incoherent
Compton scattering, and scattering in air, partic-
ularly noticeable in the central region of Fig. 4(a),
due to the fact that the thin rodlike sample did
not completely block the primary beam.

* * ,(001)
Ewald sphere

(001) plane
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FIG. 5. Geometry of the reciprocal space of B-Agl.
The side (top) and ground (bottom) view of the recipro-
cal lattice illustrate the relative size of the lattice and
the Mo Ka Ewald spheres corresponding to the experi-
mental data in Figs. 1(a) and 4(a).

With low-frequency dispersionless lattice modes
one has in principle to expect an appreciable
second and higher phonon scattering. The calcu-
lation of these contributions is very time con-
suming and would have exceeded the capacity of
our computational facilities; it appears, however,
that these higher-order effects do not significantly
contribute to the observed diffuse structures, as
all observed structural elements are contained in
the calculated one-phonon scattering.

We feel that the visual comparison represents
an adequate proof of the thermal origin of the ob-
served diffuse scattering and thus refrain from
any complex numeric data comparison. The com-
putation permits an identification of the phonon
branches responsible for the diffuse scattering.
As to be expected, most of the intensity originates
from the low-frequency modes found in the analy-
sis of the neutron scattering data. We illustrate
this in Fig. 6 where we present the relevant pho-
non dispersion for a trace through the spherical
cut in reciprocal space shown in Fig. 1. The cut
is chosen so as to cross some of the most pro-
nounced diffuse structures far from Bragg spots;
the relevant phonon vectors § according to (3)
along this trace lie on a rather arbitrary trace
within the first Brillouin zone. Figure 6 displays
the band of four branches close to 20 cm™, it
further shows the total diffuse scattering along
this trace as well as the small structureless por-
tion of the intensity not originating from the low-
frequency states.
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FIG. 6. (a) (Top) Computed total thermal scattering
along the trace shown on Fig. 1(b) (not including absorp-
tion). The lower trace represents the contribution of
the eight upper phonon branches, the major part of the
scattering is thus due to the flat fourfold band of phonon
states at about 20 ecm™!. (b) (Bottom) Relevant phonon
dispersion along the trace shown in Fig. 1(b). Due to the
spherical nature of this trace the corresponding phonon
vectors q lie on a rather complex trace in the first
Brillouin zone. The dispersion evidences the separation
of the phonon states into a (fourfold) flat low-frequency
band, a (twofold) longitudinal acoustical branch and a
sixfold optical band.

VI. DISCUSSION, RELEVANCE FOR SUPERIONIC
CONDUCTORS

The phase transition of silver iodide at 146 °C
is mainly driven by the drastic increase of dis-
order entropy of the silver sublattice.® Raman
measurements confirm that the low-frequency
modes are more or less temperature independent,
and that these are thus not soft modes driving the

transition, although their eigenvectors are in-
timately related to the ionic displacements occur-
ring in the g~a transition,?* There is evidence
that related low-frequency modes also exist in
the a phase®'®; the existence of quasilocalized
low-frequency modes may be a rather common
feature of superionic conductors.

One may note the dverall ringlike structures of
the thermal diffuse scattering in g-Agl from
Figs. 2 and 3. This structure is clearly evident
in the diffuse background of the powder diffrac-
tion spectrum of 8-Agl.?® A detailed analysis
shows that such a pattern is characteristic of
vibrations in which only a few interionic distances
are coherently modulated, i.e., characteristic of
local modes. In fact a narrow flat band of phonon
states is equivalent to noninteracting local Ein-
stein oscillators. The structure of the diffuse
background of the powder spectra does not change
appreciably when going from the g to the o phase.
In the disordered a phase this diffuse scattering
has been interpreted in terms of a static pair-cor-
relation function between the silver ions.?* From
our results we conclude that also in the o phase a
large part of the diffuse scattering is of thermal
nature originating from the large number of low-
frequency lattice excitations indicated by computer
simulations of the dynamics of the o phase®* and
by neutron diffraction experiments.*

VII. CONCLUSIONS

In the case of p-Agl we have explored the com-
plex relationship between lattice dynamics and
thermal diffuse x-ray scattering. As a result a
very intense richly structured scattering pattern
could be traced back to its lattice-dynamical ori-
gin, The physical cause of the strong diffuse
scattering is the existence of low-frequency lat-
tice modes whose frequency is determined by
weak bending forces. As such modes appear to be
typical for quite a few superionic conductors, we
conclude that phonon scattering may mask the dif-
fuse scattering due to a static short-range order
so that it may in many cases be impossible to
deduce any information about the latter from dif-
fuse x-ray scattering.
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FIG. 1. (a) (Top) experimental diffuse scattering in
B-Agl. The picture is taken in a steady-crystal-steady-
film geometry (monochromatic Laue set up) with the
incident beam perpendicular to the hexagonal basal plane.
The scattering intensity thus corresponds to that on a
sphere tangential to the reciprocal basal plane [(001)
Ewald sphere] as shown in Fig. 5. The scattering on
the trace in the lower left side is analyzed in Fig. 6.

(b) (Bottom) Computed thermal diffuse scattering inten-
sity in the geometry of Fig. 1(a). The scattering is
displayed on a 16-step gray scale. The data are cor-
rected for absorption according to the experimental
situation of Fig. 1(a).
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FIG. 2. Computed thermal diffuse scattering in the
reciprocal basal plane of B-Agl. The data do not con-
tain the (infinitely sharp) Bragg reflexions, but their

position is evidenced by the diffuse haloes due to the
long-wavelength acoustical phonons.



FIG. 3. Computed thermal diffuse scattering in the
reciprocal (110) plane.



FIG. 4. (a) (Top) Experimental diffuse scattering on a
sphere tangential to the reciprocal (110) plane [(1T0)
Ewald sphere]; as thin rodlike samples had to be used in
this geometry, the central part of the picture contains
an appreciable amount of air scattering from the pri-
mary beam. (b) (Bottom) Computed thermal diffuse
scattering in the geometry of Fig. 4(a).



