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Abstract. The latiice and rotational dynamics of Kj_ (NDg):1 mixed crystals have
been investigated by means of coherent inelastic neutron scattering as a function of the
ammonium concentration and temperature. As the temperature is lowered, anomalies in
the behaviour of transverse acoustic phonons propagating along the fourfold axis have
been found. These are, firstly, a relaxational behaviour in the phonon energy and acoustic
damping for z = 0.42 and z = 0.62 and, secondly, the existence of a dynamical central
peak in the mixed and pure systems. For the three compounds investigated, the neutron
data are interpreted in terms of coupling between dipolar orientational Auctuations and
transverse acoustic phonons propagating along the fourfold axis. This rotation-transjation
coupling is efficient for wavevectors ¢* > 0.5, but its strength is largest at the Brillouin
zone boundary (the X point). Finally the overall dynamical response measured by
neutron scattering suggests a collective slowing down of the ND}' dynamics on lowering
the temperature.

1. Introduction

Substitutional disorder in ammonium iodide crystals is responsible for a large vari-
ety of structural behaviour. In the past few years, much attention has been paid to
K;_.(ND,).I mixed crystals since this system was discovered to exhibit a dipolar glass
state at intermediate concentrations (z =~ 0.50) and low temperatures (T < 50 K)
[1-3]. The orientational degrees of freedom have been related to induced dipolar
moments associated with the ND} ions. At ambient temperature, K;__(NH,) I
mixed crystals are in a face-centred cubic (FCC) structure (phase I). Here, the tetra-
hedrally shaped molecules reorient between equivalent directions determined by the
octahedral crystal field. Reorientations take place in typical times 7, of about 5 ps [4].

The low-temperature situation is much more complicated. A tentative (z,T)
phase diagram has been proposed recently for the low-temperature phases of
K,_.(NH,)_I [5]. Three compositional ranges have been identified. Above a critical
mixing ratio z_ ~ 0.75, the mixed system undergoes a structural phasc transition
from NaCl to CsCl structures at z-dependent temperatures. For 0.3 < = < x_, an
orientational glassy state develops below a characteristic freezing temperature T and
is dominated by dipolar short-range order of an antiferroelectric type. At still lower
concentrations = < 0.3, the orientational freezing becomes a single-ion process.

In the present paper we focus on the dynamical aspect of the orientationally
disordered phases of K, _,(ND,}_I mixed crystals. Deuterated samples at = = 0.42,
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x = 0.62 and = = 1 have been investigated by means of coherent inelastic neutron
scattering (CINS) as a function of temperature between T = 300 K and T = 9 K
Deuteration is required to obtain coherent scattering results. However, it should
be pointed out that deuteration of K, __(NH,)_I affects neither the crystal structure
(T,-values for NH,I and ND,I are close to each other [6]) nor the dynamics of
the reorienting dipoles. In a previous communication [3], the slowing down of the
dipolar dynamics was probed on an r = 0.42 sample by the CINS technique. As
the dramatic results of this preliminary study showed, there was the first evidence of
coupling between dipolar fluctuations and acoustic modes for a neutron wavevector
at the boundary of the Brillouin zone [3]. We give here a comprehensive account of
the CINS experiments. Neutron data for x = 0.62 and «# = 1 have been included
and a qualitative analysis is finally provided in terms of coupled relaxation motions
of atomic displacements and molecular reorientations.

2. Experimental details

K,_,(ND,)I single crystals were obtained from S Hausstihl at the Universitit zu
Koln. The samples were grown from aqueous solutions with nominal concentrations
x =050, x = 0.75 and = = 1. The true ammonium contents z = 0.42, x = 0.62
and = = 1 were determined by measuring the mass fraction of nitrogen atoms from
small pieces (within an absolute uncertainty of about 2%). Their typical sizes were
less than about 0.5 cm?.

Inelastic neutron scattering measurements of acoustic phonons were performed
at the Laboratoire Léon Brillouin on triple-axis spectrometers installed on the cald
and thermal sources of the Orphée reactor. The orientations of the crystals at
room temperature were taken in order to study the phonon modes along the high-
symmetry directions of cubic reciprocal space. Depending on the energy used to
probe, frequency resolutions of 280 GHz, 110 GHz and 60 GHz full width at
half-maximum (FWHM) were used, corresponding to incident wavevectors for the
(graphite-filtered) neutrons of 2.66 A~', 1.97 A~! and 1.64 A~!, respectively. In its
standard configuration, the neutron spectrometer is mounted with a double (PG002)
monochromator, with a PGC02 analyser and with horizontal collimations fixed at
—/ — [/ ~ /60/60, equivalent to a simple monochromator with —/23/60/60. Owing
to the relative small sample size, the use of the cold spectrometers (operating with
good resolutions) was limited to the largest single crystal at our disposal, namely to
the z = 0.42 specimen.

3. Results

3.1. Dispersion curves at room temperature

The lattice dynamics of ND,I in phase I have been studied experimentally by
Vagelatos et al [7]. These workers have shown that, despite the orientational disorder,
well defined acoustic and optic modes could be obtained in the plastic phase of
ND,I. The accuracy of the present experiment was tested by comparing our data with
those reported previously. For the transverse acoustic (TA) phonon at wavevector
q = [0,0,2x /a], a phonon energy hwy, = 666 £ 8 GHz was obtained, a value in
good agreement with the results of Vagelatos et al, 640+ 22 GHaz.
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Figure 1 displays the dispersion curves of longitudinal acoustic (LA) and TA modes
propagating along the three directions of highest symmetry in K, __(ND,) 1. Data for
ammonium iodide have been included for comparison and shown as full curves [7].
The most interesting result in figure 1 is the decrease in the phonon energies at
reduced wavevector " = ga /27 = 1 (X point) when substituting K* ions by NDJ
ions (a denotes the lattice parameter). As x passes from O to 1, this decrease is
nearly lincar. Note that the relatively small scattering volume prevented us from
determining the [001) LA modes and more generally the optical phonons.

In the following sections, we focus essentially on the TA branch along the [001]
crystalline axis, as a function of temperature, composition and energy transfer. This
interest was motivated at the beginning of this study by the hope to observe pre-
transitional effects at the martensitic NaCl-to-CsCl transition of ND,I [8].

3.2. Temperature dependence

3.21. Lattice parameter. As we looked at the temperature evolution of the lattice
dynamics of K,__(ND,)_I, the lattice parameter a(x, T') of the FcC phase had to be
determined. Although the accuracy of the present measurements (Agq,,, = 0.02 A~1)
is not as good as in usuai diffraction experiments, the overall a{T")-behaviour could be
obtained. As shown in figure 2, for the two lowest-ammonium-concentration systems,
a(z,T) decreases continuously down to 10 K. Here, no phase transition occurs and
it can be concluded that the potassium sublattice has stabilized the structure of the
plastic phase.
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Figure 1. Dispersion curves for LA (O) and TA (@) phonons in K., (ND4):I at ambient
temperature (phase I). Measurements were performed on a thermal source at incident
wavevector ki = 2.66 A—! and using a 280 GHz energy resolution. Data for ND,I

{(—) are from [7].

ND,I on the contrary exhibits a phase transition at 7, = 235 K, i.e. at about
20 K below the value reported in the literature (according to [6], T, = 254 K).
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measured in the FCC phase of K;_;(ND,): I single crystals.

This discrepancy is explained by the fact that pure ammonium halides in phase I can
be easily supercooled (say about 60 K in the case of NH,I [9]). Since the ND,I
sample is irreversibly destroyed by the phase transition, no. neutron measurements
have been performed in the phases of lower symmetry. The values of a(x) at
ambient temperature are 7.154 A, 7.185 A and 7.273 A for ¢ = 0.42, ¢ = 0.62
and x = 1, respectively. As wsually observed in ionic mixed crystals, Vegard’s
rule is satisfied for the K,__(ND,),I compounds. An expression of the form
a(z, T =295K) = 7.07 + 0.19z A reproduces the a(x)-dependence well. It attests
moreover to the accurate determination of lattice parameter and concentration.

322 x = 0.42. CINS data have alrcady been partially reported for the x = 0.42
crystal [3]. We concentrate here on the main features revealed by this preliminary
study and recall the specific analysis performed on the inelastic spectra. We first
examine in more detail the {001] TA branch versus temperature and composition.
The phonon energies are shown in figure 3 for ¢ = 0 {10}, for = 1 and, at two
temperatures (T = 293 Kand T = 103 K), for £ = 0.42. For this last compound, an
anomalous temperature softening is observed typically for ¢* > 0.6, the effect being
the largest at the zone-boundary X point.

Owing to the above results, the ¢ = 27 /e phonon was then placed under
scrutiny, using a much berter energy resolution than in figures 1 and 3. This was
achieved by changing the incident k; from 2.66 to 1.97 A~1. This choice of 1.97 A~!
results from a compromise between the requirements of good resolution and reliable
statistics. Moreover it allowed measurements in the frequency range from —1.5 THz
to +1 THz, which was necessary for an accurate determination of the different
contributions (see below). Finally it prevented the ‘A/2’ contamination arising from
the Q = (4,2,0) Bragg peak reasonably well (the transmission of the graphite filter
is only 18% at k; = 3.94 A-1). The inelastic neutron spectra of K,__(ND,)_1 as
received from measurements at @ = (2,1,0) are shown in figure 4 at different
temperatures between T = 293 K and T =~ 15 K. Basically, a ‘three-peak’ structure
is found, indicating the occurrence of a dynamical central peak besides the phonon
groups. Asymmetrics in the Stokes and anti-Stokes sides are due to the resolution
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Figure 3. The Ta branch of phonons propagating along the [001] direction in
Ki—z(NDy):I single crystals with £ = 0, z = 0.42 and z = 1. The experiments were
performed at around @@ = {g*,2, 2) using a constant incident wavevector (¢* = ag/2n).
The data for Kl are from [10].

effect superimposed by the use of the constant-k; method. In order to account for
the overall neutron scattering cross section, four contributions were assumed [3).

(1) A damped harmonic oscillator given by the expression Sp(w) oc vy JH{w? -
wip)? + viyw?] was used for the phonon (with frequency wra/27 and FWHM 7p).

(2) A Lorentzian was employed for the component centred at zero energy transfer
and due to quasi-elastic scattering (QES): Sqps(w) o< Fops/(w? + i) (1/Tqgs
being here the mean relaxation time of the orientational fluctuations).

(3) A Dirac delta function was utilized for the elastic incoherent scattering.

(4) A Debye-like phonon density of states was used for the inelastic incoherent
scattering.

Both inelastic contributions (1) and (4) follow Bose statistics.

The data analysis consisted in calculating the scattered intensity by folding the
(g, w) four-dimensional resolution function of the spectrometer with the scattering
cross sections described above (sce, e.g., [11]). This treatment accounts for the
distortions of the spectra in figure 4 which are due to the large k}-dependence of
the scattered intensity (it includes variations in the analyser refiectivity). We are then
left with seven adjustable parameters: the intensities of the four contributions, the
widths T ggg and -, Of the QES and inelastic signals, and the angular frequency oy,
of the phonon. These parameters were then adjusted through a x? minimization
routine. The adequacy of the resolution function was checked with the vanadium
calibration and by properly fitting standard phonon lineshapes far from the zone
boundary (¢~ < 0.5).

It is obvious that the strongest correlations occur between the linewidths of the
quasi-elastic and inelastic peaks and the intensity of the incoherent inelastic signal.
Fortunately, firstly, the phonon is always underdamped and its shape remains rather
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Figure 4. Coherent inclastic neutron spectra from Ky 53(ND4)g ss] at the Brillouin zone
boundary (g* = 1} for [001) TA phonons. The energy resolution is 110 GHz, as shown in
the first plol. The measurements were performed at different monitors, e.g. m = 10000
for T = 293 K and m = 20000 at T = 52 K; however, the intensities are shown for
m = 10000, cotresponding to a counting time of 410 s, The full curves are the results
of the fitting procedure described in the text. The QES is represented by the broken
curves. Note the disappearance at fow temperature of both quasi-elastic and inelastic
incoherent signals,

sharp at any temperature, and secondly, the incoherent signal appears to be weak
and its known temperature dependence allows one to constrain its value.

When plotted against temperature, the frequency wp, of the TA zone-boundary
phonon exhibits a shallow minimum down to T =~ 100 K and recovers below. This
anomalous softening is accompanied by a maximum in ~ pn (i-€. acoustic damping) at
a slightly lower temperature. These featurcs, which are characterxstlc of the relaxation
process, are illustrated in figure 5. The maximum in acoustic damping in the lower
part of figure 5 corresponds to the relaxation regime wrp, 7, =~ 1.

The temperature variation in the QES has already been described in detail in {3].
The related peak was found to grow in intensity as 1/7 and to narrow in linewidth
[qrs (see the broken curves in figure 4). We focus here on a surprising feature of
the ammonium compounds, namely the g-dependence of this dynamical central peak.
In figure 6 are shown the CINS spectra at the reduced g*-values of 0.1, 0.2 and 0.5
along the [001] direction for T = 101 K. The energy resolution was chosen at 60 GHz
(k; = 1.64 A-1) for the first ewo plots, and at 110 GHz for the ¢* = 0.5 spectrum
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(k, = 1.97 A~'). Below the strong incoherent contribution, a central component
clearly shows up with increasing wavevector, It is absent for the ¢* = 0.1 spectrum
but becomes resolved at ¢g* = 0.5 and culminates at the zone-boundary X point. The
full curves in the lowest plot in figure 6 result from the same fitting procedure as in
figure 4.

323 x = 062 The z = 0.62 crystal has been studied with respect to its
lattice dynamics propertics only. As illustrated in figure 7, the TA phonon group
at the zone boundary could be resolved down to 20 K. The measurements were
performed at constant k; = 2.66 A~! at wavevectors Q = (4,1,0) and (1,2,0). The
incomplete softening revealed at lower « is still present, but its magnitude does not
depend on the NDF content. The difficulty in clearly measuring the phonon groups
at Jow temperatures is probably due to their relaxational coupling with the ND}
reorientations.

3.24. x = I. As already mentioned, no anomaly has been observed at the phase
transition on the acoustic branches, nor at the centre or the edge of the Brillouin
zone. The former result corroborates recent Brillouin scattering data on protonated
ammonium iodide, which for example exhibits a constant ¢, (T) on approaching
T, (12]

In figure 8 are displayed three examples of CINS spectra collected between ambient
temperature and approximately 7T,. The experimental conditions are identical with
those in figures 1 and 3. As for the = = 0.42 sample, a ‘three-peak’ structure
developed, indicating again a QES contribution. The full curves in figure 8 are best
fits to the @data using the analysis described for r = 0.42 (the elastic component has
been subtracted here). It reveals the growth and the narrowing of the QES peak on
approaching the transition (as shown in figure 8), but no critical behaviour. From
the linewidth T g in ND,1, one estimates a dipolar correlation time which increases
from 0.37 to 0.52 ps between 300 and 242 K.

4. Discussion

Coherent QES is a common feature of molecular crystals in their disordered phases
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Flgure 6. Neutron spectra for Kg 42(NDy)g ssl as a function of the wavevector ¢*. The
temperature was set at 101 K. The spectra were taken with different incident k;, 1.64 A-1
for the first two plots (using m = 1000 and 2000, respectively) and 197 A~ for the
lower graph (sn = 4000). The full curves are the fits according to the analysis explained
in the text. For ¢* = 0.1 and 0.2, no central peak has been assumed.

[13]. It indicates the existence of orientational correlations between different
molecules and reflects their collective behaviours, These phenomena have been ex-
tensively studied at the order—disorder phase transition (as in CD, [14] and ND,Br
[15]), or more recently in orientational glasses at the freezing transition (e.g. in the
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Figure 7. The TA phonons in Ko g2(ND4)g 3] observed at the zone boundary (Q =
(4,1,0) for the upper curve and Q = (1,2,0) for the other two curves) as a function
of temperature. The measurements were performed at constant ky = 2.66 A-1 For
clarity, the data points (given for m = 10000) have been shifted with respect to each
other and the upper (lower) intensity has been divided (multiplied) by a factor of 2.

Rb,__(NH,)_H,PO, proton glass [16] and in Ar-N, mixtures [17]). In the second
class of systems, the QES peak shows no critical behaviour but rather a saturation
effect below freezing.

The present results supply additional information on the lattice and rotational
dynamics of K;__(ND,),1. For the three compounds investigated, the CINS data can
be interpreted in terms of coupling between the dipolar orientational fluctuations and
TA phonons propagating along the fourfcld axis. This interpretation has afready been
provided in [3] where only the = = 0.42 sample was studied in detail. This so-called
rotation-translation (R—T) coupling is manifested experimentally by

(i) a relaxational behaviour of the phonon energy and acoustic damping for the
two crystals which undergo no structural changes, namely z = 0.42 and =z = 0.62,
and

(ii) the presence already at ambient temperature of a quasi-elastic central peak in
the mixed and pure systems (the overall behaviour of the central and side compounents
also suggest a collective slowing down of the ND} dynamics on decreasing the
temperature).

This interpretation is based on a microscopic theory due to Michel and Rowe [18]
who studied the coupling between rotational and translational degrees of freedom in
orientationally disordered crystals. These authors were able to predict that a coupling
of the dipolar orientational and translational modes would be the strongest at the
Brillouin zone boundary. In K, _(ND,) I indeed, as emphasized by recent Brillouin
scattering [12] and ultrasonic [19] measurcments, the R-T coupling is weak at the
zone centre. The present neutron results demonstrate that this coupling is efficient for
wavevectors g* 2 0.5, but its strength is the largest at the X point (See figures 4 and 6).

According to the above arguments, one is led to the first conclusion: the QES
in K;__(ND,},1 is not connected to the driving mechanism yielding the NaCl-to-
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Figure 8. Neutron spectra for NDyl at
wavevector @ = (1,2,2) as a function
of temperature {k; = 2.66 A~1; energy
resolution, 280 GHz). The measurements
have been performed with comparable
monitors and are shown for m = 3000
{counting time, about 150 s). The same
fitiing procedure was employed as given
in the text (the elastic contribution has

0 . . . -1 been subtracted). The HwHm of the
-12 08 .04 & ¢4 048 1.2 Qes decreases from 444 GHz at room
Energy Transfer (THz) temperature to 300 GHz near Tc = 235 K.

CsCl structural transformation of ND,I. On the contrary, the R—T coupling and the
orientational correfations are essential mechanisms for the freczing transition in these
mixed compounds. This has been clearly shown by elastic neutron scattering [3, 5.
At low temperatures, the dynamical central peak condenses at the zone boundary,
resulting in spatial correlations of an antiferroelectric local order [5].

One has thus for K;__(ND,)_ I a situation which is the converse to that
encountered in mixed alkali cyanides. In KCN, the linear coupling between the
shear elastic constant and the quadrupolar T,, susceptibility is the driving mechanism
of the first-order transition at 168 K [20]. The role of substitution (CN~ by Br™) is
to diminish this coupling and hence to dilute the ¢lastic quadrupolar interactions. In
(KBr),_ ,(KCN)_, below x_, orientational long-range order ceases to occur. In the
potassivm ammonium iodide systems, structural transitions in the pure system and
the freezing process in the mixtures have two separate physical origins.
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ND,Br in the CsCl structure is another model system for which an R-T coupling
drives the transition to an orientationally ordered phase (T, = 215 K). As investigated
by Yamada et a/ [15], the dynamical critical behaviour of ND,Br above T, was ascribed
to coupled relaxation motions of Br- displacements and the flipping of the ND} ions.
As in K, __(ND,),I systems, this coupling was found to occur at the zone boundary.

The present CINs spectra (in the plastic phase, see figures 4 and 6-8) show some
qualitative similarities with those observed in ND,Br on approaching 7. For example
the scattering cross section exhibits a ‘triple-peak’ structure, and the phonon mode
is noticeably broadened by the coupling. However, the pseudo-spin—phonon-coupled
approach of [15] should not be directly applicable to K, . (ND,)_I, for at least two
major reasons. First, the model of Yamada et al does not take into account the dipo-
lar nature of the interacting moments. Second, in contrast to ammonium bromide
where the molecules have a finite number of well defined orientations (two in its CsCl
phase), the orientations in K;__(ND,),I are best described in terms of probability
functions [21].

The preceding sections have stressed the importance of the coupling between the
[001] Ta phonon and the ND} dipoiar reorientations in K;__(ND,).L In order to
visualize the different motions involved by this coupling, the atomic displacements
related to this zone-boundary [001] TA wave have been represented schematically by
arrows in figure 9 for a ND,I lattice cell. For clarity, only one ND{ ion placed in
the octahedral symmetry is shown. Its orientation has been taken in agreement with
the ‘triple-approach’ model [22]. Within this picture, one N-D bond points along the
cube diagonals whereas the remaining bonds are along the fourfold axis. In such an
environment, the dipolar moment results from the distortions of the tetrahedra. The
thermally activated jumps of the ammonium molecule resulting in a 180° flip of the
dipole could possibly couple to the atomic motions indicated by arrows.

All these assumptions need evidently to be supported by quantitative calculations.

O
0

oz ~

Figure 9. Schematic representation of the Ta
made which couples to the ND4+ reorientations in
Ki_z(ND4):I. The arrows indicate the displace-
ments of the iodide ions. For clarity, only one
tetrahedron is shown. Iis orientation is in agree-
ment with the so-called ‘triple-approach’ model
[5.11]).

5. Concluding remarks

We have made a study of the molecular and lattice dynamics of the K;__ (ND,)_I
mixed crystals at three concentrations (z = 0.42, z = 0.62 and = == 1) by means
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of CINs. As the temperature decreases, anomalies in the behaviour of TA phonons
propagating along the fourfold axis have been found. These are as follows.

(i) There is a relaxational behaviour of the phonon energy and acoustic damping
for x = 0.42 and = = 0.62. This indicates that coupling occurs between dipolar
orientational and translational degrees of freedom at the antiferroelectric wavevector
qg" =1

(ii) A dynamical central peak occurs for the mixed and pure systems. This QES
indicates the existence of orientational correlations between molecules and reflects
their collective behaviours. At z = (.42, its temperature dependence reveals a slow-
ing down of the ND} dynamics. At z = 1, no critical behaviour is obtained near the
NaCl-to-CsC] phase transition (T, = 235 K). High-resolution neutron scattering mea-
surements on larger samples are planned in order to characterize this quasi-clastic
component fully.

The temperature and composition dependences of the CINS response have also
provided some insight into this system. The structural transition occurring in ND,I
and the freezing process in the mixtures (at @ = 0.42 and « = 0.62) have two separate
physical origins. This is not usual for orientational glasses obtained by substitutional
disordering as in (KBr),_,(KCN)_ or Rb,__(NH,) ,H,PO,. Finally, any theoretical
mode] of K,__(ND,)_I mixed crystals will have to account for dynamical correlations
and local ordering at the Brillouin zone boundary. This is a crucial feature of the
K,_.(ND,)_I orientational glasses.
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