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1. Introduction

As a function of temperature and pressure the
ammonium halides NH,X (X=Cl, Br and I) under-
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821-598-3649.
E-mail address: michael.ohl@physik.uni-augsburg.de (M. Ohl)

go a sequence of order—disorder phase transitions
[1]. Al NH,X compounds reveal a high-tem-
perature plastic phase, which is dynamically
disordered and characterized by an almost free
reorientational motion of the NHJ -ions. This rotor
phases reveal an NaCl-type structure (a-phase). On
decreasing temperature (or increasing pressure) this
phase is followed by a CsCl-structure (B-phase) in



which the NHJ -tetrahedra reorient between two
symmetry-equivalent positions [2]. The temper-
ature of the ap-phase transition, T4, critically de-
pends on the size (polarizability) of the halogen ions
and is highest for X = Cl and lowest for X = 1. In
the y-phase, which is of tetragonal symmetry and is
the stable low-temperature phase of NH I, full ori-
entational order is achieved in a slightly distorted
CsCl-structure.

It is already known [3] that NH,I and KI are
completely miscible. In the mixed-crystal system
(NH,I)(KI), —, with increasing potassium concen-
tration the phase transitions into orientationally
long-range ordered phases are shifted to lower tem-
peratures and finally become fully suppressed [4,5].
In a narrow concentration range, 0.55 <x < 0.75,
a new trigonal low-temperature structure (¢-phase)
has been detected [6]. This phase shows long-range
order of the NH/ -tetrahedra with two inequivalent
ammonium sites. For x < 0.55 a random freezing in
of the orientational degrees of freedom occurs
[4,7.8]. This collective freezing process of reorient-
ing moments into random configurations is the well
known orientational-glass transition [9]. For many
years these orientational glasses (OG) served as
conceptual links between phase and glass-
transition phenomena.

In the present paper we report detailed elastic
and quasielastic neutron-scattering experiments on
(NH,D)(KI); -, mixed crystals with ammonium
concentrations x = 0.55, 0.65, 0.75 and 0.80. To
characterize the mixed crystals and to study the
dipolar relaxation dynamics, these experiments
were accompanied by measurements of the dielec-
tric loss function. The main aim of this work was
the study of the relaxation dynamics in the e-phase.
In this phase two time constants, characteristic for
two different relaxational processes, have been de-
tected in dielectric spectroscopy [4] and it seemed
highly interesting if two time scales also show up in
neutron-scattering experiments.

2. Sample preparation and experimental details

2.1. Sample preparation and characterization

All crystals were grown from aqueous solutions.
As-grown crystals had a size of approximately
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1 cm?, they were transparent with a cleavage plane
parallel to (100). The concentrations used
throughout this text are the concentrations as pre-
pared in the aqueous solutions. To determine the
actual ammonium concentrations in the crystals we
focused on the concentration dependence of the
lattice constants using X-ray diffraction techniques
at room temperature. To achieve higher accuracy
only crushed single crystals were used. For com-
parison we determined the lattice constants of the
pure compounds KI and NH,I and, assuming
Vegard’s law [10], we calculated the lattice con-
stant as a function of ammonium concentration
according to a(x) [A] =(7.067 + 0.198 = x) [A].
This result is close to those previously reported
[6,11]. Fig. 1 shows the concentration dependence
of the lattice constant as calculated using the equa-
tion above (solid line) and is compared with the
lattice constants as measured for a given concentra-
tion x of the aqueous solution (solid triangles). At
intermediate concentrations significant discrepan-
cies appear which amount to almost 5%, with the
actual ammonium concentration in the crystal
being lower than in the aqueous solution. But
it seems also worth to mention that the discrepan-
cies between the ammonium concentrations in
the solid and the aqueous solutions is much
smaller as reported previously. This is the result
of improved growing conditions where we grew
small crystals from a large amount of aqueous
solutions.
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Fig. 1. Room-temperature lattice parameters obtained from X-
ray diffraction as a function of the NH; -concentration in the
aqueous solution. The solid line is a linear extrapolation
(Vegard’s law) of the lattice constants of the pure compounds KI
and NH,I.
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2.2. Experimental details

Neutron-scattering experiments were performed
using the four-circle diffractometer E5 and the
triple-axis spectrometer E7 (TAS) at the thermal
source of the BER II reactor at the Hahn—Meitner-
Institut in Berlin. For the inelastic measurements
on the triple-axis spectrometer a fixed incoming
wavelength of 1; =2.38 A was chosen. For x =
0.55, 0.65, and 0.75 collimations of 40’-20'-20"-30’
were used. The energy resolution in this configura-
tion was of the order of AEx~115GHz. For
x = 0.80 the collimations were set to 60'-40"-40-60’,
yielding an energy resolution AE=~195 GHz. The
resolution in momentum transfer was approxim-
ately AQ =0.025A"! for x=0.55, 0.65 and
0.75 and amounted 0.04 A~' for x = 0.80. The
resolution was determined from vanadium con-
stant-Q scans. Typical sample volumes for the E7
experiments were at least 1 cm?® and the temper-
ature stability was AT < 0.25 K utilizing standard
orange-type cryostats. At the four-circle diffrac-
tometer ES a copper monochromator (Cu 220) se-
lected an incoming wavelength of 4; = 0.924 A. The
data were collected with a two-dimensional posi-
tion-sensitive *He-detector with dimensions of
90 x 90 mm?. The single crystals used for the elastic
measurements were cut from as-grown crystals and
had a typical size of 0.4 x 0.4 x 0.4 cm®. The sam-
ples were mounted in a two-stage closed-cycle re-
frigerator. The stability of the temperature was
better than AT < 0.2 K.

Additionally, dielectric measurements from
room temperature down to 4 K were carried out,
with a temperature stability better than AT <
0.5 K. Heating and cooling rates of roughly
0.4 K/min have been chosen. For these experi-
ments the crystals were cleaved into small pieces
along a plane parallel to (1 00) with dimensions
7x6x1mm? Gold electrodes were prepared
by sputtering techniques. The use of gold was
essential due to its non-reactive character with
the 7 -ions. We measured the temperature
dependence of the complex dielectric function
e =¢ —ig” for frequencies 20 Hz < v < 1 MHz us-
ing standard LCR meters and home-built He-flow
cryostats.

3. Experimental results
3.1. Dielectric spectroscopy

The dielectric measurements on (NH4I)(KI); —,
were performed to characterize the mixed crystals,
to study the phase transitions and to complete the
phase diagram. Here we present results of the tem-
perature dependence of the complex dielectric func-
tion ¢ = ¢’ + i¢” for the investigated samples. Fig. 2
shows the temperature dependence of the dielectric
constant ¢ (upper panel) and the dielectric loss &”
(lower panel) at a fixed measuring frequency
v = 100 kHz for the concentrations x = 0.55, 0.65
and 0.75. For x = 0.80 the dielectric constant as
a function of temperature is hard to interpret [4].
¢(T ) shows a step-like decrease at approximately
80 K with large hysteresis effects indicative for
a first-order martensitic phase transition from the
NaCl-type a-phase to the CsCl-type B-phase. &"(T')
is always zero within the experimental uncertain-
ties. From this observation and from the fact that
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Fig. 2. Temperature dependence of the dielectric constant &’
(upper panel) and the dielectric loss ¢” (lower panel) for different
ammonium concentrations x = 0.55, 0.65 and 0.75 at a fixed
measuring frequency v = 100 kHz.



the crystals once cooled below 80 K stay opaque
even after some heating cycles, we conclude that
mixed crystals with ammonium concentration x =
0.80 (@ = 7.225 (3) A) pass through the af-phase
transition at higher temperatures, but from the
neutron-scattering experiments we will demon-
strate later that the stable low-temperature struc-
ture is the e-phase.

As the relevant physical aspects are easier to
interpret in the loss functions we will discuss &"(T')
at first. For x = 0.65 and 0.75 the dielectric loss
provides clear experimental evidence for two
anomalies. One located at approximately 10 K in-
dependent of concentrations and one located at
42 K for x = 0.65 and 50 K for x = 0.75. Interest-
ingly, only one loss anomaly at low temperatures
can be detected for x = 0.55. However, this anom-
aly seems to be considerably broadened and it has
been concluded earlier that the two anomalies,
which are well separated at higher concentrations,
just have merged at an ammonium concentration
x =0.55 [4]. From this experimental fact we
conclude that the time scales of both relaxational
processes are close to the time window set by the
dielectric experiment. Hence, two clearly separated
anomalies can be detected only for the concentra-
tions x = 0.65 and 0.75 which are expected to reveal
the e-phase at low temperatures. For x = 0.80 the
e-phase is the stable low-temperature structure, but
the system passes through a first-order martensitic
phase transition at higher temperatures, while for
x = 0.55 the molecular orientations freeze-in des-
pite of long-range orientational order. The temper-
ature dependence of the dielectric constant &'(7T )
(upper panel of Fig. 2) is not so elucidative. It re-
veals one broad cusp which shifts to lower temper-
atures as the ammonium concentration decreases.

It is important to conclude from this section that
the dielectric loss in crystals revealing the pure
e-phase shows two anomalies, corresponding to
two distinctly different time scales in the relaxation
dynamics at a given temperature. It has been con-
cluded earlier [4] that the high-temperature anom-
aly possibly signals critical fluctuations at the
ae-phase transition temperature, while the low-tem-
perature anomaly could be related to a remaining
residual reorientational motion of the ammonium
molecules.
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3.2. Neutron — scattering results

3.2.1. Neutron diffraction

To investigate the orientational-glass state and
to detect possible traces of the e-phase at the phase
boundary between the stable e-phase and the glass
phase, the mixed crystal (NHyI)y 55(KI)g.45 was
investigated at 7= 11 K and 7 = 295 K by single-
crystal neutron-diffraction techniques. More than
400 reflections were recorded at each temperature.
To improve the precision in the integration of the
weak diffraction peaks, they were integrated by
a method which uses the parameters describing the
shapes of strong peaks. This procedure minimizes
the relative standard deviations o(I)/I [12]. The
crystal structure refinements were carried out with
the full-matrix least-squares program CRYLSQ of
the XTAL suite. The neutron-scattering lengths
b(H) = —3.7409fm, b(N)=936fm, b(K)=
371 fm and b(I) = 5.28 fm were used [13]. The
measurement and refinement parameters of the
single-crystal diffraction studies are listed in
Table 1. At both temperatures no additional Bragg
reflections, characteristic for the e-structure, were
detected. Therefore, the refinements were carried
out in the space-group Fm 3 m using the model
C of reference [6]. Here the NHJ -tetrahedra are
statistically disordered over eight symmetry-equiv-
alent orientations; three hydrogen atoms are in the

Table 1
Measurement and refinement parameters of the single-crystal
diffraction studies of (NH,I)o s5(KI)g.45 at 11 and 295 K

Temperature (K) . 11 295
Neutron wavelength (A) 0.924 0.924
Space group Fm 3 m Fm 3 m
No. of molecules per unit cell 4 4

No. of data recorded _ 568 411
Lattice parameter a (A) 7.108(1) 7.175(1)
No. of unique data 69 70

No. of data used for refinement® 543 406
No. of variable parameters 9 9

0 range 6.3-50.8 6.3-50.8
R(F) 0.045 0.056

R (F) 0.024 0.022

* Symmetrically equivalent reflections with more than 661 from
the average were rejected.
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Wyckoff position 96 k (x x z) while the fourth hy-
drogen atom is in the position 32f (x x x). With this
model the crystal structure was successfully refined.
At T=11K the isotropic thermal parameters of
the N and K atoms were constrained to be equal,
while in the case of the data set measured at 7 =
295K the thermal parameters of the hydrogen
atoms H1 and H2 were constrained to be equal.
For both data sets the extinction parameters g were
refined to values close to zero and were finally neg-
lected. The results are summarized in the Table 2.
At room temperature, as well as at 7= 11 K the
structural refinements yield the ideal cubic
structure and even the thermal parameters are
strongly reduced as a function of temperature. No
clear experimental evidence for strong local distor-
tions which would produce large “static” De-
bye—Waller factors, as observed in a number of OG
[14,15], could be detected and from the neutron
diffraction point of view, (NH,I)y 55(KI)g.45 dis-
plays the features of a normal mixed molecular
crystal.

We state that we have chosen similar measure-
ment and refinement conditions on the same dif-
fractometer compared to those in Ref. [6], in which
in the crystal (NH,I)o 73(KI)g.,7 the e-phase was
established. The question remains why we could
not detect this structure for an ammonium concen-
tration x = 0.55, in which the e-phase still should
exist [5]. We conclude that the pure Bragg reflec-
tions indicative for the e-phase with long-range
order (LRO) do not exist. It will be documented in
the next section that this concentration apparently
shows short-range order (SRO) of the e-phase. This

Table 2

SRO appears at the borderline to the orienta-
tional-glass phase.

3.2.2. Elastic studies at a triple-axis spectrometer

In these elastic measurements we wanted to gain
insight into the “static” properties of the e-phase as
a function of the ammonium concentration x. Thus,
we collected a series of QO-scans at zero-energy
transfer at the (3 0 0) reciprocal lattice point (rlp).
The appearance of this Bragg reflection is a finger-
print of the e-phase and we tried to find experi-
mental evidence for precursor effects or for the
possible existence of finite correlation lengths in-
dicative for short-range order (SRO). Hence we
measured the temperature dependence of the Q-
scans at zero-energy transfer at the superstructure
reflection (3 00) along (§00) for all investigated
concentrations. In Fig. 3 we plotted some represen-
tative scans covering all samples x = 0.55 (Fig. 3a),
0.65 (Fig. 3b), 0.75 (Fig. 3c) and 0.80 (Fig. 3d). In all
four spectra of Fig. 3 the e-type structure clearly
can be detected. A second peak at the position
(3.05, 0, 0) can be ascribed to the (111) reflection of
the aluminum sample holder. The full-width at
half-maximum (FWHM) of this Bragg reflection
indicates the instrumental resolution. Gaussian dis-
tribution functions fitted the data reasonably well.
The dashed lines represent the fits of the (3 00)
reflection and dotted lines indicate the fits to the
aluminum profiles.

Already a rough inspection of Fig. 3 indicates
that well-defined Bragg peaks, which indicate the
stable e-phase with long-range order (LRO), can be
identified in crystals with concentrations x = 0.65

Atomic coordinates and mean square displacement parameters of the single-crystal diffraction study in (NH4I)o 55(KI)o 45 at 7= 11 K
and T = 295 K. Standard deviation in the values of the last significant digits are given in parenthesis. The isotropic thermal parameters

U(A?) are of the form exp( — 8/n? (sin*(Op1)/A2)

Atom Fm 3 m 11K 295K

X y z U X y z U
1 4a 0 0 0 0.0062(4) 0 0 0 0.049(1)
N 4b 0.5 0.5 0.5 0.0097(4) 0.5 0.5 0.5 0.028(7)
K 4b 0.5 0.5 0.5 0.0097(4) 0.5 0.5 0.5 0.11(1)
H1 32f 0.575(2) 0.575 0.575 0.045(6) 0.573(3) 0.573 0.573 0.079(6)
H2 96k 0.5242(9) 0.5242 0.3553(10) 0.024(2) 0.527(3) 0.527 0.3635(15) 0.079(6)
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Fig. 3. O-scans at zero-energy transfer at the (3 0 0) rlp along the
[£00] direction for different ammonium concentrations x at
various temperatures: (a) x =0.55, 7T=59K; (b) x = 0.65,
T=20.6K;(c)x=0.75,T=652K and (d) x = 0.80, 7= 11 K.
The dashed line represents a fit to the (3 0 0) superstructure
reflection, the dotted line the fit to the parasitic aluminum
reflection from the sample holder. The solid line indicates the
sum of both contributions.

(Fig. 3b), x = 0.75 (Fig. 3c) and x = 0.80 (Fig. 3d),
only. Even at 7= 5.9 K, the FWHM of the (3 0 0)
reflection for x = 0.55 (Fig. 3a) significantly exceeds
the experimental resolution, indicating a low-tem-
perature state with SRO. We recall, that in the
same crystal we could not detect traces of the e-
phase in the single-crystal diffraction experiment.
From these results we can locate the stability of the
g-phase for concentrations 0.55 (a = 7.172(2) A) <
x < 0.80 (@ = 7.225(3) A) at low temperatures.

In Fig. 4 we present the main results of the fits to
the elastic O-scans. In the upper frame we plotted
the FWHM as a function of temperature for all
concentrations investigated. At low temperatures
the line widths for x = 0.65, 0.75 (solid line) and
0.80 (dashed line) are resolution limited indicating
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Fig. 4. Upper panel: Temperature dependence of the full-width
at half- maximum of Q-scans for ammonium concentrations
x =0.55(#),0.65 (@),0.75 (M) and 0.80 (V). The solid horizontal
lines correspond to the experimental resolution. Lower panel:
Correlation lengths versus temperature that have been cal-
culated from the line widths are shown in the upper frame. For
details see text. The horizontal lines correspond to correlation
lengths limited by the experimental resolution.

LRO of the e-phase. For x =0.55 the FWHM
exceeds the experimental resolution. On increasing
temperatures the line widths of all samples increase.
From these results we calculated the intrinsic cor-
relation lengths. For a Gaussian-shaped line width
the correlation length is given as L, = 2%n/
(2% In ), where (2 In o) corresponds to the full-
width at half-maximum. The results are shown in
the lower panel of Fig. 4. At low temperatures and
for ammonium concentrations x = 0.65, 0.75 and
0.80 the line widths and concomitantly the correla-
tion lengths are limited by the instrumental resolu-
tion, indicated by a solid line for the 40'-20"-20"-30’
and a dashed line for the 60'-40"-40’-60" configura-
tion. For x = 0.55, even at the lowest temperatures
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no true LRO within the e-phase can be established.
This regime, which can be characterized as a glassy
state obviously is characterized by frozen-in SRO
correlation, which exhibit the symmetry of the &-
phase and extends over 130 A corresponding to
domains or clusters of approximately 20 lattice
constants along the cube axis.

With increasing temperatures all correlation
lengths increase. For x = 0.65, 0.75 and 0.80 this
happens when the structural phase-transition
temperatures are approached. For x =0.55 the
FWHM steadily increases while the intensity de-
creases and for 7 > 33 K the quasielastic intensities
at the (3 0 0) rlp cannot further be followed due to
low intensities and large line widths.

3.2.3. Quasielastic scans at the (3 0 0) reciprocal
lattice point

To study the relaxational dynamics in
(NH,I)(KI); _, quasielastic scans were performed
at the (3 0 0) rlp. This is the X-point of the Brillouin
zone in the o-structure and it has been demon-
strated by Berret et al. [16] on deuterated com-
pounds and by Umeki et al. [17] on protonated
compounds that diffusive scattering contributions
appear at this rlp. Temperature-dependent energy-
scans at Q =(300) were followed in detail for
the ammonium concentrations x = 0.55, 0.65, 0.75
and 0.80 in order to investigate systematically the
evolution of line width and intensity. The line width
measures the energy spread and provides direct
experimental insight into the relaxation dynamics.
In Fig. 5 representative constant-Q scans are shown
for all ammonium concentrations investigated at
some characteristic temperatures. First of all, we
would like to focus on the spectra for x = 0.65 and
0.75. In a careful analysis we found out that neither
a single Lorentzian nor a single Gaussian line
shape gave a satisfactorily description of the experi-
mental data. Even sophisticated fitting routines,
which convolute the line shapes with the experi-
mental resolution did not improve the fits signifi-
cantly. Only a superposition of two contributions
with different line widths and different temperature
dependencies were able to fit the data and we found
out that two Gaussians provided the best fits. Of
course we are aware that for a quantitative analysis
we have to use a jump-reorientational model to
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Fig. 5. Quasielastic scans at the (3 00) rlp at various temper-
atures for ammonium concentrations x = 0.55, 0.65, 0.75 and
0.80. The solid lines represent fits as described in the text. In (a)
and (d) in addition to the quasielastic scattering from the mixed
crystal (dashed line) the elastic incoherent background has been
taken into account (shaded area). In (b) and (c) two Gaussian
components had to be used to describe the quasielastic scatter-
ing contributions. Again, the shaded area indicates the incoher-
ent background.

describe the relaxational motions of the NH -tet-
rahedra in the crystalline potential [18]. However,
guided by a high-resolution TOF experiment [19],
where we found that rotational jump models alone
cannot describe the data, we tried to parametrize
phenomenologically our data using two relaxation
processes. This ansatz, to assume two different re-
laxation rates, also is in accordance with the obser-
vation of two dipolar relaxation modes in dielectric
spectroscopy.

In the final analysis it was necessary to assume
two Gaussian line shapes for x = 0.65 and 0.75.
A third weak contribution, also with Gaussian
line width, originates from the purely elastic scat-
tering (shaded area). This contribution has been



determined from the purely elastic background at
zero energy, off the (300) rlp and therefore, this
third Gaussian component was fixed in intensity
and line width during the fitting process. As men-
tioned before, this provides only a parametrization
of the data and of course it would be much better to
use a jump-reorientational model in addition to
a second component. This procedure probably can
be done with high-resolution data and a final anal-
ysis is in progress [19]. However, we certainly be-
lieve that two relaxation modes determine the
quasielastic scattered intensity as shown for
x =0.65 (Fig.5b) and x=0.75 (Fig. 5c). The
quasielastic scans for the samples with ammonium
concentrations x = 0.55 (Fig. 5a) and x = 0.80 (Fig.
5d) can be fitted by a single Gaussian-shape func-
tion. For x = 0.55 this may be due to the vicinity to
the glassy phase characterized by only one relevant
time scale. For this concentration also the dielectric
spectroscopy revealed one relaxation process, in-
dicating that the two processes under consideration
have merged. The results for x = 0.80 can be ex-
plained assuming that the time scale is too fast to be
resolved in the present experiment. But it also may
be due to the fact that the experiments on this
mixed crystal were performed with a significantly
relaxed resolution (x = 0.80) and therefore a clear
separation into two components could not be per-
formed.

Fig. 6a—d shows the temperature dependencies of
the line widths for all concentrations investigated,
which were derived from fits to Gaussian shapes as
shown in Fig. 5. The two components observed in
x = 0.65 (Fig. 6b) and 0.75 (Fig. 6¢) are limited by
two different experimental resolutions. One com-
ponent which finally results in the (3 0 0) superla-
ttice reflection is limited by the energy width of
a scan through a well-defined Bragg reflection (in-
dicated by a dashed line). The other component is
limited by the quasielastic energy resolution which
has been determined by a vanadium scan. Hence
this component strictly represents a relaxational
component. It is important to note that the
“Bragg” component which appears well above the
phase transition temperature appears at slightly
higher temperatures. This observation provides
first hints for a possible interpretation: one com-
ponent arises from critical fluctuations related to
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Fig. 6. Intensities of the constant-Q scans versus temperature
for ammonium concentrations x = 0.55, 0.65, 0.75 and 0.80. The
two components are indicated by the different symbols (@
and ).

the cubic (a-phase) to trigonal (e-phase) phase
transition. The other component most probably
results from a reorientational motion of the am-
monium tetrahedra. The quasielastic intensities as
observed for x = 0.55 (Fig. 6a) and x = 0.80 (Fig.
6d) are limited by the pure quasielastic resolution.
It indicates that both contributions do not result
from static long-range structural order. SRO has
been experimentally proven by the diffusive scans
shown in the Figs. 3 and 4, but for x = 0.80 the
correlation length of approximately 150 A was de-
termined by the experimental resolution. From the
quasielastic scans we learn now that this order
obviously is not truly static.

The temperature dependencies of the quasielastic
intensities at the (3 0 0) rlp are shown for all con-
centrations in Fig. 7. On decreasing temperatures
the intensities for x = 0.80 (solid squares in Fig. 7d)
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Fig. 7. Temperature dependence of the FWHM of constant-Q
scans for ammonium concentrations x = 0.55, 0.65, 0.75 and
0.80. The two components for x = 0.65 and x = 0.75 are in-
dicated by different symbols (@ and W). Dashed and solid lines
indicate the experimental resolution for elastic and quasielastic
scattering contributions, respectively.

smoothly increases, characteristic for the evolution
of the order parameter at a second-order phase
transition with a phase-transition temperature of
T,. = 37 K. The intensity follows a Brillouin-type
function which saturates at low temperatures.
A similar behavior is found for one component of
the scattered intensities for x = 0.65 and x = 0.75
(solid circles in Fig. 7c and b). These contributions
obviously originate from shifts of the center-of-
mass lattice which finally establish the e-phase. The
phase-transition temperatures in these compounds
are T,,=38K for x=0.65 and T, =47K for
x = 0.75, slightly below the maximum of the dielec-
tric loss as shown in Fig. 2. It is important to note,
that the phase transition temperature for x = 0.80 is
significantly lower than for x = 0.75. Precursor ef-
fects due to critical fluctuations for T > T, were
detected in all compounds, but certainly are stron-

gest for x = 0.65. The second component, indicated
by full squares, which has been observed in the
samples x = 0.65 and x = 0.75, always appears just
below the structural phase transition and steadily
increases towards the lowest temperatures. From
this systematic trends we immediately can identify
the origin of the two contributions. The Brillouin-
type functions describe critical fluctuations of the
e-phase at the X-point of the FCC lattice around
the structural phase transition. For T < T, these
contributions result in the superlattice reflections of
the e-phase with LRO. The second contribution
which appears at lower temperatures obviously
originates from the slowing down of the reorienta-
tional motion of the NHJ -tetrahedra. Due to the
structural distortions the local energy barriers be-
come higher. This results in a slowing down of the
molecular reorientations which then fall into the
time window of the quasielastic neutron-scattering
experiment. In the mixed crystals with ammonium
concentrations x = 0.55 and x = 0.80 we observed
only one component, most probably fluctuations
due to short-range ordered clusters exhibiting the
e-phase. The slowing down of the ammonium mol-
ecules could not be identified. Possibly due to
a strong translation—rotation coupling [20], their
time scales are similar, an interpretation which is in
accordance with the dielectric results. Another pos-
sibility is that the local distortions are not strong
enough to create considerably enhanced energy
barriers and therefore the molecular motion re-
mains too fast to be detected with the given experi-
mental resolution.

To our knowledge, so far two central peaks in
structural phase transitions have been observed in
QO-scans in the spiral antiferromagnet holmium
[21] and in SrTiO; [22] indicating two different
length scales. In both materials the two peaks were
attributed to scattering from the surface and from
the bulk. It has been speculated that two length
scales correspond to two time scales [21]. We ob-
served two different time scales, but definitely we
believe that two different time scales will corres-
pond to two different length scales in our system.
Hence we wanted to exclude the possibility of sur-
face effects. We systematically changed the size of
the crystal thereby changing the ratio of bulk to
surface area, but within experimental uncertainties



we always observed the same ration of the two
quasielastic components. Hence we concluded that
the origin of both peaks comes from the bulk ma-
terial.

4. Discussion and conclusions

One important contribution of this communica-
tions is that we can construct an extended and
improved x, T-phase diagram (Fig. 8). For a better
comparison with other experimental work we pres-
ent the characteristic temperatures as a function of
the lattice parameters. We recall that a one-to-one
correspondence with a x, T-phase diagram only
exists under the asumption that Vegard’s law holds.
First of all we determined the concentration (lattice
constant) regime where the trigonal e-phase is the
stable ground state. We found that for x = 0.80 the
e-phase evolves from the B-phase. This e-phase is
not truly static which possibly is due to the fact that
in the martensitic af-phase transition the crystal
broke up in a number of small domains which are
far beyond the visible light, the crystal lost its
transparency and got a milky color. This is the case
for the x = 0.80 sample which goes throw the -
phase and subsequently reaches the e-phase. Sec-
ondly, we have proven that the glassy regime of
(NH,4I)(KI); _, has to be subdivided in different
regimes. The concentration regime which links up
with the e-phase at lower concentrations has to be
characterized as ground state with frozen-in SRO
trigonal distortions. At even lower ammonium con-
centrations and using dielectric spectroscopy [4],
a spin-glass type of phase has been detected, char-
acterized by frozen-in orientational disorder, but
with the center-of-mass of the molecules fixed at an
undistorted regular cubic lattice. Hence the mixed
molecular system (NH,I)(KI), -, reveals in addi-
tion to the polymorphism at high ammonium con-
centrations, polyamorphism at low concentrations.

The second important result of this work is the
observation of two quasielastic peaks correspond-
ing to two time scales in the relaxation dynamics.
Although we agree that this description is a mere
parametrization of the experimental data, a rather
plausible and straightforward explanation can be
given: The two time scales appear in the e-phase
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the phase transition temperatures versus the lattice parameter as
determined from X-ray data. The circles and squares correspond
to the triple-axis spectrometer results. The triangles (V) repres-
ent the temperatures of the dielectric maximum and the triangles
(A) correspond to diffraction measurements taken from Ref. [6].

only. Recall that in this trigonal phase the am-
monium molecules occupy two non-equivalent
lattice sites. One sublattice reveals orientational
order, while the other does not. The latter locally
has a slightly distorted cubic environment. Hence
we conclude that one time scale comes from the
fluctuations close to the structural phase transition,
which above the phase-transition temperature can
be viewed as precursor effects of the trigonal distor-
tions. The other time scale corresponds to the rota-
tional motion of the ammonium tetrahedra from
the orientationally disordered sublattice. Clearly
these two relaxation rates can be well separated
in the time/temperature scale. It seems that the
reorientational motion drastically slows down at
the structural phase transition. This effect most
probably results from the local distortions which
enhance the hindering barriers against reorienta-
tional jumps and from the dielectric results we
know that the relaxation rates fall into the kHz
regime at 10 K.

The question remains why we see only one relax-
ation process in the mixed crystal in the regime
with SRO with an ammonium concentration x =
0.55. One possible explanation is that in this regime
the reorientations are strongly coupled to the
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dynamic structural displacements, and hence both
relaxations are described by a very similar temper-
ature dependence. This explanation seems to be in
accordance with the dielectric results which reveal
that the two relaxational processes have merged, at
least in the low-frequency regime. The other possi-
bility is that the molecular motion remains fast and
the local environment of the ammonium tetrahedra
is only slightly distorted which has been concluded
from our single-crystal diffraction. It is clear, that
for even lower ammonium concentrations the lattice
remains cubic and only the relaxation dynamics of
the ammonium tetrahedra survive. This has been
exactly determined in dielectric experiments [4].

In conclusion, we have determined an improved
phase diagram of the mixed molecular system
(NH4I)(KI); -, (Fig. 8) revealing polymorphism
and polyamorphism with a rich variety of different
phases. At low temperatures and on decreasing
ammonium concentrations the sequence a-, -, -
and e-phase has been detected for x > 0.55, while at
lower concentrations a short-range ordered “e-
glass” is followed by spin-glass type of frozen-in
disorder. In addition to local structural distortions,
the SRO state reveals also frozen-in orientational
disorder. In the pure orientational glass the ori-
entational degrees of freedom occupy regular cubic
lattice sites but are frozen-in without long-range
orientational order.

From quasielastic neutron scattering experiments
we found experimental evidence for two relaxational
processes which were identified as structural and
orientational relaxations. We followed in detail the
temperature evolution of the line widths and of the
intensities of these relaxations and found that one
component finally represent the truly static LRO of
the e-phase while the second component describes
the slowing down of the molecular reorientations of
one sublattice of the e-phase.
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