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The glass transition in (NH4I) (KI)~,. has been studied using dielectric spectroscopy. The (x, T)
phase diagram reveals three different glassy regions, g), g2, and g3. The dynamical susceptibility in the
regime g2 reveals a power-law dependence on frequency, e* ~ A(T)cu'~rl. The experimental results
are compared with theoretical models and provide evidence for the near-equilibrium dynamics in an
orientational glass.

PACS numbers: 64.70.Pf, 77.22.Ch

The nature of the freezing transition in disordered sys-
tems is still an unsolved problem. Early theories based
on Ising-type mean field (MF) models for spin glasses
[1,2] predicted sharp transitions. Within the infinite-
range model of Sherrington and Kirkpatrick (SK) [2], the
Almeida-Thouless (AT) line [3], separating paramagnetic,
ferromagnetic, and glass phases, has been calculated. Be-
low the AT line the system becomes nonergodic. A series
of experimental results indicated the existence of the AT
line in some spin glasses (SG's). However, it was shown
later that at least part of the data can also be explained by
a zero-temperature transition [4]. Sompolinsky and Zip-
pelius (SZ) [5] have investigated dynamic properties of the
SK model above and below the AT line introducing a soft-
spin version for Ising spins. Later on, Fischer and Kinzel
[6] extended this analysis to a larger range of frequencies,
temperatures, and fields. Concerning the imaginary part
of the dynamical susceptibility ~", this MF theory yields
the following predictions: (i) a sharp increase for small
frequencies and fields near the AT line, (ii) a frequency
dependence g" ~ cu', with a frequency exponent s = 0.5
at the freezing transition and s —0.25—0.4 for T ~ 0 K
and zero fields, and (iii) g" ~ T at low temperatures and
for all fields.

Of course, MF theory does not seem to be adequate
to describe the relaxation dynamics below the freezing
temperature Tf(to) Hence Fisher . and Huse (FH) [7,8]
worked out a phenomenological scaling approach to the
static and dynamic properties of finite-range SG s. In this
picture of the ordered SG phase, the low-lying excitations
which dominate the correlations are droplets of coherently
Gipping spins. According to this scaling approach g" ~
(Intor, ) (t+Pl. Here r, is a microscopic time (—10 ' s)
and the exponent P —1, for the most naive assumptions
for three-dimensional systems [7].

In the analysis of the experimental results most SG's [9]
have been characterized by the frequency dependence of
the freezing temperature Tf. However, Tf(to) usually is
determined from the cusp in the temperature dependence
of the real part of the dynamic magnetic susceptibility
~'(co, T) only. Measurements of the absorption are
scarce, and for most of these results little can be said
with respect to the models outlined above. Among the

few exceptions are reports concerning measurements of
the dynamical susceptibility in the insulating SG (Eu,Sr)S
[10,11]. The most convincing experimental evidence for
a power-law dependence of y"(to) has been given for
Euo 4Sro 6S [11]. These results have been interpreted in
terms of a true phase transition into a disordered ground
state.

Orientational glasses (OG's) [12] are the molecular
analogs of SG's. In dipolar systems the dielectric permit-
tivity e* = g* + 1 has been studied in full detail, cover-
ing broad frequency and temperature ranges. The majority
of these systems reveal an Arrhenius-type slowing down
of the mean relaxation rates, which is convincingly docu-
mented in the frequency dependence of the complex dielec-
tric constant e"(to) = et (co) —i e2(to) for a large variety
of materials [12]. In addition, dipolar glasses reveal broad
and almost symmetric loss peaks and a striking increase of
the distribution of relaxation times with decreasing tem-
peratures [12,13). Partly, this behavior can be explained
by a Gaussian distribution of energy barriers, introduced
by random fields which are created by substitutional de-
fects [13]. The cooperativity of the freezing transition usu-
ally is inferred from the concentration dependence of the
freezing temperature Tf or from slight deviations from the
Arrhenius behavior of the mean relaxation rates [12]. In
analogy to magnetic systems, the AT line has been deter-
mined via the splitting between field-cooled and zero-field-
cooled dipolar susceptibilities [14] or via a divergence of
the nonlinear (third-order) susceptibility [12,15]. How-
ever, the transition temperatures determined by these ex-
periments are still frequency dependent, and one has to
be cautious when conclusions concerning a static freezing
temperature are drawn. To solve this problem, recently a
new frequency-temperature plot of the dielectric constant
has been proposed to determine the divergence of the low-
frequency edge of the dielectric relaxation [16).

The observation of a power-law behavior of the imagi-
nary part of the dielectric constant e& ~ co, indicative of
a glassy relaxational dynamics, has been detected in the
dipolar glass system Kt,Na, Ta03 [15] only. The pa-
rameter s (frequency exponent) was small (s ( 0.1) and
frequency independent. In this Letter we present dielec-
tric results on the OG (NH4I), (KI)~ . Previously [17],
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we tried to describe the dielectric data for x = 0.43 by an
unusual broad distribution of relaxation times. Here we
present detailed and systematic investigations which shows
that the complex dielectric permittivity in this system can
well be described by a power-law behavior. Our experi-
mental results provide experimental evidence for the near-
equilibrium dynamics of a molecular system in its glassy
phase and can be used to test theoretical predictions.

Gold-plated crystals (NH4I), (KI)~, with concentra-
tions 0.1 ( x ( 0.8 have been investigated. All crystals
were grown from an aqueous solution. The NH4 I con-
centration x was determined using the concentration de-
pendence of the lattice constants [18]. Measurements of
the dielectric constant e~ and the dielectric loss e2 were
performed at frequencies 10 ~ v ~ 10 Hz and temper-
atures 1.5 ~ T ~ 300 K.

Figure 1 shows the temperature dependence of the di-
electric constant e~ (upper frame) and of the dielectric loss
Ez (lower frame) at a measuring frequency of 100 kHz,
for different concentrations in (NH41) (KI)~, . With de-
creasing temperatures and for all concentrations investi-
gated, e~(T) reveals a Curie-Weiss-like increase, passes
through a cusp-shaped maximum, and fina11y decreases
towards low temperatures. The temperature of the cusp
maximum T (x) exhibits a pronounced concentration de-
pendence, a behavior that directly evidences that the freez-
ing is interaction dominated. The loss phenomena (Fig. 1,
lower frame) are small, and the temperature of the loss
maxima as well as the shape of the loss curves strongly
depend on the concentration. For example, a single loss
peak appears for concentrations x ~ 0.45, while double
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FIG. 1. Temperature dependence of the dielectric constant e~
(upper frame) and of the dielectric loss eq (lower frame) as
measured at 100 kHz in (NH4I), (KI)~, for concentrations x =
0.25, 0.33, 0.4, 0.45, 0.47, 0.49, 0.53, 0.6, and 0.73. The inset
shows the concentration dependence of the temperature of the
peak maximum (T ) of the real part of the dielectric constant.
Besides the paraelectric n phase and the orientationally ordered
e phase, three different glassy regimes, g], g2, and g3 show
up.
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peak structures develop for higher x. The anomaly at
higher temperatures corresponds to a transition into a
short-range ordered e phase. The second anomaly pre-
sumably indicates a freezing transition of the rotational
degrees of freedom only [18]. For x ~ 0.55 the loss phe-
nomena become very small.

For a closer inspection T (x) is plotted in the inset of
Fig. 1. T (x) depends weakly on x for NH41 concentra-
tions x ~ 0.55, but rapidly decreases in the range 0.45 ~
x ~ 0.55, followed by a linear decrease, and finally by
a smooth tailing off towards the lowest concentrations.
From neutron scattering investigations [18,19] we know
that at concentrations 0.55 ( x ( 0.8 (NH41), (KI)~
exhibits the trigonal e phase in which the ammonium ions
occupy two independent lattice sites and reveal a complex
orientational order [19]. For 0.45 ( x ( 0.55 the struc-
ture remains cubic with short-range structural and orien-
tational orders reminiscent of the e phase. This has been
deduced from x-ray [20] and neutron scattering experi-
ments [18] and has been detected for the first time in
deuterated compounds by Berret et al. [21]. In deuter-
ated compounds two anomalies have been detected by nu-
clear magnetic resonance experiments [22], in accordance
with the double peak structure in ez(T) in the protonated
compounds for x ) 0.45 (see Fig. 1) [23]. Finally, below
concentrations x = 0.45 the NH4 ions freeze in randomly
in a cubic fcc lattice.

The (x, T) phase diagram (inset of Fig. 1) reveals three
distinct disordered low-temperature regimes, g~, g2, and
g3. For concentrations 0.45 ( x ( 0.55 (gs, light-shaded
area), local e-like distortions dominate. As discussed
above, the loss in g3 is small and exhibits a double
peak structure. For 0.25 ~ x ~ 0.45 (gz, shaded area),
well defined loss peaks exist. The transition line from
the paraelectric high-temperature n phase to the glass
state g2 decreases linearly towards x = 0.2, which is the
percolation limit of the fcc lattice. This behavior implies
that the transition into the disordered state g2 is dominated
by next-nearest-neighbor interactions. Finally, for x (
0.25, T (x) depends only weakly on temperature. Hence
we conclude that the glassy regime g& (dark-shaded area) is
dominated by relaxations of single NH4 ions only weakly
disturbed by dipolar interactions. The disordered state g&
is the regime in which the ammonium ions slow down in
the Born-Mayer potential set by the neighboring ions.

In what follows we will take a closer look at the glassy
regime g2 which reveals, when compared to other dipolar
glasses, very unusual dielectric features. The power-law
behavior of the dielectric permittivity reveals that true
equilibrium behavior can only be reached asymptotically.

Figure 2 shows the dispersive region of e~(T) (upper
frame) and ez(T) (lower frame) in (NH&I)Q33(KI)Q67 at
three different measuring frequencies. The data reveal a
striking similarity with the complex magnetic susceptibil-
ity in the insulating spin glass Euo 4Srp 6S [11].

In Fig. 3 the frequency dependence of e2 is shown as
log, o(e) vs log, o(v) for x = 0.25. Despite the fact that,



VOLUME 75, NUMBER 9 PH YS ICAL REVIEW LETTERS 28 AUGUsT 1995

13.0—
S

(NH4I)tl 33(KI)tl 67

12.0— 1

a, $

- p.5

0.1—
~ I

~ p
15

0.05—
Hz

'0 5 T (K) 10 15

fra
FIG. 2. Real art ~up (upper frame) and imaginar art

bi f i: 480 (, 17 6 d

thtck solid line represents the theoretica
b l Th

o y ~ Po
'

i i y. e snset shows the fit
this concentration.

e parameters A and s for

due to the low losses of the material, the data points re-
veal large uncertainties at radio fre uencie

escription of these data in term f d
~ ~

rms o a istribution of re-
laxation times needs a distribution function 7. c

ca es. e inset shows the fre uenc de
dentdataforx = 0.33 t d' q ~ Itiatau iofrequencies. Iti
to note that the data rea e ata reveal no significant curvature in the
log-log representations of Fig. 3.

In the introduction we mentioned two
descri tion

wo models for the

tern e
p ion of the relaxation dynamics bel h

perature. In the SZ model t5] h d'
s e ow t e freezin

of the susceptibility should ob
t e issipative artp

u o ey a power law g" =

A~', with s of order 0.5. InIn the droplet model of FH
s should be roughly constant over wi

[7], the ex onent sho
c s

to s —0.29 at 1
p uld change from s —0.1 t 1 kHa z

a constant slo
z. Our ex erimentp al results reveal

an s ope or all concentrations an
investi ated. Hen

s and temperatures
i~a e . ence we parametrized our data with a ure

depend
on requency, with parameter s

en ing on temperature only.
Accordin 1 theg y, complex dielectric constant can be

described using e* = e —— cu'( ) + '( )

H th
ima inar a

, is e static dielectric constant d h, an t e real and
ginary parts are strictly related via the Kramers-Kr

e ata points represent the results of fits of thiss o t is model
p a data, usmg the parameters A(T), s(T),

and e, . e, is indicated as a thick solid line in the u er
owing t ese lines we parametrized

e experimental resu
re ime

u ts for all concentrations th l
g g2. The temperature dependence of the aram

u in e g ass

y
eals a cusplike maximum.

e maximum value of A foror a given concentration,
c ose y corresponds to the maximum in e T
indicates the

in e2, which
s the freezing temperature T . On

tern erature sp ure side A steadily decreases. The fre uenc
asing temperatures and

yie s a limiting low-temperature v 1 —0.aue s — . 7. For all
x, is 'smiting value of s is reache
ofAT.

ached at the cusp maximum
This means th

t e a arent fre ue
t e freezing tran tSl loi1

pp quency exponents are in reasonable agree-
ment with the predictions of the FH d
au io requency range, but are much smaller than those of
order 0.5 for the SZ model. However, in contradiction

0.08

10'

102

x A s
0.25 ~ o

0.06 — 0.33 ~ o
0.4

A 0.4S ~

0.04—

(NH4I)„(KI)I,
o 0.8a

4'aoo,o' —0.6
a

= 0.4
SX

0.02— a
o

o y&a
o

~O
—0.2

x = 0.25
103

15.5 K
I

104 10
v(Hz)

I

10' ~ (Hz) 10'

10-4
103

FIG. 3. lo eg, o e2 vs log, o v in (NH41)O25(KI~
1 t 1wer aws, according to e2 = Ace' T
shows similar results for (NH41)op3 KIo.~3 ( )o.67

1O6

109

0 J

16
---- 020

FIG. 4. TTemperature dependence of the
old b 1)

(NH I), (KI) for concentrations x = 0.25, 0.33 0
f the ~Z m~d~l

e arrows indicate the limitin g ero- e pe a ure

text.
e as ed line is the FHH result as explained in the

1785



VOLUME 75, NUMBER 9 PHYSICAL REVIEW LETTERS 28 AUuUsT 1995

to the FH model, we find no experimental evidence of
frequency dependent exponents s.

The parameters A and s develop continuously with de-
creasing temperatures. This behavior is clearly demon-
strated for x = 0.33 by the inset of Fig. 2 in which
log&OA is plotted vs temperature. From the highest tem-
perature, where loss phenomena can be detected, s de-
creases from values close to 1 and A increases smoothly
over many orders of magnitude. The value of s = 0.5,
as predicted in the SZ model at Tf, obviously is reached

Ifar above Tf The . SZ predictions for s(T ~ Tf) = 2—
(Tf ——T)/Tf are indicated in Fig. 4 by solid lines, the

predictions for s(T = 0) by arrows.
Finally, we would like to comment on the freezing

dynamics. As can be seen in Fig. 2, the peak maximum
in e"(T) slightly shifts towards lower temperatures with
decreasing frequencies. Defining the frequency of the
peak maximum as the characteristic relaxation rate, the
slowing down of these rates follows an Arrhenius law
v = vo exp( —E~/ktt T) for all concentrations. The energy
barriers are of order 10 K for x ~ 0.25 but increase
strongly towards higher concentrations, reaching Ez—
350 K at x = 0.45. The attempt frequencies vo reveal
realistic microscopic times only for x ~ 0.25, e.g. , vo =
8.8 X 10' s for x = 0.25. They reach values of order
10 s ' for the higher concentrations, showing that a
parametrization in terms of an activated behavior is not
meaningful. This again demonstrates unambiguously that
the relaxation dynamics for x ( 0.25 is due to thermally
activated reorientations of isolated ammonium molecules,
while the relaxational behavior in the glass regime g2 is
characteristic for the near-equlibrium dynamics of a glass
phase.

This work was supported by the Deutsche Forschungs-
gemeinschaft via the SFB 262. We thank A. Maiazza for
growing the high-quality single crystals used in this work.
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