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Fast Dynamics in CKN and CRN Investigated by Dielectric Spectroscopy
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Dielectric spectroscopy up to a frequency of 380 GHz has been performed on the molten sa
fCasNO3d2g0.4fKNO3g0.6 (CKN) and fCasNO3d2g0.4fRbNO3g0.6 (CRN). For the first time, conclusive
results for the transition region between thea-relaxational and the far-infrared response have been
obtained in ionically conducting glass formers using dielectric spectroscopy. In addition to th
dielectric loss, we present data for the reactive part of the dielectric constant. At high temperatur
and the highest frequencies investigated, both materials exhibit a sublinear spectrum. For CR
the dielectric loss follows a power law with a frequency exponent 0.2 over three decades
frequency. [S0031-9007(97)02888-3]
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Despite enormous theoretical and experimental progr
[1], the glass transition in viscous liquids still is an unre
solved problem. In recent theoretical approaches the f
dynamics in glass forming liquids came into the focus
interest: Here various scenarios have been proposed
describe or predict the dynamic susceptibility at high fr
quencies. Among them are the coupling model [2] wi
its prediction of a fast process at high frequencies, a
the avoided critical point theory [3] which also predict
a fast process. Based on the universal scaling of thea re-
laxation [4], Nagel and co-workers proposed a divergen
of the static susceptibility [5] which essentially implies
constant loss behavior at high frequencies and low te
peratures as has early been predicted by Wong and An
[6]. Maybe the most controversially discussed theoretic
approach of the glass transition is the mode coupling th
ory (MCT) which explains the glass transition in terms o
a dynamic phase transition at a critical temperatureTc sig-
nificantly above the glass temperature [7].

So far the high-frequency behaviors1010 1013 Hzd of
glasses has been investigated mainly by neutron and li
scattering techniques (see, e.g., [8–11]). Only recen
were we able to extend the frequency range of dielect
experiments on glass forming liquids up to some 100 GH
[12] using backward wave oscillators as coherent sourc
of electromagnetic radiation [13]. These experimen
which have been performed on glycerol, revealed the ex
tence of a relatively broad minimum in the frequency d
pendence of the dielectric loss,´00snd, at frequencies above
100 GHz. Its functional form and temperature depe
dence cannot be explained by a simple crossover from
structuralsad relaxation to the far-infrared (FIR) respons
but is indicative of additional fast processes prevailing
this glass former. Glycerol is a relatively strong [14
hydrogen-bonded glass former. In dipolar systems su
as glycerol, the dielectric susceptibility couples main
to the reorientational motions of the molecules, and
coupling to the density fluctuations, considered by mo
theoretical approaches, is not well understood. Inde
the high-frequency dielectric results in glycerol reveale
0031-9007y97y78(15)y2995(4)$10.00
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clear deviations from the neutron and light scattering d
[12]. It seemed interesting to extend these high-frequen
dielectric experiments to molten salts which are charac
ized by mobile ions. Here a strong coupling of the ion
motion, tested by dielectric spectroscopy, and the den
fluctuations can be intuitively expected. In addition, th
investigation of more fragile glass formers is highly des
able as it can be assumed that in these glass formers th
ditional vibrational excitations giving rise to the so-calle
Boson peak are less pronounced [15].

To study fast processes in fragile glass formers
have investigated the high-frequency dielectric respo
of the ionic conductors [Ca(NO3)2] 0.4 [KNO 3] 0.6 (CKN)
(see, e.g., [16,17]) and [Ca(NO3)2] 0.4 [RBNO3] 0.6 (CRN)
[18]. The ionic mixture CRNsTg ø 333 Kd was one of
the first glass formers on which the high-frequency beha
ior had been examined using neutron [9] and light sc
tering techniques [10]. In addition, we investigated a
other nitrate mixture that also can easily be vitrified: CR
sTg ø 333 Kd. In a recent study up to 300 MHz [18]
dielectric properties similar to that of CKN have bee
found. We investigated the complex dielectric perm
tivity ´p ­ ´0 2 i´00 for frequencies1023 # n # 3.8 3

1011 Hz. Results from our group oń 00 of CKN up
to 40 GHz have already been published elsewhere [1
However, the upper limit of the frequency range ava
able to us at that time prevented a clear statement ab
the behavior at frequencies above the´00 minimum. In
this Letter we present data in an extended frequen
range up to 380 GHz. In addition, we also show t
real part,´0, which, in contrast to the scattering expe
iments, is directly accessible in dielectric spectrosco
These new results provide a conclusive picture of t
high-frequency behavior of the susceptibility which is
prerequisite for the unambiguous comparison with the
retical predictions.

The measurements presented in this Letter have b
performed using various techniques. For the rad
frequency experiments a reflectometric technique was e
ployed [20]. The microwave data were taken in reflecti
© 1997 The American Physical Society 2995
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and in transmission using waveguides. Above 60 GH
a quasioptical technique was used with an experimen
arrangement similar to a Mach-Zehnder interferomet
[13]. To cover the complete frequency range, a sing
´00snd curve at a given temperature is superimposed, us
results from different experimental setups. For the me
surements atn , 40 GHz there are some uncertaintie
of the absolute values originating from an ill-define
geometry of the samples or parasitic elements. The
fore it was necessary to shift the log10 ´00 values of the
measurements at the lower frequencies with respect
the high-frequency results in order to construct a smoo
´00snd curve. It is important to note that́00sn, Td from
each experimental setup is shifted by one gauge fac
only, which depends neither on frequency nor on tempe
ture. The high-frequency results provide a good estima
of the absolute values of́0 and´00.

Figure 1 showś 00snd for CKN in a double-logarithmic
plot. ´00snd reveals a minimum similar to that observe
with neutron [9] and light scattering techniques [10
Indeed, when scaled appropriately,x 00 obtained from the
scattering experiments agrees well with our results f
´00. Our data also agree reasonably well with the mo
recent data by the group of Funke [17] which, howeve
are too incomplete to enable an unambiguous evaluat
of the susceptibility minimum. Thé 00snd minimum is
relatively broad and, most important, exhibits a high
frequency wing which increases significantly less tha
´00 , n (indicated by the dotted line). At 342 K,́00snd
seems to become constant forn , 1 GHz. This could
be due to the appearance of a constant loss region wh
has been predicted by Wong and Angell [6]. However,
these low values of́ 00 the uncertainty of the data is rathe
high, and further measurements with better resolution ha
to be performed at low temperatures. Figure 2 sho
the real and imaginary parts of the dielectric constant f

FIG. 1. Frequency dependence of the dielectric loss of CK
for various temperatures (double-logarithmic plot). The sol
lines represent fits using Eq. (1) witha ­ 0.3 andb ­ 0.54.
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frequenciesn $ 10 GHz. ´0snd decreases significantly
in the frequency range where the minimum appears
´00snd. It is not possible to obtaiń 0snd simply by a
Kramers-Kronig transformation of́00snd for which a larger
frequency range, especially at high frequencies, wou
be necessary. Therefore the´0snd data provide valuable
additional information about the high-frequency dynamic
in CKN. Figure 3 showś 00snd for CRN. The data
resemble that obtained for CKN with a relatively broad
minimum and a power law exponent at its high-frequenc
wing which is clearly smaller than unity (dotted line).

We want to emphasize that the observed´00snd mini-
mum cannot be described by a simple crossover from t
a-relaxation response to the FIR absorption bands. In th
case the increase of́00snd towards the FIR bands can be
assumed to follow a power law with an exponent equal t
or larger than unity, a behavior that has been found com
monly in glasses [21]. However, similar to our results
in glycerol [12], the´00snd minima observed in CKN and
CRN are too broad to be described by the simple ansa
´00 ­ c1n2b 1 c2n. In glycerol it was possible to fit the
data by introducing an additional constant loss factor, i.e
using´00 ­ c1n2b 1 c2n 1 c3 [12]. In the present data
(Figs. 1–3), the minimum is located at significantly lowe
frequencies when compared to glycerol and, even takin
into account a temperature-dependent constant loss, c
not account foŕ 00snd at the high-frequency wing of the

FIG. 2. Temperature dependence of the real (upper panel) a
imaginary part (lower panel) of the permittivity of CKN for
various temperatures. The lines in the lower panel are the sa
as in Fig. 1. The lines in the upper panel are fits with Eq. (2
with f´ as the only free parameter. The other parameters ha
been taken from the fits of́00snd.
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FIG. 3. Same as Fig. 1 but for CRN and witha ­ 0.2,
b ­ 0.35.

minimum. This becomes most evident in the data on CR
(Fig. 3), where, atT ­ 361 K, ´00snd follows a power
law with a frequency exponenta ­ 0.2 (dashed line) over
three decades of frequency. The difference between t
experimental results and the dotted line withs ­ 1 gives
an estimate of the additional high-frequency processes
CRN in the GHz range. This behavior puts serious co
straints on any theory describing the high-frequency r
sponse of viscous liquids. To our knowledge, at prese
the MCT is the only theory that can take account of suc
a sublinear power law increase of´00snd at frequencies
above the minimum [7]. At the critical temperatureTc,
MCT predicts a critical spectrum with́00 , na, a , 0.4.

Guided by these findings, in the following we try to
compare our results with the scaling predictions of th
simplest version of MCT [7]. AboveTc, the high- and
low-frequency wings close to the minimum of́00snd
are described by power laws with exponentsa and b,
respectively. We fitted́ 00snd [7] and´0snd [22] using the
interpolation formulas:

´00snd ­ ´00
minfasnynmind2b 1 bsnynmindagysa 1 bd ,

(1)

´0snd ­ f´ 1 ´00
minfa cotsbpy2d snynmind2b

2 b cotsapy2d snynmindagysa 1 bd .
(2)

nmin and ´
00
min denote position and amplitude of the

minimum, respectively. The parametersa and b are
temperature independent and constrained by the exp
nent parameterl ­ G2s1 2 adyGs1 2 2ad ­ G2s1 1 bdy
Gs1 1 2bd, whereG denotes the gamma function. The
only additional parameter for the description of´0snd is
the constantf´. We found a consistent description of
the ´00 minima usinga ­ 0.3, b ­ 0.54, l ­ 0.76 for
CKN at T $ 379 K and a ­ 0.2, b ­ 0.35, l ­ 0.91
for CRN atT $ 381 K (solid lines in Figs. 1–3). At low
frequencies, data and fits deviate. This may be ascrib
to additional conductivity contributions which lead to
a divergence of´00 for decreasing frequencies. It is
N
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interesting that, for high values ofl and temperatures near
Tc, MCT predicts an20.5 behavior instead ofn2b for the
low-frequency wing of the minimum [23] which, indeed,
is consistent with the data of Fig. 3. The parameters fo
CKN agree reasonably well with those obtained by L
et al. [10] (a ­ 0.273, b ­ 0.458, l ­ 0.811) from fits
of Eq. (1) to their light scattering results. The lines in
the upper frame of Fig. 2 are fits using Eq. (2) witha, b,
nmin, and´

00
min fixed at the values obtained from the fits

of ´00snd (lower panel) and onlyf´ as a free parameter.
The agreement of fits and data is very good.f´ is nearly
temperature independent, varying between 10.5 and 11.

The critical temperatureTc should manifest itself in
the temperature dependence of the´00snd minimum. For
T . Tc, MCT predicts the following relations:nmin ~

sT 2 Tcd1y2a and´
00
min ~ sT 2 Tcd0.5. In addition, MCT

also predicts critical behavior for the time scale of the
a response, i.e., the peak frequencynmax ~ sT 2 Tcdg ,
with g ­ 1y2a 1 1y2b. Since the dielectric loss maxima
are obscured by the dc-conduction process, we takenmax
from the fits to the imaginary part of the dielectric modu-
lus,M 00 ­ Ims1y´pd, published elsewhere [18,19]. We are
aware of the ongoing controversy about the use of the d
electric modulus formalism [24]. But we think that at leas
in CKN this procedure is justified by the fact that the re
laxation times evaluated fromM 00snd at high temperatures
closely follow those obtained from mechanical experi
ments [19]. Figure 4 shows the results for´

00
min, nmin, and

nmax for CKN (closed symbols) and CRN (open symbols)
Here representations have been chosen that lead to strai
lines that extrapolate toTc if the above critical temperature
dependences are obeyed. Indeed, for CKN all three da
sets can consistently be described with a critical temper
ture Tc ø 375 K, as indicated by the solid lines. This
compares well toTc ­ 378 K, as obtained by Liet al.
from light scattering experiments [10]. For temperature
near Tc the data deviate from the predicted behavior
Within MCT this can be ascribed to a smearing out of th
critical behavior nearTc due to hopping processes which
are considered in extended versions of MCT only [7]. Fo
CRN the situation is worse. The dashed lines in Fig.
correspond to aTc of 365 K for all three quantities which,
however, leads to clear deviations between theory and e
periment. However, one has to note that forl near unity
the simple scaling relations mentioned above are expect
to fail [22]. The above critical temperature dependence
of ´

00
min, nmin, andnmax should be observed only for tem-

peratures not too far aboveTc. Depending on the data
points used for the scaling, much lower values forTc can
be obtained, and the significance of the representations
Fig. 4 should not be overemphasized.

Another prediction of MCT concerns the temperature
dependence of the dielectric strength, which should e
hibit a square root singularity atTc: f ­ fc 1 hfsT 2

TcdyTcg0.5 at T , Tc, andf ­ fc at T . Tc [7]. As we
have shown earlier [19] the dielectric strength of CKN
obtained from the modulus representation is consiste
2997
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FIG. 4. Temperature dependence of height and position of th
dielectric loss minimum and of thea-peak position of CKN
(closed symbols) and CRN (open symbols). Representation
have been chosen that result in straight lines according to th
predictions of the MCT. The solid lines are consistent with a
critical temperature ofTc ­ 375 K for CKN, the dashed lines
with Tc ­ 365 K for CRN.

with this prediction with aTc of 362 K, which is some-
what smaller than theTc determined from Fig. 4. For
CRN the scatter of thefsT d data is too high to make a
clear statement. According to MCT the functional form
of the a-relaxation peak should be temperature indepen
dent for T . Tc [7]. Indeed, for CKN and CRN the
stretching parameterb which determines the width of the
a peak becomes approximately constant for temperatur
T . 360 K [18,19]. Finally, MCT predicts a critical spec-
trum at Tc and a significant change in the behavior of
´00snd at Tc: For T , Tc, ´00snd should exhibit a so-called
“knee” at a frequencynk, i.e., a change of power law from
´00 , na atn . nk to ´00 , n atn , nk . Indications of a
critical spectrum can be detected in CRN at 361 K (Fig. 3
which is close toTc as determined from Fig. 4. In CKN,
the minimum nearTc becomes very broad, and, at lower
temperatures, indications of constant loss behavior can
detected. But again we have to stress that these data are
the edge of the resolution of the experimental setup. Fo
T & 361 K in CKN, the frequency exponent above the
minimum becomes larger thana ­ 0.3 (Fig. 1). This ob-
servation is most significant at the two lowest temperature
for frequenciesn . 150 GHz, where the data are reliable.

In conclusion, we have presented high-frequency d
electric results on two ionically conducting glass formers
which reveal a clear minimum iń00snd at microwave fre-
quencies. For the first time, we shoẃ0snd in the relevant
frequency range. The most important result is the findin
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that at frequencies abovenmin the dielectric loss exhibits a
sublinear increase. For CRN we find a spectrum that fo
lows ´00 , n0.2 over three decades of frequency. A pre
liminary analysis in terms of the MCT [7] shows that the
frequency dependences of´00snd and´0snd are consistent
with the predictions of MCT. However, there are som
discrepancies concerning the critical behavior in CRN an
concerning the determination of the critical temperature
The data show unambiguously that there are nontrivial a
ditional processes contributing to the susceptibility at hig
frequencies which should be taken into account by an
theoretical approach of the glass transition.
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