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1. Introduction

Although the technology of vitrification is well
known since archeological times and despite the fact
that glass formation by viscous slow down is widely
used for a large variety of technical applications, the
microscopic mechanism that underlies the glass tran-
sition is still far from being understood. Conse-
quently, studies on the glassy relaxation in complex
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598 3649; e-mail: peter.lunkenheimer@physik.uni-augsburg.de.

materials are an area of active research, see for
example Ref. [1]. Study of glass-forming ionic melts
is highly attractive as these simple supercooled lig-
uids can be approximated as hard sphere systems
which are the subject of recent glass transition theo-
ries [2]. Melts of randomly close-packed ions are
expected to belong to the class of fragile glass-
formers in the classification scheme introduced by
Angell [3]. These materials show pronounced ther-
modynamic anomalies in the vicinity of the glass
transition and sizable deviations from simple ther-
mally activated behavior of the primary relaxational
response. The ionic melt studied most thoroughly so
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far is the mixed ionic glass-former
[Ca(NO,), 1, ,[KNO,], ; (CKN) (e.g., Refs. [4-13]).
In addition to many investigations dealing with the
systematics of the primary relaxational response near
the glass transition, also the fast dynamics of CKN
was studied extensively using neutron [6,7], light
scattering [8,9)], and dielectric spectroscopy [10-13].
There exists a large variety of other metal—nitrate
mixtures which also can be easily vitrified [14] but
which so far have found much less attention.

We report dielectric investigations of mixed ni-
trate glass-formers [Ca(NO,), ], ,[RbNO,], , (CRN),
[Mg(NO;), ], 44 [KNO ] 5, (MKN),
[Mg(NO,), 1, ,.[NaNO, ], 5o (MNN) at frequencies up
to 300 MHz and compare them to the results previ-
ously obtained for CKN. The present work deals
mainly with the relaxational response of these melts
and glasses as obtained via dielectric spectroscopy;
the results at high frequencies (¥ > 100 MHz) will
be given in a forthcoming paper. In addition, we
report preliminary results of specific heat measure-
ments at low temperatures.

2. Experimental details
The schematic phase diagrams of the mixed ni-

trates under investigation are shown in Fig. 1 [14].
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Fig. 1. Schematic phase diagrams of [Mg(NO;),],[NaNO;], _,,
[Ca(NO,), ] [KNO,], _,, [Mg(NO;),]1,[KNO,],_,, and
[Ca(NO,),] [RbNO,], _, (adapted from Ref. [14]). The lower and
the upper scale gives the concentration (in mol%) of the mono-
and divalent metal ion, respectively. The horizontal bars indicate
the composition range in which glasses can be obtained. The
arrows show the concentrations investigated in the present work.
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Fig. 2. Results of DSC scans obtained at a heating rate of 10
K /min after a prior cooling with the same rate. The inset shows
the result of a complete scan (including cooling) for CKN. The

resulting glass temperatures, 7,, which have been determined as

indicated in the figure are listed in Table 1.

The horizontal bars indicate composition ranges in
which glasses can be obtained [14]. The arrows
indicate the concentrations which have been studied
in the present work.

Ca(NO,), - 4H,0 (> 99%), Mg(NO,), - 6H,0
(> 99%), Na(NO,) (> 99%), K(NO,) (> 99%) from
Merck, and Rb(NO,;) (>99%) from Fluka were
fused and dehydrated at 510 K usually for at least
one day in a vacuum furnace. The samples were then
transferred immediately into an argon box and han-
dled under argon or vacuum. The samples were
characterized using differential scanning calorimetry
with a heating rate of 10 K /min after a prior cooling
with the same rate. Results of heating scans are
given in Fig. 2. The inset shows both the cooling and
the heating curve obtained for CKN. The calori-
metric glass temperatures 7, which were obtained
from the heating curves (cf. Fig. 2) are given in
Table 1. In the calorimetric measurements the glass-
transition temperature was determined with an uncer-
tainty of +2 K. The accuracy of the experiments did
not allow measurement of rate dependence of the
glass transition temperature with sufficient accuracy,
in order to determine the activation enthalpy.

Most experiments in the liquid state were per-
formed using a constant cooling rate of about 0.5
K/min. The ion conducting nitrates investigated in
this work exhibit an enhanced tendency to crystallize
in certain temperature ranges above 7,. Near these



temperatures the measurements were carried out for
cooling and heating rates of about 2 K/min. Never-
theless, occasionally crystallization occurred even at
those rates. For the variation of temperature a nitro-
gen gas-heating system (100 K < 7T <600 K) and
home-built ovens have been used.

Low-frequency measurements at 10 2 Hz < v < |
kHz were carried out using a Schlumberger 1260
impedance analyzer in conjunction with a Chelsea
dielectric interface. At 20 Hz< v <1 MHz, a
HP4284 autobalance bridge was used. In both cases
the sample material was placed between stainless
steel plates, 20 mm in diameter and with a distance
of approximately 1 mm, which were highly polished
to impede crystallization. For frequencies v > 1 MHz
a reflection technique was used employing a HP4191
network analyzer. Here the sample was placed at the
end of the inner conductor of a coaxial line and was
shorted with the outer conductor by a stainless steel
plate. From the complex reflection coefficient of this
assembly the complex dielectric constant and the
conductivity of the sample can be calculated after
proper calibration to determine residual reflections
and phase shifts. The specific heat experiments were

Table 1
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performed in an adiabatic Nernst calorimeter at tem-
peratures 3 K < 7 < 40 K. The samples had a typical
mass of 1 g and were covered by a thin film of
Apiezon ‘N’ grease to prevent ambient air contact.

3. Results

Fig. 3 shows the frequency dependence of the real
part of the conductivity o’ (upper frame) and of the
dielectric constant €' (lower frame) as measured in
CRN for various temperatures. The conductivity ex-
hibits the typical signatures of an ionic conductor: a
frequency-independent dc plateau is followed by a
power-law increase of the ac conductivity at higher
frequencies. The transition from dc to ac behavior
shifts to higher frequencies for higher temperatures.
For frequencies to approximately 2.5 decades above
the transition region, o’(v) can well be described by
the expression, o’ = g, + g,v* as demonstrated by
the solid lines in Fig. 3. Such a behavior, termed
‘universal dielectric response’ (UDR) [15,16], has
been found in a vast variety of disordered materials
among which are many ionic conductors. With s

Parameters characterizing the ionic motion in [Ca(NO;),] [KNO,]l;, (CKN) [5,12,13], [Ca(NO;),],,[RBNO,],, (CRN),
[Mg(NO;), ] 44[KNO; ]y 5 (MKN), and [Mg(NO,), |, ,4[NaNO; ], 5o (MNN). T, is the calorimetric glass temperature as obtained from DSC
experiments, performed with a heating rate of 10 K /min (Fig. 2). €. denotes the high-frequency dielectric constant. E, Ty, T, and p, are
the hindering barrier, Vogel-Fulcher temperature, attempt frequency and resistance prefactor, respectively, as obtained from simultaneous
fits of 7,(T) and py(T) in the liquid state (cf. Fig. 4) using the Vogel-Fulcher law. E, denotes the hindering barrier in the glass state and
D the strength index [27]. R =100s/7,(T,) is the decoupling index (see text). B is the stretching parameter below T,. The values in
brackets for E, Ty, and D denote the results of fits where 7, has been kept constant (7, = 3.2 X 107'* s) for all systems (dashed lines in
Fig. 4). The variation from the results of the free fits indicate how the fits are influenced by the transition region at T, and gives an estimate

of the error bars

CKN CRN MKN MNN
T, (K) 333(+2) 333(+2) 324 (+2) 323(+2)
E/ky (K) 1500 (1210) 1020 (1190) 1060 (1170) 1730 (1240)
Tye (T) 283 (291) 294 (289) 295 (292) 264 (282)
D 53(4.1) 3.5@4.1) 3.6 (4.0) 6.6 (4.4)
7o (s) 53(£Dx 1073 50(£ D% 1071 6.9(£1.5)x 107" 24(£05)x 107"
Py (2 cm) 6.4(+1.5)x 107} 7.0(+1.5)x 1072 10(+2)x 1072 3.9(+£05)x 107°
€ 8.2(+0.2) 7.8 (£0.2) 6.7 (£0.2) 6.5(+0.2)
70/ Po€) 9(+2) 8(+2) 8(£2) 7(+2)
E,/kg (K) 13000 (+ 1000) 12900 (+500) 22000 (+2000) 11 400 (4 500)
log,, R 3.9(+£03) 4.1(£0.3) 20(£03) 37(4£03)
B (glass) 0.7 (£0.03) 0.76 (+0.03) 0.71 (£0.03) 0.77 (+0.03)
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being about 0.7, the frequency exponent of CRN lies
in the range of values found for other ionic conduc-
tors. Usually such a power law behavior of o'(v) is
ascribed to hopping processes for which various
models have been proposed, see for example Ref.
[17,18].

At frequencies well above the transition regime,
o’'(v) shows clear deviations from UDR behavior
exhibiting a slope s which increases with frequency
and reaches values near unity. This implies a fre-
quency independent dielectric loss which should be
seen most clearly at low temperatures in experiments
providing a sufficiently broad frequency range. By
combining the conductivity results from various
techniques, such a constant loss behavior has very
early been assumed to be a universal feature of
glasses by Wong and Angell [19]. Recently it has
been shown to exist also in crystalline ionic conduc-
tors and has been termed ‘second universality’ [20].
For the highest frequencies investigated, a slope s
even larger than unity shows up which in conse-
quence leads to a slight minimum of the dielectric
loss (not shown). This feature, which similarly shows
up for CKN, has been discussed in detail elsewhere
[12,13].

log, 0[<5'(Q'1<:m'1)]

log, fv (H2)]

Fig. 3. Frequency dependence of the real part of the conductivity,
o', and dielectric constant, €', of CRN for various temperatures.
The experimental error bars are smaller than the symbols used.

The lines in the upper frame are the results of fits using the UDR.
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Fig. 4. Temperature dependence of the dc resistivity, py., {(open
symbols) and the average conductivity relaxation time, {7, >,
(closed symbols) for CKN, CRN, MKN, and MNN in an Arrhe-
nius representation. The dc resistivity has been obtained from the
inverse saturation value of ¢'(») (Fig. 3). The experimental error
bars are smaller than the symbols used. The solid lines are the
results of least square fits using the Vogel-Fulcher law which
have been performed simultaneously on p, (T) and 7,.(T). The fit
parameters are given in Table 1. The dashed lines are fits with 7,
fixed at 3.2x 107"* s for all systems (parameters in brackets in
Table 1).

An additional feature of o'(v), seen for the two
highest temperatures plotted in Fig. 3, is a decrease
of ¢’ for frequencies below the saturation range
shifting out of the frequency window for the lower
temperatures. This is also a typical finding for ionic
conductors and can be ascribed to space charges at
blocking electrodes, an effect which becomes in-
creasingly important at high temperatures, i.e., in the
regime of high mobilities of the charge carriers [21].

The conductivities as measured in MKN and MNN
behave qualitatively similar to that of CRN. In Fig. 4
the dc resistivity, p, = 1/0,., as determined from
the dc plateau of o’(v) is plotted in an Arrhenius
representation for the three nitrates under investiga-
tion and compared to CKN [5,12]. In all cases p,,
clearly deviates from thermally activated behavior
with very similar absolute values of p,. in the liquid
state. At high temperatures, 7> T,, o0, can be
described by a Vogel-Fulcher (VF) law (solid lines
in Fig. 4, however, for limitations, see Ref. [22]).
Below T,, 0,(T) levels off to an Arrhenius type of
behavior with a much lower effective energy barrier.
This is the temperature regime where the environ-



ment of the mobile ions becomes static on the time
scale set by the experiment [5] as will be discussed
below in more detail.

The dielectric constant €' of CRN (lower frame
of Fig. 3) rises with decreasing frequency with a
tendency to level off at intermediate frequencies. In
the liquid phase and at low frequencies a dramatic
increase by several orders of magnitude sets in (not
shown in Fig. 3). For lower temperatures this in-
crease becomes successively smaller and for the
lowest temperatures shown in Fig. 3, €'(v) becomes
almost constant approaching its high frequency limit
€, which is listed in Table 1. The huge increase of
€'(v) is a typical consequence of the formation of
space charges near the electrodes which also affects
the conductivity as mentioned above. It is well known
that the blocking electrode effects show up in €'(v)
at much higher frequencies than in o’(») as indeed
observed here [21]. The leveling off of €'(») at
intermediate frequencies is a characteristic feature of
relaxational processes. Similar dependences of ¢’
have been reported for CKN [5,12,23]. However, for
MKN and MNN such phenomena could not be ob-

0.1
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Mn
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Fig. 5. Frequency dependence of real and imaginary part of the
electric modulus M of CRN for various temperatures. The experi-
mental error bars are smaller than the symbols used. The solid
lines are the results of least square fits using the Fourier transform
of the KWW function which have been performed simultaneously
on M'(v)and M"(v).
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log, lv (H2)]

Fig. 6. Same as Fig. 5 for MKN.

served which was due to more pronounced blocking
electrode effects in these materials. These can be
ascribed to the occasional occurrence of small air
gaps arising between sample and electrodes at low
temperatures. They are due to thermal contraction
and lead to a strong increase of €’ at low frequencies
similar to electrode blocking. However these phe-
nomena do not affect the results at higher frequen-
cies.

The relaxation feature found for CRN in €'(v)
does not show up in the frequency dependence of the
dielectric loss, €”, but is obscured by the contribu-
tions of the dc conductivity. It is an interesting
feature of the spectra in Fig. 3 that for all tempera-
tures the point of inflection of €(v) which is a
measure for the associated relaxation time is located
at frequencies that correspond to the transition region
from dc to ac behavior in ¢’'(v). This indicates a
close connection of mechanisms responsible for dc
and ac conductivity.

A commonly employed method to obtain informa-
tion about the dynamics of the charge carriers in
ionic conductors is the use of modulus formalism
[23] where the complex electrical modulus M *: =
1/€” is analyzed. In using the modulus representa-
tion, the effects of blocking electrodes are usually
fully suppressed. However, it has to be mentioned
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Fig. 7. Same as Fig. 5 for MNN.

that there is an ongoing controversy concerning the
applicability of this formalism, see for example Ref.
[24-26]. Figs. 5-7 show the real and imaginary parts
of M* for CRN, MKN, and MNN, respectively. As
is typical for ionic conductors, the real part, M,
exhibits a steplike increase with increasing frequency
which is accompanied by well defined peaks in the
imaginary part, M”, located at the point of inflection
of M'(v). Both features shift to higher frequencies
with increasing temperature. By the relation 2my,7,
=~ 1, the frequency of the peak maximum v, in
M"(v) gives a measure for the so-called conductivity
relaxation time, 7., which is assumed to represent a
characteristic time scale of the ionic motion [21]. The
frequency dependence of the electric modulus is
usually analyzed using the Fourier transform of the
KWW function @(r) = @, exp[—(z/7,)F). The
lines in Figs. 5-7 are the results of fits performed
simultaneously on M’ and M" using this function. A
reasonably good agreement of data and fit has been
obtained for frequencies below and approximately
one decade above the peak maximum of M"(v). At
higher frequencies deviations show up which for
both, real and imaginary part, lead to an underesti-
mation of the measured values. This is a common
finding for ionic conductors. At frequencies above
100 MHz and temperatures below about 360 K,

logy [Cy/T (J mol'K™)]

logy [T (K]

Fig. 8. Temperature dependence of the specific heat at constant
pressure, C,, for CKN, MKN, and MNN in a double logarithmic
representation of C, / T3 vs. T. The experimental error bars are
smaller than the symbols used. The inset shows the data for CKN
obtained in the present work together with data measured at lower
temperatures from Ref. [41]. For comparison the specific heat of
vitreous SiO, (from Ref. [40]) is shown as solid line.

indications of a minimum in M"(v) (and conse-
quently also in €”(») which is proportional to M" at
frequencies v>> »,) show up (Fig. 5). A similar

0.8 T T T T T
., MNN | MKN
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Fig. 9. Temperature dependence of the stretching parameter § for
all four nitrate mixtures as obtained from the fits of M(v). The
results for CKN are taken from Ref. [12). The arrows indicate the
glass temperatures.




minimum in M”(v) and €"(») has recently been
reported for CKN and compared to various theoreti-
cal concepts [12]. A detailed investigation of high-
frequency dielectric properties of CKN and CRN has
been published elsewhere [13].

Temperature dependences of heat capacity C, for
CKN, MKN, and MNN were investigated in a
quasiadiabatic calorimeter for temperatures 3 K < T
<40 K. The results are plotted in Fig. 8 as C]D/T3
vs. T in a double-logarithmic representation. For all
samples, C,/ T* steadily increases with decreasing
temperatures and reaches a plateau for 7 < 10 K.

4. Discussion

From fitting parameters 7, and g, the average
conductivity relaxation time {7, ) can be calculated
using {7,>=17,/B'(1/B) where I' denotes the
gamma function. In Fig. 4 the temperature depen-
dence of {7, ) is plotted in an Arrhenius representa-
tion for CKN [5,12], CRN, MKN, and MNN. The
temperature dependence resembles that of the dc
resistivity which is also shown in Fig. 4 (note that
the scaling of the logarithmic axes of p, and 7, is
the same). Clearly, all nitrate mixtures exhibit pro-
nounced deviations of {7, (7)) from thermally acti-
vated behavior as is typical for fragile glass-formers
[3,27]. The solid lines in Fig. 4 are the results of fits
using the VF law, 7= 7, exp(E/ky(T — Ty;)), and
p=py exp(E/kg(T — Tyg)), which have been per-
formed simultaneously for {7,(T)) and p,(T). For
all four nitrate mixtures, in the liquid state both
quantities can be well described with VF parameters
given in Table 1. The difference of parameters ob-
tained for the four nitrates should not be overempha-
sized as they depend on the temperature region
(points near T, where the VF law fails) used for the
fit. A reasonable description of the data in Fig. 4 is
also possible with almost identical VF parameters for
all four materials. The dashed lines in Fig. 4 repre-
sent fits of 7, using a constant 7, = 3.2 X 10~ s for
all systems resulting in similar VF parameters (val-
ues in brackets in Table 1). In the modulus formal-
ism [23] the ratio of (7, ) and p,. is connected to the
high-frequency limit of the dielectric constant by
(7,7 /ps. = €€, (€, the permittivity of free space).
The observed proportionality of {7,) and p,. (Fig.
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4) is consistent with the only weakly temperature
dependent high-frequency permittivity €. In Table 1
we list 7,/( p,€,) which agrees rather well with the
experimentally obtained value of €,.

At temperatures close to the calorimetric glass
temperatures, 7,(7) and p,(T) exhibit abrupt
changes of slope. The temperature of this anomaly
can be identified with the glass temperature T, for
the timescale set by the experiment [5]. This break in
slope can be rationalized by the notion that above T,
two hindering barriers add up to the observed activa-
tion energy: the hindering barrier against the rear-
rangement of the surrounding liquid structure and
that for the motion of the ionic charge carriers
through channels provided by the environment. Be-
low T, the environment of the charge carriers is
frozen on the timescale of the experiment leading to
a significantly smaller activation energy [5] (see
Table 1).

To give a quantitative measure of the fragility of
glass-formers, a strength parameter D = E /T can
be calculated from the VF parameters describing the
conductivity relaxation [3,27]. Values of D, (Table
1) characterize the molten nitrates as fragile glass-
formers. However, one has to be aware that, due to
decoupling of primary, structural relaxation (mea-
sured, for example, by the viscosity and character-
ized by a relaxation time Tp) from the conductivity
relaxation, the ‘true’ value of D may deviate from
D, . Decoupling which is well established for CKN
[5.12] can be expected to be most prominent below
T, where the charge carrying ions may be still
mobile in channels provided by the lattice which is
static on the experimental timescale.

A related approach to characterize the fragility of
glass-formers is by the fragility parameter m =
d(log,, 7)/d(T,/T) which is the slope of 7(T) at T,
in a scaled Arrhenius representation [28). For CKN,
from dynamical light scattering [29] and dynamic
specific heat measurements [30] m = 93 has been
determined [27] which is larger than m, = 54 as
obtained from the slope of 7,(T) at T,. If one
accepts that 7, is a measure for the dynamics of the
ions, another indication for the decoupling of pri-
mary and conductivity relaxation in the nitrate mix-
tures can be inferred from the finding that near the
glass temperature, 7, is not equal to ~ 100 s as it
should be for fully coupled responses. The decou-



100

pling indices R: = 100s/7,(T,) are given in Table 1.
R values between about 102 and 10* are obtained. It
is noted that CKN, CRN, and MNN fit very well into
the correlation scheme obtained by Angell [31] which
connects the width parameter 8 in the glassy state
(cf. Table 1) and the decoupling index R of ionic
glasses. For MKN only a rough agreement is ob-
tained.

In Fig. 9 the stretching exponents B as deter-
mined from the fits of M"(v) are shown for CKN
[5,12], CRN, MKN, and MNN. B determines the
width and asymmetry of the modulus peaks. A value
of B=1 corresponds to single-exponential relax-
ation behavior. As seen in Fig. 9, in the liquid phase
the stretching exponents of all nitrate mixtures inves-
tigated are temperature dependent with a clear ten-
dency to decrease with increasing temperature as it
has been found in some other glass formers, too [32].
B(T) becomes approximately constant yielding a
value of 0.6—0.7 which, for CKN, agrees well to the
findings from other experimental techniques [6-9].
Even far in the liquid phase, B(T) does not approach
unity as could naively be expected having in mind
the dynamical averaging usually associated with the
very fast fluctuating environments in the ionic melt.
This behavior seems to indicate that even in the
liquid state the conductivity relaxation is not a single
ion phenomenon but still is dominated by coopera-
tive effects. However, in an ultrasonic study by
Angell and Torell [33] it has been shown that for
higher temperatures, 7> 500 K, B indeed ap-
proaches unity.

A consequence of the modulus formalism is the
prediction of the existence of a dielectric relaxation
feature in €'(T) (the corresponding anomaly in €"(T)
is hidden by the strong conductivity contributions).
This follows from simple considerations of a non-ex-
ponential conductivity relaxation or if there is a
distribution of relaxation times [23]. It has been
shown [34] that in case the KWW function is as-
sumed to describe the conductivity relaxation, the
ratio of €, and the limiting low-frequency dielectric
constant, €., is given by: €/€. = B
re/B)/r*/p). For CKN and CRN with g=
0.63 in the relevant temperature range (Fig. 9), this
ratio should be 1.9. This prediction is in reasonable
agreement with the relaxation steps observed in CKN
[5,12,35]) and CRN (Fig. 3).

Finally, we will discuss the specific heat results of
Fig. 8. In crystalline solids the specific heat follows
a T dependence at low temperatures which can be
described in terms of the Debye heat capacity due to
long-wavelength acoustic phonons. Amorphous ma-
terials are characterized by additional low-tempera-
ture contributions [36]: C,=c,T*+ cpT> + c -
The first term is time dependent and almost linear in
temperature (o = 1). It can be ascribed to two-level
tunneling excitations [37,38]. ¢,T° is the Debye
specific heat and c,,. is an excess contribution. In
most glasses, c,,. shows up between 4 K and 20 K
and is believed to result from an excess density of
states due to localized vibrational excitations. In
light- and neutron-scattering experiments this excess
density of states shows up in the dynamical suscepti-
bility and has been termed Boson peak. It has been
pointed out by Sokolov et al. [39] that this excess
peak is well developed for strong glass-formers,
while a peak can hardly be detected in fragile sys-
tems. They defined Q, the ratio of C, at the peak
minimum and at the maximum which shows up
between the excess contribution and the tunneling
term. This ratio was found to be Q < 0.5 for strong
and Q = 1 for fragile systems [39].

As a representative example we plotted C,/ T’
vs. T for vitreous silica [40] (inset of Fig. 8) and
compare these results with the heat capacity obtained
for CKN. Here the low temperature values (T<2K,
open circles) have been taken from a study by
Raychaudhuri and Pohl [41]. The excess peak and
the minimum are well developed in amorphous SiO,
which is a strong glass-former. For CKN essentially
only a plateau can be detected, characteristic for
fragile liquids with Q = 1. Fig. 8 reveals that CKN,
MKN and MNN exhibit a similar low-temperature
heat capacity. Obviously, they all belong to the class
of fragile systems which corresponds to the low
strength index listed in Table 1.

5. Conclusions

The electrical properties of glass-forming metal—
nitrate mixtures CRN, MKN, and MNN investigated
are qualitatively and quantitatively similar to that of
the thoroughly studied nitrate glass CKN. The behav-
ior of the complex conductivity is typical for ionic



conductors and can well be described using predic-
tions of the modulus formalism. At temperatures
near 7, the primary response and the conductivity
relaxation decouple. The temperature dependencies
of the conductivity relaxation times and the excess
peak in the specific heat are characteristic of fragile
glass-formers.
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