
D y n am ic  C o n d u c tiv ity  o f  M o lte n  S a l ts

Part I: 3KNO, • 2 C a(N 03)2 at Frequencies from 100MHz to 4 0 GHz

K. Funke, J. Hermeling*, and J. Kümpers
Institut für Physikalische Chemie der Westfälischen Wilhelms-Universität Münster, 4400 Münster, 
and Sonderforschungsbereich 173, Federal Republic of Germany
Z. Naturforsch. 43a, 1094-1102 (1988); received September 13, 1988

The dynamic ionic conductivity of the molten salt 3 KNOa • 2 Ca(N03)2 has been measured at 
frequencies from 100 MHz to 40 GHz, at temperatures between 422 K and 478 K. Coaxial and 
rectangular waveguide systems have been used at 0.1 to 18 GHz and at 18 to 40 GHz, respectively. 
The conductivity is found to display the dispersion that is characteristic of the so-called "universal 
dielectric response". A similar dispersion was observed earlier at lower temperatures and frequencies. 
The data form arcs in the complex conductivity plane, with centers below the real axis. The modulus 
representation turns out to be comparatively involved and indirect, M" featuring two maxima, while 
the conductivity data traverse a single arc in the complex plane. The present results are interpreted 
in terms of a non-Debye jump-relaxation model involving only one reorientational relaxation time. 
This time and its temperature dependence are close to those derived from other techniques.

Introduction

The glass forming molten salt 3 KNOa • 2 Ca(N03)2 
is a simple ionic system with interesting dynamic 
properties. Relaxation-type processes have been ob­
served by different techniques in this material, includ­
ing longitudinal [1] and transverse [2, 3] ultrasonic 
studies as well as Brillouin scattering [4, 5] and electri­
cal relaxation [6] measurements. The (mean) conduc­
tivity and shear relaxation times have been found to 
vary by about 10 and 14 orders of magnitude, respec­
tively, if the temperature is changed from 330 to 650 K 
[6, 7],

In 3 K N 03 • 2 Ca(N03)2, the glass transformation 
range extends roughly from 330 to 360 K [7-9]. With­
in this range, the system is known to show the charac­
teristic features of the so-called "universal dielectric 
response" [10], comprising in particular the transition 
from a well-defined low-frequency conductivity to a 
power-law behavior of the electrical conductivity, 
a oc cop, which is observed at sufficiently high frequen­
cies. The existing data [6], see Fig. 1, are limited to 
frequencies v = co/2 n < 1 MHz.

The shape of a(co) has been described by consider­
ing a distribution of relaxation times [6, 7, 11] and
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by introducing a fractional exponential relaxation 
function [6, 7, 11, 12]. The data have often been 
presented in terms of the complex dielectric modulus, 
M = M '+iM " = i~ x =(e' — is " ) '1, see [12, 13, 6, 7], or 
by use of the normalized complex modulus, N, which 
is related to M via N(co) = M(co)/M'(oo). It should, 
however, be pointed out that the above formal de-
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Fig. 1. Low-frequency conductivity dispersion of 3 KN03 
• 2 Ca(NQ3)2 at 333 K to 366 K, according to [6].
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scriptions are merely convenient empirical ways of 
representation. A priori, they do not provide any in­
sight into the actual microscopic relaxation process.

The technique of Brillouin scattering has been 
applied to analyze the structural relaxation in molten 
3 K N 03 • 2 Ca(N03)2 in the high-temperature, high- 
frequency regime [4, 5], The spectra yield the tempera­
ture dependence of the velocity and attenuation of 
sound waves at frequencies of about 10 GHz. The 
modulus representation has been used to discuss the 
data. It has been concluded that -  in terms of the 
normalized complex longidutinal modulus, iV,, -  a 
single relaxation time, r, is sufficient to describe the 
relaxation in the melt, at least at temperatures above 
ca. 473 K [7]. At these temperatures, the imaginary 
part of jV,(co) should accordingly be given by the sim­
ple expression

8 9 
log (v/Hz)

Fig. 2. Imaginary part of the normalized longitudinal modu­
lus of 3 KNO3 ■ 2 Ca(N03)2. The ultrasonic data taken at 
399 K are from [1], The narrow symmetric curve at 500 K 
corresponds to (1) and has been suggested by Angell and 
Torell [7],

n;'(co) =
1 +(co r) (1)

In Fig. 2 we reproduce a plot of this function, at 500 K, 
from [7]. Figure 2 also shows the measured frequency 
dependence of N" at 399 K as obtained from ultraso­
nic data [1], see also [7], If (1) is valid and if, moreover, 
N and TV, are assumed to be identical or similar func­
tions of frequency, cf. [7], this implies that the dynamic 
conductivity, er(co), should be constant or approxi­
mately constant, showing no pronounced dispersion 
up to millimeter-wave frequencies or beyond. Also, on 
the basis of Fig. 2, the shape of N"(co) might be ex­
pected to exhibit a gradual change within the temper­
ature range from 400 to 500 K, approaching the form 
of (1) in a rather continuous fashion.

In our present study we have measured the dynamic 
conductivity of molten 3 K N 03 • 2 Ca(N03)2 at radio 
and microwave frequencies in order to test the validity 
of the above assumptions and, more generally, to 
learn more about the short-time relaxation processes 
in this material. In the following we will show that 
even at 478 K the conductivity is found to display 
the typical dispersion already known from the low- 
temperature, low-frequency conductivity spectra of 
Figure 1. Furthermore, the shape of M"(log v) does 
not continuously change from a broad asymmetric 
distribution to a relatively narrow symmetric bell- 
shaped curve, see Fig. 2, as the temperature is in­
creased above 400 K. Instead, at temperatures around 
450 K, M"(log v) is found to have two maxima, cf. 
Fig. 12, while the conductivity traverses a single arc in 
the complex plane.

Our present results will be interpreted in terms of a 
simple jump-relaxation model, which was originally 
designed for application in structurally disordered 
solid electrolytes. The relaxation processes described 
by the model are non-Debye in character, although 
only one reorientational relaxation time is involved. 
This time and its temperature dependence turn out to 
be close to those derived from the Brillouin scattering 
data [4, 5] and from the shear viscosity [2, 3].

Experimental

Samples were prepared from reagent grade chemi­
cals. Ca(N03)2-4H 20  was dehydrated in a vacuum 
chamber for four days, at temperatures increasing up 
to 220 °C. During the dehydration process, it was in­
termittently ground and analyzed gravimetrically. 
The K N 03 was dried for two days, at temperatures 
increasing up to 180 °C. Aliquot amounts of Ca(N03)2 
and KNOa were dissolved in one another at 270 °C. 
The resulting clear melt of 3 KNOa • 2 Ca(N03)2 was 
kept at 220 °C.

Figures 3 and 4 are block diagrams of the experi­
mental set-ups used in the coaxial and rectangular 
waveguide regimes, respectively. In both measuring 
assemblies, an hp 8350 B sweep oscillator and an 
hp 8757 A scalar network analyzer are controlled 
by an hp 9000 (series 300) desk-top computer. The 
arrangements of Figs. 3 and 4 allow for fully auto­
mated swept measurements. The coaxial and rectan-
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Fig. 3. Block diagram of experimental set-up in the coaxial- 
waveguide frequency range.

Fig. 4. Block diagram of experimental set-up in the rect­
angular-waveguide frequency range. SO: sweep oscillator; 
SNA: scalar network analyzer; DC: directional coupler; C: 
circulator; S: sample; I: isolator; D: detector.
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Fig. 5. Exploded view of coaxial-waveguide sample assembly 
and travelling waves in different media. TD: teflon disks; 
B: inlet borings for melt.

Fig. 6. Exploded view of rectangular-waveguide sample 
assembly.

gular assemblies shown in Figs. 3 and 4 have been 
used at frequencies ranging from 0.1 to 18 GHz and 
from 26.5 to 40 GHz, respectively. At K-band frequen­
cies, from 18 to 26.5 GHz, the set-up of Fig. 4 was 
simplified by not including the isolator and by replac­
ing the circulator by a 3 dB directional coupler.

The quantities measured are the absolute values of 
the complex transmission and reflection factors, 11\ 
and |r |,  of the sample sections within the waveguide 
systems. Exploded views of the sample sections are 
shown in Figs. 5 and 6, for the coaxial and rectangular 
case, respectively. Figure 5 includes a schematic repre­
sentation of the nine individual travelling waves in the 
various media, i.e., in air, in the window material (tef­
lon, see Figs. 5 and 6), and in the molten salt itself. Let 
us denote the nine complex amplitudes of the respec­
tive electric fields by E0l to Eoq. The measured scalar 
quantities may now be written as

If I = I F09/F011
and

I I  = I E02l£011. (3)

The eight ratios, E02/E01 to E0q/E01, are uniquely 
determined by the dielectric and electric properties of 
the materials involved and by the requirement that the 
transverse electric and magnetic field components be 
continuous at the interfaces. The continuity condi­
tions give us a set of eight simultaneous complex equa-

inlet borings

connections to 
neighboring flanges
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Fig. 7. A transformation network at 1.5 GHz (2 mm teflon 
disks, 10 mm sample); a' is in l/(Qcm).
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Fig. 8. Conductivity dispersion at 453 K as obtained from 
samples of different lengths.

tions which are linear in the eight rations, E02/E0l to 
E09/E0l, but transcendental in the dielectric and elec­
tric properties of the sample. It is therefore not easily 
possible to compute the complex permittivity, e (co), or 
the complex conductivity,

a (co) = a' (co) 4- i a" (co) = icos0e (co), (4)

directly from 11 | and | r | . The set of equations is, 
however, easily solved for the ratios, E02/E01 to 
£09/£01, if one assumes certain values of the real parts 
of £ and d, which are called e' and a'. Transformation 
networks,

f\), (5)

log (v/Hz)

Fig. 9. Conductivity dispersion at temperatures from 422 K 
to 478 K. The solid lines have been claculated from our 
jump-relaxation-type model. The arrows mark the particular 
frequencies vrr = (2 n r)~

may thus be prepared, and this has been done for each 
frequency and different sample lengths. An example is 
shown in Figure 7. In the experiment both permittiv­
ity and conductivity of the sample are automatically 
read from the relevant network and immediately 
plotted as functions of the frequency. In some cases 
the transformation (11 \, \ f \) -»• (a', e') turns out to be 
multivalued, so o' and e' cannot be read from the 
network in an unambiguous way. Such ambiguities 
are, however, easily removed by using a set of different 
sample lengths.

Results

Figure 8 is a log-log plot of the conductivity, a ', 
versus frequency at 453 K. The figure shows that dif-
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Fig. 11. Representation of experimental data at 453 K in the 
complex-permittivity plane. The solid line results from our 

Fig. 10. Frequency dependence of e" and e' at 453 K; experi- model. Points of constant M" form semicircles. The semi-
mental data. circle in the figure corresponds to M" = 0.027.

ferent sample lengths yield consistent results. It also 
gives an impression of the scatter of the experimental 
data.

The mean values of the different 453 K runs are 
replotted in Fig. 9, together with data obtained at 
422 K and at 478 K. It is evident that the spectra of 
Fig. 9 are similar to those of [6], see Fig. 1, and that 
trends already visible in the low-temperature results 
[6] are now continued: as the temperature is increased, 
the onset of the increase of er'(v) is shifted to higher 
frequencies; as a result, the formal activation energy 
turns out to be smaller in the power-law frequency 
range than it is in the limit of low frequencies.

The solid lines of Fig. 9 result from our model which 
will be outlined in the next section. At the present 
stage we note the following:
i) The general dependence of a' on both frequency 

and temperature is very well reproduced by the 
model.

ii) An additional relaxation process seems to show up 
below 1 GHz, see especially the spectrum taken at

453 K. This process has not been considered in the
model calculation.

The real and the imaginary part of the relative per­
mittivity, £'(v) and £ "(v), are both found to decrease 
continuously within the experimental frequency range. 
This is shown in Figure 10. In Fig. 11 we present a plot 
of s" = a' (e0 co) ~1 versus e' at 453 K. The figure con­
tains experimental data as well as the result of our 
model calculation (solid line). The parameter values are 
as in Fig.9, with £'(oc) = 6.8. Again, there is good 
agreement between model and experiment at suffi­
ciently high frequencies, where e' is smaller than 15. In 
the complex-permittivity plane, an arc-shaped feature 
extending from e'^15 down to e'(oo) corresponds to 
the substantial increase of a' observed at frequencies 
above 1 GHz. The existence of a non-zero low- 
frequency conductivity causes e" to increase as 1/v in 
the low-frequency limit. While the additional relaxation 
process not described in our present model calculation 
yields only a minor variation of conductivity below
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1 GHz, the effect is much more dramatic in the permit­
tivity plane, where we observe the corresponding varia­
tion of e'.

The conventional way of representing frequency de­
pendent electric and dielectric properties of materials is 
to do so in terms of conductivity and permittivity, see 
Figs. 9-11. Other ways of plotting the data are in­
cluded in Figs. 12-15. The four different representa­
tions of Figs. 12-15 are all isotherms at 453 K. In each 
of these, the experimental data are shown along with a 
solid line which has been obtained from the model. The 
values of the model parameters are always the same as 
in Figs. 9 and 11.

In Fig. 12 the data of Fig. 11 are replotted in terms of 
the imaginary part of the dielectric modulus,

M"

iog (v/Hz)

Fig. 12. Frequency dependence of M" at 453 K; experimental 
data and model calculation.

Featuring two separate maxima, the shape of M" (log v) 
differs from the expectations outlined in the introduc­
tion. We particularly note that M"(log v) is no longer 
a simple bell-shaped function and that there is no 
gradual narrowing of M" as the temperature is in­
creased from 400 to 500 K.

It is easy to visualize the reasons for the formation 
of two maxima of M"(log v) instead of one, if we 
reconsider Figure 11. In this figure, lines of constant 
M" are semicircles with centers at e' = 0, e" = (2M")~1 
and radii R = (2M")_1- The particular semicircle for 
M" = 0.027 is included in the figure. Now the criterion 
for the existence of two maxima of M"(log v) is that 
the line of e"(e') should intersect at least one constant 
— M" semicircle four times. This is indeed the case in 
the example of Figure 11. The low-frequency maxi­
mum of M" would be even more pronounced, if the 
additional low-frequency relaxation did not exist, cf. 
the solid lines of Figs. 11 and 12.

Considering the fact that one relaxation process can 
create two maxima of M"(log v), we find the modulus 
representation more involved and indirect than the 
conventional representations. This point of view is 
emphasized by our Figs. 13-15, where the data are 
plotted in terms of conductivity and impedance and 
where the relaxation is described in a comparatively 
clear and simple manner.

In Fig. 13, the plot of Fig. 9 is extended to higher 
frequencies. According to the Kramers-Kronig rela­
tions and, more specifically, according to our model, 
the existence of a limiting value of the permittivity,

Fig. 13. Frequency dependence of a' at 453 K; experimental 
data and model calculation.

£'(oo), corresponds to the existence of a finite limiting 
value of the conductivity, a'(oo). Figure 13 shows how 
the conductivity should gradually approach this value.

Figures 14 and 15 are plots of the complex planes 
of conductivity and impedance, respectively. As the 
value of e'(oo) is not causally related to the relaxation, 
but due to faster processes, it is sensible not to include 
e'(oo) in these representations. The plotted complex 
quantities have, therefore, been corrected for e'(oo) in 
the following way:

^relaxM ■= <7((o) -  i CO £0 s '( CO), (7)

Zrelax(co):=l/drelax(co). (8)

In both representations the model predicts the forma­
tion of almost circular arcs, with centers displaced 
below the real axes, see the solid lines of Figs. 14 and 15. 
Note that the arcs approach the real axes vertically.
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Fig. 14. Complex-conductivity arc at 453 K; experimental 
data and model calculation.

Fig. 15. Complex-impedance arc at 453 K; experimental data 
and model calculation.

In the complex-conductivity plane, the experimen­
tal points closely follow the calculated arc. There is a 
minor deviation at 40 GHz (a' % 0.08 (Q cm) - *), due 
to characteristic experimental uncertainties at the Ka- 
band edge. On the other hand, the deviation at low 
frequencies and conductivities is a genuine property of 
3 K N 03 • 2 Ca(N03)2. It is attributed to the above- 
mentioned additional relaxation process. At frequen­
cies above 40 GHz, the validity of the calculated 
complex-conductivity arc will be checked by further 
measurements in the submillimeter-wavelength range. 
Clearly, the <xrelax-representation is a particularly suit­
able and simple way of describing the relaxation pro­
cess.

Due to the correction for e'(oo) in (7) and (8), the 
high-frequency value of Zrelax is not zero, but the in­
verse of a'(oo), see Figure 15. The experimental data 
closely follow the calculated Zrelax-arc, except for the 
low-frequency regime, where the additional relaxation 
is now a substantial feature of its own.

Discussion
The dispersion observed in the molten salt 3 KN03 

• 2 Ca(N03)2 is of the general type found also in many 
other ionic and polaronic conductors including glassy 
and crystalline solid electrolytes. The characteristics 
of this type of dispersion comprise the power-law be­
havior of a'(co) and the formation of almost circular 
arcs with depressed centers in the complex planes of 
conductivity, impedance, and permittivity. The gener­
ality of the phenomenon was first noticed by Jonscher 
[10] who termed it "universal dielectric response".

Microscopically, an understanding of the "universal 
dielectric response" requires the solution of a compli­
cated many-particle problem. A very general model 
was put forward by Ngai [14]. However, the model 
does not give a kinematic description of the micro­
scopic dynamics. The same is true of other models that 
have been proposed [15].

More recently, a rather simple kinematic jump- 
relaxation model has been suggested by one of us 
[16-18]. It applies to any structurally disordered sys­
tem of mobile charge carriers and is able to predict the 
main features of the "universal dielectric response". 
The solid lines of Figs. 9 and 11-15 have been calcu­
lated from this model. In addition to the lines, Fig. 9 
also contains arrows marking particular frequencies. 
These are defined by

where r is the reorientational relaxation time, see 
below. Compared with the relaxation time obtained 
from the shear viscosity and from Brillouin scattering 
[7], the present values are shorter roughly by a factor 
of five, but they have the same non-Arrhenius temper­
ature dependence, see Figure 16.

The basic idea of the jump-relaxation model is 
sketched in Figure 17. In the figure, the momentary 
position of a mobile charge carrier (an ion) is denoted 
by A. The ion may hop to a neighboring position B, 
which requires some activation energy A. Now the 
model assumes that, if the ion resides at A, the neigh­
borhood is structurally relaxed with respect to A. 
Therefore, the ion experiences a "conditional effec­
tive" single-particle potential which is normally higher 
at B than at A, see Figure 17 a. As a consequence, the 
barrier height for a backward hop, ö, is smaller than 
J, at least immediately after the hop from A to B.

Suppose the ion hops from A to B at time t = 0. We 
then have to consider two competing relaxation pro­
cesses at times t > 0:
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2.2 2.6 
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Fig. 16. Arrhenius plot of the reorientational relaxation time 
obtained from the present study, t, the average shear relax­
ation time [7], <rs>, and the longitudinal relaxation time 
from Brillouin scattering [5, 7], t l . The reorientation time 
Treor is from Raman data [19].

t=0*

t>0:

A B

Fig. 17. Conditional effective potential and its development 
with time, see text.

i) The ion hops back to A. The correlated forward- 
backward hopping sequence thus performed con­
tributes to the dynamic conductivity only at sufficient­
ly high frequencies, but not at low frequencies.

ii) The neighborhood relaxes with respect to B. The 
reorientation of the neighborhood is characterized by 
some reorientational relaxation time, t, and results in 
the formation of a new absolute minimum of the con­
ditional effective potential at B. In this case the initial 
hop has eventually proved successful and thus con­
tributes to the dc conductivity.

It is important to note that the backward barrier 
height, (5B̂ A(f), see Figure 17b, increases as the ion 
stays at B. Therefore, the relaxation time of the back- 
hop process increases. The relaxation is thus slowed 
down as time progresses. The resulting spectra hence 
look as if there were a "distribution of relaxation 
times".

The model considers the probability, W{t), that the 
correlated backward hop has not yet been performed 
at time t. A rate equation and simple geometrical 
arguments lead to a closed algebraic expression for 
W{t), which makes use of the exponential-integral 
function [18]. A useful approximation is

W (t)xexp{-2A (\-exp(-t/r))-(A  -S )/kT }, (10)

where A is some constant of the order of one and r 
is again the reorientational relaxation time of the 
neighborhood. The approximation of (10) is valid, if 
(A — S)/kT <1. Neglecting the finite duration of hops 
we may now construct the velocity autocorrelation 
function of the hopping motion,

<»(0) • »(0)hops= const • {ö(t) + W(t)}, (11)

where <5(r) is the delta function. The (frequency depen­
dent) coefficient of self-diffusion is obtained from (11) 
by Fourier transformation, and the conductivity is 
formed with the help of the Nernst-Einstein relation. 
Cross terms are neglected. The procedure yields the 
expression

*re.axM = ( W  ^ (0  eXP ( -  i CO t) dt j  C/(t T). (12)

The solid lines of Figs. 9 and 11-14 have been ob­
tained with the following set of parameter values:

A = 1,
(A -Ö) «  fc ■ 550 K (slightly T-dependent),

C = 8 • 10"10 (Ks)/(Q cm). (13)

Instead of (10) we have, however, used the respective 
expression given in [18]. The optimum values of the 
relaxation time t are those plotted in Figure 16. Thus, 
from our present data we obtain a non-Arrhenius tem­
perature dependence of r. As noted before, this is in 
agreement with results from other techniques, see 
Figure 16. The temperature dependence of both the dc 
conductivity and the relaxation time shows that A has 
to be much larger than kT. Within our experimental 
temperature range, A % 10 kT is a good estimate, 
again in agreement with [7], The difference, {A — 
k • 550 K, is thus found to be considerably smaller 
than the barrier heights, A and ö, themselves. Never­
theless it is this difference that causes the dispersion 
observed in the present study.

The charge carriers performing the correlated 
forward-backward hopping motion and thus causing 
the relaxation observed at frequencies above 1 GHz
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are most probably the potassium ions. The additional 
relaxation found at lower frequencies is tentatively 
attributed to a similar behavior of the calcium ions.

Conclusions

The dynamic conductivity of the simple molten salt 
3 K N 03 • 2 Ca(N03)2 has been determined in the 
radio and microwave frequency range up to 40 GHz. 
A pronounced dispersion has been detected. The shape 
of the frequency dependent conductivity is similar to 
the respective low-frequency data measured earlier in 
the glass-transformation temperature range [6], The 
spectra bear the traits that are characteristic of the

so-called "universal dielectric response". In favor of 
simplicity and clarity of representation it is proposed 
to display and discuss the data in terms of the complex 
conductivity rather than the dielectric modulus. The 
experimental results are shown to be consistent with a 
simple jump-relaxation model [16-18]. Application of 
the model yields a reorientational relaxation time with 
a non-Arrhenius temperature dependence.
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