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Abstract. Measurements of the complex dielectric constant of single-crystal proustite over
the frequency range 1072-5 x 10° Hz have shown the presence of a temperature-dependent
relaxation process with characteristic times of between 1 X 1072 and 6.5 X 107*s, Three
activation energies are observed in the resistance measurements which correlate with
reported phase transitions in this material.

The dielectric relaxation can be interpreted in terms of a combined model, in which the
‘Universal’ dielectric dispersion law describing the anomalous low-frequency behaviour is
combined with a two-layer Maxwell-Wagner model to account for the relaxation processes.
The limited dielectric properties of the material have been established.

1. Introduction

High-quality, single-crystal proustite (Ag;AsS;) has attracted considerable attention
during the past two decades because of the unusual nature of its physical properties and
its potential for device applications in both non-linear optics and acousto-electronic
systems [1, 2].

Among the various physical properties, the dominant interest has been in the elec-
trical and optical properties of this material, since they relate directly to its technological
importance. It has been established [3, 4] that this compound exhibits mixed electronic
and tonic conduction, and that the ionic component dominates the conductivity at
temperatures in excess of 230 K, with a transport number of 1.02. Dielectric dispersion
studies have shown [3, 5] that proustite exhibits a very large room-temperature dielectric
constant at low frequencies (=3000 at 1 KHz) and much lower values (=22} at fre-
quencies greater than 1 MHz.

A detailed literature survey, carried out in the course of this work, has shown that
most of the conductivity and dielectric constant measurements have been made with
respect to temperature, and very little information exists with respect to the frequency
dependence of the individual components of the complex dielectric constant, especially
at very low frequencies. This lack of detailed knowledge is unfortunate, in view of the
importance of this frequency range in applications technology. The limited publications
available [3, 6] that consider the relaxation processes in this material provide an incom-
plete picture of its properties, and it has been concluded [3] that the frequency depen-
dence of the conductivity and dielectric constant can not be described by a simple Debye
relaxation model.
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In recent years, however, it has been realised that the low-frequency response of
many materials follows a similar pattern [7], particularly for those solids whose dielectric
susceptibility involves a significant contribution from charge transport. Typical of this
behaviour is the appearance of an anomalous low-frequency dispersion (ALFD) [8, 9]
whose detailed physical origin is still not well understood.

Aspart of a detailed investigation of the electrical and optical properties of proustite
over a wide frequency range [10-12] we have investigated the relaxation processes from
1072to 5 x 10° Hz at various temperatures between 82 K and 293 K. The results of this
study show a relaxation behaviour that cannot be classified by a simple Debye model.
At the frequency for which '(w) shows evidence for a typical relaxation process, &"(w)
reaches a plateau with no signs of the anticipated maximum dielectric loss. At low
frequencies there is also a well established ALFD process observed at room temperature,
which we believe may arise from the thermally excited Ag* ion charge carriers. In
order to account for these observations, this work combines the ‘Universal’ dielectric
dispersion law [7] into the well known Maxwell-Wagner two-layer model.

2. Experimental

The specimen used in this study was a synthetic single crystal cut into the form of a
parallelepiped with dimensions 4.60 X 4.30 x 4.60 mm?®, the edges being parallel to the
x, y and z axes of the crystal respectively.

The ac conductivity, and dielectric constant measurements were carried out with
the electric field parallel to the y axis (i.e. perpendicular to the crystallographic ¢ axis).
Contacts were made using silver paste electrodes and a number of Ac bridges were
employed during the observations. The very low-frequency (107%-10° Hz) measure-
ments were made using a computer-based four-terminal impedance spectrometer with
an accuracy of 0.1% [13]. The audio-frequency (200 Hz-50 kHz) and radio-frequency
(50 kHz-5 MHz) measurements employed a Wayne-Kerr B224 and B601 admittance
bridges with experimental precisions of better than =0.3%.

Proustite is known to be a photosensitive semiconductor, and even very low light
levels cause significant changes in the measured values of the complex dielectric constant
[11, 14, 15]. Furthermore, these effects have a long recovery time after the illumination
isremoved, and the measured values of both the AC conductivity and dielectric constant
depend upon the illumination and thermal history [1, 16, 17]. To avoid time-dependent
changes originating from these effects, the specimen was maintained continuously in
total darkness, and measurements were only commenced several days after sealing the
cryostat.

In order to prevent the growth of silver dendrites at the electrodes, due to the high
silver-ion mobility in this material, very small voltages were applied to the electrodes
during the observations. For the very low-frequency measurements these were <0.1 mV
peak to peak and for the others <0.5 V peak to peak. The temperature-dependence
dataweretakenatintervalsof2-5 Kandbetween Sand 7 points per decade were obtained
for the frequency-dependence measurements. Temperature stability was controlled to
within 1 K.

The frequency dependence of the real part of the complex dielectric constant, €',
obtained using these systems is shown in figure 1(a) for several temperatures between
82 Kand 293 K. Asmay be seen, at the lowest frequencies the dielectric constant reaches
extremely high values, being close to ¢’ = 10° at room temperature. As the frequency
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increases, the values rapidly decrease, showing an ALFD behaviour with slope of —0.62.
In the frequency range 10>~10* Hz at room temperature, £’ decreases rapidly by almost
three orders of magnitude to an approximate constant high-frequency value in a manner
typical of a relaxation process.

The relaxation frequency in the &’ response can be defined where wr = land ¢’ =
(g, + €.)/2. These frequencies are indicated in figure 1(a) and the corresponding
relaxation times are tabulated in the inset. At room temperature, this high-frequency
value corresponds to £’ = 22.5 in agreement with other published values [1, 3]. Finally,
it is evident from figure 1(a) that the relaxation frequency decreases with temperature,
indicating an increase in the characteristic time for this relaxation.

The imaginary part of the dielectric constant, ", and the derived conductivity, o,
are shown in figure 1(b) and (c), as a function of frequency at a number of temperatures
between 82 K and 293 K. In contrast to the behaviour expected for a Debye relaxation
process, £" does not pass through a maximum at any frequency, but rather shows a
continuous decrease with frequency, which is broken only by a small plateau region at
a frequency slightly less than that of the ¢’ relaxation in figure 1(a). This is frequently
referred to as a ‘non-Debye’ relaxation process.

Atlow frequencies, the conductivity data show a continuous increase with frequency
that is frequently observed for solids in which charge carrier hopping dominates the
conduction process [7]. The mechanism responsible for this behaviour was discussed
originally by Pollak and Gaballe [18] for chalcogenide glasses and subsequently by
Jonscher [7] who applied it to a wide range of materials. We believe that the same model
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may be applied to proustite in which Ag”* ions execute a thermally driven hopping
motion through the lattice. The assumption is supported by the observation (figure 1)
that the low-frequency dispersion of the dielectric constant £’ becomes stronger with
increasing temperature, a behaviour that results from the increased thermal excitation
of the silver ions. It is worth noting that the ionic hopping motion contributes to both
components of the complex dielectric constant since it can oscillate within a normal
lattice site as a dipole, and suffer scattering during its extended hopping motion [7].

The temperature dependencies of the dielectric constant and the conductivity are
shown in figures 2 and 3. Figure 2 shows that the increase in ¢’ with temperature occurs
in two ranges. Below 230 K the rise is relatively slow compared with the much faster
increase beyond this temperature. It is noticeable in these data that the overall increase
is faster at 122 Hz and 1 kHz than it is at other frequencies, a fact that we believe is
associated with the proximity of these two frequencies to the relaxation frequency. The
mechanism responsible for this will be discussed later.

As may be seen from figure 3, the log(cT) versus 1/T variation exhibits a number of
linear regions over the temperature range studied, implying the existence of a number
of activation processes in the conduction mechanism. Using the usual relation for ionic
conductors, i.e. oT o« exp(—E/kT), we obtain the values of the activation energy shown
in table 1. Itis interesting to note that the intermediate energy processes (E = 0.06 eV)
which occurs between 110 K and 220 K vanishes for frequencies less than approximately
10 Hz.

3. Discussion

It has long been known that dielectric relaxation effects can occur through a Maxwell~
Wagner two-layer structure [19, 20] in which the space charge interfacial region and the
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Table 1. Temperature variation of activation energy

Frequency 10K 122 10.8

(Hz)

Region A B C A B C A B C

Temperature

range (K) 293-217 217-110 110-82 293-236 236-104 104-82 293-236 236-111 111-82

E (meV) 189 60 17 163 50.6 14.3 159 43 11.7
Average® Figure 7° 1K ([24])

Region A B C A B C A’ B’ C’

Temperature below

range (K) 293-223 223-109 109-82 250~200 200-160 160

E (meV) 170 51 14.3 156 61 14.3¢ 200 60 90

® Average values using the data for the three frequencies above.
® Values taken from the fitting parameters describing the temperature dependence of the relaxation time.
¢ Average value, see text.

crystalline bulk form a layered dielectric. In such a system both layers have their own
characteristic dielectric constant, conductivity and thickness as shown in figure 4(a), in
conjunction with the equivalent RC circuit. The apparent dielectric properties for such
a model are given by:

0=0, + (0, — 0.,)/(1 + w*1?) g =¢el,+ (e —el)/( + w*1?) (1)
where
o, =d/(d,/o, + d,/0,) @
0. =d(d0\/e* + dyo,/el)/(di/e] + dyfe3)
e, =d(diei/of + dye3/03)/(dy/0) + dy/0,)* 3)

el =d/(d,/e} + dy/e3)
T=¢y(e1dy + €5d1)/(01dy + 02d)) = €5(e{ — €1)/(0. — 0y) 4)

where g, is the permittivity of free space.

When this two-layer model is used in connection with the frequency-dependent
complex dielectric constant it is generally assumed that both the low- and high-frequency
limits of £, o, and €, 0. are frequency-independent constants [19-21], leading to the
typical two-layer relaxation spectrum shown in figure 4(b). It is clear however, from the
relations shown in equations (2) and (3) that these limiting values must depend on both
temperature and frequency through the material parameters €1, €5, 01, 04, d; and d,.
Consequently some considerable attention must be given to the selection of these fitting
constants. As may be seen from figure 1(a) and (c), both ¢’ and o tend to constant values
as w—  and in this case the high-frequency limits €. and o, can be determined
unambiguously (see table 2 for values).

The assignment of the low-frequency limits £ and o,is much more difficult, however,
since both terms vary continuously as w — 0, as many be seem from figure 1. Clearly, in
order to determine these fitting parameters it is necessary to adopt some model for this
low-frequency behaviour. In the present work we will adopt the proposal of Jonscher
[22] which was developed by Dissado and Hill [9] in terms of the many-body interactions
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between the charge carriers in the solid. In this approach the dielectric response of most
materials follows a ‘Universal’ empirical law, namely

e'(w)—eL,xce(w)w™ o <w, (5)
and
1

e'(w) — el xe"(w) <« w"” w>w,

where o, is the crossover frequency of the £’ and €” relations, and the exponents of p > 0
and n < 1. From the relation o(w) = weye”"(w), we have

o(w) < w!™? w <o, (6)
and
o(w) = " w> o,

In keeping with other workers adopting the two-layer model [19-21] we shall assume
that the real part of the dielectric constant is unchanged between the layers (i.e.
€] = g5) and, for simplicity, we shall also assume that the parameters describing the
individual bulk and space charge layers have the same frequency dependence as given

Table 2. Fitting parameters used in figure 6.

ey(f.=7.5Hz) =3.5x10* of.=7.5Hz) = 2.48 x 1077
gL =22.5 0.=12x10"%(Qcm)™!

T =6.47 x 107%s f.=75Hz

A =307 x 107570 B =195

C=48x%x10"%(Qcm)s03% p=0.62
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showing a crossover frequency of f, = 7.5 Hz.

by equations (5) and (6), and under these conditions we have then

e1(w)=¢el(w)=Ew™? + gl w < w,
ej(w) = ¢ej(w) =&t + €l 0> w, (7)
o(w)=ogguw!? o<
’ l fori=1,2 ¢
G,»((U)=0,-0w" (J)>U)C

where &g, 0, are constants.

Since the space charge layer thickness d, is a slowly varying function of frequency
[23], it maybe assumed to be constant over the relatively small frequency range w1 < 1
involved here.

In order to evaluate the limiting values € and g, (for wt < 1) we can substitute the
expressions of equation (7) into equations (2) and (3) to give

el =Aw7? + B}
forw < w, (8)
o, =Cw!™?
and derive the constants A, B, C and p by fitting to the experimental data. In these
expressions, the coefficients are independent of frequency within the assumptions being
made, and are given by:

A=d(d;/ol +dy/0%)E0/(d1/0r10 + d2/02)?
B =d(d, /o7 + dy/0%)el/(d1/0y + dy/oy) 9)
C=d/(d\/oy + dy0y).
These constants involved in this fitting procedure for the low-frequency data are given
in table 2.
In order to obtain the best fit of log €’ versus log w and log o versus log w variations
we can substitute the limiting values ¢, and o, from equation (8) into equation (1).

Following other workers we will assume that in doing so then £, and g for frequencies
w > @, may be treated as constants given by

g, =ei(w= wc)}

forw > w.. (10)
o = o(w =)

This approach has been generally adopted [19-21] and shown to hold. The crossover
frequency used in the present work has been takentobe f = 7.5 Hz as indicated by figure
5, which shows the full experimental frequency dependence of both ¢’ and ¢” at room
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Figure 6. Comparison of the experimental data (T = 293 K, full circles) with the theoretical
predictions (broken curves) for both log ¢ versuslog fand log o versus log f. The parameters
corresponding to the theoretical fit are given in Table 2.

temperature. For low-frequency limits of ¢, and o, for w > w, thus determined, see
table 2.

Thepredicted frequency dependences of both £" and o at room temperature obtained
in this way and using the constants of table 2 are shown in figure 6 along with the
experimental data for comparison.

The close agreement between the theoretical and experimental data points give
strong support to the use of a combined model of the dielectric response at low fre-
quencies in materials with inhomogenous, carrier dominated conductivity. The rela-
tively small discrepancies observed in figure 6 may be associated with the assumptions
concerning the dielectric constant in the two layers and that the thickness terms are
frequency independent.

We are now in a position to discuss the temperature dependence of the dielectric
response shown in figures 2 and 3. The rapid increase of ¢’ above 230 K (figure 2) is
obviously due to the increasing contribution from the thermally excited Ag* ion hopping
motion asmentioned above. Therelatively faster change in ¢’ with temperature observed
in the intermediate frequency range (100-1000 Hz) may be understood in terms of the
Maxwell-Wagner model. At high frequencies, say f= 10kHz, wr > 1 and ¢’ — ¢/,
consequently

de'(w)/dT =del/dT ot > 1 (11
while at low frequencies wr <€ 1and ¢’ — ¢, giving

de'(w)/dT=de!/dT ot <1, (12)
In the intermediate frequency range, however, for which wr = 1, then

de'(w)/dT =3d/dT(e] + €l) — 3w(e! — e.)dr/dT. (13)

Using these relations, it is readily shown that the temperature dependence of ¢’ in
the intermediate frequencies, close to wt = 1, will be significantly greater than that at
other frequencies. The nature of these results is given in table 3 for a temperature of
175 K along with the experimental values.

Turning now to the temperature dependence of the relaxation mechanism as
described by the time constant 7, if we assumne that the space-charge layer resistance is
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Table 3. Comparison of the temperature coefficients 1/¢'(w) de'(w)/d T at 175 K. Three
predicted low-frequency values were calculated using equation (11); the high-frequency
10 kHz value from equation (12), two intermediate-frequency values from equation (13)
and all experimental values from figure 2. The values of de}/dT = 36 K™, d¢'../dT =
4.6 X 102K, dr/d T = 2.4 X 107° were found from figure 1(a).

Frequency Experimental Predicted
(Hz) (234 values (K1) values (K1)

0.17 4.0x107* 8.1x107? 1.2 x 1073

0.36 3.2x1073 9.1 %107 1.5 x 1073

10.8 2.6 x 1072 6.9 x 1073 2.7 x 1073

122 29x107! 1.1x1072 6.4 x 107

1000 24 1.6 X 1072 1.1 x 107!

10000 24 8.0 x 107* 2x1073

A B " C
} 109K
1077 [
L
W
w22k ’o,//
= }/O‘/ Figure 7. The variation of the relaxation times
10k /o'/ with temperature. The broken curves are fitted to
& the experimental data while the low-temperature
| | I | | (region C) curve (chain) is drawn using the aver-
3 5 7 9 1 13 age values from figure 3 and table 1 at these tem-
17T (1073K7Y peratures.

much larger than that of the bulk (i.e. d,/0, > d,/0,) and that the dielectric constants
of the two layers are equal (i.e. €] = €5 = €.) [18-21] then equation (4) reduces to

T =¢gyeLd/d,0,. (14)

Changes in t with temperature will clearly be dominated by the behaviour of the
conductivity term o, (= nqu), and hence by the temperature dependence of the ionic
carrier density » and the ionic mobility .

The carrier density and mobility can be expressed as

n=ngexp(—@/2kT) = g exp(—U/kT) (15)

where @ and U are the Ag* ion formation energy and migration energy respectively.
Substituting equation (15) with the expression o = ngu into equation (14), we have for
the relaxation time

T =10/d; exp(E/kT) (16)

where E = @ + Uand 1y = gye.d/nyqu,.

The experimental values of 7 given in the inset to figure 1 are presented in figure 7
as a log 7 versus 1/7 variation. As may be seen, the observed data show a continuing
decrease in gradient with decreasing temperature. Using equation (16) this suggests that
the activation energy E is also temperature dependent in agreement with the results of
figure 3. Bearing in mind that it is the conductivity in both cases that leads to the observed
behaviour, we can compare the values derived from figure 3 with those obtained from
the observed variation of the relaxation time shown in figure 7. At both the high (region
A, 223 K < T'< 293 K) and intermediate (region B, 109 K < T < 223 K) temperatures
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of this figure this is straightforward and gives the values of E, = 156 meV and Ep =
61 meV, which agree remarkably well with those obtained by averaging the conductivity
results over the frequency range involved. These values are given in table 1 for com-
parison of the two sets of data. In the lowest temperature range (region C) there are
insufficient data to allow any form of curve fitting and in this region we have used the
average of the low-temperature values from figure 3 and table 1 as E, = 14.3 meV. The
theoretical variations based on these values are shown in figure 7 from which it is clear
that this series of exponential terms adequately describes the data, and that both the
conductivity and relaxation parameters may be described by the same process over the
different temperature ranges. Other evidence for temperature-dependent activation
energies had come from the work of Gorin et a/ [24], and their values, in essentially the
same temperature ranges, are also given in table 1. The values in both the high and
intermediate ranges are very similar to our own, but their low-temperature activation
energy is almost an order of magnitude greater than ours.

Since both the present study, and the earlier work [24] identify distinct thermal
processes in three ranges of temperature, it is interesting to speculate on the origin of
the changes that occur between the different temperature regimes. From the data
presented in figures 3 and 7 and table 1, two transition temperatures can be identified,;
these lie in the range 104 K < 7; < 111 Kand 185 K < T, <236 K. Temperatures close
to these, of course, are not unknown in connection with proustite. Semak er al/ [25]
associated changes in the pyroelectric behaviour at 110 K with a symmetry-lowering
phase change, and optical scattering studies [26, 27] have been used to identify a second-
order phase change at 210 K. These temperatures are clearly related to 7, and T, derived
above and suggest that we are seeing changesin the dielectric behaviour at these reported
phase changes. It must be pointed out, however, that these transitions are not observed
in all properties, nor in all samples, and there is considerable disagreement concerning
the behaviour of proustite in these temperature ranges (see [28] and references therein).
Rather than invoke a phase change at T} it is possible that we are seeing the changeover
from electronic to ionic conductivity at this temperature that has been reported by other
workers [3, 4], in which case the highest temperature activation energy (region A) relates
to the motion of the Ag™ ions throughout the lattice.

4, Conclusions

Measurements of the temperature dependence of the complex dielectric constant
between 82K and 293 K over a wide range of frequencies extending from 107 to
5 % 10° Hz have revealed the presence of a well defined relaxation process. The fre-
quency and relaxation time of this phenomenon varies with temperature, the relaxation
occurring at frequencies that decrease as the temperature decreases.

Both the observed temperature dependence of the conductivity and the derived
values of the relaxation time are consistent with a mechanism involving thermally
moderated activation and migration of carrier. This may be described in terms of an
energy E (= @/2 + U), where @ and U are the energies involved in the formation and
migration of the carriers.

Three distinct temperature regions are observed, which may be defined by the energy
values E, = 170 meV, Eg = 51 meV and E- = 14.3 meV with A, B and C occurring in
decreasing temperature order. The transition temperatures between these regions lie
close to 110 K and 220 K respectively, and may be associated with effects at these
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temperatures observed by other workers and identified as phase changes. It is possible,
however, that the transition at 7 = 220 K may be associated with the changeover from
electronic to ionic conductivity, in which case only the upper temperature region will be
associated with mobile Ag™ ions.

The ‘Universal’ dielectric dispersion power law has been combined with the
Maxwell-Wagner two-layer model to interpret the observed relaxation phenomena.
This method has been proved to be successful by the fair agreement between the theory
and experimental results.
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