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Abstract DC and AC electrical conductivities were
measured on samples of two different crystals of the
mineral aegirine (NaFeSi,Og¢) parallel (||) and perpen-
dicular (L) to the [001] direction of the clinopyroxene
structure between ~200 and ~600 K. Impedance spec-
troscopy was applied (20 Hz-1 MHz) and the bulk DC
conductivity opc was determined by extrapolating AC
data to zero frequency. In both directions, the log
opc — 1/T curves bend slightly. In the high- and low-
temperature limits, differential activation energies were
derived for measurements || [001] of Es ~0.45 and
~0.35 eV, respectively, and the numbers L [001] are very
similar. The value of opc || [001] with opc(300 K)
~2.0%x 107 Q@ 'em™ is by a factor of 2-10 above that
measured | [001], depending on temperature, which
means anisotropic charge transport. Below ~350 K, the
AC conductivity ¢’(w) (w/2n = frequency) is enhanced
relative to opc for both directions with an increasing
difference for rising frequencies on lowering the tem-
perature. An approximate power law for ¢’(w) is noted
at higher frequencies and low temperatures with
d’(w) < w°, which is frequently observed on amorphous
and disordered semiconductors. Scaling of ¢’(w) data is
possible with reference to opc, which results in a quasi-
universal curve for different temperatures. An attempt
was made to discuss DC and AC results in the light of
theoretical models of hopping charge transport and of a
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possible Fe*" — Fe’* electron hopping mechanism.
The thermopower O (Seebeck effect) in the temperature
range ~360 K < T <~770 K is negative in both
directions. There is a linear ® — 1/7 relationship above
~400 K with activation energy Eg ~0.030 eV || [001]
and 0.070 eV L [001]. >"Fe Mdssbauer spectroscopy was
applied to detect Fe>" in addition to the dominating
concentration of Fe’ .

Keywords Electrical conductivity - Impedance
spectroscopy - Thermopower - >’Fe Mossbauer
spectroscopy - Aegirine

Introduction

Natural silicates belong in general to the group of elec-
trical insulators, hence, the electrical conductivity is
comparatively low. The highest conductivity was as a rule
observed on Fe-rich silicates, which was found by com-
paring experimental conductivity results of a large num-
ber of silicates (Parkhomenko 1982; Schmidbauer et al.
2000). Obviously, the presence of Fe cations frequently
enhances electrical charge transport. A detailed investi-
gation of the related charge-transfer mechanism, how-
ever, is still missing. In this communication we present
data on the electrical conductivity of an Fe-rich clinopy-
roxene, aegirine (ideal composition NaFe® " Si,Oy).

The general pyroxene structure consists of infinite
chains of SiO; groups extending along the [001] direc-
tion, linked by cations (Fig. 1). M1 octahedra form zig-
zag chains along [001]; an M1 octahedron shares edges
with two other M1 octahedra and three M2 polyhedra.
All six corners of M1 octahedra are shared with T tet-
rahedra. In natural pyroxenes, occasionally exsolution
intergrowth and chemical inhomogeneities are observed
(Buseck et al. 1980; Cameron and Papike 1981). In
natural aegirine, Na = cations are in some instances re-
placed by Ca®*, which is accompagnied by incorpora-
tion of Fe?> . This fact may give rise to electron hopping
Fe?™ — Fe’™ between localized levels. Whether long



range charge transport can take place depends evidently
on the concentration of Ca®". In this case such a
mechanism can dominate electrical conduction. We
studied the electrical conductivity of natural monocrys-
talline aegirine samples with the aim of elucidating
whether the presence of Fe is in fact an important factor
in electrical charge transport. Impedance spectroscopy
was applied (20 Hz—1 MHz) in order to be able to dis-
tinguish bulk charge transport from charge transfer
processes at the interface sample—electrode. Further-
more, the thermopower (Seebeck effect) of aegirine
samples was determined, which gives further indepen-
dent information on the charge transport mechanism.

Typical literature values of the electrical conductivity
o for Fe-rich clinopyroxenes are: aegirine and heden-
bergite (CaFeSi,Og) with ¢ (573 K) ~107* Q7 'em™! at
atmospheric pressure (Parkhomenko and Mkrtchyan
1974; Parkhomenko 1982). Results for Fe-poor natural
pyroxenes are: jadeite (NaAlSi,Og) o (573 K) ~2 x 107’
Q7 'em™!, spodumene (LiAlSi,Og) o (573 K) ~107°
Q7 'em™, diopside (CaMgSi,O4) o (573 K) ~1071° Q7!
cm™! (ideal compositions are given in brackets). In all
cases no directional dependencies were reported. Thus,
Fe- bearing clinopyroxenes appear to exhibit higher
conductivity. On the other hand, from conductivity
measurements on a series of orthopyroxene samples in
the high-temperature region > 1000 K it was concluded
that the Fe concentration cannot be the major deter-
mining factor affecting conductivity (Huebner et al.
1979); the authors suspected that Al and Cr may also
contribute to increased conductivity.

Samples and experimental procedure

Samples

Samples were cut from two natural aegirine single crystals using
a wire saw (large aegirine LA: ~60 mm long with square
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Fig. 1 Characteristic features of the clinopyroxene structure. (After
Cameron and Papike 1981)
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cross-section 12 x 12 mm?, small aegirine SM : ~25 mm long with
square cross-section 5 X 5 mm?), both from Mt. Malosa (Malawi,
Africa). The chemical composition, as found by electron micro-
probe (CAMECA SX50) analysis, is as follows:

aegirine LA{NaggsCag 9} ((Fe”, Fe3+)0.93Ti0Ao3Mn0A03)
[Si2.000] O,

aegirine SM{Nag90Cao.o1 }((Fe*", Fe’*), 1) [Siz.000]Os,
including Vi o2

where brackets {} denote M2, () M1 and [ ] T sites. Lattice
parameters for synthetic aegirine are a =9.658 A, b =8.795 A,
¢=5.294 A and B3 = 107.42° (Nolan 1969). We found for aegirine
LA: a=9.664 A, b =8.813 A, ¢ =5277 A, 3 =107.61° and for
aegirine SM: a=9.658 A, b=8811 A, ¢=5285 A and
B =107.62° (Philips diffractometer PW1830, graphite monochro-
mator, Cu-K,-radiation). STFe Maéssbauer data were utilized to
discriminate between Fe>" and Fe* ', as will be described below.

In the samples of aegirine LA used for electrical measurements
light microscopic analyses of polished surfaces (001 plane) revealed
many round and elongated holes (~5 pm) of the order of
~100 mm~2 and, in addition, a few larger ones of dimensions of
~50-100 um. All holes were as a rule well separated from each
other. We suspect that the holes might contain gas inclusions. In
samples of aegirine SM a perfect surface was noted without holes
and other defects.

including V092, Mg 906, Alo.007

S7Fe Méssbauer spectra

From Mossbauer spectra recorded at two temperatures (Fig. 2),
concentration ratios [Fe>*]/[Fe® "] were determined which may be
of interest for electrical conduction by electron hopping
Fe?" — Fe’ . The 85 K spectrum of aegirine LA shows a central
doublet, due to Fe**, and a small peak in the positive velocity
range at ~+ 2.8 mm™'/s that arises doubtless from Fe>" cations.
A fit of two symmetrical doublets to the pattern results in an Fe?*
doublet with a too large line width B =0.39 mm™'/s (FWHM)
which means that the doublet is a superposition of at least two
doublets. For such a fit, however, constraints have to be imposed in
order to obtain reasonable Mdssbauer parameters. In the literature,
a two-Fe?* doublet fit was made to a liquid nitrogen temperature
spectrum of a synthetic solid solution of 20% hedenbergite
(CaFeSi,O4) and 80% aegirine (hed20/aeg80) (Dollase and Gus-
tafson 1982); this spectrum resembles our spectrum qualitatively.
The authors also used a three-Fe?™ doublet fit, imposing
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Fig. 2 %’Fe M&ssbauer spectra of aegirine LA and SM
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constraints to the fit parameters, and found equality to a two-Fe> ™"
doublet fit; they did this with the argument that such a fit may be
coupled to the number of different near-neighbour environments
affected in particular by the arrangement of Ca and Na on M2
sites, which can be assumed to be grouped into three classes. Three
Fe?" doublets were also used for a fit to an 80 K spectrum of
synthetic hed10/aeg90 (Redhammer et al. 2000).

For the 85 K spectrum of aegirine LA, we constrained the
linewidth B for both Fe** doublets to B=0.27 mm s™' and both
isomer shift IS values were kept equal, while all other fitted
parameters were freed. Mdssbauer parameters are presented in
Table 1. For Fe™ on M1 sites, the comparatively small quadru-
pole splitting OS = 0.32 mm s~ ' and line width B = 0.28 mm s~
point to rather regular M1 octahedra and, in addition, to a rather
homogeneous near-neighbour environment; in this context one has
to bear in mind that as impurities there are a notable concentration
of Cag 9 apfu on M2 sites and Mng o3 and Tig o3 apfu on M1 sites.
The Fe’' parameters agree with literature data (Dollase and
Gustafson 1982; Amthauer and Rossman 1984; Ballet et al. 1989;
Redhammer et al. 2000). From area ratios, the ratio [EFe?"]/
[ZFe] = 0.078 was derived (suggesting f~factors to be identical for
all Fe ions). For the 295 K spectrum, the high-velocity peak of
Fe?" is rather small, as visible from Fig. 2. It appears that in fact
two peaks may exist. We fitted the pattern as the 85 K spectrum.
Mossbauer parameters are listed in Table 1. It turned out that for
one Fe?" doublet the line width B = 0.76 mm s~ is excessively
broad. This may be the consequence of the fact that a superposed
largely continuous absorption exists between the outermost high-
velocity Fe?" peak and the high-velocity peak of the Fe** doublet.
Such an absorption can be the result of electron hopping
Fe’* — Fe’™ with a hopping frequency close to the critical
Méssbauer frequency of ~10% s™!, which may result in relaxation
spectra.

From the 84 K spectrum of aegirine SM (Fig. 2), an indication
of a very small concentration of Fe’* is noted, marked by an arrow
in the positive velocity range. No such irregularity could be
observed from the 295 K pattern. The 84 K pattern was fitted using
one doublet (Table 1).

Experimental procedure

DC and AC electrical conductivity measurements were performed
with the help of an HP 8294 A precision LCR meter in the
frequency range 20 Hz-1 MHz applying a four terminal cable
method. The measured quantities are given with an error
< 0.1%. DC data were obtained by extrapolating AC impedance
results to zero frequency. Measurements were performed
between ~200 and ~800 K, using a minicryostat below ~295 K
and a water-cooled minifurnace above. Sample temperatures
were monitored by NiCr-Ni thermocouples for temperatures
below and above 295 K, respectively. Temperatures were kept
constant to + 0.2 K with the help of temperature controllers.
Conductivity measurements were performed fully automatically.
All measurements above 295 K were conducted in N, gas
atmosphere.

For thermopower measurements, the samples were clamped
between circular Pt plate electrodes (diameter ~6 mm) and Pt leads
were applied. One electrode was heated with a microheater to
generate a temperature difference AT between both sample faces,
which produces a sample thermovoltage Uy,. Electrode tempera-
tures were measured with two thermocouples attached to the Pt
plates. The whole sample cell was inserted in a tube furnace in
order to vary the average sample temperature up to ~800 K. All
voltages were measured with HP34420 A nanovoltmeters (input
resistance >10'" Q) with an error <1%. Temperatures were
measured with an accuracy of + 0.1 K. For each measurement,
five values of AT in the range 0—4 K were generated and the ther-
mopower O (0 = Uy,/AT) was determined from the slope Uy,
versus AT in order to eliminate the effect of disturbing offset
voltages. Absolute ® values are given considering experimental
data of the thermopower of Pt (Moore and Graves 1973). All
measurements were performed fully automatically using a PC
program.

Sample parallelepipeds were prepared, ground and polished
(Struers no. 1200); typical sample dimensions were
4 x 4 x 2.5 mm’. For low-temperature measurements, the sample
dimension between the electrodes was reduced to ~1 mm in order
to keep the impedance small. After contacting two opposite faces of
a sample with Pt paint (followed by preheating to ~350 K in air), it
was spring-loaded between the electrodes (Ag paint or In/Ga (7:3)
as contacting material at not too high temperatures proved to be
less favourable). For measurements of the dielectric permittivity, a
circular sample with the diameter of the electrodes was used.

Results
DC conductivity

Impedance spectroscopy was utilized plotting the real
part of the impedance, Z’, against the imaginary part,
Z"”, on the complex impedance plane for frequencies in
the range 20 Hz—1 MHz. Figure 3a,b shows typical re-
sults for aegirine SM at various temperatures; parameter
is the frequency. In Fig. 3a, one semicircular arc can be
seen at 231 K for measurements parallel (||) to the [001]
direction and the onset to a second one at the lowest
frequencies. At a higher temperature of 288 K, the sec-
ond huge arc is more clearly visible. Our frequency
window does not allow us to observe the whole arc 2.
The arc 1 next to the coordinate origin arises from bulk
charge-transport processes. This follows from the low
capacitance related to this arc. The arc 2, of which only
the high-frequency flank is observed, is in principle due
either to electronic processes at lattice defects or to the

Table 1 Fitted >’Fe Mdssbauer

parameters for the aegirine T(K) 0S(mm s~ IS(mm s™) B(mms™) F
spectra of Fig. 2; OS quadru- Aegirine LA
pole splitting, IS isomer shift cgirne
(with regard to metallic Fe); Fe;: 295 0.32 0.43 0.28 -
B line width; F area fraction Fe 1 295 2.81 118 1.18 0.26
of SFe2t Fe ™ 2 295 1.93 1.02 0.76

Fe’* 85 0.34 0.53 0.28

Fe*™ 1 85 3.16 1.28 0.27 0.078

Fe?* 2 85 2.83 1.28 0.27

Aegirine SM
Fe'* 84 0.30 0.52 0.27
Fe?* 84 <0.03
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Fig. 3 a, b Real part of the impedance, Z’, against the imaginary part,
Z”, on the complex impedance plane for aegirine SM at different
temperatures; parameter is the frequency. Measurements: a || [001],
b L [001]

interface sample—electrode. It turned out that the arcs 2,
measured || [001], were much larger than those recorded
perpendicular (L) to [001] at the same temperature. The
DC resistivity could be determined by extrapolating arc
1 next to the origin to its low-frequency intersection with
the Z’ axis. The minimum frequency of 20 Hz is not
sufficiently low to detect the whole arc 2. We made a
check to test whether arc 2 is due to interfacial processes
for measurements || [001] by cutting a sample to half its
original thickness. This procedure should diminish arc 1
by a factor of 2 and leave arc 2 unchanged. Indeed, this
effect was observed. We could not detect a large differ-
ence in the magnitude of arc 2, when 1 V or 20 mV was
applied at the sample electrodes; a variation with voltage
is in general established in the presence of a Schottky
barrier at the interface sample—electrode.

By increasing the temperature, a rising part of arc 2
can be observed in the frequency window 20 Hz—1 MHz
at the cost of arc 1 until at high temperatures only arc 2
is visible (Fig. 3a). To measure arc 1, frequencies in
excess of 1 MHz are required. In this case, we deter-
mined the bulk DC resistivity, due to arc 1, from data of
arc 2 extrapolating to infinite frequency and taking the
intersection point with the Z” axis. For a series of tem-
peratures, we made fits to arc 1 using the method of Tsai
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and Whitmore (1982). It turned out, however, that a
direct reading from the plots of the arcs by extrapolation
is sufficient in most cases when the maximum is deter-
mined. At higher temperatures, we estimate the error of
measurement to range up to 10-15% that can be toler-
ated because the DC resistivity is varying orders of
magnitude with temperature.

Figure 3b displays analogous impedance data taken
on aegirine SM L [001]. A situation exists very similar as
for measurements || [001]. At 284 K, arc 1 and the
transition to arc 2 are seen, while two semicircular arcs
can be detected at higher temperatures. The low-fre-
quency part of arc 1 can be clearly observed up to the
maximum applied temperature.

DC conductivity || [001]

For aegirine SM and LA, the temperature variation of
the bulk DC conductivity opc || [001] is presented in
Fig. 4a for temperatures between ~220 and 600 K. The
DC curves represent a superposition of data points
during several measurement runs on heating and cool-
ing. No notable variation could be detected between
these datasets up to the maximum temperature applied.
Obviously, by the heating procedure no alteration of the
bulk charge-transport processes takes place. Measure-
ments at 7 > 600 K were excluded because of the
increasing error during extrapolation of opc from the
relevant arc 2. Slightly bent curves are observed, hence
no strictly activated behaviour is found. A closer
inspection shows that interpretation of a whole curve in
terms of two straight lines with a break is not adequate.
However, we approximate each curve by straight lines in
the limit of high and low temperatures which allows
differential activation energies to be deducted. We ten-
tatively apply the model of a hopping charge transport
by small polarons between localized states of nearest-
neighbours. Polar lattices such as oxides exhibit in
general strong electron—lattice interaction which gives
rise to a lattice distortion in the environment of a hop-
ping electron. The electron plus the induced lattice dis-
tortion, termed polaron, has lower energy than the
undistorted crystal. When the polaron cloud is restricted
to a radius smaller than the nearest-neighbour hopping
separation, the polaron is said to be small, while for a
large polaron this region is more extended (Austin and
Mott 1969). For hopping of polarons between localized
states, theoretical models treat two different kinds of
hopping: (1) phonon-assisted over barrier hopping and
(2) phonon-assisted quantum-mechanical tunnelling
through energy barriers. For the latter kind of hopping
of small polarons, in the non-adiabatic approximation at
temperatures 7" > 0Op/2 (Op = Debye temperature), the
relation

opc = (e*vo/RkpT)c(1 — ¢) exp(—20R) exp(—W [kgT)
(1)
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Fig. 4 a Temperature dependence of the extrapolated DC conductiv-
ity opc and of AC conductivity ¢’(w) (1 MHz, 100 kHz, 10 kHz)
recorded || [001] for aegirine SM and LA; the same symbols are used
for all plots: @ DC, x 1 MHz, O 100 kHz, [] 10 kHz. 4b As in a,
recorded L [001] for aegirine SM and LA

was derived (Austin and Mott 1969); e is the electronic
charge, vg is a mean phonon frequency related to ©p by
hvy = kg®p where h is Planck’s and kg Boltzmann’s
constant; R is the hopping distance to the nearest
neighbour, ¢ is the fraction of available hopping sites
occupied by charge carriers, « is the s-type wave function
decay parameter at a site (¢~ = localization length of
hopping electrons near the Fermi level), W is the hop-
ping activation energy at high temperatures which con-
sists of two energies W = Ey + Ep/2; Ey is the hopping
activation energy of polarons as a consequence of
polarization and Ep is the spread of energy states due to
random fields. The term exp(-2aR) describes the overlap
of the wave functions of neighbouring hopping sites.
From the plot log(7Topc) versus 1/T (replotting of
Fig. 4a) it follows in the high-7 limit for aegirine SM
from a least-squares fit an activation energy of
W=0.42eV and for aegirine LA it results in
W =0.47 eV, in the low temperature ranges we deduce
for both aegirines W = 0.33 and 0.37, respectively; these
values are associated with an estimated error of
~=+ (.02 eV. No notable differences are in fact noted for
both aegirines, although aegirine LA contains more
impurities (also more Fe?") and hence, the disorder is
enhanced relative to aegirine SM. At higher tempera-
tures, opc of aegirine LA is by a factor of about 3-4
above the data for aegirine SM. We suppose charge
transport to be effected primarily by Fe’" — Fe’ ™"
electron hopping and suggest tentatively that all Fe ions
take part in conduction. For aegirine LA we estimate for
the concentration ¢ of donors, represented by Fe’™,
¢ = 0.078 (from Mossbauer data of Table 1). Using as

phonon frequency vo=1x 10" s™! and as hopping

distance between nearest-neighbour Fe?" and Fe'" on
MI1 sites R=3.19 A (Ballet et al. 1989) we infer,
applying Eq. (1), o« ~40 A. This magnitude is far be-
yond the range of o' < R expected for small polarons.
One has to bear in mind that the applied value of v, is an
estimate commonly used in the hterature For aegirine
SM it results with ¢ ~0.02 a value of &' ~10 A. In both
cases a localization length for o' follows, rather typical
for intermediate polarons (between small and large
polarons in extension). Using in both cases a higher v,
value depresses o' to lengths which are of the expected
order of magnitude for small polarons. Although the
estimations are no strict proof for the applied model
they show that (1) the assumption of Fe?" — Fe’™"
hopping makes sense and (2) application of Eq. (1) of
the model of small polaron tunnelling leads to a rea-
sonable order of magnitude for o'

We also made an attempt to verify a formula derived
for the DC conductivity of small polarons in the high-
and low-temperature regions (Schnakenberg 1968). This
theory is based on the concept that the hopping activa-
tion energy is composed of a contribution by Ey and one
due to Ep. In the high-temperature regions hopping is
effected by multiple optical phonon processes while at
the lowest temperatures acoustic single-phonon pro-
cesses are dominating. According to the notation by
Mott (1968) it is:

opc = (Cs/T)exp(—2aR) exp(—Ep/2kgT) 2)
x exp[(—4Ey /hvo) tanh(hvy/4kpT)] |
where the parameters were defined above and Cg is a
constant. We tried to approximate our opc data for ae-
girine LA || [001] in Fig. 5a by Eq. (2), although only a
weak bending of the curve is available owing to the lack
of data in the low-temperature region due to a too high
resistance, as mentioned. With quite reasonable param-
eters, Eyy = 0.43 eV, Ep = 0.094 eV, vg = 1.1 x 1073 ™"
and a constant Cg we obtalned the satisfying approxi-
mation presented in Fig. 5a (3> ~2), taking the term exp
(-2a.R) to the constant (without trying to determine the
quantity oR). In addition to activation energy quite
similar to that obtained from Eq. (1), information is
gained of the disorder energy Ep, with the average
(Ep) ~0.047 eV. Both values are comparable to those
observed on amorphous and disordered semiconductors,
gained from analogous weakly bent curves and using a
formula differing slightly from Eq. (2), such as V-phos-
phate glasses (Sayer et al. 1971), V,Os gels (Sanchez
et al. 1982), Bi-V oxide glasses (Gosh 1990), Te-Mo
oxide glasses (Gosh 1992) and Sr—V oxide glasses (Sen
and Gosh 1999). We estimate roughly Op = hvy/
kg ~430 K, which is consistent with the fact that the
expected strong bending of the opc curve as expected at
Op/4 ~110 K was not accessible to our measurements.
We also tried to analyze opc data below about 300 K
using plots log apc — T~ /* or =T, Both relationships
should give straight lines in the case of variable range



hopping (VRH) for certain charge-hopping models. VRH
is a charge transport process at low temperatures, where
hopping (tunnelling) to more distant localized sites with
low-energy barriers is favoured relative to nearest-
neighbour hopping with higher barriers. The first relation
is obeyed in the case of three-dimensional (3 D) hopping
conduction (Mott and Davis 1979), the second in the
presence of electron—electron interaction (Efros and
Shklovskii 1975) and in the case of one-dimensional (1 D)
hopping (Bloch et al. 1972; Brenig et al. 1973; Shante
et al. 1973; Serota et al. 1986; Hunt 1991a,b; Bleibaum
et al. 1996). For the description of 1 D transport, apart
from Bleibaum et al. (1996), charge transfer is presumed
to occur along chains of finite lengths and packed parallel
in bundles. Furthermore, interchain hopping is allowed
to a variable degree, with a hopping rate lower than
parallel to the chain. If interchain charge transfer is en-
hanced, in fact a 3 D hopping model may be applicable.
Formulae were derived for the conductivity opc along the
chains with opc o< exp( — (To/T)"?) where T, differs for
the various authors. We use the expression by Shante
et al. (1973), which does not contain the chain lengths, in
contrast to that of the other authors, of T, = 4ua/
(N(Ep)kg), where o' is the localization length of a hop-
ping charge, N(Eg) is the density of states per eV and cm
of the chains. For aegirine LA and SM, 7' plots give
straight lines below ~360 K, as shown for aegirine LA in
Fig. 5b. From a fit of the data we infer T, = 2.9 x 10° K
for aegirine LA and a very similar value for aegirine SM.
It follows that N(Eg) o' ~0.16 eV~'. For both aegirines,
the 7~"* relation describes the data less satisfactorily.
For quite a number of amorphous and disordered semi-
conductors a 7~"* dependence was established in certain
temperature ranges, while only a few 7~"? dependences
were reported (Wang et al. 1991, Capaccioli et al. 1998;
Koscielska et al. 1999).

DC conductivity L [001]

It appears from Fig. 4b that there is hardly any quali-
tative difference to measurements || [001]. Differential E5
values in the high- and low-T limits are E4 = 0.45¢eV
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Fig. 5 a Temperature variation of opc || [001] for aegirine LA and
approximation of the data by a formula of Schnakenberg(1968) (solid
line). b Presentation of data in a 772 plot and fit at lower
temperatures (solid line)
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and 0.33 eV, respectively. Since no hopping distance R is
immediately evident, we did not apply the full Eq. (1).
All opc values recorded || [001] are a factor of ~2-10
above those L [001], depending on temperature. Hence,
the charge transport in our aegirine sample is evidently
anisotropic. From the otherwise very similar behaviour
of opc || and L [001] it seems as if in principle only a
variation in the concentration of charge carriers exists in
both cases. We found that for our parallelepiped sample
both possible directions L [001] show hardly any dif-
ference in magnitude of opc at room temperature. For
this reason we measured only opc L [001] for one
direction, whose exact structural orientation remains
unknown. An attempt to use the above 774 or 77!/
laws did not result in adequate straight lines.

AC conductivity

In Fig. 4a,b, the AC conductivity ¢’(w) (@ = 2nv, with
v = frequency) is presented for measurements at 10 kHz,
100 kHz and 1 MHz. At low temperatures, there is a
considerable dispersion. Because of the enhanced ¢’(w)
relative to opc, data could be measured to lower temper-
atures. As is seen from Fig. 4a for both aegirines SM and
LA, the ¢’(w) curves merge into the opc curve at different
temperatures. At 1 MHz, for example, it seems to occur at
~400 K, and this temperature shifts to lower tempera-
tures with decreasing frequencies. For 1 MHz and
100 kHz at low temperatures, the differential activation
energies are tending towards zero. A very similar behav-
iour of ¢’(w) is observed for data taken L [001] (Fig. 4b).

Frequency dependence of AC conductivity

The frequency dependence of ¢'(w) in a log-log pre-
sentation is shown in Fig. 6 for measurements || and L
[001] for aegirine LA at different temperatures. For each
dataset, there appears to be the onset to a rather linear
relation in the high-frequency region, which is shifting
with temperature. At frequencies >> 1 MHz, the curves
are expected to tend to saturation values. The critical
frequency where ¢’(w) starts to rise from opc cannot be
traced for all temperatures towards low frequencies,
because in this frequency region data points are related
in part to arc 2 (Fig. 3) in the Z'—Z” presentation of
data. This effect means a bending downwards of curves
in this frequency regime. All related data points lie on
arc 2 of Fig. 3, which stems from electrode contact
layers; hence, these points are irrelevant for bulk data
analysis. For data recorded || [001] no indication of an
onset towards saturation is visible, but such an effect is
obvious L [001] for 7" > 231 K, although saturation is
expected for much higher frequences. Saturation at fre-
quences of the order of ~1 MHz was rarely established,
such as for La,;NiOy s in the basal plane (Jhans et al.
1996). An approximately linear relationship in the case
of hopping charge transport was established in many
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amorphous and disordered semiconductors (reviews
(Long 1982, 1991; Elliott 1987; Van Staveren et al.
1990)). The data can be described by the relation:

o () x 7| (3)

which holds with a temperature-dependent exponent s.
Frequently, the exponent s is weakly varying with fre-
quency in certain frequency ranges.

Scaling law of AC conductivity

In the so-called extended-pair approximation (EPA)
(Summerfield 1985), which considers hopping round a
pair of states in an averaged way, theory predicts a scaling
law which allows the normalized ¢’(w) data to be pre-
sented in the form of some kind of quasi-universal curve

o' (0,T)/opc(T) = F(wx) , (4)

with o* = A*e? aw/(kgT opc(T)), where F means a
function, A* is a material-dependent constant. Sum-
merfield  proposed as a  suitable  function
F(x) =1 + x%7?°. This relation is based on the concept
that AC and DC conductivity are due to the same
charge—transport mechanism, i.e. it can serve as proof of
our assumption that for the supposed hopping mecha-
nism opc = limw—, ¢’ (w). For measurements of
aegirine LA || [001], results are presented in Fig. 7 in the
log-log presentation ¢’(w)/opc versus Cw/opcT for
various temperatures, with C a constant.

AC losses

AC losses are the energy dissipated in the form of heat if
an AC field is applied. In a dielectric, they are to be
expected when permanent dipoles are present. Losses are
also due to electron hopping processes between pairs of
localized sites; theoretically, these hopping electrons can
be treated as rotating dipoles. In order to discuss the
related losses appropriately, it is useful to introduce the
concept of the complex AC conductivity ¢*(w) =
d'(w) + 1 ¢”(w). Workers studying electric properties
of dielectrics are accustomed to analyze their results in
the language of the complex dielectric function e*(w) =
g'( w)- €’ (w), where &'(w) is the frequency-dependent
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Fig. 7 Scaling of ¢’(w) with opc for aegirine LA measured || [001]
according to a method proposed by Summerfield (1985) C reprensents
a constant

relative dielectric permittivity (dielectric constant) and
e”’(w) is referred to as the dielectric loss. Both sets of
quantities are interrelated by: o¢'(w) = guwe’(w),
d”’(w) = gowe'(w) (g9 is the vacuum permittivity) (Elliott
1987; Van Staveren et al. 1990), hence, the loss £”(w) =
a’(w)/egw. From the frequency dependence of &”(w) for
aegirine SM measured || [001] in a log—log presentation in
Fig. 8a, no loss peak is observed between 20 Hz and
1 MHz.

In the literature, the presentation of the loss in a
normalized form was proposed within the framework of
the EPA approximation, given by the function
Frni(w) = ( 6'(w) — opc)/ opcw™® versus w*, where the
normalized frequency w* was defined above (Summer-
field 1985; Long et al. 1988; Dyre 1988a; Long 1991). It
represents the AC response without percolating hopping
processes. Figure. 8b displays Fnp(w) versus w* for ae-
girine SM, measured || [001], in a log—log presentation.
Indeed also here a nearly quasi-universal curve appears
to exist, because the curves superpose for three tem-
peratures. Loss peaks appear to exist which were not
established in the usual presentation €”(w) vs. w; but
they also appear if €”(w) = (¢’(w) — apc)/ gow is plotted
versus o without normalization. It should be noted that
these considerations have to refer to frequencies related
to arc 1 in the Z’-Z” presentation of data in Fig. 3; all
frequences reflecting arc 2 (due probably to interfacial
electrode contact effects) have to be excluded. We sus-
pect that our peak frequences w*, could possibly be
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Fig. 8a,b Dielectric loss £”(w) as a function of frequency for aegirine
SM measured || [001] in a log-log presentation for some temperatures



related in part or completely to interfacial processes
reflecting properties of arc 2 in Fig. 3.

Dielectric permittivity

The dielectric permittivity is also a parameter which
shows typical characteristics of electronic and ionic
processes in a compound. For aegirine LA || [001],
Fig. 9a depicts the temperature variation of the relative
dielectric permittivity €’(w) for four frequencies. At
higher temperatures, a considerable dispersion is evi-
dent, while it is weak at low temperatures. In Fig. 9b,
the frequency dependence of €’(w) is presented at several
temperatures. In this data presentation, the tendency
towards very similar values at higher frequencies is
quantitatively seen, and can be considered as high-fre-
quency values; at 1 MHz, a weak variation with tem-
perature can be recognized.

Thermopower @

The temperature dependence of the absolute thermo-
power O is displayed in Fig. 10 for aegirine SM, mea-
sured || and L [001] and for aegirine LA || [001]. © is
negative for both directions. Data taken || [001] on
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Fig. 9a,b Relative dielectric permittivity &'(w) of aegirine LA as a
function of frequency and temperature; a Frequency dependence for
several temperatures, b Temperature dependence for several frequencies
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Fig. 10 Thermopower © as a function of the inverse of temperature
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aegirine SM encompass two measurement runs in order
to show the accuracy of measurement. It appears that a
constant © exists in a certain temperature interval, but
unfortunately this finding cannot be proved towards
lower temperatures. At higher temperatures, the data
can be described by the relation

O = (kp/le|)(Ee/kpT + 4) , (5)

where e is the elementary charge, Eg is the thermopower
activation energy and A’ is a constant. Such a formula is
predicted for small polaron hopping between localized
states (Mott and Davis 1979). For small polaron hop-
ping, in the activation energy Eg of Eq. (5) the term Eyy,
due to polarization, should not appear (Austin and Mott
1969). Thus, a difference from the activation energy of
opc can be considered as proof for the existence of small
polarons.

For aegirine SM we found for data recorded || [001]
the activation energy Eg = 0.031 eV and a constant
A* = —1.24, which contributes ~— 107 pV K™' to © (kp/
le| = 86.2 pnV K™"); for measurements L [001] it follows
that Eg = 0.071 eV and A* = — 2.41, which contributes
~=208 uV K™! to ©. Data of aegirine LA recorded ||
[001] are Eg = 0.032 eV and A* = — 1.05. This means
that no essential difference exists between both aegirines
for measurements || [001]. The results for the activation
energies Eg are within the range observed on amorphous
semiconductors such as V,05 gels (Sanchez et al. 1982)
and Zn-Te-V oxide glasses (Singh and Chakravarthi
1997); very similar Eg values were established on disor-
dered semiconductors such as Li-spinel ferrite (Whall
et al. 1986), La,NiOy4, s (Demourges et al. 1996) and on
various Mn-containing perovskite-type compounds in
the semiconducting phase above the magnetic order
temperature (Jaime et al. 1996; Hundley and Neumeier
1997; Niesbieskikwiat and Sanchez 2000). In all cases, the
contribution to ®© by the constant A* is of the same order
of magnitude as that of the term Eg /kp7.

Discussion
DC conductivity

The results of DC conductivity opc and of AC con-
ductivity o’(w) (Fig. 4a,b) suggest a small polaron hop-
ping transport of charge carriers between localized
levels. This model was successfully applied to the con-
ductivity behaviour of amorphous and disordered
(doped) semiconductors as mentioned (Mott and Davis
1979; Long 1982, 1991; Elliot 1987). The temperature
dependence of the conductivity is provided by the ther-
mally activated drift mobility of charge carriers, while
their concentration remains fixed in contrast to band
conduction. From the relation ¢ =¢ n (up)(n = con-
concentration of charge carriers, (up) = mean drift
mobility) it follows, for example at 500 K, from opc
data a value of (up) ~107® cm? (Vs)™'. For hopping
processes it is predicted (up) < 1 cm? (Vs)™' (Austin
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and Mott 1969); hence, in our situation the condition is
amply satisfied at any measuring temperature. Applica-
tion of Eq. (1) requires non-adiabatic hopping of small
polarons. This means that the hopping probability of
polarons during phonon excitation is small (Austin and
Mott 1969).

Hopping of the type Fe* " — Fe" can preferentially
occur along zig-zag chains || [001] in the clinopyroxene
lattice (Fig. 1). The cation separation M1-M1 = 3.19 A
in ideal aegirine (Ballet et al. 1989) is consistent with the
comparatively high experimental hopping activation
energies. Electron hopping Fe’* — Fe’ " may not nec-
essarily proceed across common edges but take place
through orbitals of intervening oxygen anions, i.e. a
quasi-1 D conduction may occur. No immediately
obvious hopping path appears to exist for any direction
1 [001], as mentioned earlier. For this kind of electron
transfer to occur, hopping has to proceed via M2 and/or
T sites which may be empty or occupied by Fe ions.
Alternatively, some kind of lattice defects may provide
charge transfer.

Suggesting electron transfer between M1 sites alone,
one would assume a rather narrow distribution of
relaxation times when the concentration of impurities
and, hence, also of Fe?™ is very reduced. Both curves in
Fig. 4a,b show no major qualitative difference apart
from a shift in magnitude of the conductivity by a factor
of 2-10. It is tempting to use as theoretical description of
the experimental data the models of bundles of chains
developed by the above authors, where charge hopping
is dominant, but which allows interchain hopping of
charges. In aegirine such an interpretation would be able
to explain the notable conductivity L [001]. The average
lengths of our octahedral chains || [001] may be limited
by defects.

2+

AC conductivity

The experimental frequency dependence of ¢’(w) docu-
ments that the aegirines under study represent disor-
dered semiconductors. The dispersion of o’(w) is
indicative of a hopping charge-transport mechanism
which is frequently characterized by a distribution of
hopping relaxation times, originating from a distribu-
tion of energy barriers (Dyre 1988b). In nearly ideal
aegirine, one would expect well-defined environments in
terms of Fe*" — Fe®" hopping with a very low con-
centration of Fe’* from M1 site to M1 site along zig-zag
chains in the [001] direction; hence, rather homogeneous
energy barriers for hopping processes are exgected. One
reason for the existence of disorder are Ca T (1.26 A)
introduced at the place of Na™ (1.32 A). In particular
for aegirine LA the concentration of Ca®" (as well as
that of Fe*") is comparably high, as found by Moss-
bauer spectroscopy. On the other hand, a clear disper-
sion of ¢’(w) is also found for aegirine SM with a much
lower concentration of Ca®>" and, hence, of Fe>", al-
though it is somewhat reduced relative to aegirine LA

(Fig. 4). Disorder is also sensed by magnetic parameters.
In natural aegirine with impurities, a distribution of
magnetic exchange interactions between Fe ions, as
established by Mdssbauer analysis, was attributed to
these impurities (Ballet et al. 1989).

Frequency dependence of AC conductivity

Theoretically, for Eq. (3) ¢ () = [¢"(®) — opc] o« o™,
suggesting that opc arises from a charge transport
mechanism differing completely from that for o'(w).
However, in our model it is presumed that opc = lim,_,g
o’(w). In such a situation ¢’(w) is the adequate parameter
in Eq. (3) (Emin and Ngai 1983). Equation (3) should
hold, for instance, if there is a distribution of hopping
relaxation times. At zero frequency, i.e. for DC charge
transport, the charge carriers have to find a so-called
percolation path for hopping from electrode to electrode,
overcoming a large number of energy barriers of variable
height in disordered semiconductors. For AC processes,
the hopping paths back and forth in a cluster during a
cycle for ¢’(w) decrease more and more in distance with
increase in frequency. For the largest available fre-
quency, a charge carrier is hopping only a short distance,
possibly only to the next neighbour (pair hopping). In
this situation a comparatively small activation energy is
required and ¢’(w) is enhanced relative to opc. The re-
lated processes are marked at low temperatures. Equa-
tion (3) was applied for the analysis of AC conductivity
of iron-bearing trioctahedral phyllosilicates (Riischer
and Gall 1995).

The observed frequency variation of ¢’(w) excludes a
charge transport mechanism from a localized level to an
empty conduction band because no frequency depen-
dence of ¢’(w) is expected in this case as mentioned.
Figure 11 displays the temperature dependence of the
exponent s (Eq. 3) in the linear portion of the curves for
aegirine SM, measured || and L [001]. Although values
of s are subjected to an enhanced error, it can be seen
that there is a marked difference between both directions
for about the same temperature range. While || [001], a
limiting value of the exponent of s ~1, is reached at
lower temperatures, only half of this magnitude is
established | [001]. Hence, it appears that a difference in
the distribution of hopping relaxation times exists. This
fact may be related primarily to the different hopping
paths L [001] relative to those || [001].

AC conduction models of hopping charge transport
were applied to oxide glasses where transition metal ion
couples such as Fe* "—Fe* " or V*"—V>" are responsible
for hopping conduction (Gosh 1990, 1993). Various of
these models of charge transport were applied to the
conductivity of a series of disordered oxidic mixed
crystal semiconductors and found to be realized (Chen
et al. 1989, 1991; Samara et al. 1990; Zuppiroli et al.
1991; Singh et al. 1996; Jhans et al. 1996). Disorder is
here evidently caused by a variation in ion sizes
and charges for fixed lattice sites which gives rise to a
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variation of spatial environments for sites involved in
hopping as in our aegirines.

Because of the limited T range, a quantitative verifi-
cation of theoretical hopping models is made difficult. It
seems that the exponent s < 1 in both crystallographic
directions. Measurements || [001] show a strong tem-
perature variation while it is reduced L [001]. A tem-
perature dependence of the exponent s is theoretically
predicted for: (1) correlated over barrier hopping and (2)
large polaron hopping in the tunnelling regime.

Scaling law of AC conductivity

There is in fact a single curve with weak deviations of
data points; only those were taken into account which
refer to the bulk arc 1 in Fig. 3. It seems as if the EPA
model may be applicable to hopping conduction pro-
cesses in aegirine at least in the temperature range
< 300 K. A similar scaling curve is established for ae-
girine SM. The above function F(x) describes the data
points adequately only for not too high values of the
normalized frequency. Such a master curve by scaling
was observed on a variety of disordered semiconductors
as, for instance, on Mn-Co-Ni—Cu spinels (Suzuki
1980), polyacetylene (Summerfield 1985), n-InSb
(Abboudy et al. 1988), porous Si (Ben-Chorin et al.
1995), La,NiOy4 .+ s (Jhans et al. 1996), and carbon black
(Brom et al. 1998).

AC losses

Frequently peaks are found for dielectrics if loss mech-
anisms are acting in the form of electric dipoles with the
loss peak at frequency w,, which coincides with the
relaxation frequency wq of the orientable dipoles. For
hopping-type charge transport, loss peaks are expected
close to frequencies, where o’(w) begins to rise above
opc with increase in frequency. In the low-frequency
range, a critical frequency w¢(7) is thought to exist with
opc ~o (w.), while for @ > w, the conductivity ¢'(w)
begins to rise. The loss peak frequency w,, is close to
w. (Dyre 1988a). As w < . is the frequency range
where hopping electrons can percolate from electrode to
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electrode, w. may mark the onset of hopping in clusters
of variable lengths which represent the low-frequency
limit of the applicability of the pair approximation
(Hunt 1991b, 1993). As mentioned above, hopping be-
tween pairs of sites can be considered as rotating dipoles
with a relaxation frequency, related to loss peaks.

For temperatures 223, 247 and 270 K, a nearly linear
fall off of £”(w) is established for increasing frequencies;
eventually, at 270 K in the region of the lowest fre-
quencies an onset to a peak may occur. Earlier, such
behaviour was considered as anomalous low-frequency
dispersion of a dielectric (Jonscher 1978). The data may
represent high-frequency flanks of loss peaks. In the
frequency regime of a strict power law ¢’ (w) < @° it
follows that €”(w) < o™ with m = 1 — 5. In our case of
an approximate power law for ¢’(w) at rather high-
frequencies, we observe from Fig. 8a a fairly satisfying
power law for €”(w) in a medium to low-frequency range
at all four temperatures; at 270 K we deduce from a fit
of the steepest slope m = 0.95. If we separate formally
our ¢’(w) into two categories of hopping processes, one
due to processes which enable percolation from elec-
trode to electrode (giving rise to opc) and all the others
related to clusters of variable sizes with approximately
oc(w)< Aw®, then we may write ¢’(w) = opc + ac(w);
from €”(w) o< opc/eow t+ oc(w)/eqw it follows that if the
second term would not contribute, it would result a
slope m = 1. If m = 0.95, the slope is largely dictated by
the contribution of opc. At the lowest frequencies, there
is only a weak deviation from a straight line (with the
exception at 270 K) which corresponds in the Z'-Z”
diagram to frequencies which lie on the arc 2 (Fig. 3).
Quite analogous curves as in Fig. 8a were observed on
Sr(Fe;_ Nb,)O>s,, perovskites (Liu etal. 1993),
on chain polymers (Cappacioli et al. 1998) and on
V-phosphate glasses doped with Li (Salman et al. 2002).
For some glasses, loss plots log €”(w) — log @ showed
peaks only after opc was subtracted from o¢’(w) (Dyre
1988a).

Dielectric permittivity

The dielectric permittivity is composed of several con-
tributions £'(w) = e.(w) + g(w) + gg(w);ea(w) is the
high-frequency dielectric permittivity which is due to
electronic displacements inside ions, g (w) is the con-
tribution to the permittivity caused by elastic displace-
ment of ions in the lattice, gq(w) is due to dipolar
polarization which arises from permanent dipoles and
effects which can be described in terms of the picture of
orientable dipoles such as pair hopping of electrons
between two localized levels as mentioned (Frohlich
1958; Samara et al. 1990). In the region of large varia-
tion at high temperatures (Fig. 9a), hopping is enhanced
and €'(w) is dominated by g4(w); at low temperatures
with considerable reduction in hopping and weak dis-
persion g(w) + gq(w) appear to be the major contribu-
tions to &'(w). There is no saturation towards the static
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€’(0) = lim,, _, ¢ €'(w), since a steep rise in €'(w) in this
region for w — 0 (Fig. 9a) is probably dictated by
electrode contact effects which are reflected by arc 2 in
Fig. 3. No anomaly is evident from either figure which
would point to still unknown effects. Quite a similar
dispersion of &(w) was observed on the insulating
tetragonal phase of YBa,Cu3O¢  (x ~0) (Samara et al.
1990) and on La,CuQy , in the insulating state (Chen
et al. 1989).

Thermopower

In disordered semiconductors, in which conduction
takes place by small polaron hopping with a fixed con-
centration of charge carriers, © is frequently constant at
higher temperatures when a single kind of charge car-
riers exists (Tuller and Nowick 1977; Srinivasan and
Srivastava 1981). The negative O is comPatible with the
picture of electron hopping Fe?" — Fe’". Here, Fe?*
ions act as donors as mentioned earlier.

If kg/T > Ep, a formula may be applied describing
approximately © for mixed valence charge transport of
small polarons with

© = (kg/le[)[En/20ksT + So] , (6)

where Sg is a constant consisting of two contributions
So =S; + S,; Eyisthe hopping activation energy, due to
polarization, as defined earlier and e the electronic charge.
Ey/20 corresponds to Egin Eq. (5) and the second term S,
to the constant A’. S; = In [¢/(1—c)] where c is the ratio of
the number of charge carriers to hopping sites as defined
above (the expression is subject to the constraint that no
site is doubly occupied) and the formula applies to 1 D
conduction. The spin degeneracy term S, = In[(27, +1)/
(21,+1 +1)], where for a couple of mixed valence cations
M"* and M"“" D" the quantity 7, = spin value of the
cation M"" and I, , ; = spin value of the cation M" "D *;
in our case of suggested Fe> " — Fe* " electron hopping
(I,=2 for Fe’" and I,,,=5/2 for Fe’") it results
S, = In(5/6) (Heikes et al. 1963; Austin and Mott 1969;
Yoo and Tuller 1988; Doumerc 1994). For 1/T — 0,
Eq. (6) with Sy = S; is referred to as the Heikes formula.
For high temperatures, variations of the Heikes formula
were theoretically derived, depending on the kind of
interactions (Chaikin and Beni 1976). For magnetic
semiconductors there is an additional term in the bracket
which is for T above the magnetic order temperature 7T
given by Sy = —yJ2/k%3T2; J is the exchange integral
between adjacent spins with kg7, = 2J,y = 5/3 and 5 for
1 D and 3 D models, respectively (Liu and Emin 1984).
For aegirine with Fe? " and Fe®* ", it follows from the spin
degeneracy term a constant contribution to the thermo-
power of Ogpin = —15.7 uwVK™'; the temperature-depen-
dent magnetic contribution can be ignored in view of the
low Néel temperature Ty ~10 K of aegirine (Ballet et al.
1989). When the force constants of the ions for the pair
of hopping sites are different and the activation energy is
not equally divided between both sites, a term (Ey/kg7)

(1 = @)/(1 + ¢) arises where ¢ is the ratio of force con-
stants, which results in approximately Fy/20kgT (Austin
and Mott 1969).

Suppose for aegirine SM for instance ¢ = 0.02. It
follows for the contribution of the first term to © in
Eq. (6) at 700 K with the experimental Ey ~0.43 eV,
extracted from opc data, a value of ~+ 31 uVK", and
for lower temperatures the magnitude is enhanced. The
second term gives a value of ~— 336 pVK™'. On the
other hand, taking the measured Eg = 0.031 eV, it fol-
lows from Eq. (6) that Eyz = 0.62 eV, considerably
above 0.43 eV. In both cases, the correct trend for the
variation of ® with T is met, although not the proper
magnitude. In order to come to a reasonable result,
approximately describing the experimental data, it is
required ¢ ~0.25, which implies a much higher concen-
tration of charge carriers. Such a magnitude could be
achieved if only part of all Fe* are available as hopping
sites for electrons jumping from Fe?" to Fe’ " ions. In
this picture possibly constant © for 7 <400 K can
hardly be explained. An analogous reasoning can be
made for data recorded on aegirine LA.

The localized levels of the Fe? "/Fe’* couples on the
energy scale have doubtless to be placed between the low
lying 2p oxygen valence band and the empty 4 s Fe
conduction band. The spread in energy of the levels is
given by the experimental Ep < 0.1 eV, provided all Fe
ions take part in conduction | as well as L [001].
Otherwise, this value may refer only to a group of Fe? "/
Fe™ which are involved in charge transport.

We have in principle to look for any lattice defects in
our aegirine crystals, as they can contribute to conduc-
tion. At the moment we have no information of possible
cation vacancies on M1 and M2 sites which may act as
donors or acceptors. Possibly nano-scale exsolution of
other silicate phases may represent obstacles, affecting
hopping conduction to a variable degree. Such defects
were detected in jadeite (NaAlSi,Og) (Wu et al. 2002).
Whether exsolution on an atomic scale is possible in
aegirine and what effect it may exert on electrical con-
duction, does not appear to be known yet. Such a situ-
ation may give rise to a large variation in hopping paths
related to a broad variation in energy barriers.

Summary and conclusions

DC and AC conductivity measurements (20 Hz-
1 MHz) on two aegirines, measured || and L to the
[001] direction, showed a semiconducting behaviour
with a strong dispersion of AC data at lower temper-
atures, which is indicative of a hopping-type charge
conduction of small polarons. The DC conductivity is
described by the model of small polaron hopping in the
whole temperature range between ~200 and 600 K.
Below room temperature, DC data can also be
approximated using the concept of variable range
hopping. There is an anisotropic behaviour with
enhanced conduction along [001]. The experimental



frequency dependence of the AC conductivity with a
power law is also typical for charge transport by small
polarons. The assumption that Fe’' ions, present in
low concentrations, act as donors for conduction of the
kind Fe?" — Fe’™" at least for measurements || [001], is
consistent with the determined drift mobility
ip <<1 cm?(Vs)™', which is characteristic for hopping
charge transport. The property of scaling of the DC
and AC conductivities documents that both are related
to the same hopping charge transport mechanism. In
terms of Fe?" — Fe’" electron hopping, transport
paths along zig-zag chains | [001] are immediately
evident from the pyroxene structure, while L [001] such
paths are only possible via intervening M2 and/or T
sites as well as via impurities and vacancies.

Thermopower data recorded || and L [001] between
350 and 770 K are compatible with assumed small po-
laron hopping of the kind Fe?™ — Fe’". Above
~400 K, the strong temperature dependence of the
thermopower is tentatively described in terms of a for-
mula developed for mixed valence semiconductors with
hopping-type conduction.
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