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Dielectric and polarization behavior of forsterite at elevated temperatures
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Ansrucr

The determination of the dielectric and polarization behavior of silicate minerals is
important in the understanding of chemical bonding and the evaluation of interionic
potentials in model calculations. The analysis of crystal-defect energetics and the atomistic
theory of diffusion processes rely heavily upon the polarizability of component ions in the
silicate. In this effort, dielectric constant (relative dielectric permittivity) and dielectric loss
data have been obtained from capacitance measurements of single crystals of synthetic
forsterite (MgrSiOo) for orientations parallel to the a, b, and c crystallographic axes. Mea-
surements were obtained as a function of temperature (25C,4C-1000'C) and electric-field
frequency (20 kHz-l MHz). The static polarizabilities of forsterite at these temperatures
are derived from the dielectric constants by utilizing the Clausius-Mosotti relation. The
use of the polarizability additivity rule is confirmed for predicting the polarization of
forsterite from the component oxides at high temperatures. Dielectric conductivities are
determined from the dielectric loss values at 40G900'C and are in agreement with previous
studies of single-crystal forsterite.

INrnooucrroN

In recent years there has developed an interest in quan-
tiffing the kinetics ofgeochemical and mineralogical pro-
cesses. The comprehension of reaction mechanisms and
of the approach of a mineral assemblage to equilibrium
is vital for the application of geothermometry and geo-
chronology, as well as for the analysis of mineral altera-
tion, order-disorder status in minerals, crystal-growth and
nucleation processes, and others. A useful and powerful
technique in such an efort is the theoretical analysis of
the basic atomic structure and energetics of the phases of
concern. Although application of solid-state physics to
ionic solids and other simple compounds has generally
been met with success (see Kittel, 1976), there are limi-
tations in analyzing the more complex atomistic nature
of silicate minerals. The major hindrance in such an effort
is evaluating the degree ofcovalency associated with the
silicate mineral bonding, in particular the Si4 bond
(Pauling, I 980), and the related polarization properties of
the crystal (Lasaga and Cygan, 1982; Cygan and Lasaga,
in prep.).

The recognition of the influential role of polarization
in crystal bonding and lattice eneryies lies in the classic
work of Mott and Littleton (1938). They determined the
theoretical polarization energy about a lattice point that
contains an excess ofcharge (i.e., a point defect) and ap-
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plied it with success in evaluating the activation energy
for ionic conduction in NaCl. This theory was extended
by Lasaga (1980) in deriving formation energies of point
defects in a silicate mineral, forsterite (MgrSiOo). The an-
isotropic behavior of chemical diffusion in the ortho-
rhombic forsterite was rationalized in the latter study.

The understanding of polarization phenomena in sili-
cate minerals is of importance in numerous other geo-
chemical applications. The incorporation of a polaiz-
ability term is necessary in the refinements of crystal-
lattice energetics and dynamics (e.g., Iishi, 1978a, 1978b;
Iishi et al., 1983; Cygan and Lasaga, in prep.), the cal-
culation of point-defect formation and migration eneryies
(Lasaga, 1980; Parker, 1983), and the evaluation ofre-
laxation processes involving defect pairs. It is also possible
in some cases to examine the type of defect structurs a
crystal possesses by an analysis of the dielectric polari-
zation (Tilley, 1977). The role of polarization theory is
therefore fundamental in the atomistic description of geo-
chemical processes such as reaction kinetics, chemical dif-
fusion, and the interpretation of intrinsic oxygen fugaci-
ties. There is an important need for the complete
characteization of polarization effects in silicate minerals
at geologically important temperatures.

The dielectric constant will define the polarization re-
sponse for a material and can be measured as a function
of frequency, temperature, applied field, pressure, oxygen
fugacity, water content, crystallographic orientation, and
cornposition. In silicate mineral studies, most electrical
measurements have concentrated on the electrical con-
duction of olivines at upper-mantle conditions, usually in
excess of 700'C and 700 MPa (7 kbar) (e.g., Bradley et



al.,1964; Shankland, 1969; Duba, 1972;Duba and Nich-
olls, 1973; Duba et al., 1974). These studies all examined
laboratory samples at low frequencies (direct current to I
kHz), corresponding to the situation in most geophysical
field investigations such as geomagnetic and magnetotel-
luric surveys. Shankland (1975, l98l) and Duba (1976)
provided reviews of the low-frequency conductivity mea-
surements of the major rock-forming silicates, mantle-
derived rocks, and their melt phases. For the present study,
though, it is necessary to examine the electrical properties
of minerals at high frequencies (greater than I kHz) in
order to obtain the dielectric response that is void of major
conduction and induction interferences. Olhoeft (1976)
summarized the high-frequency measurement technique
and the available dielectric behavior of selected minerals
and rocks. Compilations of dielectric constants which in-
clude those for silicate minerals are given by Keller ( 1 966),
Westphal and Sils (1972), Young and Frederikse (1973),
and Olhoeft (1981). Almost all of these data are forroom-
temperature measurements and polycrystalline samples
(see Lasaga and Cygan, 1982).

In the present paper we present dielectric and polariz-
ability data for a synthetic single crystal of forsterite at
temperatures of 25"C and from 40 to 1000lC. There have
been no previous dielectric studies of forsterite single crys-
tals nor of polycrystalline forsterite at elevated tempera-
tures. The basic theory is reviewed in the first section
followed by a discussion of the experimental and mea-
surement procedure. The results of the dielectric mea-
surements of forsterite are then presented along with the
derived high-frequency conductivity values. In the final
section, we discuss the results in view of the forsterite
crystal structure and transport properties.

Blsrc THEoRY

The fundamental relations necessary in our discussion of po-
larization in forsterite are provided in Lasaga and Cygn (1982).
These basic electrical relationships are derived from the solutions
to Maxwell's equations for electromagnetism. An excellent re-
view ofthese electrical principles can be found in Jackson (1962).
For the present discussion we will only be concerned with the
basic equations required in evaluating the dielectric response of
a material as measured in the laboratory. Von Hippel (1954) has
provided a detailed review of dielectric theory and discussed
numerous applications.

Although we require the static dielectric constant (i.e., at zero
frequency) in the theoretical calculations, we are limited in the
laboratory by additional polarization processes that prevent the
measurement of the sample capacitance at direct current or low-
frequency conditions. The capacitance is the basic measurable
quantity, measured in farads (D (: coulomb per volt), that de-
termines the amount of charge a substance is able to store for a
given electrical potential and is related by sample geometry to
the dielectric constant. It is necessary to examine the frequency
response ofa material to an alternating electric field and sort out
the contributing polarization factor (see lasaga and Cypn, 1982).

An alternating electric potential source will produce a charging
current, 1., in a vacuum dielectric,
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where c,r is the angular frequency of the electric field Q': : 2trv;
v is the frequency in cycles per second or hertz), Co is the vac-
uum capacitance ofthe electrode configuration, Zis the voltage
at time t, and q is the charge (q : CoV).The imaginary value
t (\f- l) is required to describe the sine wave nature of the po-
tential source as an exponential function [i.e., exp (lc.rt)]. By in-
corporating a material sample (e.g., silicate mineral) between the
measuring electrodes, the capacitance of the configuration will
be increased:

c: co!:  6*" (2)
€6

Here, e' and eo denote the real dielectric constants (or permittiv-
ities) of the material and vacuum, respectively. The ratio of these
values, r', is referred to as the relative dielectric constant. The
permittivity constant, co, is a physical constant and has the value
of 8.854 x l0-'2 F/m. For the case of an ideal dielectric, the
charging current will be 90" out ofphase with the applied voltage.

There is an additional current, 1,, that is produced simulta-
neously with the charging current. The loss current is denoted
by,

\ :  GV,  (3 )

where G is the conductance ofthe dielectric material and is usu-
ally expressed in units of siemens (S) where a siemens is defined
as a reciprocal ohm (: farad per second). The total current for
the dielectric material would then be given by

I: I .  + I , :  ( iaC + G)V. (4)

Additionally, a loss angle 6 defines the phase characteristics of
this total current with respect to the charging current. In a real
sample there are additional processes that contribute to the loss
current besides the rnigration ofcharged species. Resistance heat-
ing of the sample, surface-electrode polarization, reorientation
ofassociated atoms and point defects (i.e., dipoles), or any other
energy-consuming process will create a dielectric loss response.
Therefore, it is customary to include all of these loss processes
and the chargrng dielectric behawior in a complex dielectric con-
stant (see von Hippel, 1954):

e* : e' - ie". (5)

The total crrrent, Equation 4, can now be rewritten using Equa-
t i o n s 2 a n d 5 a s

J: (ioe' + oe19t ' (6)
€s

Here, the G conductance term has been incorporated in the imag-
inary part ofthe dielectric constant. Finally, a complex relative
dielectric constant can be defined using terms analogous to those
in Equation 5,

* * : { : r , _ i x , , ,
€9

which gives the total current as

I : i<,:Cox*V. (8)

The dielectric loss is usually measured in terms of the loss angle
and is related to the ratio of complex to real components of the
dielectric terms:

a"6 : ! : { .  (e )
E K

This term is often referred to as the dissipation factor (D) or the
tangent loss. Ifa parallel RC circuit [i.e., a parallel resistor and
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r,:ff: t c"v, ( 1 )
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Table 1. Mean chemical composition of synthetic forsterite
determined by electron-microprobe analyses

ox ide Weight  Percent Standard  Er ror C a t i o n s / 4  & y g e n
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capacitor where R is the resistance of the circuit (: l/G)l is
utilized for modeling the sample in the measurement circuit, one
would expect that

VECTOR
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voltoge ocross sonple)

Fig. l. Schematic drawing of the experimental setup denoting
the four-terminal pair assembly. H and L refer, respectively, to
the high and low leads of the current or potential connections.

denoted by e and will be treated as a dimensionless quantity. It
should be noted, however, that the term dielectric permittivity
has often been interchanged with dielectric constant, asthelatter
is seldom a true constant.

ExpnnnrnNTAL PRoCEDURE

Single-crystal forsterite samples were obtained frorn synthetic
oriented a-Mg2SiOn boules that were originally produced by the
Union Carbide Corporation. An average composition of the for-
sterite crystals obtained by electron-microprobe chemical anal-
ysis is presented in Table l. The virtually pure MgrSiOo crystals
proved to be homogeneous in composition. Disc-shaped samples
were cut from each boule to provide orientations normal to the
three crystallogaphic axes. Crystal orientations were verified to
within 3' by use of the Iaue back-reflection X-ray technique.
Samples were ground with SiC powders to produce parallel plane
faces and then polished down to 3 pm with,y-alumina. All sam-
ples were optically examined in reflected and transmitted light
and were found to be free of fractures and inclusions. The sample
discs were approximately 8 mm in diameter and 0.5 mm in
thickness. Exact thicknesses were determined with a high-pre-
cision micrometer. All samples were ultrasonically cleaned in,
successively, acetone, soapy water, distilled water, and ethanol
and then dried in air at ll0qC for 2h.

The faces of each sample disc were coated with a Pt ink sus-
pension to provide a conducting electrode surface. Two thin coats
were applied udth the samples being annealed in air at l050qC
for 12 h after each coating. Proper electrical conduction over the
entire surface ofeach sample face was checked with an ohmmeter.
The possibility of an electrical short across the edge of each
sample was also checked and if present was corrected. An elec-
trical short of even minor extent would provide a bypass of the
forsterite sample and produce a false measurement of the di-
electric properties. The area and circumference of the Pt elec-
trodes were determined by projecting an image of the sarnple
disc and digitizingthe image with a crco Micro Datatizer system.

Room-temperature measurements were performed using a high-
frequency capacitance bridge (Hewlett-Packard 4275A multi-fre-
quency LCR meter) with the sample positioned in a plastic and
Pt holder. For the high-temperature (4f l000cC) measurements,
a completely automated setup was utilized with the 4275A LCR
meter as the primary measuring unit. The meter is hooked up to
a ceramic furnace assembly that is housed in the core of a l-atm
Pt-wound resistance furnace. Within this assembly, the samples
are placed between two Pt foil squares that are in turn attached
to Pt electrical leads. A spring-loaded support provides sufrcient
contact between the sample electrodes and the Pt foil. A four-

tan6: i " :#,

, c d

It is assumed that any electric-field fringrng effects about

(10)

Any deviation of the dielectric loss from this behavior would
suggest more than just a simple conductive loss current.

The real component of the relative dielectric constant of a
sample can be evaluated by a measurement of the sample ca-
pacitance and knowledge of the geometry of the electrodes. For
a parallel plate capacitor of area A and electrode separation d,
the vacuum capacitance is given by

( 1 1 )

Combining this expression with Equation 2 produces the follow-
ing simple relationship for the real dielectric constant:

(r2)

the
sample edges are negligible,

The conductivity (o) of a sample (often referred to as the specific
conductance) is derived from Equations 2,4, and,6 and is given
by

o :  o s e " . (l 3)

An evaluation ofthe €" term can be obtained from a measurement
ofthe dielectric loss. Therefore, this expression can be rewritten
using Equations 2 and 9 to give

o : oseox' tal 6. (14)

Conductivity is normally expressed in units of siemens per meter.
The dielectric conductivity includes the contributions associated
with energy-loss processes as well as those of the transport of
charge carriers.

Several remarks are warranted at this time concerning the di-
electric nomenclature and symbol usage. Major problems occur
with the use of the term. relative to define a dielectric constant
and with the corresponding usage ofx or e. The relative dielectric
constant is denoted by x and is dimensionless, whereas the di-
electric constant e has units offarad per meter. The latter term
can always be compared to eo in order to obtain the former (see
Eq. 2). Theoretical treatments that require dielectric data refer
to the relative dielectric value but traditionally denote it by the
syrnbol e. We have chosen this latter approach in I^asaga and
Cygan (1982) and Cygan and lasaga (in prep.) and will maintain
such a position throughout the remainder ofthis paper. Therefore
the real component of the relative dielectric constant will be

Aro
a o : 7
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terminal pair connection is required in this setup to reduce any
induced or stray capacitance. The entire ceramic assembly is
coated with Pt paint and connected to a ground. The four-ter-
minal pair leads are attached to the LCR meter via coaxial cables.
A schematic representation of the experimental setup and mea-
surement connections is presented in Figure l.

The LCR meter is interfaced with a Hewlett-Packard 9825
computer which allows for the automatic reading and storage of
capacitance and dielectric loss values. Temperatures are auto-
matically recorded with a chromel-alumel thermocouple situated
immediately next to the sample post. Temperature readings are
believed to be accurate to within +5qC. An interfaced power
source and a separate thermocouple control the furnace heating
rate during a run. A heating rate of 5"C/min proved to be sat-
isfactory in obtaining thermal equilibrium for the particular sam-
ple size. A slower rate of 3tlmin was utilized for a single run
as a check and produced equivalent capacitance readings. There
was no detectable thermal hysteresis effect for the capacitance
and loss measurements. As runs consisted of only a controlled
heating cycle, it was only possible to examine this effect during
a conductive cooling stage.

A high-temperature run was initiated by calibrating the LCR
meter for open and short circuits. This process would remove
any additional stray or induced capacitance leaks that could occur
throughout the entire measurement circuit (i.e., LCR meter, ca-
bles, and sample assembly). It is important to remove all possible
interfering capacitance from the measurement circuitry owing to
the extremely low capacitances of the forsterite samples [on the
order of 5-20 pF (picofarad : lO-''z Dl. The forsterite values are
close to the minimum detection level of the LCR meter. Because
of the restriction imposed by the single-crystal geometries, it was
not possible to increase the measured capacitance by major changes
in the sample thickness and electrode area (see Eq. l2).

Measurements of capacitance and dielectric loss were per-
formed at each ofthe following high-frequency values: 20, 40,
100, and 400 kHz and I MHz. The accuracy of these measure-
ments varies with frequency and is discussed in Hewlett-Packard
(1979). The actual measurement error will be a combination of
these speci0cation errors and those associated with the electrode
configuration of the sample assembly. A worst-case estimate of
the uncertainty in measured capacitance provides the following
values: at 20W12,0.02 pF; at40kEz,0.07 pF; at 100 kHz, 0.06
pF; at 400 kHz, 0.03 pF; and at I MHz, 0.02 pf. The relative
error in the loss measurements is estimated to be 506 for all
frequencies. These errors are considerably greater than those pre-
sented in the LCR meter operating manual (Hewlett-Packard,
1979). The room-temperature measurements provided a greater
range in frequencies (10 kHz-10 MHz). The four-terminal pair
electrode method provides a measurement of the vector voltage
across the sample electrodes and the vector current flow through
the sample. The imaginary component of these two vector quan-
tities provides the capacitance value, and the real component
provides the dielectric loss value (see Eq. 4). The LCR meter was
maintained in parallel RC mode as would be appropriate for an
equivalent circuit model ofthe electric behavior ofthe forsterite
samples. The test-signal voltage level was kept at a value of 1.00
V. Measurements were taken at each of the frequencies for every
5'C interval from 40qC to 1000'C. It was necessary to momen-
tarily cut power to the furnace during the measurements for a
given temperature in order to prevent any induced capacitance
from the current flow of the It windings.

In order to completely define the dielectric properties offor-
sterite, it lvas necessary to obtain dielectric data for the three
crystallographic axes. Forsterite, as an orthorhombic silicate, pos-

sesses dielectric anisotropy that can be expressed by the diagonal
terms ofthe dielectric tensor (Nye, 1957; Cygan and Lasaga, in
prep.). Because of the limited availability of the forsterite single-
crystal boules, we were only able to obtain a duplicate sample
for the c crystallographic direction. AII samples were remeasured
several times at 25"tC and at high temperatures and provide results
in agreement within the experimental uncertainties. It was nec-
essary to repeat the sample and Pt-electrode preparation for the
additional runs.

All measured capacitance values were corrected for electric-
field edge effects using the ASTM (1981) recommended scheme.
The correction, a function of sample thickness and electrode
circumference, reduces the measured capacitance by no more
than 50/0. Thermal-expansion corrections were also required to
provide the correct sample dimensions at the measured temper-
ature. Linear-expansion coefrcients were derived from the high-
temperature crystal-structure data of Hazen (1976) and were in-
corporated to account for the increased sample thickness and the
larger electrode area. The dielectric constants were obtained di-
rectly from Equation I 2 using the corrected capacitance and sam-
ple-geometry values. The thermal corrections are minor and ac-
count for less than 2% of tllle dielectric constant. The standard
errors associated with the dielectric constant determination were
derived by conventional error-propagation techniques based upon
the measurement uncerlainties in capacitance and sample ge-
ometry. The relative uncertainties of the dielectric constants are
on the order of 1.5-4.0o/o, being predominated by the uncertainty
in the sample thickness measurement.

The dielectric conductivities for each sample were evaluated
by using Equation I 4 and the dielectric data obtained at 20 kHz
and in the temperature range of 40G-900qC. Conductivities were
not evaluated beyond both temperature extremes owing to either
loss interferences at high ? (see below) or loss values below the
detection limit at low ?. The larger loss values obtained at the
2Q-kHz frequency were utilized in order to improve the accuracy
of the measurement. It was assumed that these conductivities are
independent of frequency (see Bradley et al., 1964; Dtba, 1972)
and that a comparison can be made directly with those obtained
at low frequencies (less than I kHz) (A. Duba, Lawrence Liv-
ermore National Laboratory, pers. comm.). Of course, there may
exist additional mechanisms besides charge-carrier migration that
contribute to the dielectric loss and, therefore, to the calculated
dielectric conductivity. The relative standard error for the con-
ductivity values is estimated to be approximately 5o/o.

Rnsur,rs
The results of the room-temperature determination of

the forsterite relative dielectric constants are presented in
Table 2. Also included are the static polarizabilities, a,
derived from the dielectric values using the Clausius-Mo-
sotti relation (see Lasaga and Cygan, 1982):

3 V e  -  1
d : G e + 2 (t 5)

Here, Z is now the molecular volume of a MgrSiOo unit
Q2.45 A\, and c refers to the real component of the rel-
ative dielectric constant. The uncertainties in a were ob-
tained by a propagation-of-error method. The dielectric
constants were obtained at I MHz and are free from the
interferences of extraneous polarization processes (see be-
low). These values represent the static dielectric constant
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Table 2. Dielectric constants and corresponding
polarizabilities for synthetic forsterite measured

at I MHz and 25"C (uncertainties represent
one standard deviation)

ClyB ta l  lograph ic

O r i e n t a t i o n

D i e  l e c t r i c

P o l a ! i z a b i l i r y  ( A 3 )

a (100)

b  (o ro)

!  (oo1)

6 . 9 7  +  O . 2 l

1 . 1 1  +  0 . 2 4

7 . l I  +  0 . 2 1

1 r . 5 1  +  0 . 1 4

I 1 . 9 5  +  0 . 1 4

r r . 6 0  +  0 . 1 3

and include only the contribution of ionic and electronic
polarization (Lasaga and Cygan, 1982).

Figure 2 provides a plot demonstrating the dependence
ofthe forsterite dielectric constant upon frequency (i.e.,
Iog z). Data are presented for the b axis orientation at
room temperature (25'C) and at selected high tempera-
tures; similar results were obtained for the forsterite a and
c axes. The dalaat 25"C illustrate the change in forsterite
polarization processes that one expects in going from a
relatively low frequency or static region (ionic plus elec-
tronic polarization) to the high-energy optical frequencies
(electronic-only polarization). In the optical region the
dielectric constant is given as the square of the refractive
index. The transition between the two polarization pro-
cesses, schematically drawn in Figure 2, is referred to as
the infrared-dispersion region. On a theoretical basis one
would expect the dielectric constant to approach positive
and negative infinity values through this transition.

For the higher temperatures the polarization contri-
butions of space charge, interfacial effects, crystal inho-
mogeneity, and crystal defects are apparent by the increase
ofthe dielectric constant in the lower-energy range ofthe
measured frequencies (below 100 kHz). The forsterite

Fig. 2. Dielectric constant for the b-axis orientation of for-
sterite determined at selected temperatures as a function of the
logarithm of the electric-field frequency. Error bar denotes the
measurement uncertainty in the dielectric constant.

TEMPERATURE (.C)

Fig. 3. Dielectric constant for the three crystallographic ori-
entations of forsterite obtained at selected frequencies (20, 40,
100, and 400 kHz and I MHz) as a function of temperature.
Frequency labels are in units of hertz. Error bar represents the
measurement uncertainty in the dielectric constant.

sample produces a greater dielectric response owing to the
distortion ofthe macroscopic electric field created by these
polarizations. The large increase in dielectric constant is
also partly explained by a corresponding increase of the
defect concentrations intrinsically produced with temper-
ature. All ofthe dielectric constant curves tend to flatten
out at the l-MHz frequency from which static dielectric
values are used to calculate the polarizability.

Figure 3 presents the temperature dependence of the
dielectric constant offorsterite parallel to the a, b, and c
crystallographic axes. Separate curves are given for each
of the measured frequencies. Similarly, the dielectric loss
values corresponding to these dielectric constant mea-
surements are provided in Figure 4. Loss values greater
than unity have been removed from the lower-frequency
curves to provide detail of the higher-frequency loss mea-
surements. All three crystallographic orientations exhibit
an initial linear increase of the dielectric constant urith
temperature followed by a break in slope at approximately
500'C and then an increasing change up to l000qc. The
break in slope is represented in the dielectric loss data and
indicates the transition offorsterite from an insulator to
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Fig. 4. Dielectric loss for the three crystallographic orienta-
tions of forsterite measured at selected frequencies as a function
oftemperature. Frequency labels are in units ofhertz. The loss
data have a relative uncertainty of approximately 50/0.

a conductor. The minor fluctuations in the dielectric con-
stant and loss curves can be attributed to the measurement
sensitivity and the influence of low-intensity polarization
effects such as the interruption of charge migration and
electrode-sample interferenc€ (see discussion).

Static polarizabilities were derived from the e (l MHz)
versus ?n data using the Clausius-Mosotti relation (Eq. l5)
and are presented in Figure 5. The dependence of MgrSiOo
volume upon temperature was taken from the olivine-
structure data of Hazen (1977). The higher-temperature
polarizabilities (greater than 600'C) required the extrap-
olation of the low-temperature dielectric constant data in
order to subtract out the high-temperature interferences.

The first-order temperature derivatives of the static di-
electric constant and polarizability for each forsterite ori-
entation are listed in Table 3. These terms were evaluated
for the dielectric data measured at I MHz and 4G600'C.

The dielectric conductivities of forsterite at 40G-900t
were derived from Equation 14 and were fitted to the
following Arrhenius equation expected of a thermally ac-

200 600 800 1000

TEMPERATURE fC)
Fig. 5. Static polarizabilities for the three crystallographic

directions of forsterite as a function of temperature. Error bars
denote the standard uncertainty associated with the calculated
polarizability.

.E represents the activation energy for conduction, oo is
the usual preexponential term, R is the gas constant, and
Z is the absolute temperature. Conductivity values were
determined only at the temperatures where Equation l0
was satisfred. A plot oflog tan 6 versus log o provided a
slope of approximately negative unity and suggested the
existence of a simple conduction mechanism in this tem-
perature range. The activation energies and oo terms, de-
rived from Equation 16, are provided in Table 4. Figure
6 presents an Arrhenius plot 0og d versus l/7) of the
results obtained for each crystallographic orientation. Also
included in Figure 6 are the low-frequency (less than I
kHz) conductivities measured for pure forsterite obtained
from previous studies.

Drscussrox
The dielectric data presented in the previous section

provide the necessary parameters for evaluating the po-
larization behavior of forsterite at realistic geologic tem-
peratures. A salient point ofthese data is the existence of
a dielectric anisotropy that will affect the directional char-
acteristics of transport properties (e.g., chemical difrrsion
and conduction). The 1-MHz frequency data indicate that
for all temperatures the relative values of the dielectric
constants of the three orthogonal orientations are

Table 3. Temperature derivatives of the static (l MHz)
dielectric constant and polarizability for forsterite
(uncertainties represent one standard deviation)

Crys  ta l  loBraph ic
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Table 4. Arrhenius parameters for describing the dielectric
conductivity of forsterite for 40G900'C (uncertainty in

d represents the standard deviation derived from
the linear regression)
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€r ) 6" = e.. It is not possible to distinguish between the
a- and c-axis values because of the experimental uncer-
tainties. The static polarizabilities will necessarily dem-
onstrate the same relative anisotropy (see Fig. 5). The
optical dielectric constants offorsterite, derived from the
refractive index data of Kerr (1977), indicate a reversal
ofrelative values: €lo'> 4o' ) e3p'. These data suggest the
occulTence ofa crossover in the infrared transition zone
for the relative dielectric anisotropy.

Lasaga and Cygan (1982) discussed the importance of
incorporating the polarization energy in the defect-for-
mation calculations for forsterite (see Lasaga, 1980). Re-
laxation of the crystal lattice through polarization effects
would also be important in the migration of ions in for-
sterite. Therefore, chemical diftrsion of ions would be
sensitive to the dielectric anisotropy of forsterite. The
oxygen-diffirsion studies ofReddy et al. (1980) and Jaoul
et al. (1983) for forsterite report a preferred transport of
oxygen along the b crystallographic direction while the a
and c directions provided slower difrrsion rates (Db >
D"> D.). These observations are in agreement with the
observed dielectric anisotropy. One would expect pre-
fened mobility along the greatest polarization direction
owing to the relative ease ofcreating and migrating a point
defect or ion. For the case of forsterite, the bulk of the
polarizability is attributed to the oxygen anion, based on
the additivity rule for ionic constituents (see Lasaga and
Cygan, 1982). This also follows from the much larger ionic
size of oxygen relative to the cations creating a larger
deformation or polarization character. It is only possible
to compare the difiirsion data for oxygen to the measured
polarizabilities and dielectric constants.

As mentioned previously, the e versus Zcurves deviate
from a linear behavior at higher temperatures. Certain
fluctuations can be correlated to those in the dielectric
loss curves. Although these anomalies are within the mea-
surement uncertainty, they suggest the occurrence ofad-
ditional polarization and loss processes and therefore the
breakdown of the simple parallel RC equivalent circuit
used to measure the dielectric response. Because of the
extremely low sample capacitance being measured, minor
contributions will be reflected in the curvature of the tem-
perature plots, especially for the low frequencies. Breck-
enridge (1952) and Economou (1964) suggested that such
anomalous behavior for the dielectric loss of simple ionic
crystals can be attributed to a relaxation process involving
dipoles (e.g., impurity or vacancy-defect pairs), whereas

4 0 O U

t /T  x  t o4  ( /K l

Fig. 6. Arrhenius plot demonstrating the variation of for-
sterite conductivity with temperature. The heavy solid lines de-
note the dielectric conductivities measured in this study for the
three crystallographic directions of Mg'SiOo.

Bielig and Lilley (1980) indicated charged dislocation lines
to be the major mechanism. We were unable to reproduce
the dielectric loss anomalies for replicate runs with for-
sterite and therefore suggest a sample preparation prob-
lem, possibly an unsuitable sample surface and improper
contact with the Pt electrodes. Another factor may be the
intemrption of charge migration by the trapping of charge
carriers such as electrons, electron holes, ions, or vaqrn-
cies in the sample or at the electrode interface. Ifvacancy
pairs did exist in large concentrations in forsterite, one
would expect a reorientation ofthe vacancy-pair dipole
with the alternating electric field and would observe an
anomalous dielectric loss when the measurement fre-
quency is equivalent to the appropriate reorientation fre-
quency. Such dielectric responses as a function of tem-
perature would provide formational enthalpies for the
defect pair. However, limitations are imposod on our mea-
surements by the low capacitance values for forsterite and
the level ofaccuracy ofthe present-day capacitance bridges.

With the available high-temperature polarizabilities of
forsterite it is possible to examine the feasibility of the
additivity rule. Lasaga and Cygan (1982) presented a
scheme for predicting the total polarizability of a silicate
by the summation of the individual oxide polarizabilities.
Although we are restricted by the paucity ofdielectric data
for silicates and relevant oxides at elevated temperatures,
it is possible to examine forsterite at 500"C. Using the
dielectric constants of MgO and SiO, measured at 500.tC
(Westphal and Sils, 1972), we calculated polarizabilities
of, respectively, 3.45 A, and 5.82 A', which predict a
forsterite static polarizability of 12.72 A3 (see Eq. l0 of
Lasaga and Cygan, 1982). The high-temperature mea-
surements on forsterite suggest a polarizability of 12.21
A, based on an averaging ofthe dielectric constant anisot-
ropy. These values are in approximate agreement; the
additiyity rule overestimates the measured value by 4ol0.

- t ?
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For room-temperature data, the oxide-additivity rule pre-
dicts a forsterite polarizability of 11.48 A3 compared to
the measured value of I 1.7 4 A3 (20lo difference). It appears
that at higher and more geologically interesting temper-
atures, the polarizability for a given silicate mineral can
be approximated by an additivity rule. Until more refined
high-temperature dielectric measurements are performed
on other important rock-forming silicates, it will be nec-
essary to utilize the additivity rule for mineralogical model
calculations.

Knowledge of the temperature derivative of the polar-
izability for forsterite is important if we are to generalize
and extend its application to other similar-structure sili-
cates (e.9., garnet) for which high-temperature data are
lacking. The straightforward increase of polarizability with
temperature is apparent in Figure 5. The average of the
numerically evaluated temperature derivatives for e and
a is presented in Table 3 for each forsterite orientation.
The relative change in a with temperature at constant
pressure can be described by differentiating Equation l5:

peratures in excess of I 100'C suggest a different conduc-
tion mechanism as evidenced by the "kink" in the Ar-
rhenius plot. These higher activation eneryies (on the order
of 300 kJlmol) suggest an intrinsic ionic migration and
are comparable to the cation-diff.rsion energies obtained
for olivines (see Buening and Buseck, I 973; Morioka, I 980,
l98l). It is of significance to note that these diftrsion
studies provide Arrhenius plots that exhibit similar
"kinks."

In an extrinsic process the defect structure ofthe crystal,
and hence the transport properties, will be controlled by
the concentration of impurities. For silicate minerals, in
particular forsterite, a major impurity will be iron. Be-
cause of the multivalent nature of Fe, one would expect
a major dependence ofthe conductivity upon oxygen fu-
gacity as well as total Fe concentration. This /", depen-
dency has been verified for the case ofconduction (e.g.,
Duba and Nicholls, 1973; Duba et al., 1974) and cation
diffusion (e.g., Buening and Buseck, 1973) in olivines. The
dielectric measurements of the present study were com-
pleted in static air, but no evidence ofoxidation was noted
upon optical examination of the sample edges after com-
pletion of the run. As a measure of conduction in for-
sterite, the dielectric loss would be most sensitive to oxy-
gen fugacity and Fe3+/Fe2r changes. The dielectric constant
(capacitance) measurements would be less affected, al-
though no investigation has been carried out. Future stud-
ies would necessarily examine the role of major impurities
and oxygen fugacity in contributing to the observed di-
electric behavior of forsterite.

CoNcr-usroN

Early examinations of the dielectric properties of rocks
and minerals were as a rule limited by problems involving
impurities, water content, polycrystallinity, and measure-
ment accuracy (e.9., Takubo et al., 1953a, 1953b; Keller
and Licastro, 1959). High-temperature measurements were
igrrored owing to interests in utilizing dielectric properties
as a prospecting and mineral survey technique. Recently,
the use of theoretical models by mineralogists has devel-
oped a need for accurate dielectric constant values in order
to investigate the nature ofbonding in silicate phases. The
high-temperature dielectric data of forsterite are an ob-
vious improvement over the earlier studies and provide
values useful at relevant temperatures for evaluating geo-
chemical processes.

We feel that the present study has been successful in
defining the polarization behavior of single-crystal for-
sterite as a function of temperature, frequency, and crystal
orientation. These data can now be employed with con-
fidence in point-defect and lattice-energy calculations. The
verification ofthe polarizability additivity rule at geolog-
ically interesting temperatures also suggests the possibility
of application to other rock-forming silicate minerals.
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The two contributing factors in Equation 17 are the tem-
perature dependence of the dielectric constant and the
thermal expansion coefficient. The increase of polariz-
ability with temperature is expected on fundamental
grounds. At higher temperatures, the mean bond distances
are greater and the force constants between ions are there-
fore lower. This enables the ionic polarization to increase.
The electronic contribution to the total polarization is
expected to be independent oftemperature. The a versus
T behavior is significant in that it reflects ionic interac-
tions and can be used to constrain interionic potentials
for silicate minerals (see Cygan and Lasaga, in prep.).

The dielectric conductivities presented in Figure 6 are
noteworthy in that there appears to be little anisotropy
exhibited for the temperature range of 40G-900"C. At the
lower temperatures we observe that o. > ot = o., whereas
at temperatures above 650"C o" ) oa = o.. The relative
values of the higher-temperature conductivity data agree
with the measured cation-diftrsion anisotropy reported
by Buening and Buseck (1973). The minor anisotropic
behavior of the conductivities is in marked disagreement
with the only other conductivity study of oriented single-
crystal forsterite; polycrystalline and nonoriented samples
have generally been measured. Morin et al. (1977) ob-
served major anisotropic behavior, up to four orders of
magnitude, based on DC measurements during cooling of
the samples. The activation energies for conduction in
forsterite based upon our measurements (see Table 4) are
in good agreement with those derived for nonoriented
single-crystal samples (e.g., Shanklan d, 19 69 ; Duba, 1 9 72).
Although conductivities by themselves are insufficient for
determining the actual conduction mechanism, most
studies attribute these activation values to an extrinsic
ionic transport mechanism. The conductivity data at tem-
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