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In this paper, we describe a model for the electrical properties of forsterite and report the results of dc
conductivity measurements made on single crystals of forsterite and analyzed in terms of the model. It is
proposed that the thermal band gap is E, = 6.4 eV and that Fe’* is the major electrically active impurity
which introduces an acceptor level 3.0 eV above the valence band. It is found that electronic transport is
isotropic, extrinsic and due to holes in the valence band, and that it predominates in the b direction at all
temperatures of measurement and in the a and c¢ directions above ~1700 K. At lower temperatures,
extrinsic ionic transport, apparently due to magnesium ions and vacancies, predominates in the a and ¢
directions. We find that the ions and vacancies are bound at lower temperatures, possibly to Fe’* or AP+
ions, with a binding energy of E, = 1.9 to 2.3 eV, and that the ionic transport energy is E,(a) = 1.0 and
E,(c) =13 eV. We find no evidence for intrinsic transport of either kind up to the limit of the
measurements, 1800 K. This last result may have serious consequences for the interpretation of laboratory
data on the pressure and temperature dependence of transport processes in olivine as they apply to its behavior
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in the earth’s mantle.

I. INTRODUCTION

This study of electrical conduction processes in
forsterite was initiated in connection with geo-
physical interests. It is presumed that olivine,
(Mg, Fe),Si0O,, is the most common mineral of the
earth’s upper mantle. Therefore, an understanding
of electrical conduction in olivine versus temper-
ature and pressure is essential to the interpreta-
tion of the electrical conductivity profile in the
earth, as inferred from its global electromagnetic
response to external magnetic field variations. An
understanding of the optical properties of olivine
is important to the evaluation of radiative heat
transfer in the mantle and a model for the ionic
transport in olivine may be important to under-
standing mechanical creep in the mantle.

There is a very real possibility that in olivine

some or all of the above properties are determined’

by minor or trace impurities. Therefore, in order
to directly simulate conditions in the mantle val-
idly, olivine samples would have to be equilibrated
at each temperature and pressure, with a chemi-
cal environment appropriate to the mantle, before
measurement. This is a formidable undertaking
and has never been attempted.

An alternative and complementary approach
which we have adopted is to attempt to identify and
separately study the fundamental processes that
give rise to optical absorption, ionic transport,
and electrical conductivity. Accordingly, our plan
has been to begin with the purest available syn-
thetic single-crystal forsterite and to move on to
doped single crystals and to natural olivine cry-
stals.

In this paper we describe a model for the elec-
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trical properties of forsterite constructed from
information in the literature. We also report the
results of dc electrical conductivity measurements
made on single-crystal forsterite under oxidizing
conditions and analyzed in terms of the model. In
papers to follow, we plan to report on the results
obtained under reducing conditions and on the ac
electrical properties of forsterite and on the ac
and dc electrical properties of olivine.

II. AN ELECTRICAL MODEL FOR FORSTERITE
A. Introductory remarks

In this section we shall review information from
the literature in order to construct a model which
describes the electrical properties of forsterite.
It will be shown that, in many respects, the elec-
trical and optical properties of MgO are similar
to those of forsterite. Therefore, the much larger
literature on MgO is also used in deriving the
model.

MgO is NaCl cubic, a=4.21 A.! The Mg2* ions
occupy oxygen octahedra which share edges.
Therefore, one expects electronic transport to
be isotropic by electrons in the Mg2*(3s) band and
holes in the O?~ (2p) band. Ionic transport due to
magnesium vacancies will also be isotropic.

Forsteriteis orthorhombic: a=4.77 A, 5=10.195
A, ¢=5.981 A2 As shown in Fig. 1, Mg2*ions
occupy two nonequivalent sites, M, and M,, in oxy-
gen octahedra. Silicon occupies oxygen tetrahedra.
The oxygen lattice is very close to the ideal hexa-
gonal close packed. Thus, one expects isotropic-
hole transport in the oxygen (2p) band. Continuous
rows of Mg?*ions occur only in M, sites along the
c direction in oxygen octahedra which share edges
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FIG. 1. Forsterite
structure parallel to
the (100) plane. Si
atoms are not shown.
Small open circles
are Mg ions at a=0;
small solid circles
are Mg ions at a=

and with a Mg-Mg distance of 2.99 A as in MgO.
Since the lowest-lying conduction band is expected
to be due to Mg?2*(3s) wave functions, it is only in
the ¢ direction that electron transport in this band
may occur. The conduction band due to SiO, tet-
rahedral covalent bonds will occur in the ¢ and %
directions, and as shown in Sec. II B, probably
lies above the Mg?* (3s) band. Thus, electron
transport is probably very anisotropic, being
greater along the ¢ direction than along the g and
b directions.

Because of the large band gap in forsterite, any
measurable amount of electronic transport is ex-
pected to be extrinsic. Therefore, we have at-
tempted to provide a detailed diagram of the en-
ergy levels introduced into the band gap by chem-
ical impurities and lattice defects. The conse-
quences of these results for electronic transport
will be discussed below.

The work of Pluschkell and Engell® suggests
that ionic transport in nearly stoichiometric for-
sterite involves magnesium ions but not oxygen
ions. Furthermore, the work of Narayan and
Washburn* on MgO indicates that the energy for
production and transport of oxygen vacancies is
much greater than that for magnesium vacancies.
Hence, in this paper we shall ignore the possibil-
ity of oxygen transport and consider only trans-
port due to magnesium ions.

B. Band gap of MgO and forsterite

The band gap of forsterite is in doubt. In this
section we make a tentative decision as to the band
gap by comparing Shankland’s® reflectivity mea-
surements on forsterite with reflectivity for the
component oxides MgO and SiO,.

Mg is surrounded by an octahedron of oxygen
in MgO and in forsterite. The Mg-O distance is
the same in both oxides, the Mg-O bond is es-
sentially ionic, and therefore we can expect energy
bands composed of 0% (2p) and Mg2* (3s) and oc-
curring at about the same energy separation in the
two oxides. However, as pointed out in Sec. I A,
although the valence bands are expected to be iso-
tropic, the Mg2* (3s) conduction band may be low-
est lying only in the ¢ direction.
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Si is surrounded by a tetrahedron of oxygen in
Si0, and in forsterite. The Si-O distance is 0.04
A greater in forsterite, the bond is essentially
covalent, and therefore we can describe the en-
ergy bands associated with the SiO, clusters as
forming spo (bonding) and spo* (antibonding) mo-
lecular orbitals which occur with slightly less
energy separation in forsterite than in SiO,.

The reflectivity of MgO has been measured and
analyzed by Roessler and Walker.® It consists of
two sharp exciton peaks plus rounded peaks from
band-to-band transitions which depend upon the
joint density of states of the valence and conduc-
tion bands. When the exciton peaks are subtracted
from the plot of imaginary dielectric constant
versus incident photon energy, the band gap of
MgO is found to be 7.7 eV,

The reflectivity of SiO, has been measured by
Philipp.” It also has a sharp peak suggesting an
exciton plus rounded peaks from band-to-band
transitions. We have subtracted the assumed ex-
citon peak from the plot of imaginary dielectric
constant versus incident photon energy and found
the band gap for SiQ, to be about 10.7 eV.

The reflectivity of forsterite shows a rounded
peak at 8.4 eV with a shoulder at 7.7 €V. No sharp
excitonic peaks are observed. The results suggest
that the band gap in forsterite comes at 7.7 eV and
that the peak at 8.4 eV is due to the joint density
of states of the valence and conduction bands. This
value for the band gap agrees well with that for
MgO. It also agrees with transmission spectra
obtained by Shankland® which shows a cutoff between
7.5 and 8.0 eV. Bond-order and bond-energy con-
siderations® allow us to take into account the dif-
ference in the Si-O distance in SiO, and forsterite
and to estimate the spo-spo* separation to be 9 eV
in forsterite as compared to 10.7 €V in Si0O,. This
estimate predicts a peak in the forsterite joint
density of states and the reflectivity to occur at
~8.4 eV, in agreement with observation.

We show in Sec. IIC that the difference between
optical and thermal excitation in MgO is 1.3 eV.
Thus, we take the thermal band gap for MgO and
forsterite to be 1.3 eV less than the optical band
gap or 6.4 eV.

C. Point-defect energy levels in the band gap of MgO
and forsterite

Electrical and optical measurements on approp-
riately prepared MgO samples allow us to infer the
electronic energy levels associated with magnes-
ium and oxygen vacancies and iron, sodium, and
hydrogen impurities. Similar measurements on
forsterite allow us to determine the levels asso-
ciated with magnesium vacancies and iron and man-
ganese impurities. The thermal ionization ener-
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FIG. 2. Energy-level diagram for the band gap of

MgO and forsterite together with defect and impurity
levels which lie in the band gap.

gies for these levels (optical energy in parenthe-
ses) have been summarized in Fig. 2. The ther-
mal-energy information will be used later to ex-
plain electronic transport measurements. These
energy-level data now will be discussed in some
detail.

1. Aluminum

Aluminum is a common impurity in forsterite
and olivine. In conformity with its behavior in a
number of minerals we assume that it substitutes
for Si on tetrahedral sites. Then by analogy with
results in quartz!® we expect it to produce a hole
trap slightly above the valence band as shown in
Fig. 2.

2. Magnesium interstitial

Magnesium interstitials appear to be a very
probable defect in forsterite. Since electronic
levels associated with them have not been identi-
fied, we tentatively assume that they lie just be-
low the conduction band as shown in Fig. 2.

3. Oxygen vacancy

A set of energy levels for oxygen vacancies is
suggested by the considerable amount of work on
F centers in MgO. This work indicates that both
the V3 and the V} centers are located ~5.0 eV
(optical) below the conduction band. Kappers
et al.'! also show that recombination of electrons
in the conduction band with these centers following
photoionization produces luminescence bands at
2.4 and 3.0 eV, respectively. We may take the
mean of the absorption and emission energies to
be the thermal energies for these centers, i.e.,
3.7 and 4.0 eV, respectively. These energies for
the oxygen vacancy are shown in Fig. 2. These re-
sults indicate that the difference between an optical
and a thermal-ionization energy is 1.3 eV for a
neutral center. We used this difference in Sec.

I B to estimate the thermal band gap.
4. Magnesium vacancy

Four acceptor or hole-trap levels have been
found associated with a magnesium vacancy in
MgO. When the Fermi level lies above these lev-
els, they become occupied. Then an ionized iso-
lated magnesium vacancy Vﬁ('g will contain two
electrons and will introduce two energy levels into
the band gap near the valence band, One of the
negative charges on the vacancy may be compen-
sated by the presence of a substitutional trivalent
ion on a magnesium site neighbor to the vacancy.
This will produce Vy,(M3*) which constitutes a
single shallow energy level. One of the negative
charges on the vacancy may also be compensated
by the presence of a proton on a neighboring oxy-
gen. This will produce Vy,(OH") which also con-
stitutes a single shallow energy level. Holes trap-
ped in these levels following band-gap irradiation
have been detected by thermally stimulated current )
(TSC),2 optical absorption,'® and ESR.}* The
deepest of the four levels is the first level of
the isolated vacancy which has the form Vy,
when one hole has been trapped. This hole
may be released by 1.1-eV thermal energy'?
or by 2.3-eV optical energy.’> The thermal en-
ergy for this level is plotted in Fig. 2 together
with the optical energy shown in parentheses. The
trapped hole constitutes a bound polaron, the op-
tical absorption of which has been explained on
the basis of lattice distortion'® which is responsible
for the difference (1.2 eV) between the thermal
and the optical ionization energy for the level. An
energy difference of 1.2 eV has also been found for
bound polarons in SrTi0O,."” This result is essen-
tially the same as that found above for the E(op-
tical)- E(thermal) of the V, centers. This infor-
mation will be used to convert optical charge
transfer energy into thermal energy for manga-
nese and iron levels in forsterite.

Three magnesium vacancy levels lie close to-
gether in energy and trap a hole to formVN‘}g,

VadM®*), and Vy%,(OH"). ESR studies show thatholes
thermally released from these levels are trapped by
the V2~ toform V. Thus, itis clear that Vi is
the deepest of the four levels. V(M) appears
to decay at ~300 K which is equivalent to a level
lying at about 0.9 eV. 1 and ¥, (OH") appear to
decay at a slightly lower temperature and probably
lie ~0.8 eV above the valence band. These results
are shown in Fig. 2.

Sodium substituted for magnesium in MgO also
produces a shallow hole trap. The trapped hole
is thermally released at ~200 K.!® This is equiva-
lent to a level at ~0.6 eV above the valence band
as shown in Fig. 2.



5. Iron and manganese

In many oxides a transition-metal ion occupies
an oxygen octahedron and an electron may be ex-
cited from the t,, and t,, nonbonding 2p molecular
orbitals of the oxygen into the d levels of the cen-
tral ion, leaving a hole which is shared by the oxy-
gen of the octahedron. In MgO the top of the val-
ence band is composed of the ¢, and %, orbitals
and, therefore, allowed optical transitions may
occur from the band edge into a substitutional
transition-metal ion. If we assume that 2p orbi-
tals having this parity make up the top of the val-
ence band in forsterite, then optical transitions
will be allowed from the band edge into the d lev-
els of a transition-metal ion substituting for mag-
nesium. We have already determined the energy
difference (1.2 eV) between optical and thermal
charge transfer in MgO and SrTiO,. Therefore,
from optical charge transfer measurements we
may determine the thermal energy of the lowest-
lying empty levels of iron and manganese with re-
spect to the valence band of MgO and forsterite.

Charge transfer absorption bands have been re-
ported for Fe3* in MgO by Soshea etal.’® and Fe?*
and Mn?* in forsterite by Weeks et al.*®* These re-
sults are plotted in Fig. 2; the thermal energy is
obtained by subtracting 1.2 eV from the optical
energy (shown in parentheses). These levels rep-
resent deep acceptors which become ionized by
the charge transfer reactions

Fed* - Fe?* +h, Mn** -Mn* +h,

which produce holes at the top of the valence band.
The Tippens measurements® indicate that optical
charge transfer into Fe®* and Mn®** in AL O, appears
to occur at about the same energy; consequently,
we have plotted the level for Mn®** in forsterite at
the same energy as that of Fe3*. From the ex-
perience with iron in SrTi0,,*® acceptor levels or
trapped holes in the form of Fe** and Mn** are ex-
pected in MgO and forsterite. If we scale the re-
sults of Tippens?®! for Mn** in ALO, to the band
gap of forsterite, we can plot a tentative level
for Mn** in forsterite as shown in Fig. 2.
Mollenkopf et al.* find that when hole-electron
pairs are created in MgO containingMn?* and Fe®*,
the ESR signal for Mn?* increases and that for Fe®*
decreases.Given the electronic configuration of
these ions, it is possible for Fe3* to trap a hole
and become Fe**, and Mn3* to trap an electron and
become Mn?*, A similar-result is seen in SrTiO,
doped with Fe** and Mo®*: pumping with band-gap
light produces Fe** and Mo®*.22 However, it is
also possible for Fe®* and Mn3* to trap electrons
while magnesium vacancies trap the holes. Mol-
lenkopf et al. also find that what appears to be a
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hole trap in MgO empties to produce a glow peak
at 500 K. TSC measurements? also find an un-
identified hole trap which begins to empty around
475 K and located 1.6 eV above the valence band.
We shall assume that these results indicate the
presence of Fe** and, accordingly, we show an -
Fe't level at 1.6 eV in MgO, Fig. 2.

In the experiments of Weeks ef al.2° on Fe®* in
forsterite, band-gap irradiation results in a re-
duction in the optical and ESR signal due to Fe®*
together with the appearance of two new optical
bands at 2.75 and 3.35 eV. These bands appear
to thermally anneal away in about the same tem-
perature range as do V. and Fe** in MgO and we
assign the bands, tentatively, to these centers.
The 2.75-€eV band is probably not due to charge
transfer but represents optical excitation of the
bound hole.!® We shall assume, therefore, that
the thermal energy for the Vy, center is the same
in MgO and forsterite. The 3.35-eV band is prob-
ably due to charge transfer into Fe**, Therefore,
we plot E(Fe**)=3.4-1.2=2.2 eV for forsterite
in Fig. 2.

D. Electronic transport

The experience with nominally pure and stoich-
iometric MgO and forsterite suggest that iron is
the major, electrically active background im-
purity found in these materials. It was pointed out
above that Fe3* iron substitutes for Mg?* and is
charge compensated by magnesium vacancies.
These two point defects introduce acceptor levels
in the band gap of MgO and forsterite with occupied
Vy, levels lying below the Fe®* levels as shown in
Fig. 2. Thus, the Fermi level can be expected to
lie on the Fe3* levels, approximately at midgap,
unless the MgO and forsterite has been intentially
doped with a shallow donor or a shallow acceptor
impurity. i

If we assume that the Fermi level is pinned near
midgap by Fe®* acceptor levels, the resulting hole
concentration in the valence band is given by the
expression

h=N, (Fe**)/[Fe**])exp(-E,/kT), (1)

where i «<[Fe**], N is the density of states in the
valence-band edge, and [Fe®*]/[Fe®**] is the ratio
of empty to filled acceptor levels lying at energy
E,. When [Fe**]/[Fe**]=1 and E, =3E,, this ex-
pression also approximates the intrinsic carrier
concentration. When Egap/z =3,2 eV, and the den-
sity of states in the valence band is given by N,
=4.8x102'T*m=3  and carrier mobility is assumed
to be a constant 10~ m? V~'sec™, we get curve 1
in Fig. 3 as being representative of intrinsic elec-
tronic conductivity in MgO or forsterite. Extrin-

sic-hole conduction, due to iron acceptors, will
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FIG. 3. Electronic conductivity for forsterite (1) cal-
culated intrinsic conductivity; (2) measured, from Ref.
23.

be above curve 1 by the ratio [Fe®*]/[Fe**].
The only measurement of electronic transport
in these materials -appears to be that of Mitoff?s
in MgO. From his results on an undoped crystal
for which electrical conductivity and the relative
fraction of ionic and electronic conductivity was
determined we have derived curve 2 in Fig. 3.
The slope of this curve is 3.4 eV which is close
to that expected for ‘extrinsic transport due to Fe®*
acceptor levels. The magnitude of the conductivity
suggests a situation for which [Fe®*]/[Fe**] ~200.
It is reasonable to assume that the shallow hole
traps found in MgO will also occur in forsterite
as well as the hole traps introduced by A1** on
Si sites. Thus, a sample which has been therm-
ally quenched or exposed to band-gap illumination
may show thermally stimulated conductivity on
initial warming.

E. Ionic transport

Ionic transport along the ¢ direction of forsterite
can occur in several ways. Oxygen octahedra
which contain the M, sites share edges in the ¢
direction and all sites are normally occupied. Oxy-
gen octrahedra which contain M, sites share edges
in the ¢ direction with normally empty octahedral

sites. One might expect the lower energy trans-
port to occur along the M, sites if an M, vacancy
is created. This can be an extrinsic vacancy or
it can be intrinsic, formed as part of a Frenkel
pair by moving an Mg?* from M, to an empty octa-
hedral site. Transport by M, vacancies probably
requires about the same energy as vacancy motion
in MgO. The presence of normally empty octa-
hedral sites suggests a reason for expecting to
find that intrinsic transport involves Frenkel de-
fects in forsterite rather than Schottky defects as
in MgO.

We must also consider the effect of dislocations
and stacking faults on the tranéport properties.
The easy plane for slip is the a/c plane which
contains the M, magnesium sites because in this
plane, no Si-O bonds are broken. The easy direc-
tion of slip appears to be the ¢ direction which
moves hexagonal planes of oxygen ions parallel
to one another. Thus, we may expect edge dis-
locations to occur in the g direction with the
possibility of easy ionic transport along the dis-
location.

Representative measurements of transport of
Mg?2* in MgO, forsterite and olivine are plotted
in Fig, 4. Where necessary, diffusivity was con-
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FIG. 4. Ionic conductivity for forsterite curves (4),
(5), (6), and (7); and for MgO (1), (2), and (3). Curves
(7a), (7b), and (7c) have been plotted a decade higher
for clarity.



TABLE I. Ionic transport parameters for MgO and
forsterite assuming that electrical conductivity is due to
extrinsic magnesium ion vacancy transport. Mg sites in
MgO are 5.3 x 1028 m=3. Mg sites in forsterite are
2.76x 1028 m=3,

Sample E; (eV) ny m™) Ref.
MgO 2.76 1x10*"  Wuensch et al.
(Ref. 4)
MgO 2.5 1x10*"  Mitoff (Ref. 23)
Forsterite (c) 2.56 6x10°T  Misener
(Ref. 5)

verted to conductivity using the Nernst-Einstein
relation which gives

0=3.9x10D/T (Q m)~* for MgO,
¢=2.05x10°D/T (@m)~! for forsterite,

and D is in cm? sec™!,

The most-recent result is curve (1) by Wuensch
et al®* on MgO, which is interpreted by the authors
as being extrinsic Mg?2* diffusion with an activation
energy for migration of 2.76 eV. These results are
similar to the ionic component of electrical con-
ductivity of Mitoff2® curve (2), and diffusion in the
c direction of forsterite, curve (5) by Misener.?®
If these results are taken to represent the trans-
port energy associated with extrinsic Mg?2* vacancy
diffusion, the concentration of vacancies n, may
be calculated using the relation

0=1.4x10%, T exp(-E,/kT) (R m)~? (2)

for n, in m=3, where the jump distance is 2.98 A,
the jump frequency given by a 1000-K phonon, and
E, is the energy for transport, omitting small
factors such as the number of jump sites available.
Table I shows values of E, obtained from the slope
of the curves mentioned above and values of n,
calculated using Eq. (2). We see that in every case
the concentration of mobile vacancies is a large
fraction of the total Mg?* sites in the crystal, a
result not at all consistent with the idea that trans-
port is extrinsic with an activation energy of 2.5

to 2.8 eV.

It has long been known that an adequate interpre-
tation of extrinsic vacancy transport in halides
includes an interaction between the vacancy and
the aliovalent ion which is compensated by the vac-
ancy, or between the vacancy and impurity pre-
cipitates.?® Harding and Price*” have taken these
factors into account in interpreting their results
on the diffusivity of Mg2* in MgO shown in curves
(3.1) and (3.2), Fig. 4. The two curves differ in
that different amounts of aliovalent impurity were
believed tobe present in the two experiments. They
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recognize three regions of behavior: extrinsic
vacancy transport with vacancies partially bound
to precipitates, having a slope of 3.2 eV from the
lower part of curve (3.1); the intermediate region
representing transport by vacancies completely
free from the bound state, slope 1.56 €V; and in-
trinsic transport by Schottky defects represented
by the upper part of curve (3.2) having a slope of
3.5 eV. From these results the energy of forma-
tion of Schottky defects is E,=3.8 eV, the trans-
port energy for magnesium vacancies is E,=1.56
eV, and the binding energy between vacancies and
binding centers is £,=1.64 eV. Thus, we see that
the slopes of curves (1), (2), and (5) do not repre-
sent the transport energy alone. The binding en-
ergy of 1.64 eV is larger than that determined by
Glass?® who has measured the binding energy of a
Mg2* vacancy to a single aliovalent ion Cr®* in
MgO and finds E,=1.08 eV. This agrees with what
one would calculate assuming the binding is due
only to Coulombic attraction between V%, and Cr¥,
that is '

E,=2¢?/€a=1.0 eV for €=10 and a=2.98 A.

The electrical conductivity of forsterite has been
measured by Pluschkell and Engell® [curve (4)]
and Shankland® [curve (6)] in Fig. 4. These mea-
surements were on a ceramic and an unoriented
crystal, respectively. The low-temperature part
of curve (6) extends down to 1/7=19x10* K~!
with a constant slope of 1.13 eV and appears to
represent an extrinsic process. Pluschkell and
Engell interpret the upper portion of curve (4)
as being intrinsic transport due to the production
of Mg2* Frenkel defects.

Buening and Buseck?® using a fayalite—olivine
couple have measured Mg-Fe interdiffusion.
Curves (7), Fig. 4 show their results for the case
of 10% Fe and p,, =1072 atm. In plotting these
data the conductivity has been multiplied by a
factor of 10 for clarity. The appropriate crystal-
lographic directions are shown by a, b, and c.

The same ordering of diffusivity in the three direc-
tions has been found by Misener?® and by Clark

and Long® on the diffusion of Ni?* in olivine. If

we extrapolate the results of Buening and Buseck
to forsterite, we find the activation energies for
the extrinsic region to be: E(c)=1.37, E(a)=1.79,
and E(b)=1.85 eV. The result E(c)=1.37 eV is
intermediate between Shankland’s result E=1.13

eV and that of Harding and Price for MgO, E,=1.56
eV, for magnesium vacancy transport.

III. EXPERIMENTAL
A. Sample preparation

Boules of synthetic forsterite were obtained from
Union Carbide, San Diego. They were about 1x4
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cm in size and grown by pulling from the melt in
an argon atmosphere. Oriented samples were cut
from two boules designated F1 and F2. The growth
direction of F1 was along the a direction. That of
F2 was perpendicular to the b direction and 45°

to the a and ¢ directions.

All samples were lapped and polished to a thick-
ness of 0.5-1.0 mm. Concern about the affect of
dislocations on the electrical properties led to
etching experiments for observation of etch pits.
It was found by successive etches in 160 °C phos-
phoric acid that the samples were damaged to a
depth of about 30 um by 600 grit wet lapping. How-
ever, subsequent measurements showed that this
damage had no appreciable affect on the electrical
or physical characteristics of the contacts. After
the damage had been etched away, it was found that
at 100X magnification: no etch pits remained on
the ¢ direction samples and the surface was fea-
tureless; only a few small clusters of etch pits
were seen on the g direction samples and the sur-
face otherwise was featureless: etch pits were
numerous on b direction samples from F1, where-
as samples from F2 showed few pits, but a large
degree of faceting. After annealing the b direction
samples for 24 h in oxygen at 1400 K followed by
etching, no appreciable change was seen in the
appearance of the surface.

The platinum electrical contacts were fired on
at 550 °C in a dry-nitrogen atmosphere using
Hanovia liquid-platinum bright. These contacts
proved to be satisfactory up to ~1400 K, beyond
which a significant loss of contact material began
to occur. Sputtered platinum contacts were pri-
marily used for samples measured to higher tem-
peratures since they were found to be more re-
liable up to 1800 K. The electrical characteris-
tics for both types of contacts were essentially
the same, with Ohmic behavior for applied po-
tentials in excess of 100 V/ecm. Further evidence
of nonblocking contact behavior was obtained in ac
experiments to be described in a following paper.
Nevertheless, it was found necessary to keep dc
fields on the order of 1-20 V/cm in order to limit
net ion migration and prevent long-term contact
deterioration, particularly at elevated tempera-
tures. Spot checks of the I-V characteristics with
+ and — polarity were taken during the course of
the experiments to ensure that the contacts re-
mained Ohmic.

We generally performed experiments on several
samples of each crystallographic orientation, and
no significant differences between samples from’
the same boule were observed as long as the con-
ditions of heat treatment were the same. Like=
wise, the electrical behavior was found to be the
same for contacts deposited in different regions

on the surface of a given sample. We therefore
feel confident that the results presented here truly
represent the bulk, and are not influenced by sam-
ple nonuniformities which might be present.

B. Experimental apparatus

All dc and ac measurements were made using the
sample holder shown in Fig. 5. The central con-
ductor is shielded by a grounded platinum tube
which makes contact with a platinum guard ring on
the sample. This arrangement essentially elimi-
nates any measurement errors due to thermionic
currents and surface leakage as long as sufficient
care is taken to ensure good guard tube alignment
and contact preparation. Additional platinum
shielding is used on the outer conductors as well,
although this is not shown in Fig. 5. The entire
holder is enclosed by a high-purity alumina fur-
nace tube, thus enabling complete control of the
sample environment. A grounded Pt foil surrounds
the outside of the furnace tube in order to reduce
ac noise pickup.

Conductivity measurements were made using a
Keithley 610C electrometer in conjunction with a
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FIG. 5. Schematic drawing of sample holder. The Pt
guard tube extends beyond the hot part of the furnace and
eliminates currents due to thermionic emission and gas
conductivity.



stabilized variable dc voltage supply. The electro-
meter was operated in the feedback mode so that
the guarded low side of the sample was at a virtual
ground potential. Additional electronics were used
for filtering and logarithmic conversion of the
electrometer output, with the log of the sample
current recorded continuously versus thermo-
couple voltage on an x-y recorder.

Warming and cooling rates were in the range of
0.1-0.2 K/sec, although they were occasionally
slower in instances where deviations from equilib-
rium became apparent. In general, however, more
than one thermal cycle was performed for a given
annealing temperature in order to ensure that
equilibrium had been achieved.

IV. EXPERIMENTAL RESULTS

The dc electrical conductivity of forsterite is
shown in Figs. 6, 7, and 8. The crystallographic
direction of the current flow is designated by a,

b, and ¢. The samples of Figs. 6 and 7 were first
equilibrated at 1400 K for about 1 h and then were
measured on cooling. The samples of Fig. 8 were
equilibrated at 1800 K for about 1 h and measured
on cooling. The results were reproducible if the
anneal temperature was not exceeded. The g and
¢ conductivity was not changed significantly at the
lower-temperature anneal when the atmosphere
was switched from oxygen to nitrogen (containing
~10 ppm oxygen) at atmospheric pressure. The b
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FIG. 6. Measured electrical conductivity of forsterite
annealed at 1400 K for the three crystallographic direc-
tions @, b, and ¢c. Samples cut from boule F1. Mea-
sured in nitrogen.
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FIG. 7. Measured electrical conductivity of forsterite
annealed at 1400 K for the three crystallographic direc-
tions, @, b, and ¢. Samples cut from boule F2. Mea-
sured in oxygen, b remeasured in nitrogen.

conductivity change was significant, however, and
this is shown in Fig. 7. Because the platinum con-
tacts evaporated more rapidly in oxygen, the mea-
surements of Fig. 8 were done in nitrogen.
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FIG. 8. Measured electrical conductivity of forsterite
annealed at 1800 K for three crystallographic directions
a, b, and ¢c. Samples cut from boule F2. Measured in
nitrogen.
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The b direction shows much lower conductivity
than the a or ¢ direction, but the a direction con-
ductivity which diffusion results predicted to be
lower than the ¢ direction is unexpectedly high.
This result is true for both boules and, therefore,
is not connected with the growth direction which
is different for the two boules. There is the pos-
sibility, however, that if dislocations are present,
then their most probable orientation is along the
a direction. Etching experiments on samples from
both boules (following removal of all lapping dam-
age) showed a high etch pit concentration on the
a-c plane with very few pits on the b-c¢ plane and
none on the a-b plane. At present, therefore, we
have no explanation to offer for the high conductiv-
ity in the a direction since we failed to find a large
etch pit concentration on the b-c plane.

The analysis to follow and the ac results to be
described in a subsequent paper show that con-
ductivity is electronic in the 5 direction and ionic
in the a and ¢ directions. With this in mind, the
activation energies shown in Figs. 6, 7, and 8 are
taken from the slopes of the curves corrected for
a T% term in the case of electronic and a T~
term in the case of ionic conduction.

A. Electronic transport

The behavior of ac conductance and capacitance
suggests that transport in the 5 direction is elec-
tronic and the positive sign of the thermoelectric
effect suggests holes in the valence band. There-
fore, the slopes of the b-direction curves indicate
acceptor levels lying between 3.0 and 3.3 eV above
the valence band in accord with predictions of the
model which suggests that the most likely acceptor
impurity is due to Fe®* levels located near midgap.
From a comparison of these results with the
curves in Fig. 3 we see that the [Fe®*]/[Fe?*] ratio
falls in the region 10% to 10° for the three b sam-
ples if, indeed, these acceptor levels are due to
iron. The results are comparable to Mitoff’s re-
sult, curve 2, Fig. 3, for MgO. A comparison of
the b conductivity measured in nitrogen and in
oxygen, Fig. 7, serves to support the idea that
Fe®* acceptor levels are involved. The slight oxi-
dation achieved by equilibrating in oxygen would
be expected to increase the concentration of Fe®*
acceptor levels and therefore the conductivity.

B. Ionic transport

Transport in the a and ¢ directions is ionic and
is assumed to be due to magnesium ions and vac-
ancies. A tail, also due to ionic transport, was
sometimes seen in the b direction. An example
of this is the lower part of curve b, Fig. 6. Three
temperature regions are prominent in these data:
a straight-line region designated by slopes which
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range between 1.9 and 2.3 eV;a region at higher
temperature having a lesser slope; a region where
the a and ¢ conductivity appears to become as-
ymptotic to the b conductivity. We note that the
decrease in slope at intermediate temperature is
similar to the Harding and Price result for MgO.
These results suggest that the low-temperature
slope is a combination of transport energy and
energy of binding between magnesium vacancies
and interstitials and aliovalent ions or ion com-
plexes, that the intermediate slope is nearly the
transport energy, and that the high-temperature
conductivity is a combination of electronic and
ionic transport.

For purposes of analysis we take the conductivity
to be due to Mg vacancies although a similar dis-
cussion could be carried out for extrinsic Mg in-
terstitial conductivity. We may describe the dis-
sociation of an ion-vacancy complex to yield mo-
bile vacancies by the reaction

MV=M+V.

The equilibrium constant for this reaction is given
by
K=Nyny/Nyy Ny =exp(—E,/kT),

which includes the equilibrium concentrations of
the reactants and N, the concentration of Mg
lattice sites, and E,, the binding energy of the com-
plex. The total concentration of vacancies N,
and of aliovalent ions, N% may be expressed as

NOUV =Nw +ny, N%:NM+N”V .

These equations may be combined to give the fol-
lowing expression for the equilibrium concentra-
tion of mobile vacancies:

ny =3{-(N% = N%y +KN;)
+[(Ny = Ny +KN, P +4KN N3, %2} . (3)

The ionic transport of Figs. 6 and 7 was analyzed
in the following steps: (i) the intermediate-tem-
perature slope was taken as a provisional value
for the transport energies E,(a) and E,(c) using
curves (a) and (c) in Fig. 5 and curve (a) in Fig.

7, (ii) with E, values and Eq. (2), n,-vs-1/T
curves were calculated from measured conductiv-
ity; (iii) a fit was calculated to these curves us-
ing Eq. (3); (iv) from the calculated n, and the
measured conductivity a new estimate of E, was
made and the procedure repeated until the E, val-
ues were self-consistent; and (v) a final small
adjustment was made in the £, values to make the
mobile vacancy concentration the same for a given
boule in both directions. The resulting curves for
ny are shown in Fig. 9 and the parameters ob-
tained from fitting the curves are shown in Table
Im.
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FIG. 9. Mobile vacancy concentration as a function of
reciprocal temperature for samples annealed at 1400 K.
The points were determined from measured conductivity
and calculated mobility using Eq. (2). The solid curves
were calculated using Eq. (3) and parameters of Table
II.

We note that the number of vacancies equals the
number of binding centers in each case. The vac-
ancy concentration in F2 is about six times that
in F1, accounting for the higher conductivity of F2.
The binding energies and transport energies found
for both boules are essentially the same. Since
N%y =N%, the slope is E,/2+E,. It was found that
a high preexponential factor e*N, =5x10% m™ was
required to fit the curves rather than the value
Ny =5.3x10%® m~® magnesium sites. In the pre-
ceding analysis, the possible existence of terms
such as entropy of transport S, and the entropy of
binding S, were neglected. (Alternatively, these
terms may be considered to be the temperature
coefficients of E, and E,.) If we ascribe the large

TABLE II. Parameters derived from an analysis of the
temperature dependence of the mobile vacancy concentra-
tion shown in Fig. 9 for samples annealed at 1400 K.

Boule F1 F2
E, (eV) 2.03 1.94
NYyy=NYy (m=) 5.6 x 10% 3.5x 10%
e*N; (m™) 5x 103 5x 103
E:(@) (eV) 1.04 1.00
E¢(c) (V) 1.33 1.38
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preexponential factor to these terms, we find that
S, +S,=6.5x10"* eVK"!, This result is somewhat
larger than that found for MgO by Harding and
Price, namely, S,+5,=2.6x10"* eVK"'. In order
to separate these terms and to obtain a more re-
liable value for them, we would require an inde-
pendent determination of the values for N§,.

Curve (c¢) in Fig. 7 contains a significant con-
tribution from the electronic conductivity. We may
estimate this contribution by subtracting a calcu-
lated ionic conductivity from the measured con-
ductivity. When this is done, we find an electronic
conductivity in the ¢ direction to be a factor of 2.5
greater than that found in the b direction but with
the same slope. This is not surprising because
these samples were not all annealed together and
thus did not receive identical treatment. The mea-
surements are not precise enough to be interpreted
as meaning that the electronic term is different in
the two directions. The electronic conductivity,
like the mobile vacancy conductivity, is about six
times greater in F2 than in F1. This result is
consistent with the idea that Fe3* impurity is re-
sponsible for the holes in the valence band and for
the magnesium vacancies. ’

The binding energies are larger than E,=1.64 eV
found by Harding and Price in MgO and much larger
than that expected if a single aliovalent ion is in-
volved. Thus, .as suggested by Harding and Price,
we may be déaling with a precipitate which contains
both the vacancies and aliovalent ions. Harding
and Price reported E, =1.56 eV for MgO. However,
in doing this they did not take into account the
temperature dependence of n, as our analysis has
done. Therefore, it seems probable that E, for
MgO is fairly close to the value E,(c)=1.33 eV

"which we find for forsterite. This lower estimate

for E, results in a higher value for E, in MgO,
also more nearly in agreement with our value for
forsterite.

It is interesting that the activation energy E
=1,13 eV for conductivity measured by Shankland,
curve 6 in Fig. 4 on an unoriented sample lies
midway between our values for E,(a) and E(c).
Using that value and Eq. (2) we estimate that »,
=N%, =2x10?2 m~® for Shankland’s sample. There
is no evidence that the vacancies are bound in that
case, a situation which occurs when N, >N%.

The electrical conductivity of samples from
boule F2 annealed at 1800 K and shown in Fig. 8
was analyzed as described above. The resulting
curves of mobile vacancy concentration are shown
in Fig. 10 and the parameters derived from fitting
these curves are shown in Table III. It was found
that the results for the a direction were quite con-
sistent with the previous results. The same values
were found for E, and e*N,. Annealing at the
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FIG. 10. Mobile vacancy concentration as a function of
reciprocal temperature for samples annealed at 1800 K.
The points were determined from measured conductivity
and calculated mobility using Eq. (2). The solid curves
were calculated using Eq. (3) and parameters of Table
III.

higher temperature decreased both N, and N§.
In the high-temperature case, however, N >Ng,
so that the slope of the n, curve is E, rather than
3 E, and the slope of the conductivity curve is given
by E,+E,. The decrease in both N%, and Nj is
consistent with the expectation that annealing in
nitrogen at high temperature would remove oxygen
from the lattice, close in the lattice thus reducing
the magnesium vacancy concentration, and change
the Fe®* to Fe** which decreases the concentration

TABLE III. Parameters derived from an analysis of
the temperature dependence of the mobile vacancy con-
centration shown in Fig. 10 for boule F2 samples an-
nealed at 1800 K.

Sample (a) ()
Ep (eV) 2.25 1.60
Nyy (m) 7.2 x 102 2.2 x 1023
NY m3) 1.3x 10% 3.6x 10%
e*Ny (m™3) 5 x 1031 1x 103
E; (eV) 1.00 1.33

of aliovalent ions. Annealing increased the binding
energy slightly.

The ny, curve in Fig. 10 for the ¢ direction and
the parameters derived from fitting it are not con-
sistent with previous results nor with the results
for the q direction. The binding energy appears
to have decreased, the value for N to have in-
creased to an unreasonable number, the preex-
ponential factor required for the fit is different.
Although one might expect the values for N%, to
be different for the a and ¢ samples because treat-
ment and location in the boule was not identical,
it cannot be accepted that the binding energy and
thus the overall shape of the curves can be dif-
ferent. The ¢ direction results can be made con-
sistent with those of the a direction if it is assumed
that there are two transport mechanisms operating
in the ¢ direction. This is not unrealistic since
there are two magnesium sites and thus energet-
ically quite different paths by which a magnesium
may move in the ¢ direction. Thus, we require in
addition to a process given by Eq. (2) and E; =1.33
eV, another process in which the preexponential
factor of Eq. (2) is reduced to 3.3x1072 from
1.4x107%° and with E,=0.65 eV. More work must
be done, however, before we can feel confident
that this is a real result.

The 1800-K anneal reduced the 5 direction elec-
tronic conductivity by about a factor of 4 from that
of the 1400-K treatment, consistent with a decrease
in the concentration of Fe3* acceptors, but did not
appreciably change the location of the Fermi level.
In the analysis of the ionic conductivity of Fig. 8
it was found that the electronic component in the a
direction was a factor of 1.5 less than in the b
direction. The electronic component in the ¢ di-
rection was found to be the same as in the b direc-
tion. Thus, it appears that, within the limits of
measurement, the electronic conductivity in the
valence band is isotropic as predicted by the mod-
el.

The high-temperature measurements of Plusch-
kell and Engell and of Shankland curves (4) and (6)
in Fig. 4 show a rapid increase in conductivity
above 1/T=7x10"* K~!, We have found no evidence
of this behavior and must conclude that intrinsic
ionic conductivity becomes appreciable only at
higher temperatures. However, we have observed
behavior which was very similar to theirs when we
tried to make conductivity measurements with un-
guarded contacts. The excess current in that case
may have been due to thermionic emission from
the contacts.

Additional experiments are required to support
and extend the results which we have obtained.

The study of crystals doped to several different,
but known, levels of Fe®* concentration could lead



to establishing the role of Fe** as an acceptor lev-
el in the band gap and possibly a determination of
N%y which would allow an estimate of the preex-
ponential factor in the expression for ionic con-
ductivity. An independent determination of [Fe®*]
and total iron content would yield [Fe®**]/[Fe?*]

and an estimate of hole mobility. Analysis of the
dependence of conductivity on p, for suitably doped
samples would allow an estimate of the location

in the band gap of the oxygen vacancy level.

V. CONCLUSIONS

We have partially described and analyzed an ex-
tensive set of electrical properties data on orien-
ted single-crystal forsterite samples. In order to
facilitate the discussion of the data reported and
data to be presented subsequently we have devel-
oped and described a model for the electronic prop-
erties of forsterite including the energy of a num-
ber of expected impurity levels.

dc conductivity values differ by more than three
orders of magnitude with crystallographic direc-
tion in these samples. The conductivity in the
most insulating b direction has been identified with
electronic hole motion. The magnitude and tem-
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perature dependence of this conductivity corres-
pond with the predictions of our model for extrin-
sic holes associated with Fe* impurities.

The conductivity in the a and ¢ directions is ex-
trinsic ionic conductivity and has been fitted in de-
tail using a consistent and reasonable set of bind-
ing and transport energies.

Thus, all electrical conduction and ionic trans-
port processes observed in our forsterite crystal
up to 1800 K are extrinsic. Since our conductivity
and ionic ti'ansport values are as low as any re-
ported on forsterite all other workers must also
have been dealing with extrinsic processes.

Conductivity and ionic transport values obtained
on olivine are consistently higher than those ob-
tained on forsterite. Therefore, there is a strong
implication that observed transport processes in
olivine are also extrinsic in nature.

Such an inference is of fundamental geophysical
significance. It calls into question the validity of
using any laboratory data to infer the transport
properties of olivine in the earth’s mantle, unless
the sample is equilibrated with a chemical environ-
ment appropriate to the mantle at each temperature
and pressure.
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