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Results are presented of a thermogravimetrical analysis of yttrium iron garnet, Y;Fe 0,, 4 in the
temperature range 950-1270°C. From these measurements the oxygen vacancy concentration J is
obtained for partial oxygen pressures between 1 and 105 atm. The data can be fitted with a relation § =4
exp(—E/kT). Values of A4 and E are given for different values of P,,. The combined data from electrical
conductivity measurements, measurements of Seebeck coefficients, and thermogravimetric analysis, are
used to calculate the concentrations of point defects in the garnet lattice. The results are expressed in terms
of equilibrium reaction constants. The model is also used to analyze diffusivity data.

The compound yttrium iron garnet (YIG),
both pure and with various dopants, is of
importance for applications in magnetic and in
magneto-optic devices. It is found that some of
its physical properties are influenced strongly
by deviations from the stoichiometric com-
position. Measurements of magnetic suscepti-
bility, lattice constant, optical absorption, and
electrical conductivity (/—3) have given infor-
mation on the defects in this compound. In
single crystals, which are grown from a lead-
based flux, lead ions act as acceptors, while
silicon impurities act as donors. Measurements
at high temperature and varying oxygen
pressure, both on single crystals and on poly-
crystalline samples, can be interpreted if it is
assumed that oxygen vacancies are native
defects. However, a quantitative knowledge of
the vacancy concentration as a function of
temperature and oxygen pressure is still
lacking. We have therefore undertaken a study
of the reversible oxygen loss by means of a
sensitive thermobalance. In Section 1 the
experimental setup is described, and in Section
Copyright © 1977 by Academic Press, Inc.
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2 the results of the thermogravimetric analysis
(TGA) are presented. From earlier measure-
ments of the electrical conductivity and the
thermoelectric power as a function of tem-
perature 7" and partial oxygen pressure PO;’
information has been obtained on the density
of states and on the position of energy levels
(4). In Section 3 we calculate the concen-
tration of point defects in a specific Ca-doped
YIG sample as a function of T and P, , using
the combined data from electrical measure-
ments and thermogravimetric analysis. From
this calculation we derive equilibrium cons-
tants that can be used to compute defect
concentrations in any sample of YIG with
known amounts of acceptors and donors.
Finally, in Section 4, we use the results of our
calculations to re-examine oxygen diffusion
data published previously (5).

1. Experimental Details

1.1. Samples

Since YIG single crystals are always con-
taminated with flux constituents, it seemed
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advantageous to use polycrystalline samples.
The method of spray drying produces powders
of very high purity (I). Pellets sintered from
these spray-dried oxides did not show a second
phase when investigated by means of X-ray
diffraction or light microscopy of a polished
sample. Nevertheless, small weight changes
always occurred in TGA during the passage
through the transition point Fe,O, = Fe,0,.
Because of this interference we decided
to use single-crystalline samples instead.
The measurements were performed on
crystals grown from a PbO-PbF,-B,0;
flux (3). At temperatures above about 1000°C
an irreversible weight loss was observed.
Similar changes were found for thin single-
crystalline iron garnet films, grown by liquid
phase epitaxy on Gd,Ga,O,, substrates. There
is much evidence that such films, which are
grown from an undercooled melt, can contain
appreciable amounts of lead. During TGA of
the films we observed a considerable irrever-
sible weight loss. After many annealing treat-
ments of different specimens, a light orange
deposit was discovered near the specimen
holder which, after chemical analysis, was
identified as PbO (6). The lead concentration
in the bulk crystals is less than in the films, so
that a direct proof was impossible, but by
analogy we assume that in this case, too, the
irreversible weight losses are due to lead
evaporation. Yet there is a large difference
between the annealing behavior of films and
bulk crystals. In the films nearly all lead can be
removed by heat treatment. In the bulk
crystals the total weight loss corresponds with
about 0.002 Pb atoms per formula unit YIG
(0.2 at%). This is about the uncertainty in the
chemical analysis for two different samples,
and as a result we were unable to detect a
change in the Pb content by a chemical
analysis after annealing at 1400°C in oxygen
for several days. For the TGA we used the
annealed crystals, in which all weight changes
were reversible. Though we could not reveal
any flux inclusions by means of optical
microscopy in our crystals, we cannot exclude
the possibility that the irreversible weight loss
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was due to evaporation of lead atoms which
were not dissolved in the lattice.

The first series of measurements were
performed on a single crystal of Ca-doped
yttrium iron garnet (sample 1). The analyzed
impurity contents (in at%) were: Pb, 2.0 +
0.2; Ca, 1.7 + 0.2; Si, 2.1 + 0.1. Fluorine may
be present in a concentration <1%. Pb and Ca
were determined from atomic-absorption
measurements; for Si and F a photometric
analysis was used. A part of the crystal was
used for electrical conductivity measurements
(4). In accordance with the chemical analysis,
the crystal shows p-type behavior. About 700
mg was used for TGA. For comparison we
also performed a TGA on a nominally pure
YIG crystal (sample 2). The analyzed impurity
content in this sample is: Pb, 1.5; Ca, 0.1; Si,
0.2; F, 1.8 at%. Since the analysis in this case
was not carried out on the powder used for
TGA, but on a different crystal from the same
batch, the uncertainty in the concentrations is
higher than for sample 1.

Due to the low oxygen diffusion rate the
crystals had to be crushed into a fine powder.
For this purpose we used a so-called electro-
hydraulic crusher (AERE Harwell). The ap-
paratus makes use of a 50-kV spark discharge.
A spectrochemical analysis of the powder
showed the presence of traces of tantalum
from the electrodes. However, the amount of
Ta was too small to interfere with the TGA.

1.2. Thermobalance

The experiments were performed with the
aid of a Setaram microbalance type MTB 10-
8. The balance has equal arms with a sample
capacity of 10 g and a sensitivity of 0.4 ug.
The balance proved to be relatively insensitive
to vibrations, but quite sensitive to tempera-
ture fluctuations. Therefore the temperature in
the room was controlled within +1°C. The
powdered sample was placed in an alumina
crucible suspended in the hot zone with an
alumina rod 0.5 mm in diameter (Fig. 1). A
small hook was formed in each end of this rod
by heating and bending. A 0.1-mm Pt-10%
Rh wire attached to the balance arm was used
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to support the alumina rod in the cold part of
the furnace.

An identical arrangement was used on the
reference arm of the symmetrical balance.

The balance is fitted with a symmetrical
furnace (Setaram) which consists of two
hexagonally shaped tungsten resistors. The
furnace has very little thermal inertia; the
maximum temperature of 1700°C can be
reached in about 3 min. The sample and the
reference are isolated from the heating ele-
ments by means of gas tight alumina tubes,
which have an internal diameter of 16 mm. At
about 1400°C the temperature in the hot zone
of the furnace is found to be constant within
5°C over a range of 2 cm. Some further details
of the furnace construction are shown in Fig.
1.

Since the weight changes in the case of YIG
are very small, we need a high sensitivity, and
since the changes occur rather slowly, we also
demand a very high stability over a long
period. For this purpose we found it
necessary to take a number of precautions.
First, the temperatures of the sample and of
the reference were controlled with calibrated
Pt vs Pt—309% Rh thermocouples, such that the
temperature difference between sample and
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reference was <1°C under all circumstances.
Second, the symmetrization of the loads on the
two balance arms had to be as good as
possible. Finally, the gas flow through the two
furnace tubes had to be regulated carefully,
with the aid of needle valves, in such a way
that changes in flow or in gas composition
did not lead to spurious weight changes. We
shall consider the two last-mentioned points in
more detail. A powdered sample with a weight
of about 700 mg was placed in an alumina
crucible on one side of the balance. The weight
on the reference side was adjusted within 10
mg with the aid of alumina. For further taring
an electromagnetic taring module is available
with the balance. However, to avoid adverse
effects of the use of this electronic device on
the long-term stability, we prefer further
mechanical taring. This was performed within
1 mg by placing platinum weights on plates
which are fixed to the suspension hooks of the
balance reference arm. To minimize apparent
weight changes due to aerostatic thrust,
viscous force caused by the gas flow, and
thermomolecular forces, the total gas pressure,
during most experiments, was reduced to 200
Torr, with a long-term stability of 0.05 Torr.
For this purpose we used a suction-regulating
valve (Negretti & Zambra R 182N) modified
such that the vacuum of a rotating oil pump is
used as the reference pressure. The total gas
flow was about 10 ml/min NTP.

With these precautions the maximum appa-
rent weight changes in a blank run, for
operation between 300 and 1700°K, over
periods of several weeks, were about 5—10 ug.
Experiments at a constant temperature showed
a long-term inaccuracy <5 ug.

Using mixtures of oxygen and nitrogen the
partial oxygen pressure near the sample could
be regulated between 1 and 107® atm. The
oxygen concentration was measured at the
entrance and the exit of the flow system by
means of zirconia oxygen gauges.

1.3. Experimental Procedure

The experiments were performed in two
ways. For procedure I, the weight change was
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recorded at a constant partial oxygen pressure,
as a function of temperature. After a tempera-
ture change at constant P, the weight change
of the YIG sample proceeded slowly, and
moreover the total change was only a few
micrograms. Under the circumstances, the
highest accuracy was obtained by making a
stepwise change in temperature, taking advan-
tage of the quick furnace response, followed by
a plateau of constant temperature until equilib-
rium was reached. We used step heights of
40°C, and recorded the sample weight during
6 hr between each step.

For procedure II, the weight change was
recorded at a constant temperature as a
function of the partial oxygen pressure. The
furnace was adjusted at a constant tempera-
ture and P, was lowered to about 10~ atm.
For the same reason as with procedure I, the
pressure was now raised in steps, and after
each step the weight change Ag was recorded
until equilibrium was reached. The procedure
was repeated at different temperatures. As can
be seen from the preceding section procedure
IT has a higher experimental accuracy than
procedure L.

2. Results and Discussion

The first experiment was performed using
procedure I. The results of a complete heating
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and cooling cycle, at constant pressure P, = 1
atm, are shown in Fig. 2. The results shown
were obtained on a crushed single crystal of
Ca-doped yttrium iron garnet (sample 1), with
a total weight of 671 mg. The reversible weight
change as a function of temperature is attri-
buted to a loss (or gain) of oxygen, compen-
sated by oxygen vacancies in the garnet lattice.
To calculate the number of oxygen vacancies
we assume that near 900°C at Py, = 1 atm,
where the change of weight is below the
detection limit, the garnet has the stoichio-
metric composition. A weight loss of 1 ug for
this sample means § = 6.8 x 105, where § is
the number of oxygen vacancies in
Y,Fe0,, 5. With this assumption we can
translate weight changes in terms of the
absolute vacancy concentration 4, with an
uncertainty of less than 7 x 1073,

Procedure II was used for the following
experiments. Results were obtained at 12
different temperatures in the range 950—
1270°C. Figure 3 gives a survey of the experi-
mental data. Apart from the number of
vacancies, d, the vacancy concentration [V]
per cm® is also given, where [V] =4.22 x
10%'6 cm~. From Figs. 2 and 3 it follows that
the vacancy concentration at P, = 1 atm
increases with temperature to about 5 0.002
near 1400°C. A lowering of P, causes an
increase in ¢, as expected. It was found that at
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FIG. 2. Reversible weight change as a function of temperature at a partial oxygen pressure of 1 atm, of yttrium iron
garnet. Total sample weight 671 mg. Analyzed impurity content 2 at% Pb, 1.7 at% Ca, 2.1 at% Si.
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1270°C and at P, <10~* atm, the garnet
decomposes. The maximum concentration of
oxygen vacancies that can be accommodated
in the garnet lattice seems to be about 0.01 per
formula unit.

Figure 4 shows the measured vacancy
concentration [V,] at different partial oxygen
pressures, as a function of the reciprocal
temperature. From the figure it follows that the
data obey the relation

(Vo) = Ky exp(—E/KT). (1)

A least squares fit through the data points
gives values of the constants X, and of the
activation enthalpy E, as shown in Table 1.

It should be noted, however, that these
numbers apply only to the Ca-doped crystal
(sample 1) investigated here. The total oxygen
vacancy concentration depends largely upon
the concentration difference between donors
and acceptors. Indeed, slightly different results
were obtained on sample 2. The experimental
data for the temperature range 900-1240°C
are described again by Eq. (1). Values of the
constants K, and E are shown in Table I. It
follows from these data that at 1100°C and
P, = 0.1 atm, sample 1 has a vacancy
concentration [Vol = 2.2 x 10" cm~3, while in
sample 2 [V] = 1.5 x 10" cm~3,

Summarizing, we have determined the oxy-
gen vacancy concentration, as a function of
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TABLE 1

VaLUES OF THE CoNSTANTS K, AND E (EqQ. 1)*

Sample 1 Sample 2
Partial oxygen
pressure (atm) K, (cm™3) E (eV) K,(cm™%)  E(eV)
10! 1.82 x 1022 0.98 5.36 x 102! 0.85
10-2 1.54 x 1022 0.89 9.06 x 102  0.58
10-3 8.92 x 102 0.77 3.43 x 1020 0.41
10— 8.00 x 10%! 0.70 2.52 x 10*°  0.33

@ Determined from a thermogravimetric analysis of Ca-doped YIG (sample 1) and
undoped YIG (sample 2).

P02 and T, of yttrium iron garnet with a known
concentration of impurities.

In the next section we shall combine these
data with the results from electrical con-
ductivity measurements, for a model calcu-
lation of the defect concentrations in YIG.

3. Calculation of Defect Concentrations

From measurements of electrical conduc-
tivity and thermoelectric power it was con-
cluded that the charge carriers in both n-type
and p-type YIG are described best as large
polarons (4). Using the atomic notation of
Kréger and Vink, the equilibrium reaction
equations can be written as:

Op = HO0)ps + V5,  Kp= [Vf)]P(l)/zz; @
VieV,+e, K, =nlVl/IVil; (3)
Vy=Vy+e, K, =nlVy)/[V,]; (4)
Si*=Si'+ e, K, = niSi'l/[Si*];  (5)
A*= A" +h, K, =plA’1/14*]; (6)
e’ + h=vacuum, K, =np. Q)

It is asssumed that besides oxygen vacancies,
silicon ions are the only donors present. [4] is
used for the concentration of acceptor-type
impurities. In our experiments we have used
Ca or Zn acceptors, while Pb impurities are
also present. Apart from Egs. (2)—(7) we have
the electroneutrality equation:

n+ AN =p+I[Sil+ [V l+2Vol (8)

In Eq. (8) ali concentrations can be expressed
in terms of density of states, ionization
energies, and the Fermi energy E. (7). We
shall describe shortly the way in which the
input parameters were obtained.

(a) The concentration of holes is given by
p =N, expl—(E; — E,)/kT], the concentration
of electrons by n = N_ expl—(E, — Eg)/kT).
Here N denotes the density of states. From
measurements of electrical conductivity and
Seebeck coefficients in YIG samples with
different concentrations of acceptors and
donors (4) we derive N, y_e4+ = 3.0 x 102 (V
secem) L, N_u et-= 5.2 x 10%° (V sec cm)~ L.
Here u is the mobility and A is the transport
constant. The subscripts + and — indicate
holes and electrons, respectively. If we assume
that the charge transport in YIG is due to large
polarons, we obtain the data given in Table II.

TABLE II

DENSITY OF STATES N,, MOBILITY u,, AND
TRANSPORT CONSTANT 4, FOR HOLEsS (+) AND
ELECTRONS (—)*

N, (cm™3) 4.74 x 10 T2
4, (em?V-1gec!) 8.4 x 10* T-2
A, 2
N_(cm™3) 1.45 x 106 732
4_(cm?V-1sec™!) 4.8 x 103 T3
A_ 2
E, (V) 0
E_(eV) 285—-8x10*T

@ Energy of the valence band E, and of the conduction
band, E_.
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FiG. 5. Calculated defect concentrations in Ca-doped
YIG at 990°C as a function of the partial oxygen
pressure. A4 denotes Ca and Pb acceptors.

The top of the valence band is set equal to E,
= (), while the bottom of the conduction band
is givenby E, =2.85 — 8 x 10*TeV.

(b) The concentration of ionized silicon
donors is calculated from [Si ] = [Si], {1 + 2
exp[—(Eg; — EQ)/kT1}', and a similar ex-
pression holds for the acceptors. The total
concentration of the donors [Sil,,,,,, and of the
acceptors [Cal,,, [Pbly, is known from a
chemical analysis. We obtain [Sil,,,, = 8.6 x
10 em=3, [Cal, = 7.2 x 10 em=3,
[Pbl, = 8-5 x 10 cm~3. For the ionization
energy of silicon Ref. (4) gives 0.3 eV. The
ionization energies of Ca and Pb are not
accurately known. From the conductivity
measurements we estimate E., = Ep, = 0.5 —
0.7eV.

(c) The concentration of ionized oxygen
vacancies is a function of the total vacancy
concentration, [ V], of the ionization energy of
a neutral vacancy (E; — E,), and of the
ionization energy of a singly ionized vacancy,
(E.—E,}). The formulas are given in the
appendix, Egs. (Al) and (A2). The constants in
these expressions are derived from the thermo-
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gravimetric analysis and from conductivity
measurements on the same Ca-doped YIG
sample. From the TGA we obtained the total
concentration of oxygen vacancies [V] as a
function of temperature and partial oxygen
pressure (Eq. 1). The energy level of the
neutral oxygen vacancies, Ey, is probably
close to the conduction band. We assume an
ionization energy of 0.1 eV, but the real value
is not critical for the calculation. From
measurements of space-charge-limited cur-
rents in YIG (8) we infer an ionization energy
of 0.85 eV at 300°K for the singly ionized
oxygen vacancies, V. The temperature de-
pendence is unknown, however, and the value
of (E,.—E, ) is probably less at 1300°K.
Therefore E v, is treated as a variable.

The calculatlon of the defect concen-
trations was performed in a number of discrete
steps.

Step 1. Using the known values of K, and
E, at a fixed pressure, e.g., P, =0.01 atm, and
w1th trial values for E_, and E,, , Eq. (8) was
solved for E .

Step 2. From E we obtained [V¥] at the
given pressure as a function of temperature.
With this K, was fixed, and next from K, we
could calculate [V'3] at any value of T and P, .

Step 3. Using Eqs. (A3) and (A4), E, was
calculated from Eq. (8) as a function of T and
P,. From E all defect concentrations were
obtamed The total vacancy concentration
Vol = [VE + V] + [Vg] was compared
with the experimental results from the TGA.
From the calculated n and p values we
obtained the electrical conductivity and
Seebeck coefficient as a function of T and P
These values were compared with the experx-
mental results (4). By trial and error we
obtained the best fit with the experimental data
if we assumed for the acceptor level E, = 0.57
eV, and for the vacancy level E, =F —
0.4 eV in the temperature region 900—1300°C
The calculated defect concentrations at
990°C, in the Ca-doped YIG crystal (sample
1 of (4)), are shown in Fig. 5. The silicon
donors are fully ionized, [Si] = [Si],,,. At P,
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TABLE III

CALCULATED VALUES OF THE EQUILIBRIUM CONSTANTS
DerFINED IN EqQs. (2)—(7) (SEE TEXT)?

Kol

99 x 10* Py exp(—5.58/kT) cm > atm'/?
.69 x 102! exp(—0.28/kT) cm™3

.62 x 10% exp(—0.58/kT) cm™?

.60 x 102! exp(—0.47/kT) cm™3

.53 102 exp(—0.75/kT) cm™?

41x10% T3 exp(—2.85/kT) cm—¢

>

[ I T T

3
6
1
1
5
7

aRaEa R T

@ Activation energies in eV.

= 10~¢ atm the electroneutrality equation can
be simplified to [4'] = 2[V] + [Sil o With
increasing oxygen pressure the concentration
of oxygen vacancies decreases, while the
concentration of holes increases, until at about
1 atm p and [V,] are approximately equal. If
we express the concentrations in units of 10!
cm~>, we can write Eq. (8), at 990°C and P,
=1 atm, as

0.13 + 857 =5.61 + 839 + 0.009 + 12.26.
(8

The resulting values of the equilibrium cons-
tants, defined in Eqs. (2)-(7), are given in
Table II.

METSELAAR AND HUYBERTS

In Fig. 6 the calculated total oxygen
vacancy concentration, [V,] = [VZ] + [V,] +
[V, ], is indicated by the solid line. The line fits
closely to the TGA data points at four
different temperatures. Only at 1 atm are the
calculated values higher than the experimental
ones. However, at this pressure the experi-
mental values have the highest inaccuracy, and
may be systematically too low. From Fig. 5
and Eq. (8') it is seen that the total vacancy
concentration can be approximated by [V] =
[V,). This is the case for the entire tempera-
ture region 1000-1300°C and for partial
oxygen pressures in the range 10~°-1 atm.

From the calculations we obtain values for
the electrical conductivity and the thermo-
electric power. Results for the Ca-doped YIG
sample are shown in Figs. 7 and 8. The solid
line in Fig. 7 denotes the experimentally
determined values of the logarithm of the resis-
tivity p vs T—L. The circles are the calculated p
values. The dashed line gives the experi-
mentally determined values of the reduced
Seebeck coefficients a’ = ae/k In 10 (cf. (4)),
while the squares are calculated o« values.
Figure 8 shows the conductivity of the same
sample, at 990°C, as a function of the partial
oxygen pressure. In view of the experimental

20 T T T T T
a
e
o
T a) A
° \D A
o s ° \EI
i S
2
2,
CJ\Q
o
T8
a=1240°C
b= 1180°C
¢ = 1100°C
d= 990°C
1 1 1 1 i |
7—6 -5 -4 -3 -2 E] 0
logm F(’)z(atm) R

F1G. 6. Solid lines give the calculated total concentration of oxygen vacancies as a function of the partial
oxygen pressure at different temperatures. The points are experimental data obtained from thermogravimetric
analysis. The experimental values at Py, = 1072 atm have been used as a starting point for the calculations.
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F1G. 7. Solid line: experimental values of the logarithm
reciprocal temperature, at P, = 1 atm. Circles: calculated

Seebeck coefficient ae/k In 10 vs the reciprocal temperature.

inaccuracy and of the uncertainties in the input
parameters used for the computation, we do
not think that a further optimization is
justified.

From the calculations for the Ca-doped
sample we have obtained the positions of the
energy levels and the value of K. Next we can
use the model to calculate the defect concen-
trations in YIG samples with different dopant
concentrations. As an example we investi-

T T T T T
-06F YIG:Zn 4
N L 1240°C =
-10f O~ _gt--0-"707
'.:\ 3 4-0.6
£
<0 -l e T
c e e Y
[SP. calg,/‘o’/
g -7 exp Y1G:Ca 14
- ° 990°C ’
| o h
-18
1 1 A L L
-60 -50 -40 -30 -20 -i0 o]

log10 Poz (atm) —»

FiG. 8. Electrical conductivity as a function of the
partial oxygen pressure: O, experimental data for Ca-
doped YIG at 990°C; —.—, calculated values; O,
experimental data for Zn-doped YIG at 1240°C; —,
calculated values.

of the resistivity p of Ca-doped YIG as a function of the
p values. Dashed line: experimental values of the reduced
Squares: calculated reduced Seebeck coefficients.

gated silicon-doped YIG. The analyzed im-
purity content was [Si] = 3.5 x 10?° cm3,
[Pb] = 1.7 x 10* c¢cm~3. From our calcula-
tions we find that in_this case Eq. (8) can be
simplified to n = [SI | — [4],,,,. For instance,
at T= 1000°C and P, = 1 atm, the neutrality
equation, expressed in units of 10'7 cm=3, is

179 + 1700 =4 x 1073 + 1880 + 7 x 10~¢ +
6 x 1076, (8"

At this temperature the total oxygen vacancy
concentration is 1 x 10! cm™3 at P02 =1 atm,
and 1 x 10" cm™* at Po, = 10~ atm, which is
too low to be measured in our TGA experi-
ments. In accordance with our calculation we
found that also the electrical conductivity is
unaffected by a change in P, . In the tempera-
ture range 1000-1300°C both the log pvs T!
and the o’ vs T! curves are somewhat above
the experimentally determined curves. For
instance, at 1000°C one has log p (calc) =
0.50, & (calc) = 2.42, while log p (exp) = 0.34
and o (exp)=2.24. The position of the
curves, however, is very sensitive to the donor
and acceptor concentrations, both of which
are not accurately known. Further, in this case
the Fermi level is close to the silicon level, and
a small change in E; strongly influences the
defect concentrations. Therefore, we conclude
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that the model presented above gives a satis-
factory description of the defect concen-
trations in yttrium iron garnet.

4, Implications of the Model Calculations for
the Interpretation of Diffusivity Measurements

In an earlier publication (5) we described
the use of dynamic conductivity measure-
ments for the determination of oxygen
vacancy diffusion in YIG. The assumption
made in the abovementioned study was that
the electrical conductivity depends linearly on
the vacancy concentration. It was also
assumed that the diffusion is determined by
one type of oxygen vacancies only. The more
detailed knowledge now available enables us to
reinvestigate the diffusivity results. Since most
of the diffusion measurements were performed
on a single crystal containing Pb and Zn as
major acceptors, we have calculated the defect
concentration of this sample as a function of
temperature and partial oxygen pressure. By
adjusting the Zn level until the best agreement
between experimental and calculated conduc-
tivity was obtained, we found E,, = 1.0 eV,
Figure 8 shows the calculated and measured
conductivity values at 1240°C as a function of
the partial oxygen pressure. From the cal-
culated values of the defect concentrations we
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F1G. 9. Relation between the conductivity ¢ at
1100°C of Zn-doped YIG, and the concentration of
doubly ionized oxygen vacancies V], upon a variation
of the partial oxygen pressure. Triangle at the left-hand
side, P, =1 atm, square at the right-hand side,
P,,=0.1atm.
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can draw some important conclusions. In the
first place we found that in the temperature
range 900-1300°C the ratio [V )/IV_]
decreases from about 4000 to 20. This means
that ¥, is the major defect throughout the
entire temperature range used for the diffusion
measurements. Next, in Fig. 9 we have plotted
avs[Vg]at 1100°C inthe P, pressure range 1
to 0.1 atm. It can be seen that the points are
sufficiently close to a straight line to justify our
initial supposition that ¢ oc [V). This also
means that the ambipolar diffusion coefficient
D, of the oxygen vacancies is determined by
the diffusion of three kind of charged particles,
viz., V,, electrons, and holes. If we designate
the respective particle diffusion coefficients
with D, D, Dy, we find

D, =p, (1 —2iV,]
y —D(0n/31Vy]) + Dy(p/lV,)) + 2D, )
Dn+ Dyp + 4D,[V,)]

9

Near 1100°C we have g, ~ 0.1 cm?/V sec and
4, ~ 1 cm?/V sec. Using the Nernst—Einstein
equation we get D, ~ 10~2 cm?/sec and D, =
10~ cm?/sec. Since D, & D, =~ 107 cm?/sec
and n = p =[V}), Eq. (9) can be simpiified to

D,=DJ1-2(8Inp/élnVy). (10)

The correction factor D,/D, can be calculated
as a function of temperature with the use of
our model. It was found that D,/D, increases
from 1.01 at 900°C to 1.65 at 1300°C.

In (5) the experimental diffusion data were
described by D, = 4 exp (~Q/kT), with 4 =
8400 cm*/sec, and 0 = 2.90 eV. It was
assumed that D, ~ D, and consequently the
activation enthalpy of 2.90 eV was identified
with the migration enthalpy of the oxygen
vacancies. The present calculation shows that
the necessary correction is indeed small. If the
experimentally obtained values of D, are
converted to D, with the aid of Eq. (10), we
get D, = A exp (—Q/kT), with 4 = 1000
cm?/sec and Q = 2.70 + 0.10 eV. The analysis
given above therefore strongly supports the
conclusions of (J).
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Appendix

The concentration of ionized oxygen vacancies
can be written as

2[V,] exp((Ey,, — Eg)/kT)

Vol = ’
ol {1 +exp((E, +E,; ~ 2EF)/kT)} (A1)

+ 2 exp((E v~ EL)/kT)

[Volexp((Ey + E,, — 2EQ)/KT)
1 +exp((E, + Ey; — 2E0)/kT)|
+2 exp((E,,0 —E)/kT)

;) = (A2)

Instead of the total oxygen vacancy concen-
tration, [V,), we can also use the concen-
tration of neutral vacancies, [V§]:

IAEYIIZ exp((E, — EQ)/kT), (A3)

[Vol = [VElexp((E,_+ E,; — 2E)/kT).
(A4)
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