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Total and partial ionic and electronic c-axis dc conductivities were measured for single-

crystal A1203.8 ppm Mg as a function of oxygen pressure and temperature. The sample is

unsaturated at T & 1360'C but is saturated in equilibrium with a spinel precipitate phase at
lower temperatures. The results are analyzed to give ionic mobility, thermodynamic

parameters of oxidation reduction of A1~03, and the solubility of MgO as a function of
temperature. Oxidized samples are grayish purple due to the presence of a broad absorp-
tion band with maximum at 480 nm. Discoloration can occur by reduction (at high tem-

perature) or by precipitation (at T & 1000 C); both proceed from the surface, involving mi-

gration of oxygen out of or of Al into the crystal. An explanation for the rapid diffusion

regulating precipitation belo~ 1000'C is proposed. Recoloration at low temperature

proceeds without a front and possibly involves oxygen diffusing into the sample along
dislocations or subgrain boundaries. Hole-release studies at low temperature indicate that
the hole binding energy in the defect MgAb E, &0.68 eV. The combined results of the

present work suggest that free holes move as large, rather than small, polarons and that
E,=0.68 eV.

INTRODUCTION

Previous work on single crystals of A1203 doped
with Mg (Ref. l) has shown that the crystal is
colorless after annealing at high temperature in a
reducing atmosphere, while it is colored gray-purple
after annealing in an oxidizing atmosphere.
Electron-spin resonance (ESR) shows that the color
is due to the presence of the paramagnetic defect
MgA~, an Mg + ion with a trapped hole. The hole
is localized on one of the six anions surrounding the
cation site occupied by the magnesium impurity.
That is, an accurate model of the defect is an 0
ion on an 0 site next to Mg +. In parallel with
the color changes, changes are observed in the
high-temperature conductivity, the conductivity be-

ing mainly ionic at low po and electronic (by holes)

at high po, . The holes are created by ionization of
the neutral acceptors

MgA)~ Mg~)+ h ',
with an equilibrium constant K, . The symbols
used here and further on are those proposed by

Kroger and Vink. ' Subscripts indicate the site; su-

perscript x, the prime, and the dot indicate effective
charges that are zero, negative, and positive, respec-
tively. Vacancies are indicated by V, and interstitial
sites by i. The charge of Mg&~ is compensated
mainly by Vo and Al; and, if donors D are

present, by D, the hole concentration being always

smaller than that of MgA~. Oxidation reduction and
the accompanying color change were found to occur
surprisingly fast at temperatures as low as 1000 K,
and on this basis the major ionic defect was as-

sumed to be Al;
''

(Ref. 1). However, the rapidity
of the process seems too large to be explained on the
basis of ionic mobility determined from the ionic
conductivity, and it has been suggested that the ra-

pid change could be due to introduction or removal
of hydrogen as observed in other cases. ' Analysis
of the electrical data led to values of the c-axis
parallel and transverse ionic mobility, and to the
position of the MgA~ level. ' Both results need
checking: The absolute value of the ionic mobility
was =10 times smaller than a value found' for
A1203..Co; the level position was deduced on the
basis of the assumption that the crystal at
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T &1500'C was not in equilibrium with the atmo-
sphere, an assumption that may be incorrect if oxi-
dation reduction occurs with a large rate even at
much lower temperatures. Finally, the concentra-
tion of Mg in the crystal discussed in Ref. 3 was of
the same order as that of other impurities. This pa-
per describes results in a more heavily doped crystal
for high-temperature conductivity and for the ki-
netics of composition and color change. Included
are also relevant results of a study of the kinetics of
the thermal release of holes trapped by Mg + ions
during ultraviolet irradiation at low temperature.

Electrical measurements and part of the optical
experiments were performed at the University of
Southern California, Los Angeles; electron-spin res-
onance and further optical work were carried out at
the Centre d'Etudes Nucleaires de Grenoble.

EXPERlMENT

Sample preparation

The single crystal of A1203.Mg studied in this pa-
per was a 2-cm-diam. , 8-cm-long boule grown using
the Verneuil oxygen and/or hydrogen-flame fusion
process by Y. Grange, Cristaltec Division of La-
boratoire d'Electronique et de Technologie de
1'Informatique (85X,F-38041, Grenoble Cedex,
France). The feed powder was no. 4 A1203, La
Pierre Synthetique-Baikowski . (Avenue des
Romains, Annecy, France), 99.99% pure, doped
with 200 ppm Mg by weight.

As grown, the boule had a purple coloration
showing the presence of uncompensated MgA]
centers, presumably created as the boule cooled
down in air after the flame had been cut off (the
flame itself is reducing). The boule was then "stabi-
lized" by heating at 1800'C for 10 h under a low-

oxygen pressure: argon in contact with graphite
heating elements. This procedure relieves strain,
reducing the tendency of the Verneuil-grown crys-
tals to crack during cutting, a particularly trouble-
some problem with Mg-doped A1203 crystals.
After this treatment, the boule was colorless. It was
then recolored by heating in air at 1600'C for one
day. The resultant state will be referred to as the
"as-received state. "

In the as-received state the boule had a grayish-
purple coloration (some observers have described it
as pink-violet) which was reasonably uniform
throughout its volume. The purple color is proof of
the absence of a high concentration of iron impuri-
ty. In earlier trials at Cristaltec laboratory,
A1203.Mg boules grown from less pure feed materi-

al had often turned out yellow or brown. Colors of
this kind have also been reported in the litera-
ture, "' including the crystal studied in Ref. 3. We
also found that deliberate double doping with Mg
plus Fe gives very strong yellow or brown colors, re-
sulting from the low-energy tail of absorption
shoulders in the violet and ultraviolet regions. ESR
spectroscopy of such samples shows a strong ESR
spectrum unambiguously attributable to Fe +

(a 313 ion' ); this leads us to believe that the ab-
sorption shoulders correspond to ligand-metal
charge transfer transitions of Fe + and/or Fe +

ions present as a result of charge compensation of
Mg +. (The normal charge state of iron in alumina,
Fe +, has no strong optical absorptions in the visi-
ble range. )

Four 0.5-g samples, cut from four different
points in the boule, were analyzed for Mg and Fe at
the analytical division of the Centre d'Etudes
Nucleaires de Grenoble, and at the Centre de Re-
cherche Ugine-Kuhlmann, F-38560 Jarrie, France.
The samples were powdered in sapphire mortars
and analyzed spectrographically by comparison
with standard doped alumina samples (detection
limits in parts per million by weight: 2 for Mg and
5 for Fe). The results were [Mg]/[A1203]=13, 14,
29, and 34 ppm for the four samples, and

[Fe]/[A1203] detectable but not exceeding 10 ppm
for the three samples. The Mg analyses are believed
to have absolute accuracy +20%.

The analyses show that the Mg is inhomogene-
ously distributed in the boule. The average value
of the Mg concentration is 22+ 10 ppm
=(2.16+1)X 10' cm, but as we shall see, there
are indications that the samples on which our ex-
periments were done were in the low-concentration
range with an effective Mg concentration of only
8& 10' cm . Both values are much smaller than
the 200 ppm Mg added to the feed powder used for
crystal growth. Large losses often occur for volatile
dopants in Verneuil growth, but a comparative
chemical analysis of an unstabilized A1203 Mg sam-
ple suggests that reduction in Mg content by a fac-
tor of only 4 may have occurred during the 1800'C
stabilization treatment —this point needs further in-
vestigation. Comparison of the Mg and Fe analyses
indicates that the atomic ratio [Mg]/[Fe] in our

5 2
boule is between —, and

Electrical measurements were performed on
cylindrical samples of 12 mm diam. and l —2 mm
thickness with the c axis perpendicular to the plane.
Pieces of =8X3.3X3.3 mm with the c axis per-
pendicular to the 8 X 3.3 face were used in the opti-
cal and spin resonance measurements.
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The studies of the hole-release process at T & 300
K were performed with crystals grown from Al&03
powders doped with 200 ppm Mg plus 200 ppm Fe
and with 200 ppm Mg plus 200 ppm Cr, respective-
ly. Analyses were not done for these crystals. As
mentioned earlier, the Mg + Fe crystal had a brown
color. The Mg+ Cr crystal was colored orange, a
color associated with the presence' of Cr . ESR
observations at 4 K (Ref. 13}have confirmed that
the Cr + ESR signal' (undetectable at room tem-
perature} is present for orange rubies counterdoped
with Mg.

Measurement techniques

dc electrical conductivity was measured by a
two-probe method, a volume guard being used to
eliminate surface and gas-phase canduction. Ionic
transference numbers t; were determined fram the
emf

II
E=(RT/nF) f t; lnpo,

af concentration cells of the type

Pt, (po, }t/A1203/Pt, (po, )n ~

again measured using the volume guard. F is the
Faraday charge and n the number of charges in-

volved with migration of two oxygen ions (or 3

aluminum ions); (po )i and (po )ii indicate oxygen

pressures at the Pt contacts at the sides I and II of
the sample. Well-defined oxygen pressures were es-

tablished with the aid of oxygen, air, technical ni-

trogen (monitored with a zirconia gauge), and

CO/CO2 mixtures. For a detailed description of
the apparatus and experimental procedure, see Ref.
10.

Conductivities were measured allowing either
long times after a change of conditions in order to
achieve equilibrium or allowing only little time
(nonequilibrium or partial equilibrium}. Optical ab-

sorption was determined at room temperature in the
wavelength range 300—2000 nm with double-beam

spectrophotometers. The spectrum was obtained ei-
ther by comparing intensities of transmitted light
for a beam passing through the sample and a refer-
ence beam passing through a colorless A120&.Mg
sample af identical thickness or by subtracting cal-
culated reflection losses from the absorption mea-
sured for the colored sample.

For a study of the kinetics of the color change at
temperatures less than 1000'C, crystals were an-
nealed for various times in oxidizing or reducing at-

mospheres. In cases where a color front was ob-
served, the rate of penetration of the boundary be-
tween colored and discolored regions was used to
determine a chemical diffusion constant, similar to
the method used for studying diffusion in

AlzO~, Ti. ' ESR measurements of the concentra-
tions of MgAi centers at room temperature were
made with Varian E-line spectrometers operating at
9 GHz. At this frequency, the six lines in the 35-
GHz spectrum of the Mg~l center corresponding to
the six symmetry-related orientations of the
Mg + —trapped-hole axis are not resolved; the spec-
trum appears as a single line about 30 G wide,
whose amplitude, shape, and pasition varies slightly
with inagnetic field orientation (g =2.011 and 2.019
for H~ ~c and Hlc, respectively}.

For relative concentration measurements (accu-
rate to +10%%uo or better in comparisons of different
samples or of different heat-treated states of the
same sample) the amplitude of this ESR line was

campared ta that for an oxidized A120&.Mg refer-
ence sample; this was done at a fixed orientation of
the field with respect to the c axis, chosen near 80'

to avoid interference with iran and chromium im-

purity lines. Absolute concentrations, believed to be
accurate to +25%, were obtained by comparison of
the double integral of the Mg~i line of the reference
sample with the dauble integrals of the ESR lines of
(a} a ruby ESR standard from the National Bureau
of Standards'6 (NBS) and (b) a Varian pitch-in-KC1
standard. These two comparisons gave results
differing not more than 10%; the ruby standard
was preferred.

Direct comparison to the NBS ruby standard
with double integration was also made to determine
the MgA~ concentration in an optical sample which
was used in measurements of the oscillator strength
of the 480-nrn band of Mg&~.

In ESR studies of the ultraviolet-induced creation
and the subsequent thermal annealing of metastable

MgA~ centers at —70 to 25'C, samples of dimen-

sions a few cubic millimeters were placed in cooling
gas in a glass tube which traversed the ESR cavity.
They were irradiated with (10—100)-mW,
(334—364)-nm light from an argon laser through
an optical window in the cavity wall.

RESULTS

Electrical measurements

Figure 1 shows conductivity isotherms at 1450,
1500, and 1600'C and partial canductivities cr; = t; cr



3824 H. A. WANG, C. H. LEE, F. A. KROGER, AND R. T. COX 27

2.3RT BE
ti II— 4F Bloglp(po )II (p l

10

(Qm).

10

-5 —3 1 3 5
= log, go (Pa)

FIG. 1. Conductivity as f(po ) at 1450, 1500, and
2

1600'C and partial conductivities o; = t;cr and
cr,~

——crI, ——(1—t;)cr using t; values of Fig. 2.

and tr,I=a» ——(1 t; )o, using —t; values from Fig. 2.
Figure 2 shows the corresponding emf measure-
ments for a cell

Figure 3 gives conductivities at various oxygen
pressures as f(1/T). Inspection of Figs. 1 —3
shows that the conductivity at po &10 ' Pa is

2

largely electronic; that at po ——10 Pa is of mixed

character. The bend in curve 5 of Fig. 3 results
from the variation in the ratio o;/oI, with tempera-
ture. Curves la and 1b refer to the crystal as re-
ceived, but kept at temperature for times long
enough to achieve equilibrium with the atmosphere.
The points of curve 1b at T ~ 1300'C were obtained
after an anneal of 12 h, the points at 1400'C after 2
h. Measurements at T & 1300'C after a shorter an-
neal gave points on curves parallel to curve 1b but a
factor of 2—3 above it. This was believed to be due
to inhomogeneous precipitation in the as-received
material resulting from inhomogeneity in the Mg
content, which was removed by longer annealing.
Similar shifts were observed in the ESR measure-
ments (Fig. 8). Curve 2 was obtained after the sam-

ple had been annealed at 1600'C for 0.5 h. Points
were taken with decreasing temperature with wait-

ing times of =0.5 h each. Curves 1a, 2a, and 2b
are represented by

era =710exp[(1 —1.6 eV)/kT],

curve 1b by
Pt, (Po2)I/A1203/ t, (702)II

and the ionic transference numbers deduced from it
by differentiation for (po )II.

os =1.34X 10 exp[( —2.4 eV)/kT],

and curve 7 by

era =31.6exp[( —1.66 eV)/kT],

(2)

(3)

T~

T~

T)

all in units of 0 'm '. Conductivities at p() &10
2

Pa are largely electronic (by holes); ionic contribu-
tions become appreciable at po & 10 Pa.

1.0—
0.8—

(t;)' &O6-
OA—

0.2—

4EF
2.3 RT

—-6

3 5-5 -3 -1 1

lPQqp(Pp )g ( P&)
2

FIG. 2. Reduced emf 4EE/2. 3RT of an oxygen con-
centration cell with (po )i ——10 Pa, (po )ii variable, at

2 2

Tl ——1600, T& ——1500, and T3 ——1450'C, and the corre-
sponding values of (t;)ii. A dashed line gives modified
values for 1500'C to fit the data of Fig. 5.

Optical and ESR measurements
at room temperature

Neutral acceptors MgA~ stable at room tempera-
ture were studied by optical and ESR methods on
samples cooled at a rate fast enough to frceze in dif-
fusion processes that could destroy Mgz].

Optical studies

Figure 4 shows the optical spectra of samples an-
nealed for 24 h at 1500'C under various oxygen



27 POINT DEFECTS IN a-A1203.Mg STUDIED BY ELECTRICAL. . . 3825

1650 1600 1500 1400 1300
) I

'
I

'
I

'
I

T(.c)
1200 1100 1000

10

(Qm)

10

10'

I I I I I I l I I I I I I

5 3 5.5 5.7 5.9 6.1 6.3 6.5,6.7 6)9 7.l 7.3 7.5 7.7 7.9
=T (10K )
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FIG. 4. Optical absorption for light propagating
~

~c for
crystals annealed for 24 h at 1500'C under different oxy-

gen pressures.

pressures, quenched by removal from the furnace.
For the higher po, values, a broad band peaking at

about 480 nm is observed. The tail of this band
(not shown) extends to about 1200 nm in the in-

frared region: No absorption is detected between

1200 and 2000 nm.
Given the changes in color with the efforts made

to improve crystal purity, we believe that the 480-
nm absorption band seen in Fig. 4 represents the op-
tical absorption of the MgA& center better than the
spectra published previously. An additional peak at
350 nm found in the crystal investigated in Ref. 3
and assigned there also to MgA~ must have been due
to an impurity, probably iron. It is the improved
transparency in the violet region ( &480 nm} that
gives the grayish-purple tint (combined of red and
violet) as distinct from yellow-brown colors.

Nevertheless, the 480-nm band of Fig. 4 is still
not symmetric when plotted against energy, sug-

gesting that other bands lie under its high-energy
side. These may represent residual impurities or, al-

ternatively, the MgA~ absorption itself may have a
complex substructure. The low-energy side of the
band up to the 480-nm peak is close to Gaussian
shaped, and we have arbitrarily determined the os-
cillator strength f for this peak by assuming it to be
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symmetric. That is, we integrated from 2000 nm to
the band peak and doubled the result (the full width
at half height of the Gaussian band defined in this
way is 1.3 eV). For light polarized perpendicular to
c (an unpolarized beam propagating parallel to c)
we obtain for this symmetric part of the band

I =]= X
I

I

1018

c
MqAI

(cm ')

10 Oc

1500 1600
+ ESR

r Sample

0 n

a

(cm )

-10n

n

~ n

d

0
j a

er

ft =0.07+0.02 (4)

with f defined by

Nf =8.21&(10's[n/(n +2) ] f a(E)dE .

—100.1—

Here N is the MgAi concentration per cm, which
was determined by ESR, n is the refractive index, a
is the adsorption coefficient equal to lnio
X [( absorbance)/(thickness)] in cm ', and E is the
optical energy in eV; this is Dexter's corrected ver-

sion of the Smakula formula, Eq. (6) of Ref. 17.
As a guide to future use of optical spectroscopy

for determining the Mg&~ concentration, we note
that we found (in cm2):

—10
I5

detection limit, ESR
0.01—

'l(

I I I I I I-5 -3 -1 1 3 5
= loq po (Pa)

FIG. 5. Concentration of Mg~~ centers determined by
ESR (pluses) and optical absorption at 480 nm for light
propagating lie (other symbols) for crystals annealed for
24 h at 1500 and 1600'C under various oxygen pressures.
I and II refer to the similarly marked oxygen pressure
ranges in Fig. 14.=8.8X10

cm

perature was oct', indicating limitation by dif-
fusion with a constant diffusion coefficient. The ef-
fect is the same for both atmospheres during the an-
neal. It should be noted, however, that the concen-
tration of residual centers, too small to be detected

by optical absorption, but detectable by ESR, may
be different in the two cases. Such differences do
not, however, affect the rate of diffusion of the
color front, which is described by a chemical dif-
fusion coefficient

From measurements in light propagating perpen-
dicular to c, we found that f~~/fr=1. g. The peak
position appears identical in the two polarizations.

The quite high oscillator strength and the large
bandwidth of the optical absorption are similar to
those observed for other trapped-hole centers in ox-

ides, e.g., for VMs and LiMs in MgO (Refs. 18 and

19) and Als; (the "smoky quartz" center) in Si02.
A plausible explanation of such absorptions is that
they correspond to charge transfer transitions (also
called "polaron" transitions) in which the hole is
transferred between two of the anion sites neighbor-

ing the cation defect that traps it. ' Such a transi-
tion is expected to be polarized along the anion-

anion direction; the polarization ratio found for
MgA~ corresponds to a transition moment oriented
at 37' to the c axis, which is close to the orientations
(33') of 6 of the 12 edges of the Os octahedron con-
taining a cation site in the sapphire structure. Fig-
ure 5 shows the absorption coefficient at 480 nm as
a function of logiopo together with some absolute

MgA~ concentrations measured by ESR for samples
quenched after anneals at 1500' and 1600'C in at-
mospheres with different po, .

Annealing an as-received oxidized crystal in air
or argon at temperatures ranging from 640 to
900'C caused discoloration to move in from the
surface with a rate increasing with increasing tem-
perature. The penetration depth at constant tem-

D=2.5X10 sexp[( —0.8 eV)/kT], (6)

in units of m s '. As seen in Fig. 6, it has abso-
lute values which at 1400'C are =10 times larger
than those for A1203.Ti (Ref. 15) (which is limited

by electron migration ' ) and 10 and 10
larger than the reported values of the self-diffusion
constants of Al (Ref. 24) and 0 (Refs. 25 and 26).
The activation energy is smaller than that of either
of these. D is, however, of the same order (and has
a similar activation energy) as the chemical dif-
fusion coefficient determined from the variation by
reduction of the conductivity of polycrystalline
A1203..Mg (Lucalox, grain size d =30pm) between
1100and 1350'C.

For anneals in air, samples several millimeters
thick appeared colorless after complete penetration
of the color front when the annealing temperature
was below about 900'C but, as seen in the next sec-

H. A. WANG, C. H. LEE, F. A. KROGER, AND R. T. COX
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tion, small concentrations of MgA~ centers could
still be detected by the ESR technique down to at
least 800'C. Above 900'C, discoloration is partial:
Residual color is visible with intensity increasing
with the annealing temperature. Samples discolored
at T &900'C are rapidly recolored, to an intensity
increasing with temperature, on heating in air at
higher temperatures. Contrary to what was ob-

served for the discoloration at T & 900'C, this
recoloration occurred homogeneously: No color
front moved in from the surface. Figure 7 shows

the absorption coefficient at 480 nm and the corre-

a
(cm )

—1017

Ze

Mq
Al

(cm )

0.1— —10

—10
15

l i

8 200 75 150 255 870 1980
t (min)

FIG. 7. Absorption coefficient (a) at 480 nm and the
corresponding concentration of Mg&t centers for samples

a, d, and e annealed for various times at 950 C in air after
an initial coloration treatment in air at 1500'C and a
discoloration anneal at 800'C in air (64 h).

o(dislocation mech. )

(Ref 25)

—Do (Ref 25)
sc

Do (Ref 26)isc I I I

4.5 5.5 6.5 7,5 8.5 9.5 10,5
T (tPK )

FIG. 6. Chemical diffusion coefficients D for
discoloration of A1203.MgA) single crystal at T &1000'C
and of A1203.TiA~ by oxidation at T&1400 C (Ref. 15),
conductivity change of polycrystalline A1203 (Lucalox) at
1320&T&1100'C (Ref. 27), and self-diffusion coeffi-
cients for Al (Ref. 24) and 0 (Refs. 25 and 26); sc is single

crystal, pc is polycrystal ~

sponding concentration of MgA& centers as a func-
tion of the time of annealing in air at 950 C for a
sample initially colored at 1500'C in air, then
discolored by a 64-h anneal at 800'C in air:
Recoloration is complete in =200 min. This is =10
times slower than would be expected on the basis of
Eq. (6) should the recoloration involve movement of
a front (which it does not). The absence of colora-
tion at t & 60 min and the sudden increase for t & 70
min is no doubt due to the same effect responsible
for the cutoff seen in Fig. 5; an addition of oxygen
below a certain critical amount not producing
coloration. Annealing in N2+10 Pa 02 at 1050'C
of samples discolored at T &900'C also leads to
recoloration. However, annealing in CO/CO2 mix-
tures with po -10 Pa does not produce recolora-

2

tion. Thus the oxidizing power of the atmosphere
is an important factor in recoloration, the latter oc-
curring only when po is larger than a critical value

which appears to correspond to the cutoff observed
in Fig. 5. This cutoff was found to be independent
of temperature at high temperatures where the sam-

ple is unsaturated, but is expected to shift to higher

po at lower temperatures where the concentration
2

of MgO dissolved in the A1203 phase is diminished
as a result of precipitation.

The intensity of color established by an oxidizing
anneal appeared to be independent of whether the
sample was previously annealed at a higher or at a
lower temperature. Similar results were obtained in

an ESR study to be reported on in the next section.
The effect of po indicates that recoloration in-

2

volves oxidation by in-diffusion of oxygen or out-
diffusion of aluminum. Since no front is observed,
the diffusion may be a two-step process: relatively

rapid penetration along dislocations or subgrain
boundaries followed by a slow penetration from
these into the subgrains, the latter process determin-

ing the time needed to complete the recoloration
process.

Discoloration upon annealing in air at T & 900'C
as observed for a sample preannealed at 1600'C in
air did not occur with samples preannealed for a
long time in air at T) 1650'C. This suggests that
the discoloration at low temperatures is not just a
reduction process, but that it involves precipitation
of the dissolved MgO as a second phase —the long
anneal at high T destroying nuclei of the new phase,
therewith preventing the formation of precipitates.

ESR measurements

In order to see how [MgA, ] varies with the tem-

perature of annealing, samples of 3.3x 3.3x 8 mm
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FIG. 8. Concentrations of MgA& centers as a function
of temperature of annealing in air determined by
electron-spin resonance in samples cooled to room tem-

perature: points determined in sequence of numbering; a,
b, and c as described in the text, d colored at 1500'C at

po ——10 Pa, e colored at 1500'C at po ——2X 10 Pa (air),

f sample d annealed in air.
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were heated in air in an alumina-tube furnace for
various times at temperatures in the range
800—1450'C. After each heating period, they were
pushed out of the tube (time taken about 3 s) and al-
lowed to cool in air. From the time of disappear-
ance of their red glow, we estimate that the samples
cooled from, e.g., 1400'C to below 900'C in less
than 30 s. Quenching from the higher temperatures
sometimes introduced cracks in the sample. This
does not interfere with ESR measurements; optical
measurements then become impossible, however,
and diffusion along cracks can alter the kinetics.

After each quenching, the MgA~ concentration
was measured by ESR at room temperature. Re-
sults are plotted in Fig. 8. Optical spectra were not
taken in this series of experiments but the visual in-
tensity of the purple color followed closely the
changes in MgA~ concentrations measured by ESR.

In Fig. 8 points 1 —20 represent the average of
the quenched-in MgA& concentrations for two sam-

ples 4 and 6 that were taken together through a long
series of anneals. These samples showed remark-
ably parallel behavior: Although their equilibration
rates were sometimes different, the final concentra-
tion for sample 6 was always 85%+10% of that of
sample 4.

Although no systematic study of the kinetics was
made in the series 1,...,20, the samples were an-
nealed for successive periods at some of the tem-

perature points to ensure that a well-defined state
had been reached. The major part of the increase or
decrease in concentration induced by increasing or
decreasing the annealing temperature occurred very

rapidly, even at quite low temperatures. For
discoloration this rapid change corresponds to the
penetration of the discoloration front as described
in the preceding section. It was more than 90%
complete in a time of order 10 h at T=800'C, of
order 10 min at T=1400'C. For points 1 —20 of
Fig. 8, the annealing time was long enough to corn-

plete this rapid change to within a few percent ac-
curacy, often 10—100 times longer than necessary.
On bleaching at temperatures g1000'C the ESR
signal strength usually overshot the final value, fal-
ling initially to a low value but rising quickly back
to a final plateau.

Following the initial rapid change at the higher
temperatures ( &1100'C) there was a slow loss of
MgA~ centers, proceeding at an erratic rate. On the
other hand, at the lower temperatures, after the
above-mentioned overshoot and rise back to a pla-

10

'IO

N[Mg, ]
(cm ')

Oxygen pressure
uring~prefiring (Po)

a 10

10t6

10
10

10

1015g
3 min

t (min )anneal

FIG. 9. Concentrations of Mg~~ as a function of the

time of reanneal at 950'C in air for samples prefired at
1500'C at various oxygen pressures.
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teau value, the concentration crept slowly upwards

at about 1 —3% per day. These two types of slow

change were still continuing at the end of each an-

nealing sequence; the data of Fig. 8 represent main-

ly the state of partial equilibrium achieved on corn-

pletion of the rapid first-stage changes. Kinetics
curves showing the overshoot effect in another
series of measurements are given in Fig. 9.

As shown in Fig. 8, the main result of this series
is that the quenched-in Mgh~ concentration is a reg-
ularly increasing function of temperature. Except
for a complication discussed bdow, the concentra-
tion produced by a given anneal was independent of
whether the previous anneal was done at higher or
lower temperature: The coloration and/or
discoloration process appears to be reversible.

The slow second-stage loss of centers at the
highest temperatures complicates matters slightly
because it appears to be irreversible. Thus, follow-

ing the high-temperature anneals at points 5 and 6

and later at points 12, and 13 of Fig. 8, subsequent
anneals define a new concentration versus tempera-
ture curve lying below previous points as clearly
seen in the figure. After point 13, annealing times
were minimized and the upward-going points 19
and 20 lie on the downward-going curve 13—18, in-

dicating that the rapid coloration and/or discolora-
tion process is reversible.

Points a, b, and c in Fig. 8, representing three an-

neals in air of another sample (no. 8, initially in the
as-received condition), also illustrate reversibility:
The two short anneals at 1360'C (points a and c)
give almost identical MgAi concentrations despite
the intervening discoloration experiment at 900'C
(point b} Anne. als at higher T in air (point e}, or
oxygen (point d) for two other samples give similar
values.

With sample g it was verified that successive
(short) anneals at 1360'C always gave the same

MgA~ concentration to high precision, despite small
variations in the speed of removing the sample from
the furnace. This and the apparent reversibility
mentioned above suggest that the quenching is fast
enough to freeze in at least the fraction of the
high-temperature defect structure that is of interest
in ESR, namely acceptors plus thermally ionized
acceptors with their corresponding holes which

yield neutral acceptors after cooling.
Point b for sample 8 is the final value of the ESR

signal after 15 increasingly long air anneals at
900'C after preoxidation at 1360'C. The sample
remained uncracked throughout. The MgAi concen-
tration decreased approximately linearly with t'~
until it began to flatten out to its equilibrium value.

5' he ~

M lkt

8 I I

. !S
~ f

FIG. 10. Microscope picture (magnification 400&() of
the surface of a crystal discolored by a prolonged anneal
at 900 C etched for 10 min with borax at 800'C.

FIG. 11. TEM picture (magnification 8500&) showing
the presence of precipitates along dislocation lines.
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This is as expected from the t ' dependence of the
rate of migration of the discoloration front observed
in the absorption studies described earlier. The loss
of centers measured by ESR agreed with that de-

duced from rough measurements of the position of
the color front observed in this sample.

Microstructure

Etching of polished surfaces with hot phosphoric
acid gave etch pits indicating a dislocation density

of 10 —10' m . Subgrain boundaries were not
observed.

In samples discolored by annealing at 900'C,
etching for 10 min with borax gave rise to hexago-
nally shaped etch pits: Fig. 10(a) gives the picture
focused on the bottom of the pit; Fig. 10(b) gives
the corresponding one focused at the rim of the pit.
Investigation of the pit area with the energy disper-
sive x-ray analyzer in the secondary-emission moni-
tor shows only Al. Similar pits were not found in

FIG. 12. Electron diffraction pattern of a precipitate and its surroundings show the spots due to A1203 and extra spots
caused by the precipitate (the latter marked by arrows).
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crystals annealed for a long time at 1450—1600'C
at po, ——10 Pa. This suggests that the pits were

formed by preferential etching away of precipitates.
The hexagonal shape is characteristic of the A1203
rather than of the precipitates (spinel) which are cu-
bic and have at most trigonal symmetry [perpendic-
ular to the (111)plane].

Figure 11 shows a transmission electron-
microscope picture of a sample discolored at 900'C
after thinning by grinding and argon-ion bombard-
ment. The figure shows the presence of precipitates
at dislocations. Electron diffraction of the precipi-
tate area shows diffraction spots of the precipitate
in addition to the spots of A1203 (Fig. 12). The pat-
tern was not analyzed, but the precipitate phase
should be a spinel, MgA1204 (Refs. 28 and 29) or
Mgp sA1203 s (Ref 30)..

Low-temperature hole-release studies
in A1203..Mg+Fe or A1203.Mg+Cr.

Included here are some relevant results from an
ESR study of the physics of photoionization and
annealing processes at T & 300 K in A1203 crystals
double doped with Mg and a transition metal ~ This
study yields the binding energy for a hole trapped
by Mg +, i.e., the acceptor ionization energy.

These experiments were done with a brown

(Mg + Fe)-doped sample and an orange (Mg + Cr)-
do:.)ed sample. Before the experiments, ESR spec-
troscopy showed (i) a strong MgA~ signal with no
detectable Fe + for the Mg + Fe sample and (ii) no

MgA~ signal with a strong Cr + signal for the

Mg + Cr sample. As discussed in the sample
preparation section (see also Ref. 31 and references
therein), Fe and Cr appear to act as donors with
respect to Mg, with the Fe~~ and Crz~ level above
the MgA~ level, i.e., Fe + and Cr + can compensate
the charge of Mg +. Then the results indicate that
Mg is undercompensated in the Mg+ Fe sample

([Mg] & [Fe]), overcompensated in the Mg+ Cr
sample ([Mg] & [Cr]).

Irradiation with (334—364)-nm light at low tem-
perature (i) tripled the MgA~ signal and created an
Fe + signal for the Mg + Fe sample and (ii) created
a MgA& signal and increased the Cr + signal for the
Mg+ Cr crystal. Although other impurities and
lattice defects might participate in the electronic
processes, we consider that the dominant effect is

MgAi+D' ~MgA)+D",

where D=Fe or Cr.
The exact excitation mechanism is uncertain.

100

C.

a
C
C

-10
O

1
220 260250

Two obvious models are (a) photoexcitation of an
electron from the valence band to the empty donor
level, leaving a hole which migrates to the acceptor
or (b) a direct acceptor ~ donor optical transition.

When the excitation was discontinued, the ESR
signals returned to their original levels at a
temperature-dependent rate. Decay curves for
[Mg~~] were recorded between —53 and —13'C
(equal to 220 —260 K). Annealing was much slower
in the Mg + Cr sample than in the Mg + Fe sample
at the same temperature. The decay curve at a
given temperature did not obey any simple law and,
in fact, had quite a different shape for the Mg + Cr
and Mg+ Fe samples. However, for a given sam-

ple, decay curves (covering two decades of concen-
tration change) obtained at different temperatures
differed only by a time-scaling factor (expansion or
contraction along the time axis). Figure 13 shows
that the logarithm of this factor is a linear function
of 1!T with slope 0.71 and 0.66 eV for the
Mg + Fe and Mg + Cr samples, respectively.

The results are nearly the same for the two sam-

ples compensated in quite different ways. More-
over, we expect the Fe~~ and Cr~~ levels to lie in the
lower half of the band gap. Therefore, we attribute
the activation energy found here to hole release
rather than to electron release. That is, we consider
the annealing to result from thermal release of the
hole trapped at MgA~ followed by annihilation of
the resulting free hole with an electron at FeA~ or
CrA~. It is assumed here that, should the free hole
behave as a small polaron with high site-to-site bar-
rier energy (see later), it can migrate fast enough by

230 240
T(K )

FIG. 13. Rate of hole release as f{T) from Mg~~
formed at low temperature by uv irradiation of Mg + Cr
and Mg+ Fe doped samples. The release rates have no
simple definition since the decay is complex (see text); for
both samples the vertical scale units were chosen arbi-

trarily to correspond to 1000 divided by the time in
seconds for 90% annealing.
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phonon-assisted tunneling not to be rate limiting in
these low-temperature experiments; the polaron mo-
bility at kT-0.02 eV, well below the Alz03 phonon
energies of -0.04—0. 1 eV, would be very much
higher than expected from the downward extrapola-
tion of the high-temperature classical jumping mo-

bility.
The average activation energy of hole release for

the two samples, E=0.68 eV, can be equal or larger
than the thermal energy of ionization of the accep-
tor MgAi with the formation of free holes: larger if
there is an activation barrier, equal if there is not.
Therefore, the thermal separation of the MgAi level

from the valence band E, =(E, —E„)th,
MgA]

&0.68 eV.

Discussion

Conductivity results at T & 1360 C represent
equilibrium between an unsaturated solid solution

A120&.Mg (with all the Mg present homogeneously
dissolved} and the atmosphere. The activation ener-

gy of 1.6 eV found for the conductivity in air is
somewhat smaller than that of 2—2.4 eV reported
in Ref. 3 (see Fig. 3). Contrary to the assumption
made there, it must include the effects of oxidation
reduction due to the interaction with the atmo-

sphere. The same must apply to curve 2b. The dif-
ferent slope of curve 1b can be due either to the fact
that equilibrium with the atmosphere is not main-

tained or that part of the Mg has precipitated with

formation of a spinel phase. The conditions of the
experiments (relatively short waiting times for 2b,
long waiting times for lb} as well as the results of
the microstructure investigations (Figs. 10—12)
favor the latter explanation. Since 1b is measured

starting with the crystal as received and 2b after a
high-temperature anneal, the difference between the
two curves can be attributed to the presence of pre-
cipitation nuclei in the crystal as received and the
removal of such nuclei by the high-temperature an-

neal. If this interpretation is correct, the kink point
in curve 1 at 1360'C indicates a solubility of MgO
in A1&03 in air equal to the Mg content of the crys-
tal. We shall return to this point later.

The isotherms of Fig. 1 combined with the
transference numbers of Fig. 2 indicate that 0.=0~
over most of the po, range covered, with 0.

~ in-

creasing ~pa, with n varying from 1/5.5 to 1/4.7,

o;. becoming important only at low po, and more

so the higher the temperature.
Additional information is obtained from the re-

sults of optical and ESR experiments shown in Fig.
5 which indicate that [MgA|]23 c increases with in-

creasing po, tending towards saturation at a value2'

TABLE I. Defect reactions and the corresponding mass-action relations, with concentrations in mole fractions.

3MgAt+Ali + 4 02 —3MgA]+A1A|+ 2 00

2MgA]+ Vo+ 2 02~2MgA|+00

Ali + 4 02 —A1Al+ 2 00+3~

VO+ 2 02 00+2''

MgA| —Mg~+ h

3MgO+ AlA] ~3MgA)+ 300+Al

2MgO 2MgA]+ VO +200

MgO ~ —02 —MgA|+ —Oo

MgO+ A1203~MgA1204

0—2VA]+3 Vo

A1Ai+ V; ~A1; ' ' + VA'i

KMg [ gAI ] —3/2

[MgA|]3[A1
' '

]

K = [h']' 3/4 KMg (KMg)3
[Al '']

2[h ] —1/2 K Mg (KMg)24 —
[

. . «PO2 ox. V 4

x. g= [h '][MgA|]

[MgA|]
[MgA|]3[AI

' '
]K 3

i2 MgO

[Mg'Al] [ Vo]
K~,v=

~ Mgo

[MgAl] M i/2 Mg
Kxo«, x = |/4 ={Kxo[VK4) /

&MgOP O2

~MgA]204
+MgAl 04

~M 0A] 0

Ks=[ VA'i]'[Vo]'

KF A|= [A)(' ][VA|]

(a)

(b)

(c)

(d)

(e)

(g)
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of -8)&10' cm . This value is smaller than what
was believed to be the average Mg content of the
crystal, 2.2&10' cm . There can be two reasons
for this difference: Either the actual Mg content of
the crystal is smaller because of errors in the
analysis or because of evaporation during the heat
treatment, or —1.4X 10' cm donors D are
present, compensating part of the MgA& acceptors,
leaving 8 X 10' cm uncompensated. The concen-
tration of MgAj at room temperature is the sum of
the concentration of Mghj and h' at the annealing
temperature T, the holes transforming Mg&j to
MgAi by trapping during cooling:

[MSAijzs c=[MSAijr+[h ]r
A priari it is not certain which of these two is the
major one. Comparison of the experimental results
with theoretical predictions for the shape of iso-
therms predicted for various models makes it possi-
ble to decide both this question and whether or not
compensating donors are present. Since self-
diffusion of Al (Ref. 24} has been found to be much
faster than that of 0 (Refs. 25 and 26), cr; must be
due to a defect species transporting Al. In the pres-
ence of the Mg acceptors these species should be
Al;

' '. The observed decrease of e; with increasing

po, must be due to the decrease of [Al;" ] as a re-

sult of oxidation.

Defect structure models

Defect reactions describing oxidation-reduction
processes, ionization of centers, dissolution of
MgA1204 in A1203, and the corresponding mass ac-
tion relations are given in Table I. Isotherms for
defect concentrations as a function of po can be

2

constructed with the aid of these relations comple-
mented by the appropriate neutrality condition and
balance equations.

Eight different models have to be considered,
dependent on whether the neutrality condition at
low pz, is governed by

[MSAi]2s c=[MSAi]T (13)

or

[MSAi]z5 c=[Ii']T (14}

Exponents n in the expressions for defect concentra-
tions ~po, for the various models are given in

Table II. All isotherms have a region I of low po2
and a region II at high po, . Those for models A and

C have a third region (III) at the highest po . In-

spection of the results shows that the requirement
o& cc[h']ccpo with 4 &n & —, (Fig. 1) rules out

models 8, D, E, F, 6, and H, i.e., [D]=0 and

[MgAi]25c-[MgAijr. Only models A and C are
left, region II in both giving [MgAi]z5 c——[MgAi]T
independent of oxygen pressure at high po as ob-

2

served (Fig. 5). Region III is not reached. Since
[D]=0 [MsAih5 c-—[MsAi]T =[Ms]i.i.i=sx 1o"
cm —close to the lower limit of the chemical con-
centration determination.

According to Table I, relation (e),

[Mg",]
gA1 a

3/2

sc. I=M g g 2~mhkT

gx $2 exp( E, /kT) . —

Here E, is the thermal energy of dissociation of the
acceptor E,=(E, —E„),h, ,i, mf, is the effectivea M~~ u t erma~

mass of the holes, and the g's are the statistical
~eights of the species MgA], h, and MgA&, equal to
1, 2, and 12, respectively. For small polarons

a
~= „&Oexp(—E, /kT), (16)

The expression for E, ~ differs, dependent on
whether a band model (large-polaron model) or a
small-polaron model applies. In the former case,
with a single valence-band maximum at wave-vector
zei o~

or

[MgAi]=3[A1
' ],

[MsAi]=3[A1 "]+[D1,
[MsAi] =2[vo"]

[MsAi]=2[~oj+[D ]

(10)

with Xo the concentration of the 0 ions, over
which the holes would hop, 7.02X10 cm . By
taking E, &0.68 eV as observed, independent of
temperature (i.e., neglecting changes in the vibra-
tional entropy), and m~ -m, the mass of the elec-
tron, Eqs. (15) and (16) give (X. ')i,oo c-3.5@10"
and 1.4 g 10 cm, respectively. With
[MgAi]=SX10' we find [MgAi]/[Ii ]&2.4 for the
band model (or a larger value for mI', &m) and
&6&10 for the small-polaron model, the larger
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TABLE II. Values of exponents n in [j]ccp o, values for majority defects are underlined; I, II, and III are ranges of ox-
2'

ygen pressure in which the defect structure is dominated by different approximations of the neutrality condition and the

Mg balance.

III
[MgA)) = [h ']

I
[Mgr'u] =2[ Vo ]

Model A: [Mg~] 25'C=[MgAi)T
II

[MgA)] 2[ Vo )

Model 8: [Mg'A~] 25'C=[h ]T
I II

[MgAi) =2[ Vo ] [MgA']] = [h ']

MgAI

MgA]

Vo

Al

I

4

0

I

4

I

6
I

6
I

4
I

6

I

2
3

4

I

4

I

4

I

2

3

4

MgAI

I
[MgA)]=3[A1

' '
]

I

4

Model C: [Mg'„,] 25'C=[Mg'„,]T
II

[MgA)]=3[A1
' '

]

III
[MSAi] =[h']

Model D: [MgA~] 25 C=[h']
I II

[Mg~]=3[Al('
' '

] [MgAi]=[h']

I

4

MgA]

Al
I

4

3

16
I

8
3

16
3

16

I

2
3

4
I

4

I

2

3

4

Model E: [MgA, ] 25'C=[MgA1]T
I II

[MgA)]=2[Vo]+[D'] [MgA)]=[D ]

Model F: [MgA~] 25'C=[h ]T
I II

[Mg )]A=2[V ]o+[D ] [MgA)]=[h ]+[D ]

MgA

MgA

Vo

Al

h

D'

I

4

0

I

4

I

2
3

4

1

4

I

4

I

2
3

4

Model G: [MgA~] 25'C=[MgA~]T

I II
[MgAi]=3[Alg'

' ' ]+[D'] [MgAi]=[D']
II

[MSAil = [D ]+[h ']

Model H: [Mg~] 25'C=[h ]
I

[MgAi]=3[AI ]+[D ]

MgAI

MgAI

Vo

All

I

4

I

4

I

2
3

4
I

4

I

2
3

4

values corresponding to E, =0.68 eV. On this basis
our previous conclusion that [MgA~]z & [h ']z thus is
inconsistent with the small-polaron model but is in

agreement with the large-polaron model for
E,=0.68 eV. Calculations by Colbourn and Mack-
rodt also indicate that large polarons are more stable
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1og[]
Mga( Mga,

[MgA1] =2[Mg,' ]=—,[Mg]„tol (17)

proposed by Catlow et al. leads to native defect
concentrations that are independent of Mg concen-
tration. Since the present sample has a conductivity
that is -7X larger than that of a crystal with a
lower Mg content, this model cannot be correct.
Equally unacceptable are models dominated by

=log P
2

FIG. 14. Isotherms as f(po ) for Alz03..Mg (model C).
or

[MgA1] = [(MgA1Mg; )']= —,[Mg]toto]

[MgA1] = [(MgA1Mg; )'],

(18)

1.g[ ] Mg,

ZII
X

MgA(

than small polarons.
Isotherms for models C and A (involving intersti-

tial cations and anion vacancies, respectively) are
shown in Figs. 14 and 15. According to these iso-
therms 0I, in region II should increase ~po with

1 3
n =—, for model A, and

&g
1/5 3 for model C; in

region I both models give n = 4. The partial hole
conductivities of Fig. 1 have a constant n=1/4. 8 at
1600'C and show n varying from 1/5.5 at high po
to 1/4.7 at low po, at 1450 and 1500'C, demonstrat-

ing the expected difference between the values of the
exponents in ranges II and I. However, the data are
not sufficiently accurate to allow us to decide be-
tween the two models.

For both models [MgA1]25 c should be indepen-
dent of annealing temperature for 1500—1600'C an-
neals, as actually observed (Figs. 5 and 8). A model
different from A and C with

with

[(MgA1Mg;Mgx() ]= 3 [Mg],ooL1, (19)

which lead to [h ] decreasing with increasing Mg
concentration because the Mg donor dominates.
However, models involving associates of MgAi with
native defects such as

[MgA1] = [(MgA1Vp)'] = —,[Mg]«„1 (20)

or

[MgAll [(MgA1Vp) ],
with

[(MgA1 VpMgA1) ]=, [Mg]to(ol (21)

or corresponding ones with Al;
'

instead of Vo,
lead to [Vp] and [Al

' '] increasing with [Mg] and
are acceptable. However, it is unlikely that pairs are
dominant species at the relatively high temperatures
of measurement and the low concentrations of Mg.
Therefore, the further analysis will be based on the
models with single defects with the electroneutrality
conditions governed by either Eq. (9) or (11).

Anomalous oxygen-pressure dependence

1og[ ]
Vp

I

MgAl

lpg Pp 2

I
x

Mgai

I

FeAi

(b) I

lpg PO I

2

FIG. 15. Defect isotherms as f(po, ) for

A1203.Mg+Fe with [Mg]) [Fe] according to model A:
(a) high-temperature equilibrium, (b) situation after cool-
ing to room temperature. [MgAl]25'C [MgA1]T ~T ~ (22)

As seen in Fig. 14, range I, [MgA1]qs c=[MgA1]T
should vary ~pa when po is reduced. Yet ac-

2 2

cording to Fig. 5 such a variation is observed at
most over a narrow range of po, a sharp cutoff of2'

[MgA1]z& c occurring at a critical oxygen pressure
that is almost independent of the temperature of an-
neal. Such a cutoff can be explained if the sample
contains centers other than MgAi with levels above
the MgAi level but close enough to ensure that the
levels are occupied by electrons at high temperature.
Holes trapped by MgA] at high temperature (form-
ing MgA]) tend to transfer to the higher levels upon
cooling:
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being the concentration of occupied hole-

trapping levels at high temperature. Possible candi-
dates are FeA], NiAl, and CoAl and deep donors. Ni
and Co can be eliminated because they were not
found in the analyses. Fe is present at a concentra-
tion of -4X 10' cm, but the FeA1 level, lying & 3
eV above the MgAl level is too high to contain
enough electrons at high temperature to be able to
absorb the -2)&10'7 cm holes required to cause
the cutoff: The Fe is present almost exclusively as
FeA1. The same objection applies to shallow donors.
A simple calculation shows that 4&(10' cm deep
donors with a level (1 eV above the MgAl would
have enough of its levels occupied by electrons to be
able to account for the cutoff. Trivalent iron FeA1
fulfills the concentration requirement and is believed
to also fulfill the level position requirements. Figure
15 shows isotherms at high temperature and after
cooling for model A in the presence of Fe.

According to Fig. 5, the boundary of ranges I and
II at 1500 and 1600'C is at (po )i it = 150 Pa, but the

conductivity results of Fig. 1 indicate a much small-
er value of 10 Pa. For models A and C, (po, )i ii is

proportional to [Mg] 2 and [Mg], respectively.
For the sample of Ref. 3, (po, )i ii=10 atm=10
Pa at 1500'C. In that sample the Mg content was
believed to be 3.7)(10' cm . However, that con-
centration leads to an ionic mobility that is -6
times too small. Assuming this to be due to an un-
derestimation of compensation, the concentration of
active Mg in that sample must have been 6x10'
cm . On this basis we expect the boundary at
1500'C in our sample with 8)(10' cm Mg to be
at 28 Pa for the Vo model, at 92 Pa for the Al;

' '

model, not too far from the value indicated by Fig.
5, but considerably larger than deduced from
o;=o.t; in Fig. 1. We believe the higher values to be
the more reliable, those of Fig. 1 being in error due
to an error in the emf's and the t s deduced from
them as suggested in Fig. 2.

Temperature dependence of mobility,
oxidation, and solubility

Let us now return to the conductivity results. If
Al

'
is a dominant species, i.e., model C holds, the

modified experimental data for 0.; in Fig. 1 at low

po, where [Mg~t]=[Mg]„„t——8X10' cm can be

represented with an Al;
'

mobility, measured in
mV 's

[tM(A1; )]~~, =2.2X 10 exp[( —4.84 eV)/kT] .

(23)

The activation energy is close to a calculated value

4.65 eV. With [Al '']N= —,[Mg]N=2. 7X10'
cm (where N =2.34X1022 cm, the concentra-
tion of A1203 molecules per cm'), measured in
g —1 —1m

(o;),.„~=2.3X10"exp[(—4.84 eV)/kT] .low pp

[Alt:
' '

]=(KF ~i/Ks )[Vo ]

and therefore

(25)

t7;=2 3~ 3q[Mg] ~N
i~~ I4(A1 ''),
s

(26)

where q is the electronic charge. Expression (23),
which is measured in m V 's ', now must be re-
placed by

2 3(Mg)' ' [p(AI;"' '

)]ii,
+F,Al

=2.2X 10 exp( —4.84 eV/kT), (27)

the nuinbers being valid for [Mg]N =8 X 10' cm
The activation energy of tT;, H(tMhi)+H~~i —,Hs-
remains close to that computed for p(A1 '') if

F Al 2 ~s as calculated by Catlow et al.' Ex-
pressions (23) or (27) give absolute values close to
those reported for A1203.Co in which

[CoAi] =(8—10)X 10' cm, ' close to the Mg con-
tent of the present crystal, but the activation ener-
gies are slightly different.

Equation (1) gives the hole conductivity of the un-
saturated crystal in air. Using Table I, relations (d)
and (e), one finds for model A dominated by
2[Vo]=[MgAi] with [Mg]„„t——[Mg~i] [Fig. 15(a),
region II],

h )unsat, v qphN( t Ka K4[ g]total) pot
Mg 1/3 1/6

(28)
Comparison of (1) with (28) with po, ——2X10 Pa

leads to

[I4h(K, sK4)'~ ]v 1.3X10——
X exp[( —1.6 eV )lkT], (29)

measured in cm V 's 'Pa'

(24)

Subtraction of o; according to this formula from 0.

of curve 5 in Fig. 3 gives curve 7 for 0.
~ at

po ——10 Pa as represented by Eq. (3).
If Vo is the dominant native ionic species (model

A), [Al;"'] is related to that of Vo through the
Schottky and Frenkel disorder processes [Table I, re-
lations (j) and (k)]:
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According to Table I, relation (d), the hole concen-
tration at low po, (range I of model 3) is given by

[I ]=2-'"K,'"[Mg]'"p,'"
2

and thus

This relation holds independent of whether the crys-
tal is in range I or II. Comparison with Eq. (2) with

po, ——2X10 Pa gives

phK4" (K IIv)'"aM1/~ ——2.39X 10-'

yhK4 2oh——/([Mg]N~qipoj } . (30)
Xexp[( —2.4 eV) IkT],

(38)
With oh at po, ——10 Pa as given by Eq. (3) we find

phKq ——1.78 X 10 exp[( —3.32 eV)/kT]

inunitsofcm V s Pa
Equation (16) with T ~=3.4X 10 exp[( —0.23

eV)/kT] Ksj (valid from 1400 to 1600'C) gives

K, =s4X10' N 'T /exp[( —0.68 eV)/kT]

=5.8X10 exp[( —0.91 eV)/kT] . (32}
aM~ exp(EG——/RT) =exp(hH/RT), (40}

measured in cm V 's 'Pa '~, and combination
of Eq. (38) with Eqs. (29) and (31) gives

K fvaM~ 3 3—XIO. exp[( —4.4 eV)/kT] .
(39}

For Alp03 with Qgi o = 1 in equilibrium with pre-

cipitates of MgA1264,

A combination of Eqs. (29), (31),and (32) gives

K4 ——39.6exp[( —2.18 eV)lkT],

measured in Pa '~2, and

ph ——2. 1X10 exp[( —0.57 eV)/kT],

{33)

(34)

EG and dH being the Gibbs free energy and enthal-

py of reaction (i), Table I. By estimating
AG=ddE =—30 kJ/mol= —0.3 eV, the combina-
tion of Eqs. (39) and (40}gives

K~)v=3.3X10 exp[( —3.8 eV)lkT] .
which is measured in cm~V 's '. The activation
energy of (33}is to be compared with the value 1.44
eV calculated by Catlow et cl. The expression for
p,~ fits a small-polaron model but not the band
model on which the analysis was based. However,
relatively small adjustments in the activation energy
of e~ can remove the discrepancy, reducing the ac-
tivation energy of Eq. (34) to zero. The present
values of the constants give for the oxygen pressure
at the boundary between regions I and II, measured
in Pa,

(po, }i,u=2'«."s}'/K~[Mgl'

=2.5X10 exp[(0.72 eV)lkT] {35)

weakly dependent on temperature, with (po, ), ,i——0.3
Pa at 1500'C, a value smaller than expected from
Fig. 5.

In the temperature region below 1360'C the crys-
tal is saturated and in equilibrium with a second
phase of MgA1204. Then [Mgh1] is a function of
temperature through relation (g), Table I:

[V"]=—,[Mg', ]=2 /(K I' }'/a ~ . (36}

Use of relation (d} leads to

(oh )sat, v gl/hN[k—
21/3 NK1/2(KMs )1/6 1 /3 1/4

CI h 4 so] V ~MgQPO

Analyzing in a similar manner the data on the basis
of model C dominated by [Mg'h1]=3[A1; ] leads to

K3 ——7.1X10exp[( —3.48 eV)/kT],

p, ~
——1.2g 10

Xexp[( —0.5 eV)/kT] cmtV 's

K~fg ——9.5X10~exp[( —8.0 eV}/kT],

(43)

{44}

all giving acceptable values. Thus neither model A
nor model C can be rejected. However, microscopic
investigations by Pletka et aI. indicate that the Vo
model is to be preferred. Therefore, results (32),
(33), and (34}are probably the best, and further con-
siderations will be based on the Vo model.

The solubility of magnesium is the sum of the
solubilities of MgA) and MgA). In the absence of
compensating donors, the former is given by relation

(g) of Table I with a M~~f v given by Eq. (39):

[MgA1]=2' '(K )VaM, o)' '

=4X10 exp[( —1.47 eV)/kT], (45)

a result independent of the assumptions made re-
garding aM~. The contribution of Mgh1 is related
to that of MgAi through Table I, (b) with KMsv M
given by {d). The contribution depends on oxygen
pressure, measured in Pa '~4,
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TABLE III. Solubilities of Mg in parts per million by weight.

T ('C)

N [Mg~]
Eq. (45)

N [Mg~i]
Eq. (46)

po =1 Pa po =2X10 Pa po =1

Eq. (46)

Pa po ——10 Pa

N [Mg]~~i
Expt.

This paper Ref. 38 Ref. 30
(air) (vacuo) (wet H2)

1360
1600
1630

0.27
1.0

0.06
0.55

0.7
6.5

0.3
2.55

0.94
8.5

8
100
130 150

'1 ppm Mg=10 cm

[Mg*i]=2 '~2K' (E s} '[MgAi]'~p'

=6.2exp[( —2.39 eV)/kT]po, (46)

Table III gives the solubility of Mg calculated from
Eqs. (45) and (46) at 1600 and 1360'C under po ——1

or 10 Pa and values in uacuo reported by Roy and
Cobleis (RC) which are represented by

[Mg]ac——1.2X10 exp[( —2.77 eV)/kT], (47)

Discoloration-recoloration

Interaction with the atmosphere leading to a
change in stoichiometry may or may not reach
equilibrium in a reasonable time. The possibility of
partial precipitation of MgO with formation of a
spinel phase is another process that may or may not
r~~h equilibrium. Under certain conditions the two
may be related. This is actually the cue for precipi-
tation of MgO at high po, . We have seen that the

coloration of A1203.Mg is largely due to the forma-
tion of Mgzi at high temperature as a result of oxi-
dation according to relation (b), Table I, or, if pre-

and by Peelen in wet hydrogen.
The solubility at 1360'C according to Eqs. (45)

and (46} is =8 times smaller than the 8 ppm it is ac-
cording to our conductivity results which show that
the sample becomes unsaturated at 1360'C. On the
other hand, the solubility expression of Roy and Co-
ble, Eq. (47), gives almost exactly the experimental
values. This expression also agrees closely with
Peelen's 1630'C value. Note that the values by Roy
and Coble and Peelen were obtained at low-oxygen
pressures, and thus should represent [Mg]=[Mgzi]
with a negligible contribution by MgAi. The
discrepancy between the experimental values for the
solubility and the theoretical values are probably due
to errors in the activation energies. Similar errors
may be responsible for the apparent activation ener-

gy of ps in Eqs. (34) and (43). In view of the uncer-
tainty of the operation we shall not attempt to find
the most probable place of these errors.

cipitates of MgA1204 are present, relation {h) of
Table I. Discoloration, therefore, may occur by two
mechanism=one involving, the other not involv-

ing, precipitation of MgA1204. In both cases oxygen
has to be removed from the crystal, either by migra-
tion of oxygen out of the crystal or of aluminum
into the crystal with evolution of 02 at the surface.
When charged defects are involved, this is an ambi-
polar process involving migration of ionic and elec-
tronic defects, the ones with the smaller concentra-
tion mobility product regulating the rate. In the
present case this would be the ionic defects. If neu-

tral defects are involved, only one specie the neu-

tral on- is involved. In both cases discoloration
proceeds by a front moving from the surface to the
interior. At Tg 1360'C no precipitation of MgO is
involved. Further, diffusivities of Al and 0 are suf-
ficiently large to cause discoloration upon reduction
(and coloration upon oxidation) in a reasonably
small time. At temperatures & 1200'C the diffusion
coefficients of Al and 0 become so small that one
does not expect coloration and discoloration to oc-
cur in a reasonable time and to be truly reversible,
unless special effects come into play.

These effects probably involve precipitation: No
discoloration occurred upon annealing at &950'C
of samples preannealed in air at T & 1650'C where it
is presumed that nuclei of MgA120& had been de-
stroyed and where accordingly no precipitation of
MgA1204 occurs at the lower temperature. If such
nuclei are present, MgA1204 may precipitate accord-
ing to Table I, relations (g) and (h}, the latter causing
discoloration with a front moving at a rate described
by a diffusion constant as given by Eq. (6) with an
activation energy of 0.8 eV. This activation energy
is much smaller than that known for the normal
self-diffusion of Al and 0. Also, as seen in Fig. 6,
the absolute value of the D is much larger than that
of DA] or Dz. In comparing these diffusion coeffi-
cients it should be noted that the diffusion coeffi-
cient describing the front movement during
discoloration is a chemical diffusion coefficient {DJ)
which does not involve the concentration of the de-
fectj whereas for self-diffusion D ir=DJ[j]. Since



27 POINT DEFECTS IN n-Alq03. Mg STUDIED BY ELECTRICAL. . . 3839

po, ——1.42X10 exp[(9.6 eV)/kT] Pa, (48)

giving (po )9ss c——2.6X10"Pa=4. 6X10' attn and

larger values at lower temperatures. Similarly, high
values are found for the Al

'
model.

Once the high oxygen activity is established, i.e.,
when some precipitation has occurred, diffusion will
occur with the large activity difference inside and
outside the crystal as the driving force. It is not
surprising that with such a large pressure inside the
crystal it is immaterial whether the pressure outside
is 10 Pa or lower. The flux of oxygen out of the
crystal is equal to —D~dcj-/dx, DJ being the dif-
fusion constant of the defect involved, and c its con-
centration, with cj ——EC&'po', KJ. being the equilibrium

constant of the reaction forming the migrating de-

[j]=10 —10, this factor explains part of the
difference between the D of the front and the self-
diffusion coefficients of Al and 0 but not all of it,
the observed ratio being much larger. So an addi-
tional effect must be involved.

Although the activation energy and the rate of the
chemical D of the front are close to those observed
at somewhat higher temperatures for chemical dif-
fusion in Lucalox, this correspondence is probably
fortuitous: In Lucalox the effect was triggered by a
change of po in the atmosphere, and the diffusion

observed is believed to be grain boundary diffusion.
In the present case, the effect is independent of po 2

in the atmosphere and should be bulk diffusion.
The observed independence from the oxidizing
power of the atmosphere shows that the discolora-
tion is not a simple reduction process. On the other
hand, the conditions of the experiments rule out par-
ticipation of hydrogen. Since the effect appears to
be linked to the precipitation of MgAlq04, this pre-
cipitation has to contain the clue. According to
Table I, relation (h), precipitation should give rise to
evolution of oxygen. If precipitation does not occur
because oxygen is not removed, the urge to precipi-
tate gives rise to an oxygen activity high enough to
keep the Mg&~ in solution. Without inferring that a
gas is actually present, this activity can be expressed
as an oxygen pressure, po. This pressure can be

calculated from the equilibrium constant of relation
(h), Table I, which is equal to (K4E„fi )'~ (E, s}

Owing to the cutoff resulting from the presence of
iron, pz, must be calculated as the pressure prevent-

ing [Mgz~] from being reduced to less than =—, of
its high-temperature value. In view of the fact that
our expression for the solubility gives values that are
=8 times too low we shall take a smaller value,
N[MgA~]/8=6X10' cin . Then, using Eq. (46)
we find

H(DJ)=0. 8 eV rHJ+—9.6s eV . (50)

The values of r and s depend on the defect involved.
This defect cannot be one of those dominant at nor-
mal po, 's, Al '', or Vo. For these s &0, and the

high-oxygen pressure would reduce their concentra-
tion to practically zero, leading to slow in-diffusion
of Al (as Al ) or out-diffusion of oxygen (Vo
diffusing in) dependent on po in the ambient. Out-

2

diffusion of 0 or in-diffusion of Al independent of
the ambient are to be expected upon formation of in-
terstitial oxygen or aluminum vacancies, formed at
the extremely high-oxygen pressures indicated by
Eq. (48). Values for r and s for various diffusion
species and the corresponding values of H(DJ )+rHJ
are given in Table IV. Since a value of 3.8 eV has
been reported for H(D} of the last species its for-
mation energy HJ would have to be negative, which
is impossible. Therefore, this species can be elim-
inated as a possibility. The most likely candidate at
this stage is 0";. The same species has been found to
be responsible for oxygen diffusion along grain
boundaries with energies corresponding to those of
Table IV from 2.3 to 5.6 eV. It is conceivable that
0"; is also responsible for oxygen bulk diffusion
under normal conditions, for which activation ener-
gies of self-diffusion [=H(DJ)+rH&] of 6.59+1.1
eV (Ref. 25), 7.68 eV (Ref. 40), 6.38+0.4 (Ref. 41),
and 6.7 eV (Ref. 42) have been observed.

It may be concluded that the conditions under
which discoloration occurs at low temperatures are
sufficiently special that the general conclusion that
diffusion processes in acceptor-doped crystals are
appreciably faster than those in donor-doped crys-
tals is not warranted. Effects similar to the ones
discussed here have been found in the precipitation

TABLE IV. Values of r and s for different diffusing
species, and the corresponding enthalpy values.

Species

Op;
Og

0,'. +h
0;"+2h
VA']+3h

1

2
l

3
1

4

1

2
1

4
1

6
3

16

H(D )+rHJ
(eV)

10.4
5.6

3.2
2.4
2.6

feet. As a result, the activation energy of the chemi-
cal diffusion coefficient D from Eq. (6) will have
contributions from both DJ and cj, hence

H(D) =0.8 eV =H(DJ )+H(cj ), (49)

or, since H(cj ) =rHI —9.78 eV,
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of excess oxygen in NiO, and in the permeation of
hydrogen through A1203. In the latter, a large ap-
parent permeation with a low activation energy
found with decreasing temperature was attributed to
evolution of "internally absorbed" hydrogen.

Although the explanation proposed above ac-
counts for the discoloration at T & 1000'C, it cannot
explain the relatively rapid recoloration by annealing
at T&900'C of samples discolored previously by
annealing at T & 900'C. The fact that the recolora-
tion depends on the oxidizing power of the atmo-
sphere indicates that the effect cannot be due to oxy-
gen retained in the sample: in-diffusion of oxygen
(or out-diffusion of aluminum) must be involved.
Since the recoloration occurs without a front, oxy-
gen must permeate quickly into the sample, leading
to a homogeneous distribution of excess oxygen be-
fore coloration occurs. This can happen if oxygen
penetrates along dislocations or subgrain boundaries,
recoloration occurring when the oxygen diffuses into
the surrounding material or the subgrains. Since
only small distances are involved, the latter process
may occur by normal bulk diffusion. Only the
penetration along dislocations or subgrain boun-
daries has to be abnormally rapid. The slow in-
crease of coloration after an initial rapid discolora-
tion of a preoxidized sample seen in Fig. 9 curve a
must be attributed to redistribution of holes between
the MgA~ level and empty levels lying below it. The
effects for samples prefired at low po, (curves c and

d of Fig. 9) may involve reoxidation of the sample
close to the surface by oxygen diffusing in from the
surface or by Al diffusing out with its normal dif-
fusion constant.

There is considerable similarity between the sys-
tems MgO:Li and A1203.Mg; in both cases oxidation
leads to neutral acceptor centers LiM~, Mgz~ consist-
ing of the effectively negative acceptors with an
effectively positive 0 (—:Oo) next to it, and show-
ing an optical absorption band characteristic of the
latter. ' The LiM centers in MgO also increase the
hole conductivity ' with an energy of liberation of
the hole of 0.6—0.72 eV (Ref. 48) similar to that

found for Mgz& in this paper.
The hole-release energy of 0.68 eV, deduced from

our studies of the rate of bleaching of photocreated
Mgz~ centers at —20 C, is close to a theoretical
value of 0.56+0.2 eV calculated for the thermal
separation between the MgA& level and the valence
band using the small-polaron model for the free hole
(0 ion on an 0 site). ~4 A large-polaron model
would give a computed value that is 0.4 eV small-
er. Yet the results presented in the present paper
indicate that free holes behave as large polarons
with E, =0.68 eV.

SUMMARY

High-temperature measurements of electronic and
ionic conductivity of A120i.8 ppm Mg as f(po, T)

show the crystal to be unsaturated at T&1360'C,
saturated below this temperature. Optical absorp-
tion and ESR studies show that, at high po, , Mg is

mainly present as neutral MgA~. Analysis of the re-
sults on the basis of a point-defect model leads to
values of basic thermodynamic parameters.
Discoloration of oxidized crystals at T&1000'C
proceeds from the surface inwards with a front
moving with an unexpectedly large rate which is at-
tributed to the establishment of extremely high ef-
fective oxygen pressures as a result of precipitation
of MgAlg04. Subsequent coloration at T & 1200'C
proceeds without a front and may involve penetra-
tion of oxygen along dislocations or subgrain boun-
ds es.

Low-temperature hole-release studies in photoex-
cited A1203.Mg+ Fe and Mg+ Cr show the Mg~~
hole-binding energy to be =0.68 eV. Holes probably
move as large polarons.
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