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Electrical and optical properties of single
crystalline a-Al,O; doped with nickel
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Nickel, substituting for aluminium in «-Al, O, acts as an acceptor with a level

~ 2.46 eV above the conduction band if a large polaron model applies, > 2.57eV —
H(u,) above the band if a small polaron model applies. it is present as Ni** at high,
and as Ni** at low, oxygen pressures, the concentration of Ni** being reduced to one-
half of its high p,, value at po,, = 1 Pa. Analysis of the data provides proof that the

native defect compensating the charge of Ni** (=Ni}) is V&', AI> being a minority

species; Hea — 1/2Hs = 121 kJd mol ™.

1. Introduction

Owing to the high energy of formation of native
defects, high-temperature properties of Al,O,
are invariably determined by the presence of
impurities, in “pure” ALO; usually iron and
magnesium. Even 1 ppm of impurities suffices to
make the crystals extrinsic at 1600°C.
Magnesium, iron and cobalt act as acceptors,
titanium, silicon, hydrogen, yttrium and
zirconium act as donors [1]. Nickel should act as
an acceptor with a level somewhat below that of
cobalt but above that of magnesium. Nickel
occurs as Ni*™ and Ni** | occupying aluminium
sites [2-5]. Ni** predominates at low, Ni** at
high oxygen activities [6, 7]. AlLO,:Ni*" is
colourless; Al,0;: Ni** is yellow as a result- of an
absorption band with a maximum at 420 nm
[6, 7]. This band was interpreted as a transfer
transition [6, 8]. However, the poor agreement
between the observed and the calculated peak
position [8] and the agreement between the
observed peak and the expected crystal field
splitting (10 Dq = 3.04 ¢V [8]) suggest that it is
still possible that the band is due to an internal
transition in the Ni** ion. The ground state of
Ni** (3d") is *E with a statistical weight

g; = 2 x [1(2) + 1] = 4; that of Ni** (3d?) is
A, with a weight g, = 2 x 1) + 1 = 3 [4].

The present paper gives results for the elec-
trical properties of Al,O;:Ni at high tem-
peratures and optical absorption of crystals
cooled after a high-temperature anneal in
atmospheres with different oxidizing power and
interprets these results on the basis of a detailed
point defect model.

2. Experimental techniques

A single crystal boule of a-Al,O, grown from a
melt containing 200 ppm Ni* (=8.1 x 10"®cm ™)
was put at our disposal.t Concentrations of
nickel and impurities present in the sample were
determined by semiquantitative spectrographic
analysis. The results of the analysis, performed
by a commercial establishment,} are presented
in Table I. The nickel concentration is much
lower than that of the melt from which the
crystal was grown as a result of either evapor-
ation or of a small distribution coefficient
k = ¢,/q, ¢, and ¢ being the concentrations of
nickel in the solid and the liquid. A similar effect
was observed for Al,O,: Mg [9]. Several other
elements are present in concentrations larger

*La Pierre Synthetique, Etablissements Baikowski, Annecy, Haute-Savoie, France.
*Courtesy Dr J. Smialek, NASA Lewis Research Center, Cleveland, Ohio, USA.
*Pacific Spectrochemical Laboratories, Inc, 2558 Overland Avenue, Los Angeles, California 90062, USA.

0022-2461/85 803.00 + .12 © 1985 Chapman and Hall Ltd.

3191



TABLE 1 Concentrations determined by semiquan-
titative spectrographic analysis
Element Concentration
ppm by weight cm~3 (x 10717)
Ni 6.6 2.68
Mg 12.0 11.8
Fe 19.0 8.1
Si 250.0 212.0
Ca 8.6 5.1
Cu 1.0 0.38

than that of nickel. This is disturbing, since some
of them (e.g. magnesium and iron) are known to
be acceptors, whereas others (e.g. silicon) are
known to act as donors.

The large value reported for silicon is prob-
ably not reliable [10] but a smaller amount of
silicon may be present. Despite the presence of
these impurities, it is still possible to obtain
meaningful results concerning the activity of
nickel in the crystal.
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Plates of 2 1.6 mm thick, with the plane of the
samples L ¢, were cut for the electrical measure-
ments. Plates of 3.43mm thick with the same
orientation were cut for the optical absorption
measurements. The latter were polished for
optical flatness with diamond paste down to
1 um. D.c. electrical conductivity ¢ || ¢ and the
emf of an oxygen concentration cell with the
sample as the electrolyte were measured as
S(T, po,) by a three-contact method, a volume
guard being used to eliminate surface and gas
phase conduction as described in [11]. Ionic
transference numbers ¢, = g,/ were determined
as f(T, po,) by differentiating the emf of the
concentration cells. Oxygen pressures were
established by pure oxygen, air and mixtures of
CO/CO,. Optical absorption |¢ was measured
with a double beam spectrophotometer.§

3. Experimental results
Fig. 1 shows conductivity as a function of

Figure 1 D.c. conductivity as f(poz) at
1500 and 1600° C and the partial ionic
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and electronic conductivities o; = o
and oy = 0, = o(1 — ) using the
values of Fig. 2.



Figure 2 EMF of an oxygen concentration cell
A 1600°C Pt,po, |ALO5: Ni|Ptpo,  and ¢ calculated from
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oxygen pressure at 1500 and 1600°C and the
partial ionic and electronic conductivities
6; = ot; and o, = o(l — t), using the ionic
transference numbers z; obtained from the emf
measurements shown in Fig. 2. The fact that o
increases with oxygen pressure shows that we

are dealing with holes: 6, = ¢, and the material
is acceptor dominated. Fig. 3 shows conduc-
tivity at four oxygen pressures as a function of
temperature, measured with slow or fast tem-
perature changes. In the former case equilibrium
in the crystal and between the crystal and the

-=— 7(°C)
-6
6x10 1600 15('30 14IOO 13IOO
-Fo7107Pa
[ Ao, =10Pa 257 kJ mol™
(2.67eV)
10 t2)=16%Pa
Y%
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(Q'cm’) [Fo,=10Pa
1\ — 286 kJ mol ™!
eq’ C'.non-eq
10-7:
: %q * %non-eq
~ 453 kJ mol”’
~ (4.71eV) 332 kJ mol™’
— (3.45eV)
— Figure 3 Temperature dependence at
four oxygen pressures of conductivity
%q with maintenance of equilibrium {open
108 L | non - eq symbols) or under conditions that
5.0 5.5 6,0 6.5 equilibrium is not maintained (solid

——= 10¥7 k)

symbols).
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Figure 4 Optical density at room

'Doz in Pa temperature as a function of
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10° pressures.

10
102
104
| | | |
600 500 400 300
<—— WAVELENGTH {nm)

atmosphere is maintained (open symbols; equili-
bration time at the lowest temperature =24 h).
With rapid variation of temperature, equili-
brium was not maintained (solid symbols; typical

cooling times from 1600 to 1400° C 5min). The
conductivities are represented by

6(105 Pa)eqandnomeq = 109
x exp (—257kJmol™'/ RT)Q ' em™" (1)

o(10Pa)egandnoneg = 224
x exp (—286kIJmol~!/ RT)Q'cm™" (2)
(103 Pa), = 8 x 10°
x exp (—453kJmol™!/ RT)Q"em™' (3)
a(107 Pa),oeq = 2.6 % 10°
x exp (—332kJmol™'/ RT)Q 'em™' (4)
o(10~°Pa),, = 5.3 x 10°
x exp (—453kImol™!/ RT)Q 'em ™' (5)
o(107° Pa)yppeq = 1.7 x 10°
x exp (—332kImol™'/ RT)Q 'cm™" (6)

There is practically no difference between the
results for equilibrium and non-equilibrium at
Po, = 10Pa where the conductivity is due to
holes, but there is a marked difference at p,, <
1073 Pa where the conductivity is mainly ionic.

Optical absorption specira at room tem-
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perature of crystals annealed for 60 h at 1600°C
are shown in Fig. 4. The spectra show a peak
with Gaussian shape with maximum at 2.38 x
10°cm™" = 295¢V and a half-width of
7400 cm ™', and the beginning of a stronger band
at shorter wavelength. There is no sign of a peak
due to Mg}, as found in oxidized AL, O;: Mg [9].
The observed peak is responsible for the yellow
colour of the oxidized samples and is no doubt
identical with the band reported by earlier
workers [6-8]. Its intensity decreases with
decreasing oxygen pressure reaching half inten-
sity at po, @ 1Pa; the band disappears
altogether at p, < 10°Pa (Fig. 5). The absorp-
tion saturates at po, > 10° Pa. Since the absorp-
tion band is due to Ni’**, this result indicates
that at these oxygen pressures the Ni** concen-
tration reaches a saturation value.

4. Discussion

The variation in the intensity of the band
responsible for the yellow colour of the sample
results from a variation in the position of the
Fermi level. Since the variability of the Fermi
level by oxidation-reduction is relatively limited
in scope, the observed colour change and the
absence of an absorption band due to Mgy
indicate that in spite of the presence of other
donors and acceptors, the Fermi level remains
close to the Ni’, level. The Mg’y level (which lies
closer to the valence band) remains always
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Figure 5 The absorption coefficient at the maximum, 2 = 420 nm, at room temperature, the corresponding concentration

of Ni**, and that of Ni**

occupied, and the Fe), level (which is expected to
be above the Nijy, level) remains mostly empty;
iron is present primarily as Fe’*, with possibly
some Fe**. This is possible when a sufficient
amount of donors (Fej, or Siy) are present
which, after ionization to Fe,, and Si,, compen-
sate Mgy,.

The isotherms of Fig. 1 show that the material
is acceptor dominated. Since the Fermi level is
close to the Nij, level, it indicates that Ni,, is an
acceptor. The main defects compensating for
Nij,, and Mg}, are the ionized foreign donors D
(Fej, and Sij;) and the native defects V§ or AL}

D] — [Mga] + 2[V5] + 3[AF] = [Nij)]

A variation in [Nijy,] with oxygen pressure with
formation of Ni}, involves the native defects V3
and/or AI>'. The shape of the isotherms for o;
and ¢, depend on the magnitude of [D] —
Mg,,]1[12). For [D'] — [Mgy] < 0, the Fermi
level is close to the Mg}, level and no oxidation—
reduction of Niy, is to be expected. This possi-
bility can be excluded. For [D'] — [Mgj,,] > Oa
fixed amount of Nij,, [Niy] = [D] — [Mgal
will be present at all pg,. This still allows oxida-
tion-reduction of Ni,, if the fixed concentration
is < [Nij, . the amount that can be oxidized or
reduced being equal to A = [Nil,.. — (D] —

[Nilws — [Ni®*], for samples annealed at 1500° C under various oxygen pressures.

[Mgui]). For A < 1fNi],..., we expect practically
constant concentrations of Ni** and Ni’T at
large py,, and therefore [h'] and o, oc [h'] con-
stant with a value determined by
[NijJ[h']

KN = =
[Nix]

(M

This saturation, demonstrated for a model with
[AF] » [V&], in Fig. 6a is not in agreement
with the isotherms of Fig. 1 which show o, to be
dependent on po, at all po,. Only for 0 <
A < 1[Ni],w can one expect a variation of oy
with po,. This situation is demonstrated in
Fig. 6b for the case where [V3] > [AF'). The
same situation can of course occur for the model
with [AF}'] > [V5']. The variation of 6;, with p,,
is limited to ranges I and II where [Nij,,] > A;in
range IIT where [Ni}] = A, [h] is independent
of po,. The fact that a high p,, range with con-
stant o, is not observed indicates that A <
(Nilow — A)or A < 3[Nilyie. [D] = 12
10'* cm~>. The slopes of gy, oc [h'] oc pp, with
n = 1/6 and 3/16 for [V3']> or <[Al}] respec-
tively (for A = 0) are too close to decide
between these two possibilities on this basis:
both fit the experimental data of Fig. 1 reason-
ably well. The data also show a change in slope
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Figure 6 Approximate defect concentration isotherms for models dominated by [Ni’y ] = 3[AF1with A > 1[Ni],., (A), and

Ni'y] = 2[VE] with A < 3[Nil,p (B)-

at po, = 1Pa corresponding to the change from
n = 1/6 or 3/16 to 1/4 expected for the models.
The larger slopes observed at p,, < 10~2Pa are
not predicted by the model; they are probably
incorrect, originating from the low accuracy of
the emf values and the corresponding £ and ¢,
values in this region. The isotherms at low po,
where ¢ = o, also are described equally well by
both models. A choice can be made between the
two models on the basis of the observed vari-
ation of ¢; with temperature at low p,, which
show a marked difference in the activation
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energy for conductivity measured with mainten-
ance of equilibrium, o, and conductivity
measured under conditions where equilibrium is
not maintained, 6,,,., (Fig. 3 and Equations 5
and 6).

Since [V3'] and [AF'] are both independent of
Po,, the difference between equilibrium and non-
equilibrium cannot be due to the freezing of the
oxygen uptake or evolution, but must be due to
the blocking of internal processes. For the model
dominated by AL, [AF] = 1/3([Ni'low —
A) = constant, but [AE'] which regulates o, is



determined by the Schottky and Frenkel dis-
order reactions:

0 — 2V + 3Vy
VAFIVET = Ks (8
ALy, + VE - AlY + V3

[VAS\;][AE ] = KF,A] (9)

Either of these reactions or both of them may be
frozen in. If both reactions reach equilibrium
while 2[V3] = [Niy] = (Nilow — A) = [Nilou,
0; = Ojeq = 1.06 X gy NKpa Ky I/Z[Ni]fgal with
an activation energy H(u,) + Hp, — 1/2Hs.
Square brackets indicate concentrations per
molecule ALQO;; N = 2.34 x 102cm>, the
number of molecules AL, O, per cm®. When
Reaction 8 is frozen in but Reaction 9 is not,
[Vi] is constant at its 1600° C value:

,ii 1600 = 23/2(Ks,1600)l/2[Ni]t—ot3a/12
and X Vit "
i noncq®y € HarKpallVailieo (11)

with an activation energy H(uy) + Hpya- On
the other hand, when Reaction 8 reaches equi-
librium but Reaction 9 does not, [Vy;] reaches its
equilibrium value, but, since Reaction 9 is
frozen, this does not affect [Al>']. Hence [AL'] =
[Al} )40 = constant and the activation energy
Of G; soneqe) 18 H(pta1)- The same result is found
when both Reactions 8 and 9 are frozen in.

Thus there are two possible expressions for
the differences in the activation energies under
equilibrium and non-equilibrium conditions.
When Reaction 8 is frozen in,

H, — Hnon—eq = —%HS

€q

(12)
When Reaction 9 or 8 and 9 are frozen in,

Heq - Hnon-eq = HF,AI - %HS (13)

Since  H,, — Hyoneq = (453-332)kJmol ™' =
121kJmol™! > 0 while H, > 0, Possibility 12
has been rejected. Possibility 13, however, is
acceptable if Hp o, — +Hg = 121 kJmol .
Values for these parameters have been cal-
culated by Dienes et al. [13] and Catlow et al.
[14], the last authors giving results based on
empirical and non-empirical potentials respec-
tively. The results by Catlow et al. are con-
sidered the most reliable. Table II compares
their results with the observed energy difference.

TABLE II Enthalpies (kJ mol ~)

Source Hp Hy Hp o 3H;
Dienes et al. [13] 1920 2750 545
Catlow et al. [14] 1004~ 2010 0-116
(empirical potentials) 1246 2260

Catlow et al. [14] 1364 2475 126.5

(non-empirical potentials)
121

Jeq / dnon-eq

There is good agreement between the
observed difference and the values calculated by
Catlow et al. [14]; the ones obtained using non-
empirical potentials and the largest values
arrived at by using empirical potentials are
equally acceptable. This agreement supports the
proposed model. While the proposed model
involves isolated point defects, an alternative
explanation involving pairing should also be
considered. Two types of pairs may be formed:

Niy, + chf = (Niy Vo)'; KP,V(O) (14)
and

Nij, + A1i3. - (NimAli)z.; KP,Al(i) (15)

For approach distances r =~ 0.19nm, Hp v, =
—24*fer and Hy o) = — 3¢ /er with & = 10, the
pairing constants are expected to be Kpy, = 4
exp 144kImol™'/RT and Kp o, = 2 exp 213kJ
mol~'/RT respectively. With these constants
and the nickel concentration as present in the
sample, no appreciable pairing is expected for
the V3 model at T > 1520°C. For the AL
model, where pairing should occur, the model
gives a difference H,, — H,opeqeq = Hpagy =
213 kI mol~"', about twice the observed value.
Therefore both these explanations have to be
rejected. The accepted explanation remains the
one based on the V3 model with freezing in of the
Frenkel disorder reaction, with or without freez-
ing in of the Schottky disorder reaction. It may
seem surprising that freezing of the Frenkel dis-
order process occurs. It should be noted, how-
ever, that when the temperature is decreased,
this reaction should run to the right, involving
an activation energy > Hp,,. This is the first
time that there is evidence for the freezing in of
a disorder process and its effect on the difference
between ¢, and o,,,.,. Previously such effects
were always attributed to the blocking of oxygen
uptake or release. Evidently, freezing in of the
internal processes may also have occurred there.
Therefore, earlier interpretations based
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exclusively on the blocking of oxygen exchange
should be considered with caution and correc-
tions should be made when called for.

According to Equation 10, the values of o,
for acceptor dominated materials at low po,
should be proportional to the acceptor con-
centration to the power 3/2. Applying this rela-
tion to the present sample (with o, ., at 1600°C
equal to 2 x 1077 Q 'cm™}), to AL, O,: Mg [9]
with N[Mg] = 8 x 10"em™, 06, = 3.8 x
10°~""'ecm™', and to ALO;:Co [15] with
N[Co] = 10®cm™, 6., = 2 x 107°Q 'em™
leads to an active nickel concentration N[Ni] =
242 x 10"cm™> and 4.65 x 10'*cm ™3, respec-
tively, 10 to 5 times smaller than the value of
2.7 x 10" cm™3 determined by spectrochemical
analysis (Table I), indicating that either the
analysis is incorrect or that only a fraction of the
nickel is active as acceptor. The discrepancy is
indeed somewhat reduced by introducing com-
pensation: For A = 10" cm™?, N[Ni] = 1.7 x
10" cm 3, and the discrepancy factor is reduced
to 7 or 4. Stronger compensation would cause a
change in the expected isotherm shapes and is
not acceptable. Therefore cither the concentra-
tion of dopants in the earlier papers, or that
assumed in the present work are in error.

Combining Equations 5 and 1, remembering
that Kg . and K depend exponentially on T~
with Hpa — 3Hg = 121kJmol™' and pre-
exponentials K} 5, and K3, taking A = 0, leads
to an expression for the mobility of AE":

(madye = 34 x 107 K@K )"
x exp (—332kJ mol~'/RT)
(16)

The activation energy of 332kJmol™’
(=3.45eV) agrees well with an earlier exper-
imental value [9] if the latter is corrected with
(Hea — $Hs) to  (H(pa)) = 3.45kImol™!
(=3.59¢eV). It is somewhat smaller than a value
447kJmol™' (=4.65¢V) computed by Dienes
et al. [13]. The value of the pre-exponential
remains uncertain because Kg, and K¢ are
unknown.

Let us now turn to g, dominating the conduc-
tivity at high po,. As we saw earlier, the po,
dependence is reasonably accounted for by the
V% dominated model (Fig. 6b) which we believe
to be the correct one. In view of the py, depen-
dence of o, differences between oy, ., and 6}, 1004
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should be expected as a result of blocking of the
oxygen exchange between the sample and the
atmosphere; the disorder processes affecting the
behaviour of ¢; at low p,, do not play a role here.
For the V3 model, oxidation is described by

10,(g) + V§ + 2Nij, =2 O + Nij, (17)
with ,
NaP
Narvg e Y

At high p,, and A = 0, [Niy] = [Ni},, and
under equilibrium conditions

Niy] = 2[V5] = 2"°(K5y) "INl po, "
(19

Ni _
Kox,V -

Ionization of Ni** produces holes:

Nix Ni; ', KN = -
Iy = Niy + I, a [Ni%)

Thus for complete equilibrium
Uh,eq = :uhq[h]N
= 27" gNKY (Koly) NIl p;
1)

with an activation energy of H(u,) + EN +
13HY.

When equilibrium with the atmosphere is
frozen, the oxygen content of the sample
remains fixed and [V3'] = constant = [V3 ]ige0-
In this case [h’] varies only as a result of Reac-
tion 20 with an expected activation energy of
H(u,) + EX.The observed equality of g, ., and
O} noneq therefore indicates that Hy', = 0. Reac-
tion 17 is a combination of

30,(g) + V& - 0§ + 2h’,

and twice Reaction 20.
Therefore

Ni —
Kox,V =

Koxvioy (22)

0x,V(0) (K:‘) -
or

Ni Ni
HDX’,V = Hox,V(O) - 2E‘a ' = O
Or, since

Ni
H ox,V =

0, HOX,V(O) = 2EaNi.

According to Equation 1 and Fig. 3, the acti-
vation energy of &, is 257kJmol~'. Identifica-
tion of this value with H(y,) + EN taking
H(u,) = 0(asis acceptableif the holes are large
polarons) gives EN = 257kJmol~! (=2.67¢V)
and H,, yo, = 2E," = 514kJmol~' (=5.34¢V).



For a large polaron model with statistical
weights of Ni** and Ni** of 4 and 3 respectively

32
w, = §(2ET)
x exp — (Ew — E)KT (23)
and thus
EN = 3kT + (En — E.).

For T = 1073K, T = 4.5 x 10°exp — 13.9
kJmol™!, kT = 13.9kJmol~! (=0.14eV) and
thus the separation of the Nij, level and the edge
of the valence band, (Ey; — E,) = 236kJmol™!
(=2.46 eV). This value is somewhat smaller than
that observed for cobalt (3.06eV) and close to
the anticipated value (2eV) [16].

The value found for H,, ve, = 514kImol~!
(5.39¢eV)is to be compared with an earlier exper-
imental value of 390kJmol™! (4.05¢V =
2.15eV + 38008g) [17] and with values
computed by Catlow et al [14] of 1Eo, =
426kJmol~' (=4.43eV) when using non-
empirical potentials, and of 193kJmol’
(2.0eV) when using empirical potentials. Another
estimate of H,, v, can be obtained from the
observation that the p,, dependence of ¢ is vir-
tually independent of temperature (Fig. 2).
According to its definition, t, = 1 when ¢, = ¢,
or 3q[AL Jus = qlh lw,. This point is reached at
Po, = 107? Pa which according to Fig. 5 lies in
the low po, range where [Nijy] 2 [Ni]. In this
range o;., is described by Equation 10. An
expression for oy, is obtained by combining
Equation 22 with [V3] = }[Ni'y] = 3[Nilw
with oy, = cpqpy:

o, = 27'"quN [Ni]tlé%alKéx/fV(O)P(l)/: (24)
The temperature dependences of o, and oy,

are equal if
H(pa) + Hpa — 3Hs = H(w,) + $Hy v

Use of the values arrived at for the enthalpies at
the left-hand side, taking H(u,) = 0 leads to
H,, vy = 906kImol ' (=9.4¢eV), a value much
larger than the one arrived at before. Introduc-
ing a temperature dependence for pu,, e.g.
H(u,) = 100kJmol~! (2 1eV) which would be
acceptable should holes behave as small polarons,
would reduce the value arrived at to =700kJ
mol~!, closer to the one of 514kJmol~! found
earlier. This would reduce the value for Ey; — E

v

arrived at earlier to 257 — H(w,) = 157kJ
mol ™! (=1.63¢V) a value still close to the anti-
cipated value of 2eV [16]. A smaller H(u,)
would of course give a correspondingly larger
value for £y, — E,.

The optical data of Fig. 5 allow us to obtain
values of [Ni},] and [Ni},] as a function of pg,.
(e.g. for po, = 10° Pa, assuming A = 0, [Ni}] =
Nilyw = 2.7 x 107cm™/N, [Niy] = 1.5 x
10 cm3/N and [Ni*]/[Niy,] = 18.) Introduc-
ing this value in Equation 20, using Equation 23
for KN valid for the large polaron model leads to

N[h.]1500°,105Pa - 18N(KaNi]lp
w2\ 32
— 48 (27rlr1;:hk> T

x exp — (Exj — E)/kT

which for m* = m, the rest mass of the electron,
and E = 3/2kT + (Ey; — E,) gives

Nihlgu, = 5.6 x 10°
x exp (— EN/ET)Q "em ™.

O-h =

Equating this expression with the wvalues
observed under the same conditions, 6, = 2 X
10°°Q 'cm™!, and using for EM the value
arrived at earlier, leads to

(Unp1soe = 1.4 X 1072 V~!sec™!

Earlier reported values vary from 10* to 6 x
10 ecm?V'sec™! [16]; in [9] a thermally
activated u, was arrived at (which does not fit
the large polaron model). For the small polaron
model with holes moving via O’ ions, on the
other hand, N(K}"),, = 3N exp — E."/kT with
EN = (Eyv — E,) = 257kJmol™! — H(uw,)
157kImol™!, leading to N[h')j50 jospa
18N(KY),, = 2.93 x 10°ecm ™ and (e 15000 =
43 x 1077 em’ V'sec™ or (uy), = 3.8 %
10~* exp (—100kI mol~'/RT).

For bands with a Gaussian shape, the absorp-
tion coefficient at the maximum is related to the
concentration of absorbing centres ¢ by the
formula [18]

I

c
cm™

n kmax I/I/l/2
' +2 f

= 1.08 x 10"

(25)
where n is the refractive index =1.773 [19], W),
the halfwidth of the band, 7400cm™!, k,,,, the

absorption coefficient at the maximum, 0.63cm ',
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and f the oscillator strength. Use of ¢y =
2.7 x 107 cm™? leads to f = 1.25 x 1072, A
different formula used by Tippins [8]

¢
cm

gives f = 3.07 x 1072, The value of fis inter-
mediate between what is expected for an allowed
transition (f = 1) and for a forbidden tran-
sition. This leaves open both possibilities for the
attribution of the absorption band: an internal
crystal field transition in the Ni** ion, or a trans-
fer transition from the valence band to the
empty Nij, level. The isotherm of absorption
strength shown in Fig. 5 has the theoretical
shape at po, > 1072 Pa but is steeper than
expected from the high temperature situation at
lower p,, .

A similar effect was observed in Al,O,: Mg [9]
and was attributed there to the presence of
donors with a level above the acceptor level, but
close enough for it to be occupied by electrons at
high temperature to an extent sufficient to accept
holes from the Mg, acceptor level upon cooling.
In that case the donor was found to be iron,
Fe,. The same element is probably responsible
for the effect here, the trapping of =5 x
10" cm~* holes required to explain the cut-off
can easily occur at the 8.1 x 10 cm™’ iron
atoms present in the sample when the Fej; level
is slightly above the Nij, level as assumed in [1].

- = 1.786 x lolzkmaxu/lﬂ/f (26)

5. Conclusion

Measurements of electrical conductivity com-
bined with emf measurements of partially com-
pensated Al,O; containing iron, nickel and
magnesium show that nickel, substituting for
aluminium, is an acceptor with a level 2.46eV
above the valence band if a large polaron model
applies, 2.57eV — H{u,) above the valence
band if a small polaron model applies. Nickel is
present as Ni** at low, as Ni** at high oxygen
pressure, the two species having equal con-
centrations at p,, = 107! Pa. Ni** gives rise to
an absorption band with a maximum at 420 nm
with an oscillator strength f = (1.3 to 3) x
1072, indicating that the transition is either a
transfer transition or an internal, crystal field
transition. The native defect compensating Nij
is V3', Al¥" being a minority species. The enthal-
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pies of Frenkel and Schottky disorder are related
through Hp, — 1Hg = 121kJmol™'. Values
of the enthalpy of V) destruction with for-
mation of holes, H,, v, vary from 524 to 700kJ
mol~' (small polaron model) or 900kJ mol~’
(large polaron model). Hole mobility at 1500°C
is 1.4 x 1072cm?V~-'sec™' for the large
polaron model, 4.3 x 107" cm? V™' sec™! for
the small polaron model.
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