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Self-diffusion coefficients of oxygen in a spinel solid solution system, MgAl, .Fe.O,, have been
measured by a gas—solid isotope-exchange technique using 'O as a tracer. Mdssbauer spectra of the
same spinel solid solution have been studied over the temperature range where the materials were
paramagnetic. The line broadening characteristic of Mossbauer spectra of these materials was inter-
preted in terms of distribution of the electric field gradient at ¥Fe nuclei. Debye temperatures were
calculated from the temperature dependence of the absorption intensity of their Mdssbauer spectra.
The compositional dependence of the Debye temperature from the Mossbauer effect followed that of
the activation energy of diffusion. A linear relationship between the activation energy and the square

of the Debye temperature exists.

1. Introduction

The activation energy and preexponen-
tial terms for oxygen volume self-diffusion
in a solid are often influenced by impurities
or dopants (/). In this case, the nature of
chemical bonding is believed to change.
In the present study, we have measured
the oxygen diffusion coefficients of the
MgAl,_ Fe O,, solid-solution system and
the results are discussed in relation to the
Debye temperature, determined from the
Mossbauer effect as well as the characteris-
tics of lattice dynamics.

It is well-known that the following empir-
ical relation holds for vacancies in metal
systems which have the same crystal struc-
tures (2):

AH; =K -m- 65 - &, (D
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where AH; is the monovacancy formation
energy; m, the mass of constituent atoms;
6p, the Debye temperature; a, the lattice
constant; and K, a proportionality constant
depending on the crystal structure. 6y is de-
fined as 6p = hvp/k, where vp is the Debye
frequency, so the dimension for m#} - a® is
energy. March (3) has shown that in metal
system the proportionality between va-
cancy formation energy, AH, and 65 can
be obtained using diclectric screening the-
ory, to first order, to relate AH; to the
Fermi energy; Glyde (4) has shown that, in
the Debye model, the dynamical theory of
diffusion leads directly to a relation be-
tween AH = AH; + AH,, where AH,, is
migration energy, and the Debye tempera-
ture. According to Glyde, Eq. (1) should
hold also in an ionic crystal. In the present
study, the compositional dependence of the
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TABLE I
IMPURITY CONTENT OF STARTING MATERIALS

Al Si Na Mg Mn Fe Co Ni Cu Ca
Fe;0; -+ 2 0+ 11 * 44 20 6 -
Aly05 * 40 10 10 * 20 * * 0 *

Mg(OH),* 30 140 5 * D S

Note. Values are in ppm. +, trace; —, not detected; *, no
data; #, MgO base.

activation energy of oxygen diffusion is
also interpreted on the basis of a modified
form of Eq. (1).

2. Experimental

Polycrystalline MgAl, ,Fe O, solid solu-
tions (x = 0.0, 0.4, 0.8, 1.2, 1.6, and 2.0)
were prepared by the usual ceramic
method. The following were used as start-
ing materials: 3 N Mg(OH),, 3 N Fe,;0;s,
and 4 N Al,O;. Impurity levels are given in
Table I. Desired amounts of these reagents
were wet mixed and then calcined at 1100°C
for a day in air. The resulting powder was
milled and fired again under the same con-
ditions. The products were milled, pellet-
ized under a pressure of 2.0 x 108 Pa, and
then finally fired at 1400°C for a week in air.
MgAl,O;, however, was fired at 1700°C for
a week in air because of the low reactivity
and the sinterability of this material. The
fired materials were quenched in air down
to room temperature and crushed to parti-
cles, and these particles were screened with
sieves for diffusion experiments. Some ma-
terial was ground for X-ray diffraction and
Mossbauer studies. The average grain sizes
were determined on the basis of SEM in
usual way and are given in Table II. X-ray
diffraction showed that these materials
were monophasic spinel compounds. In the
present system, a second phase like MgO
was detectable by X-ray up to a limit of
0.5%. This amount of second phase does
not influence the value of the oxygen diffu-
sion coefficient, because oxygen diffusivity
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is very low in MgO or ALO; and the ex-
change amount is larger in the present
study. The resultant lattice constants are
also presented in Table II.

The Debye temperature was determined
from the temperature dependence of the ab-
sorption intensity in the Mdssbauer spec-
tra. These were recorded at varying tem-
peratures using a Mdssbauer spectrometer
(Elscient Co.) in a constant acceleration
mode. A proportional counter was used as
a detector and *’Co in Pd, at room tempera-
ture, was used as a source. The velocity
scale was calibrated with an iron foil.

The self-diffusion coefficients of oxygen
in a MgAl,_,Fe, Oy solid solution were de-
termined by measuring the rate of gas—solid
exchange of '®O at various temperatures in
oxygen gas enriched with 5-20% 20 at a
pressure of about 5.3 x 10 Pa. The reac-
tion chamber was equipped with a Pt-20%
Rh susceptor and a Pt-20% Rh crucible,
which were heated by a high-frequency in-
duction method. The volume of the gas
phase was 300 cm®. The reaction chamber
was evacuated to a pressure of about 1 X
101 Pa. Then '80O-enriched oxygen gas was
introduced into the chamber. Prior to each
diffusion annealing, the system was pre-
heated at 700 ~ 900°C for 15 min. The ex-
change process as a function of diffusion
time was followed by analyzing the *0 con-
tent of the gaseous phase with a mass spec-
trometer. Details of the experimental setup
and procedures have already been de-

TABLE II
CRYSTAL PROPERTIES FOR MgAl;_,Fe O,

Grain Lattice Debye Average

Compositional radius constant, a temperature reduced mass
parameter, x  {um) {nm) (K) (amu units)

A 0.0 8.3 0.8083 520 9.92

B 0.4 6.8 0.8141 510 10.43

C 0.8 5.7 0.8204 483 10.86

D 1.2 3.6 0.8272 409 11.23

E 1.6 1.3 0.8331 403 11.55

F 2.0 3.1 0.8356 397 11.86
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Fi1G. 1. Mdssbauer spectra of MgFe,O, at 1185°C.

scribed by Oishi and Kingery (5). If the dif-
fusion process controls the exchange reac-
tion (Cgas(t) = Csurface(t)’ Cgas(t) = iSOtOpe
concentration in gas phase at any time, ¢,
Cautace(t) = isotope concentration at the
sample surface at the same time), the total
amount of 8O, M,, in the sphere sample
after time, ¢, is expressed as a fraction of
corresponding quantity, M., after infinite
time by the equation (6):

M, [

M;~(l+a)1

_ {éﬂ(?j)‘”}
v+ Y T a2

- e (- 22 ()]
——— eerfc o \12

+ higher terms

yi=#H1+ )+ 1}, yy =y —1
eerfe(z) = exp(z)[1 — erf(2)]
erf(2) = 2 | exp(—mP)dy @)

where A is radius of the sample and « is the
gram ratio of oxygen present in the solid to

that in the gaseous phase. According to the
result studied by Carman and Haul, the
next two higher terms have opposite signs,
so the influence of these terms is very small
(6). The error of Eq. (2) caused by neglect-
ing the higher term is, experimentally, less
than 2% (7). Calculations of diffusion coeffi-
cients in the present study, therefore, were
done using Eq. (2). In the determination of
oxygen lattice diffusion in polycrystalline
MgAl,_Fe O, solid solutions, the method
(8) proposed by Shirasaki et al. was ap-
plied.

3. Result and Discussions

a. Méssbauer effects

Figure 1 shows the Mossbauer spectra of
MgFe, O, at 1185°C, the temperature at
which the material was in a paramagnetic
state; the spectra consist of a diffuse asym-
metrical doublet. The calculated doublets
(both with the Lorentzian line shape) are
also shown in Fig. 1. As seen there, an iso-
mer shift of the doublet with weaker inten-
sity is smaller than that of the one with
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F1G. 2. Distribution of electric environment in M&ssbauer spectra of MgFe,0, and ZnFe,0,. Solid

line with crosses, MgFe,O,; dashed line, ZnFe,0,.

stronger intensity, so that the former is due
to Fe** in a tetrahedral (A) site, the latter,
in an octahedral (B) site (9).

These linewidths were about twice as
broad as the linewidth of a pure iron foil
(= 2.2 x 107* m/sec). The degree of the
broadening was estimated on the basis of a
deconvolution of Mdssbauer spectra. Fig-
ure 2 shows the results of this analysis. The
linewidth of MgAl, ,Fe, O, was broader
than that of a completely normal spinel, Zn
Fe,0,4, measured at 298 K. Mdssbauer line
broadening with a mechanism of the hop-
ping (Fe?* « Fe?*) or the diffusion of iron
ions are sensitive to a change of tempera-
ture (10). However, in the present materials
line broadening was independent of temper-
ature, so we can say that the line broaden-
ing seen in MgAl, . Fe O, is associated with
the occurrence of a random distribution of
constituent ions, Mg?", AP*, and Fe*',
over two different cation sites of the spinel
structure. This mechanism has been found
in perovskite structure (17).

In the present study, the recoilless frac-
tion and the Debye temperature of MgAl,—,
Fe, O, were determined by measuring the
temperature dependence of the total area

intensity of two doublets. Consequently,
the resulting values are regarded as an aver-
age of A-site and B-site ferric ions. The
area intensity, A,, can be expressed by the
equation (/2):

—K-f=K- _ ke
A=K -f=K exp[ ZkOD{l
+ 4(1/Z2YZ(1 — Z/4 + Z%/36 — Z4/3600)}],
Z = op/T, (3)

where K is a factor containing terms such
as the amount of the Mossbauer nuclei, y-
ray cross section, and so on; f, the recoil-
less fraction; Eg, the recoil energy; 6p, the
Debye temperature; and 7, the temperature
of sample. Figure 3 shows the temperature
dependence of the absorption intensity in
MgFe,0,. Open circles are the observed
data points and the solid curve is drawn to
fit these data points using Eq. (3). The suc-
cess of the curve-fitting procedure implies
that the application of the Debye model to
the temperature dependence of the absorp-
tion intensity is reasonable in these mate-
rials.

Figure 4 shows the compositional depen-
dence of the Debye temperature from the
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F1G. 3. The temperature dependence of absorption
area intensity for MgFe,O,. Open circles, experimen-
tal results; solid line, calculated values.

recoilless fraction. As seen in Fig. 4, the
Debye temperature decreases with increas-
ing compositional parameter, x, and drasti-
cally changes at x = 1.0. This tendency was
also encountered in the Debye temperature
obtained from the neutron diffraction data
from this system (I3, 14) (see Fig. 4). The
Debye temperatures obtained from the
Maossbauer effect are lower than those from
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F1G6. 4. Debye temperature as a function of x in
MgAl,_Fe,O,. O, present study; @, neutron diffrac-
tion data.
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F1G. 5. Plots of Dt/A? versus time. O, polycrystalline
MgFe, 04 (1345°C, 24 wm particle size); @, polycrystal-
line MgFe, (Aly 404 (1298°C, 24 um).

neutron diffraction, because the Méssbauer
effect is more sensitive to the acoustical
modes of lattice vibration than optical
modes, which generally have higher fre-
quencies. The Debye temperature of
MgAl,O,4 doped with 3Fe could not be ob-
tained accurately, so an extrapolated value,
520 K, was used in the present study.

b. Oxygen Self-diffusion

Figure 5 shows typical time dependences
of the dimensionless quantity, Dt/A?, which
were determined using Eq. (2) in polyacry-
stalline MgF6204 and MgFel_6A10,4O4 . Both
plots are fit by straight lines passing
through the origin, indicating that the sur-
face exchange kinetics between gas and the
solid surface (Cgas(t) > Ciuriace(r)) Was not
controlled by rate, but that diffusion within
the solid controlled the exchange reactiomn.
The behavior of the other materials was the
same. The apparent diffusion coefficient
was calculated from the slope of this line.

Figure 6 shows the temperature depen-
dence of apparent oxygen diffusion coeffi-
cients of polycrystalline MgAl,-,Fe, 0,
(with A = particle size from sieves in Eq.
(2)). As seen there, the apparent activation
energy increases with particle size on the
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Fi1G. 6. The temperature dependence of apparent oxygen diffusion coefficients (- - -) and volume
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Fe side of the compositional range. This
tendency was not found in MgAl; ,Feq30,,
which has fewer iron ions than MgFe,0,

(see Fig. 6). Generally speaking, the appar-
ent activation energy of oxygen diffusion
does not depend on particle size, or it in-
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creases with decreaing particle size as in
Mg,TiO,4 (8). This anomaly shows that the
relative magnitude of Dy (grain-boundary
diffusion coefficient) compared to D, (lat-
tice diffusion coefficient) increases with in-
creasing temperature and that the activa-
tion energy for Dy, is larger than that of D,.
The distribution of cations at the B site at
the grain boundary do not contribute to this
behavior, because MgAlL O, with normal
spinel structure and Mg,TiO4 with inverse
spinel structure also have normal behavior
(8). Paulus claimed the occurrence of a
preferential reduction in the grain-bound-
ary region with increasing temperature in
Mn-Zn ferrite (I15). In the present mate-
rials, at the Fe-rich side of the composi-
tional range, the reduction of Fe ion and the
formation of oxygen vacancies may occur
preferentially along grain boundaries at ele-
vated temperatures. As a result oxygen dif-
fusion at grain boundary becomes consider-
able. In this view, the resuitant diffusion
coefficients using Eq. (2) are apparent in
polycrystalline materials.
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The lattice diffusion coefficient was de-
termined by a method proposed by Shira-
saki et al. (8). Figure 7 shows typical plots
of log(particle radius) against log(D,) of
present materials which were calculated for
cases of A = particle size (Eq. (2)). As seen
there, all calculations give straight lines.
When A = particle radius, a positive slope
is obtained. If straight lines can be extrapo-
lated to the point of the grain radius, the
apparent diffusion coefficient at the grain
radius should correspond to the volume dif-
fusion coefficient, because at this point the
effect of grain-boundary diffusion is absent.
Lattice diffusion coefficients were calcu-
lated from all experimental data in the same
region by a least-squares method. The re-
sulting lattice diffusion coefficients are also
shown in Fig. 6. Figure 8 shows the lattice
diffusion coefficients of single and polycry-
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FiG. 7. Particle size dependence of the apparent dif-
fusion coefficients calculated for A = grain radius in
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MgFe;2Als04; O, MgFeggAli 045 A, MgALLO,. Val-
ues of apparent diffusion coefficients at small squares;
volume diffusion coefficients.



280

10
10%®

.
1079,

(m2Isec)

10’17 s

D

1 0—18

10

T

10—20 -

A

6 7 8
10/T (K"

FiG. 8. Oxygen volume diffusion coefficients for
MgFe,0, and MgAl O, for polycrystal (present work)
(——), and single crystal (——-). 1, Ref. (7); 2, Ref.
(21); 3, Ref. (20); 4, Ref. (22).

stals of MgAl,O4 and MgFe,0,. The values
obtained from polycrystals in the higher
temperature region agree with those of sin-
gle crystals, so the method used in the
present study is valid.

One can find two regions of behavior for
polycrystals in Fig. 6. Dieckmann and
Schmalzried (16) claimed that the dominant
disorder of magnetite, which has a spinel-
type structure, was a cation vacancy at
higher oxygen partial pressure and was the
“Frenkel” type at lower oxygen pressure.
Spinel-type structures have many intersti-
tial cation sites. However, the oxygen ion
sublattice is rather close-packed compared
to the cation sublattice, and the radius of
interstitial sites (=0.4 A) is much smaller
than that of oxygen ion (=1.4 A). Also,
results of the theoretical works (17, 18) in-
dicate that vacancies are the dominant dis-
order in close-packed structures. Hence a
vacancy-type defect is probable for oxygen
diffusion in the present materials. It is
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likely that the high-temperature and the
low-temperature regions are due to intrinsic
and extrinsic diffusion, respectively. Under
the above-mentioned assumption, the en-
thalpy of vacancy formation, AH;, was cal-
culated from the activation energy of the
intrinsic (AH;) and the extrinsic (AH) re-
gions (AH; = AH; — AH_). The values of
AH;, AH,,, AH;, and preexponential terms,
Dy, for oxygen diffusion in MgAl,_,Fe Oy
are summarized in Table III. The estimated
errors are less than 20 kJ/mole, so the pre-
exponential terms have less error than a
one-quarter order of magnitude. As seen in
Table 111, the Dy value of MgAl ,Feq 50, at
intrinsic region is greater than those of
MgFe, 0, and MgAlLO,, which are end
members of these solid solutions. D, has a
physical meaning which can expressed as

Dy=K'-a® v-exp((AS; + ASw)/R),
)

where K’ is the proportional constant due
to structure, mechanism and so on; a is the
lattice constant; v is the vibration fre-
quency of atom, generally taken as the De-
bye frequency; and ASrand AS, are the en-
tropies of vacancy formation and vacancy
migration, respectively. It is not expected
that the values of K’, a, and v change by
some orders of magnitude from sample to
sample. Hence, the greatest value of Dy at
intermediate composition is due to change
in the entropy terms.

c. Relation between Activation Energy
and Debye Temperature

The activation energy in the intrinsic re-
gion changed remarkably when the compo-
sitional parameter x = 1.0. This shows a
tendency similar to the compositional de-
pendence of the Debye temperature ob-
tained from measurement of the Mossbauer
effect. Also there exists a relation between
the activation energy of diffusion and the
Debye temperature in oxide systems which
is analogous to the case of metal systems.
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TABLE 111
OXYGEN DIFFUSION PARAMETERS FOR MgAl,_ Fe O,

Sample name: A C D E F
Compositional 0.0 0.8 [.2 1.6 2.0
parameter, x:
High-temperature region
Dy (m?/sec) 1.23 x 1074 2.08 x 107! 1.33 x 10~ 9.65 x 10-% 1.52 x 1073
AH; (kJ/mole) 467 496 387 338 328
Low-temperature region
D, (m?/sec) 2.21 x 10710 1.70 x 1078 — 4.10 x 1071 1.2 x 1071
AH,, (kl/mole) 289 295 — 197 159
Formation energy
AH; (H; — H) 178 201 — 141 169
Fitted value from Eq. (6)
AH;, 189 (400 186 153 154 154
AH 307 270 187 184 178
AH, (Hy + Hyo) 496 456 340 338 332

« Calculated value (Ref. (18)).

Usually, the energy of vacancy formation
or migration is calculated by the Shell
model (I7) for ionic crystals. This treat-
ment has been reported for MgAl,O, by
Catlow et al. (18). In the present case, the
application of the shell model is difficult,
because the random distribution of cations
and the dielectric constant and the elastic
moduli have not been obtained. Hence, we
examined the result using a more empirical
Eq. (1). It is well-known that an empirical
linear relationship between the energies for
defect formation or migration and melting
points exists (19). Furthermore, the melting
points are proportional to the square of the
Debye temperature (2). For the present
study, the average values of reduced mass,
M.-M,/(M,+ M,), where M, is the mass of
cation (Mg, Al, or Fe) and M, is the mass of
oxygen ion, for AH; and oxygen mass for
AH,, were used in a modified form of Eq.
(1), because AH; is concerned with the
whole lattice and AH; with the neighboring
oxygen of vacancy, respectively. These
choices were confirmed by our calculation
of halides (see Appendix).

The following equations show results
which were obtained, when Eq. (1) was ap-
plied to the present spinels. Figures 9a and
9b show the result of the fitting procedure.

AH; (kJ/mole) = 7.7 X 10 - M - a® - 6},
+ 53.5 (formation)

AHp, (kJ/mole) = 10.7 X 10 - M’ - a* - 6%
— 33.5 (migration). (5)

In the calculation, we used the activation
energy from the diffusion study and m - @* -
6%, where a is the lattice constant (Table II)
and 6p is the Debye temperature obtained
from the Mdssbauer effect (Fig. 5). Figure
10 shows the fitted and experimental values
of intrinsic activation energy. These two
values tend to agree with each other, so the
treatment on the basis of the modified form
of Eq. (1) can be applied to oxygen diffu-
sion in the oxide system.

4. Conclusion

The Debye temperature of MgAl, . Fe, O,
spinel solid solutions was determined on
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the basis of the Mossbauer effect. The oxy-
gen self-diffusion coefficient for the same
composition was also measured. The intrin-
sic activation energy tends to follow the
same dependence as the Debye tempera-
ture. A linear relationship exists between
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F16. 10. Intrinsic activation energy of oxygen diffu-
sion for MgAl, ,Fe,0,. O, observed values; @, calcu-
lated values.

activation energy and square of the Debye
temperature.

Appendix

In order to confirm the validity of the
modified equation and choice of the mass,
the modified form of Eq. (1) was applied to
alkali halides having NaCl structure. Table
Al shows correlation factors of least-
squares fitting for various masses. As seen,
the choice of the present study is the best

TABLE Al
CORRELATION FACTORs OF SOME
LEAST-SQUARES FITTING
PROCEDURES FOR ALKALI HALIDES

M M/ MI/
AH; 0.6914 — 0.1395
AH,, 0.0004 0.6785 0.0017

Note. M, reduced mass; M’, mass
of ion; M", molecular weight.
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fitted. Figures Ala and Alb show the
results for defect formation and migration,
respectively. The Eq. (1) did not hold ex-
actly but a linear relation was valid as fol-
lows (23):
AH; (kJ/mol) = 31.8 X 10-5M - a% - 6}

+ 98.1

AH,, (kJ/mol) = 5.45 X 1075M" - a* - 6}
+ 40.2,

where M is a reduced mass and M’ is the
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mass of the diffusing ion in amu units. Ex-
trapolated values nearly agree with those of
MgO, which has the same structure, so this
relation is considered to be applicabie over
a wide range.
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