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Members of the spinel solid solution series ZnFe,Al,_ 0, (y =
0, 0.2, 0.4, 0.6, 1.0, 1.5, and 2) were synthesized by direct solid
state reaction of the simple metal oxides in air at 1400 K. Two
aliquots of the single-phase spinels obtained for each composition
were annealed at 1350 and 1000 K for 48 hr and then quenched
in water.

The structural study of the quenched samples was performed
by powder XRD, using the Rictveld method of structure refine-
ment. The inversion degrees estimated for ZnFe,0, up to 1350 K
are in good agreement with those published by O’Neill (Eur. J.
Mineral. 4, 571 (1992)) in the range 773—1223 K. The nonlinear
enthalpy of disordering model of O’Neill and Navrotsky (Am.
Mineral. 68, 181 (1983); Am. Mineral, 69, 733 (1984)), recently
applied to several studies of simple spinel oxides, could successfully
describe the cation arrangement in spinels of the binary solid solu-
tion series prepared in this work, with parameters a;,_,, = +82
kI mole™!, oy, _pt = +46 kJ mole™!, § = —20 kI mole~!, and
=0

5'Fe Mossbauer spectra collected at 300 and 80 K consisted of
only one doublet. Altheugh the contribution of tetrahedral Fe*t
could not be resolved, the variation of the estimated average hyper-
fine parameters with composition and quenching temperature
could be correlated with the cation arrangement deduced from
XRD data., © 1994 Academic Press, Inc.

INTRODUCTION

Oxide spincls have long been a topic of interest in the
solid statc scicnces because of their uscfuiness as mag-
netic materials, semiconductors, pigments, catalysts, and
rcfractories. Being common accessory mincrals, they are
also of considerable interest in geochemistry as petroge-
netic indicators and ores.

Spinels are a large class of compounds isotypic with
the mineral spinel MgAl,O,. 2-3 oxide spinels have the

! To whom correspondence should be sent at present address: Insti-
tute for Transuranjum Elements, CEC Joint Research Center, Postfach
2340, 76125 Karlsruhe, Germany.

general formula AB,0,, where A and B stand for divalent
and trivalent cations, respectively. The ideal structurai
formula for a normal spinel is A'BY? [Q,]°, where ¢ and o
stand for tetrahedral and octahedral sites in a cubic close
packing ¢ of oxygens (4). The unit cell contains eight
formula units and the symmetry is cubic, space group
Fa3m, number 227 (5). The anionic array is described by
the monovariant equivalent position 322", point symmetry
Im; the actual values of the free parameter ¥ (commonty
known as the oxygen positional parameter) show a slight
deviation from 1/4, the ideal value for cubic closest pack-
ing if the unit cell origin is taken at a center of symmetry
Im, equiposition 16¢. This deviation usually takes the
form of increasing the volume ratio between occupied
tetrahedral and octahedral sites, respectively, 8a (1/8,
1/8, 1/8), 43m, and 164 (1/2, 1/2, 1/2), 3m. A small fraction
of additional interstitial positions, empty in an ideal stoi-
chiometric spinel, may also be occupied, e.g., tetrahedral
Bb and 48f or octahedral 16¢ (6).

For 2-13 spinels the inversion degree A is defined as the
fraction of tetrahedral sites occupied by trivalent cations.
Accordingly, for a normal spinel A = 0; for a completely
inverted spinel A = | and the corresponding structural
formula is B'A°B* [O,]°.

Determination of the cation distribution is of consider-
able relevance to the solid state chemistry of spinels since
theoretical interpretation of the chemical and physical
properties of these compounds depends on the sites occu-
picd by the cations. This knowledge is also of the utmost
importance in the study of mineral equilibria.

Previous studies (7, B) of natural Fe containing gahnite
spinels, simplified formula ZnAl,Q,, have drawn attention
to the importance of the crystal chemistry of spinel solid
solutions within the system Zn(Q-Al,0,—FeO-Fe,0;.
Numerous contradictory results have been published for
binary spinels of this system which may be explained by
differences in sample preparation or thermal treatment as
demonstrated by O’Neill (1), who established the cation
distribution of ZnFe,0, in the temperature range 773—1223
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K. In the case of ZnAly O, the discrepancy of published
results is much narrower (9-11) due to the very large
tetrahedral and octahedral site preferences of Zn?* and
AP*, respectively (3 and references therein), which make
the inversion degree of this oxide approximately zero
even at high temperatures. Solid solutions of ZnAl,O, and
ZnFe;0, have also been considered up to now essentially
normal spinels (12-14).

In order to contribute to a better understanding of the
crystal chemistry of spinels within the system
Zn0-Al,0,-FeO-Fe,0;, structural investigations of the
solid solution series ZnFe Al,_,0,(0 =y = 1) and Zn,_,
Fe Al,O,; (0 < x = 1) were carried out (15). In this work
we report the study of synthetic ZnFe,Al,_ O, spinels,
equilibrated at two different temperatures. Both powder
XRD, associated with the Rietveld method of structure
refinement, and 5"Fe Méssbauer spectroscopy were used.

EXPERIMENTAL

Synthesis

In order to synthesize ZnAl,_,Fe O, oxides (with y =
0.0, 0.1, 0.2, 0.6, 1.0, 1.5, and 2.0) the starting mixtures
were prepared from a-Al,O,, ZnO, and «-Fe,0, (Ventron,
99.99%) according to

(y/2)Fe,0; + (1 — y/2)ALO; + ZnO— ZnAl,_ Fe O,.

Adequate amounts of each starting oxide were ground
together in a tungsten carbide mortar. The mixture was
dry pressed into pellets (4 g each) which were sintered in
air at 1450 K for several 48-hr periods. The grinding—dry
pressing-sintering cycles were repeated for each sample
until powder XRD and optical examination revealed only
one homogeneous spinel phase. At the end of each cycle
the weight of the pellets was controlled; it never varied
more than 1 in 10*, assuring that there was no significant
loss of ZnQ, which is consistent with previous results,
particularly those of O’Netll (1), who found that this oxide
is not perceptively volatile in air at temperatures below
1473 K. Two aliquots of each single-phase spinel were
again dry pressed and heated in air for another 48 hr, one
at 1000 K and the other at 1350 K. At the end of this
period the pellets were dropped into water. Two sets of
samples of the spinel solid solution series ZnFe Al,_,0,
(0 = y = 1), one equilibrated at T, = 1000 K and the
other at T, = 1350 K, were thus obtained. 1350 K was
chosen bearing in mind (hat the high-temperature cation
distribution must be preserved during the quench. Ac-
cording to O’Neill and Navrotsky (3) it seems likely that
below 1373 K the rates of cation redistribution in oxide
spinels still allow effective quenching with normal tech-
niques. Conversely, at low temperatures, enough time
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must be allowed for the cation distribution to achieve
equilibrium. 1000 K was chosen because, according to
O’Neill (1), for ZnFe,0, above 700°C, an annealing time
of 48 hr seems to be ample enough.

Pieces of a few pellets were examined by scanning elec-
tron microscopy with an energy dispersive system
(SEM-EDS). Neither backscattered nor secondary elec-
tron images showed any heterogeneity on the specimen
where the reaction was considered complete; conversely,
==1-10 pm grains rich in Al could be detected in samples
from preliminary sintering experiments.

X-Ray Powder Diffraction Measurements and
Structure Refinements

Finely ground sample powder (<10 um) was back
pressed into standard aluminium holders. Step scan pow-
der diffraction intensities were collected with a Philips
PW automated diffractometer system PW1710, A PW 1820
Bragg Brentano goniometer fitted with a PWI1752 curved
graphite crystal monochromator, incident and diffracted
beam Soller slits, 1° divergence and antiscatter slits, and
a 0.2-mm receiving slit was used. The intensity measure-
ments were made with a normal focus cobalt tube oper-
ated at 40 kV and 35 mA and using a take-off angle of 5°.
The data were measured with a 28 step size of 0.03° in a
26 range of 15.00-143.00° and a counting time of 6 sec at
each step.

Co was used instead of Cu radiation in the hope of
improving the accuracy of the method. Fe and Zn have
similar atomic numbers; however, as the wavelength of
CoKa radiation is very ¢lose to the Fe absorption X edge,
the difference between the scattering factors of Zn and
Fe becomes larger for this radiation due to the anomalous
scattering effect (cf., tables of dispersion corrections in
16-18).

The lcast-squares structure refinements were under-
taken with the Rietveld powder profile program of Wiles
and Young (19, 20) adapted to IBM-AT ¢compatible micro-
computers by Schneider (21).

The scattering factor for O~ was obtained from (22)
and those for Fe, Fe’', Zn, Zn?", Al, A", and O from
(16). Anomalous dispersion coefficients were taken from
(17, 18). Scattering factors for fully ionized species were
used in final refinements because they always produced
a slight improvement in the values of the agreement fac-
tors, Ry and R,,;,, and negligible changes in the estimated
values of the adjusted parameters.

An experimentally determined Ka,/K o, intensity ratio
of 0.5 and a factor cos 8y, = 0.735 for the monochromator
polarization correction (20) were used. This is the theoret-
ically expected value for cos 6y in the case of CoKa
radiation diffracted by the (002) plane of a graphite sin-
gle crystal.



302 WAERENBORGH ET AL.

Two 26 variable profile shape functions were used:
Pseudo-Voigt

2+ (1—2)%

with a fractional Lorentzian character 3 = 3, + 3, (26)
and Pearson VII in which the exponent could vary ac-
cording to

m =%, + %,/(20) + %./(26)".

Pearson VII gave consistently the best Ry and R, val-
ues and was thus used in the final refinements. The peak
full width at half maximum (FWHM) function of Caglioti
et al. (23) was used. Background was also refined ac-
cording to the function stated in Wiles and Young (20).

Rietveld refinements were conducted in three stages,
assuming space group Fd3m:

(i) Considering a normal cation distribution 20 parame-
ters were fitted to the 4267 data points: one scale factor,
six background parameters, zeropoint for 28, six profile
function parameters (three for the mixing parameter m
and three for the FWHM), one asymmetry correction,
the cell parameter a,, the oxygen positional parameter
u, three isotropic thermal parameters (B), one for each
equiposition 8a, 164, and 32e.

(ii) The same as in (i) plus a cation disorder parameter
Ky which allowed the occupation of the 8a. and 164

sites by Zn** and Fe** to vary within the constraints
of the ideal formula and full site occupancy; Ky was
thus defined as the fraction of tetrahedral sites occupied
by Fe'* assuming all the APP* remained in the 164
position.

(iii) The same as in (ii) but this time the cation disorder
parameter, K, was defined as the fraction of tetrahedral
sites occupied by AP*, assuming all the Fe?* remained
in the 16d pesition.

Refinements were continued until the parameter shifts
were less than 0.3 times the estimated standard devia-
tions. Refinement of the preferred orientation parameter,
as defined in (20), as well as of anisotropic temperature
factors in 164 and 32e positions, had no effect on the final
results. In stages (ii) and (jii}, except for K¢ and K, final
estimated values for all the parameters as well as for the
agreement factors were the same or, in the case of B
parameters, did not differ by more than 1 standard devia-
tion (Tables 1 and 2). Difference Fourier calculations (21)
showed no residual electron density in interstitial posi-
tions 84, 48 (=3/8, 1/8, 1/8), or 16c.

Massbauer Spectroscopy

Mossbauer spectra were performed in transmission
mode using a conventional constant acceleration spec-
trometer and a 25-mCi “Co course in Rh matrix. The
velocity scale was calibrated using an «-Fe foil at room
temperature. Spectra were obtained at 300 and 80 K. Low-

TABLE 1
Final Results of the ZnAl,_,Fe O, (T, = 1000 K) Powder XRD Structural Refinements (Stages (ii) and (iii))
Using the Rietveld Method?

¥y 0.0 0.1 0.2 0.6 1.0 1.5 2.0
a 8.0883(2) 8.1051(3) 8.1238(2) 8.1922(4) 8.2662(5) 8.3554(3) 8.4432(3)
u 0.2642(1) 0.2642(1) 0.2642(1) 0.2631(1) 0.2626(2) 0.2614(2) 0.2603(1)
K - 0.028(8) 0.024(6) 0.035(9) 0.066(8) 0.086(6) 0.100(5)
K, 0.025(3) 0.013(4) 0.010(3) 0.015(4) 0.030(4) 0.038(3) —
B&a) 0.35(2) 0.44(2) 0.28(2) 0.40(3) 0.24(3) 0.50(2)
0.36(2) 0.37(2) 0.45(2) 0.31(2) 0.36(3) 0.30(2) —
BUSD 0.39(4) 0.45(4) 0.50(4) 0.60(4) 0.57(3) 0.45(2)
0.36(2) 0.37(4) 0.43(3) 0.47(4) 0.64(4) 0.51(3) —
BG2e) 0.57(5) 0.76(5) 0.98(6) 1.24(5) 1.13(5) 0.7%4)
0.54(4) 0.56(5) 0.75(5) 0.97(6) 1.24(5) 1.13(5) —
Rings 3.44 3.59 3.46 3.62 3.01 4.31 2.72
R, 9.48 9.44 7.67 7.22 5.99 6.49 5.38
R,, 12.30 12.37 10.77 9.29 7.89 8.35 7.05
&P 3.04 2.25 3.98 177 1.65 172 227

Note. K¢ (K,), fractions of tetrahedral sites occupied by Fe’* (AI'*) assuming all the AP* (Fe**) remain in the 164 pesition, were calculated

in stages (ii) (iii}. In both stages all the other parameters, except the B factors, refined to the same values.

. 2
2 a4, cell parameter (A); u, oxygen positional parameter. The form of the isotropic temperature factors is exp [—2 B - (9-1:—0)} with B in AZ.
Rirages Rpy Ry, and ¥ agreement factors {(as defined in Wiles and Young (19)). Numbers in parentheses denote one standard deviation of the least

significant digit.
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TABLE 2
Final Results of the ZnAl,_ Fe O, (T, = 1350 K) Powder XRD Structural Refinements Using the Rietveld Method
y: 0.0 0.1 0.2 0.6 1.0 1.5 2.0
ag 8.0888(2) 8.1047(3) 8.1231(2) 8.1952(3) 8.2682(3) 8.3571(3) 8.4405(3)
u 0.2639(1) 0.2641(1) 0.2639(1) 0.2624(1) 0.2620(1) 0.2608(1) 0.2590(1)
Kg — 0.068(8) 0.074(6) 0.094(9) 0.134(8) 0.161(5) 0.201(6)
Ky 0.036(3) 0.030(4) 0.033(3) 0.041(4) 0.060(3) 0.071(5) —
B{8a) — 0.24(2) 0.31(2) 0.32(2) 0.28(2) 0.38(2) 0.41(2)
0.32(2) 0.28(2) 0.35(2) 0.38(2) 0.37(2) 0.48(2) —
BUI6d) — 0.32(4) 0.46(3) 0.47(3) 0.62(3) 0.55(3) 0.39(2)
0.35(3) 0.27(3) 0.40(3) 0.41(3) 0.55(3) 0.47(3) —
B(32¢) —_ 0.50(5) 0.75(5) 0.92(5) 1.10(5) 1.06(4) 0.83(4)
0.56(4) 0.49(5) 0.73(5) 0.91(5) 1.10(5) 1.07(4) —
Rergg 2.94 31.81 3.44 3.54 2.74 3.11 3.44
R, 8.01 8.69 7.68 6.78 6.17 530 5.82
R, 10.20 11.62 10.42 8.88 79 7.02 7.56
¥ 2.63 2.10 3.50 1.76 1.60 2.09 2.35

Note. Symbols are the same as in Table 1.

temperature measurements were performed using a liquid
nitrogen flow cryostat. Absorbers were prepared by press-
ing the sample powder (=5 mg of natural Fe/cm?) into a
perspex holder.

The spectra (Fig. 1) were fitted to Lorentzian peaks
using a modified version (15) of the nonlinear least-squares
computer method of Stone (24). No constraints were used
during fitting. Estimated parameters are summarized in
Table 3: isomer shifts, &, given relative to metallic Fe at
room temperature; quadrupole splittings, AEq; full widths
at half maximum, I'— and I'+, of the low- and high-veloc-
ity peaks, respectively.

RESULTS AND DISCUSSION
Cation Distribution

Several additional refinements for each diffractogram
assuming a cation distribution defined by A = ¢ Kp +
(1 — ¢) K, (with 0 = ¢ = 1) showed that the R factors,
as well as the estimated values for the cell parameter and
oxygen position, were always the same. The values of
the isotropic temperature factors did not differ by more
than 1 or 2 standard deviations. The analysis is, therefore,

TABLE 3
Madssbaner Parameters Estimated for the Doublet Fitted to the
Spectra Collected at 300 K (Top) and 80 K (Bottom)

100.01
T, = 1000 K T =1350K
¥ 8 AE, TI'— T+ ) AEy TI'— I'+
InFey0,

" 0.1 0.313 0.746 047 0.42 0304 0754 045 043
. 0.2 0.315 0.736 034 0.31 0.313 0741 035 0.33
S g3.8| 0.6 0.321 (.664 028 0.28 0.319 0.675 030 0.29
i 1.0 0.329 0,586 0.29 0.29 0.328 0605 031 030
3] 1.5 0340 0475 030 0.29 0.335 0,513 032 0.31
§ 100,06 2.0 0.347 0384 029 0.28 0.344 0.435 033 032

o

[
= 0.1 0.421 0.730 050 0.40 0.418 0745 051 0.4
InFey (Al 40, 0.2 0422 0.725 039 0.34 0.418 0.733 039 0.36
0.6 0.427 0.650 030 0.28 0.427 0678 (.32 0.31
1.0 0438 0.579 032 031 0.437 0.601 0.33 0.32
1.5 0.449 0467 038 0.36 0.447 0.514 0.35 0.34
g6.6| ¥ 2.0 0459 0.377 033 0.32 0.455 0.434 041 0.40

-4.0 -2, 0.0 2.0 4.0 - -

velocity (mm/s) Note. §, isomer shift given relative to metallic Fe at room temperature
(mm/s); AEq, quadrupole splitting (mm/sec); '~ T'+, full widths at half
FIG. 1. Mossbaver spectra, taken at 300 K, of ZnFe,0, and maximum of the low- and high-velocity peaks, respectively (mm/s),

ZnFey,Al, 40, equilibrated at 1350 K.

Estimated standard deviations are <0.005 mm/sec.
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not sensitive enough to distinguish if the inversion degree
is due to Fe’*, to AI’*, or to both, which is not surprising
since the average scattering factors (including the anoma-
lous dispersion) for the 8a and 164 sites are the parameters
which actually are optimized during the structure refine-
ment and their values do not change significantly for 0 =
¢ = 1. This is also confirmed by the fact that the ratio
Kp/K, is 2.3 + 0.1 for all diffractograms (Tables 1 and 2).

Results for the two sets of spinels of the solid solution
series ZnFe, Al, O, (0 =y = 1), equilibrated at T, =
1000 K and 7., = 1350 K, suggest that A increases with
¥ and for the same y with T,; defining Ap and A4 as the
fraction of tetrahedral sites occupied by Fe?* and AP*
respectively, the whole range of results corresponding to
A=+ A, =cKp+ (1 —-c)K,with0=¢ =1,is,
however, consistent with experimental data.

An attempt was made to estimate the value of ¢ corre-
sponding to a solution which minimized the difference
between the radii calculated from the interatomic dis-
tances and the average cation radii.

The interatomic distances between a cation and the
nearest anion are given by (25)

d, = agV3u — 0.125) for the 8a site [
d, = ay3u? — 2u + 0375 for the 16d site. 2]

From these values cation radii (hereafter referred to as
structural radii) may be estimated taking

rn=d —g- and r,=d, — g (3]
assuming that the radius of tetrahedrally coordinated O*~
1.38 A (26).

Four sets of average cation radii, (), and {2}, for the
8a and the 164 sites, respectively, were calculated for
cach spinel (Table 4). The first two sets correspond to the
cation distribution defined by A = A, = K, (¢ = 0) and
were calculated according to

(”'): =(1- KA)(’f'znz*)t + (KA)(""Al“)t (4]
(4)0 =@2-y- KA)(’*AP*)D + (y](”’FeH)o + K, (2 ]0)"'2 (5]

iS 402‘ =

using in set 1 the effective cation radii (25) of Shannon
(26), Sh radii, and in set 2 those of O’Neill and Navrotsky
(2), NN radii. The third and fourth sets correspond to the
cation distribution defined by A = Ap = K (c = 1),

Gy = (1 = Kz h + (Kglagat), (61
(4‘)0 = ((2 - y)("”Al“)o + (}' - KF)(q’Fe”)o + KF(4Zn2+)o)/2 [7]
using in the third set the effective catiori radii (»y) of

Shannon (26} and in the fourth set those of O’Neill and
Navrotsky (2).
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TABLE 4

Cation Radii in 8a (t) and 164 (o) Sites in Spinels

¥ Teq = 1000 K T, = 1350K
0.57 0.57

0.0 0.53 0.53

’ 0.59  0.58 — — 0.59 0.57 — —
0.54 053 — — 0.54 0.53 — —
0.57 0.57

0.1 0.54 0.54

: 0.60 0.58 0.60 0.58 0.59 057 059 057
054 054 054 0.54 0.54 054 0354 054
0.58 0.57

0.2 0.54 0.55

’ 0.60 (.58 0.60 0.58 0.59 057 059 057
0.55 0.54 055 054 0.55 055 0.55 0.57
0.58 0.57

0.6 0.57 0.57

' 060 0.58 060 058 0.59 057 0359 0.57
057 057 057 057 0.57 057 057 057
0.59 0.58

1.0 0.59 0.59

) 0.59 057 059 0.57 0.59 057 059 0.57
0.59 059 059 059 060 059 060 059
0.59 0.59

L5 0.62 0.62

’ 0.59 057 059 0.57 959 057 058 056
0.62 062 062 0.62 0.62 062 063 0.62
0.60 0.58

2.0 0.65 0.66

’ — —_ 0.59 0.57 — — 058 0.56
— —_ 0.65 (.65 — — 066 0.65

Note. Estimated standard deviations are =0,01 A, Values in each
partition of the table represent:

radii calculated r

from u and ay, Eqs. [11-[3]: [,
setl  set2 setd  setd
average cation radii Gspde  Oownh Gsh bk
Egs. [4]-{7}: (4Sh)n Connito (4Sh)o {2snto

(taking A = K) (taking A = Kp)

Kr is larger than K, and, for each coordination,
agplt — app+ > 2y — aps+. These two effects compensate
each other, and both (.}, and {»), are the same within
experimental error for all cation distributions defined by
0 = ¢ = 1. For the ZnFe Al,_,0, spinels, as far as the
cation distribution is concerned, this treatment is there-
fore inconclusive.

An interesting variation of the (Zn**)'~0*" interatomic
distance along the series is however inferred from Table 4.
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Sets 2 and 4 of average cation radii should be closer to the
structural radii because the NN effective cation radii were
optimized for oxide spinels. While this is indeed observed
fory = 0.6, fory = 1.0and in the case of the tetrahedral radii
the agreement is much better with sets 1 and 3. Differences
between NN and Sh radii of A*, Fe**, and Zn?* are only
significant in the case of tetrahedrally coordinated Zn?*
(0.58and 0.60 A, respectively). The above trend seems thus
to indicate an increase of the interatomic distance
(Zn**)-0"" with y. Further comments on this matter will
be suggested by Mdssbauer results.

Thermodynamic Modeling

A quantitative model of the change in the degree of
inversion A of binary spinels with quench temperature
T, was proposed by O’Neill and Navrotsky (2). From
lattice energy arguments they concluded that the enthaipy
of mixing of different cations A and B on equivalent ¢crys-
tallographic sites, AHp, varies with A according to a,_g
A+ B, AL

The equilibrium cation distribution may be obtained
when the free energy of disordering

AGD = AHD - ch (ASC + ASD)
for the interchange reaction
(AZ+)l + (B3+)°—P (A2+)o + (B3+)l

is at a minimum with respect to A, i.e., (JAGp/aA); = 0.
Considering that the ¢hange in configurational entropy is
given by

ASe= —R[Aln A+ (1= A)In(1 — A)
+ A ln(A2) + (2 — A} In(1 — A/2)]

(ASp is the nonconfigurational entropy of disordering) the
following relationship is derived:

AZ
~RTeIn [(1 —AQ - A)]
= aA_B + ZﬂA_BA - TquSD. [8]

The o, _g term may be split according 10 a,_p = o, — oy
into structurally invariant site preference energies «, and
oy characteristic of the A and B species. The available
empirical evidence (1, 3, 27-29) shows that the 8,_5 term
may be treated as a constant = —20 kJ mole™! for 2-3
spinels. As far as the excess entropy of mixing, AS8p, is
concerned, O’Neill and Navrotsky (2) suggested that the
main contribution to its value comes from the crystal field
electronic effect and may be expressed as o,_p A. In the
cases of Fe’', A*Y, and Zn?" it is expected to be zero.

305

Considering A estimated from the Rietveld data of
ZnAlL O, and ZnFe,0, equilibrated at 1350 K, g8 = —20
kJ mole ! and o = 0 one obtains

Qzy | = Czp — 0ty = +82KkI mole™;

Oz, Fed = gy = Ot = +46 k] mole_l.

These values are in reasonably good agreement with
those estimated by O’Neilt and Navrotsky (3), az,_a =
89 kI mole™! and az,_g.; = 53 kJ mole!, considering the
scarcity and inconsistency of data then available. More
relevant is the similarity between the values of az, g
found in this work and estimated by O'Neill (1) for
ZnFe,0, equilibrated in the temperature range 773-1223
K. when 8 was constrained to be equal to —20 kJ mole™".
Values published in (1) for spinels equilibrated above 1223
K are, according to the author, inconsistent with the other
results because they were not perfectly quenched.

The extension of this thesmodynamic approach to the
binary spinel solid solutions is straightforward (3). Catton
distribution in the ZnFe,Al, /O, spinels may be de-
scribed by

ntt Fe?«+ A13+
8u 1 - )\F - ‘\A AF AA
16d )‘F+AA y_'l\F Z_y_AA

Equilibrium cation distribution may be obtained when
the free energy

AGL = AHp — T (ASc + ASp)
for the interchange reaction

AEZnEY + M (APT)P + A(Fe**)°
— A(Zn)° + M(APYY + Apg(Fe')

with A = Ag + X, is at @ minimum with respect to any
change in the disorder parameters Ag and A,. For these
solid solutions

AHp = [azn_pet + B+ ADIAE + lazo_a + B(Aa + AR,
ASp = OznpAF + Ozn_aha

ASC: (1 - )"F_ KA)lﬂ(l - A-F"" }\.A)

A+ A At A
+ ApIn(Ag) + Aq In(rp) + F2 "1n( F2 A)
Y—Ar, (Y~ Af
+
3 ln( 2 )

2—y—Aa, {2y A,
+ 7 ln( 2 .
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Differentiating AG with respect to A, and Ag

IAG dAS
a)\AD =tz T 2B(AF‘ + AA) - Teq (aTAC + UZn—Al)
JAG JAS
a‘\FD = oz, gt t ZrB(AF + ‘\A) - Teq (TFC + UZn-Fcl)
with
dAS M(Ag+ X
c_ AAp + A and
oAy (1= g = A2~y —A,)
0AS: Ap(Ap +Ay)

g (A—Ap— Ay — Ap)’

Making JAGy/dhe = 0 and 3AGy/ax, = O to find the
minimum of AGy,

Ap(Ap + A
—RTqun[ alAg + Ay) ]

(I= A= A2 -y — A,
= ozpp + 2BAp + Ap) = Too0zna (9]
Ap(Ap + Xy) ]
(T —Ap— Ay — Ap)
= azp e T 218()‘F + AA) - TeqUZn—Fc3'

—RT, ln[
(10]

From these two equations it is possible to estimate
numerically A, and Ag for each composition y and for each
equilibrium temperature, 1000 and 1350 K (Table 5).

Values of A = A, + A theoretically calculated are
plotted as curves on a graph of A vs y (Fig. 2). Approxi-
mate experimental values A,,, = Apep + Apeyy With
Maexp = (1 = ¢) K, and Ag,,, = ¢ Kg (Table 6), are also
plotted in the same figure. ¢ values were estimated assum-

TABLE 5
Fraction of Tetrahedral Sites Occupied by Fe** and
APt Ag and A,, Calculated by the Thermodynamic
Model of O'Neill and Navrotsky (2, 3) Assuming
az,_ s = 82 kl/mole, az,_ g2 = 46 kl/mole, g = —20
kJ/mole, and no Excess Entropy of Disordering

T, = 1000 K T, = 1350 K
¥ Ae A Ak Aa
0 — 0010 — 0038
0.1 0.015  0.005 0.024  0.028
0.2 0.023 0.0 0.041  0.022
0.6 0.044  0.002 0.090  0.012
1.0 0.060  0.001 0.127  0.007
1.5 0077  0.0004 0.166  0.003
2.0 0.092 — 0202 -
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0.20% Teq= 1350K
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0.0 0.2 0.6 1.0 1.5 2.0
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FIG. 2. Inversion degrees, A = Ap + A,, calculated according to

Eqs. [8]-[10] (solid lines) and estimated from powder XRD structural
refinements, (I, T, = 1350 K; O, T4 = 1000 K).

ing that the ratio Aexp/Aresp Was equal to the theoretically
predicted ratio A,/Ap. Except for ZnAl,O,, T,, = 1000 K,
the difference between the theoretical and experimental
values of the inversion degrees, A — A, is less than 1.5
times the estimated standard deviations of the experimen-
tal A values. Since ZnALO,, T,, = 1000 K, has the
lowest inversion degree, the accuracy of the value esti-
mated from XRD data is probably the poorest, thus ex-
plaining the largest difference relative to the theoretical
calculations.

Cell Edges and Oxygen Positional Parameters

Larger a, cell edges are associated with increasing sub-
stitution of Fe®* for AI’* as a direct consequence of the
larger cation radius of the former cation. Due to the large

TABLE 6
Fraction of Tetrahedral Sites Occupied by Fe* and
AP*, Ag_ and A, , Respectively, Based on XRD
Data andpAssumingpAAm/AFﬂp = A,/Agp (cf. Table 5)

T, = 100K T,=1350K
y ?\F“p ?\.!\m11 AF,,‘P ‘\Aﬁp
0.1 0.016(8)  0.005(1) 0.019(2)  0.022(4)
0.2 0.017(6)  0.003{1) 0.039(2)y  0.018(2)
0.6 0.032(9) 0.0014(4) 0.075(9)  0.009(1)
1.0 0.064(8) 0.0011(2) 0.119(8)  0.0066(3)
1.5 0.085(6)  0.0004(1) 0.155(5)  0.0028(2)
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correlation between the zero point for 26 and a;, common
in similar refinements (27), the accuracy of the estimated
values for this parameter is, probably, considerably worse
than that implied by the estimated standard deviations.
Therefore, present data do not warrant a more detailed
analysis of the gy variation with y and T,

The oxygen positional parameter (i) variation with y
and T, {(Fig. 3) may be explained considering that u de-
creases with the ratio r,/r, (cf. Egs. [1] and [2]). As ZnFe,
Al 0, (0 = y = [) spinels are largely normal (i.e., A <
0.33) and the Fe?* cation radius is larger than the AP*
one, the composition dependence of ¥ observed in Fig,
3 is not surprising. On the other hand, for each spinel, u
is lower for the higher equilibration temperature and the
difference between the estimated values of u for T, =
1350 K and T, = 1000 K increases with y. This is consis-
tent with the experimental values of the inversion degree,
considering that increasing A corresponds to increasing
the number of small trivalent cations occupying the tetra-
hedral sites and larger divalent cations the octahedral
sites.

Mdssbauer Spectra

Mossbauer spectra of all the samples are consistent
with those obtained by Rilegsegger er al. (12), Prakash
(13), and O’ Neill (1), showing only two peaks which could
be fitted with one doublet with parameters typical of ferric
iron (Fig. 1 and Table 3). The quadrupole splittings mea-
sured at 300 and 80 K for each sample are the same within
experimental error; the increase in the isomer shifts as
temperature decreases is explained by the second-order
Doppler shift,

For ZnFe Al,_,O, samples with y = 0.6 the estimated
widths and relative areas for both peaks in each spectrum
were equal within experimental error. In the spectra of
ZnFey Al, 4O, and ZnFeg,Al, 4O, the low-velocity peak
is broader, and this broadening is more pronounced in

— & 1350K
cen b ——— 4000K

0.265¢
.264
.263
. 262
. 264
0.260

0.259

L i ' $ i ! i 1

0.0 0.4 0.8

Y

FIG. 3. Oxygen positional parameters, «, estimated from powder
XRP structural refinements of ZnFe Al,_ O, spinels, equilibrated at
1350 and 1000 K, The connecting lines are guides to the eye.
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the spectra taken at 80 K and for the samples with lower
iron content. The asymmetry of the doublet in these spec-
tra may be ¢xplained by the slow spin—spin relaxation of
the Fe** spins due to the low concentration of this cation
in a diamagnetic matrix (12). As the electronic ground
state of Fe*” in these oxides is °S, which is characterized
by a vanishing orbital momentum, spin-lattice interaction
may be considered negligible (30). The low-velocity peak
in the Madssbauer spectra of the ZnFey,Al ;0O and
ZnFe,,Al, ;O, samples is broader than the high-velocity
peak, and thus corresponds to the *1/2 — *3/2 nuclear
transition of “Fe, showing that the main component of
the electric field gradient, V', in the 16d site of these
spinels is negative (12). There is experimental evidence
that this parameter is also negative in ZnAl,O, (*'Al nu-
clear magnetic resonance data from Brun (31)) and
ZnFe,0, (Mdssbaver measurements in an external mag-
netic field by Evans et al. (32)).

The variations of & and AE, with composition, y, for
both temperatures 1000 and 1350 K (Fig. 4) are similar to
those observed by Rilegsegger ¢f al. (12). The increase
in & with Fe content may be correlated with the increase

0.350
/’h

@ 0.340t
s
(=
£

0.330r
e
-
Eal
% 0.320
E - s 430K
o 0.310t e B e 000K
w
H

0.4 0.8 1,2 1.6 2.0
Y
E 0,800 — 3 350K
E | b ——— 1000K
o 0,700
c
N
0 L
e
= 5.6000
[=§
w L
S 0.500
(=]
[=§
3
S q.400 o~
g % >
a 1 L ] 1 1 5 1 L 1 1
0.4 0.8 1.2 1.6 2.0
Y
FIG. 4. Isomer shifts, 8, and quadrupole splittings, AEg, estimated

from the Mdassbauer spectra taken at 300 K of ZnFe,Al,_, 0O, spinels
equilibrated at 1350 and 1000 K, The connecting lines are guides to
the eye.
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in both r, and r, (Table 4) as well as with the inductive
effect, as defined by Menil (33), of the competing bonds
D-0?%" involving the 0% anions which are chemically
bonded to both a cation D and Fe** ; in the spinel structure,
the ionicity of a certain Fe3*—0?" bond is expected to be
larger the more electronegative the other three cations
coordinating the same O?~ are. The average number of
Fe?* cations relative to the average number of AP* cations
bonded to a O’ increases with y and, since Fe’* is more
electronegative than AIPY (34), the ionicity of the
Fe**-0?" bonds and therefore the & of the Fe*" are ex-
pected to increase with y. A similar increase in ionic
character of the Zn** =07~ bond might be related with the
already mentioned increase in the (Zn*")-0?" interatomic
distance along the solid solution series.

The decrease in AE,, with increasing y can be explained
assuming that the contribution to the spectra of Fe*" in
16d positions, (Fe**)°, dominates, in good agreement with
XRD data. According to theoretical calculations (35)
V'3l in the 16d sites in spinels decreases as « increases;
as mentioned above there is experimental evidence that
it is negative for both end members of the solid solution
series ZnFe Al,_,0,. Considering the variation of « with
v (Fig. 3) AE, of octahedral Fe'* is thus expected to
decrease with increasing iron content (the similarities of
Fig. 3 and the plot of AE, vs y in Fig. 4 are remarkable).

For all compositions, spinels equilibrated at 1000 K
have a higher & and a lower AE; than those equilibrated
at 1350 K. Both features may be related to a nonzero
inversion degree. Since & usually decreases with coordi-
nation number (33), the larger the contribution of tetra-
hedrally coordinated Fe*', (Fe’*)!, to a certain spectrum,
the lower the & estimated for that spectrum envelope
should be. On the other hand, « variation with quenching
temperature would point to a variation of AE, opposite
to the observed one. AE, variation must then be related
to other factors, probably to the different relative areas
of the (Fe’*)° and (Fe**)! contributions to the Méssbauer
spectra. (Fe¥™)', although in a position with cubic sym-
metry, is expected to have a nonzero AE, due to the
noncubic symmetry of the electric charge distribution
in the vicinity of the 8a position, ¢reated by the occupa-
tion of the same equipoints by chemically different
cations (36, 37). The relative magnitudes of (Fe*")°
and (Fe*') quadrupole splittings are, however, difficult
to estimate.

CONCLUSION

The thermodynamic treatment of O’Neill and Navrot-
sky (2, 3) was already used in the study of simple spinel
oxides, e.g., NiALO, (27, 29), ZnFe,0, (1), and MgFe,0,
(28). In this work it could also successfully model the
temperature and composition variation of the cation distri-
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bution in spinels of the binary solid solution series ZnFe,
Al,_ 0,

Due to the difficulty in estimating from XRD data the
distribution of three different cations in two different
equipoints and the inability of *’Fe M&ssbauer spectros-
copy to resolve tetrahedral and octahedral Fe*™ contribu-
tions to the spectra of these spinels, cation arrangements
in the ternary spinels could not be unambiguously deter-
mined from experimental data alone. Considering the
thermodynamic parameters calculated from the results
obtained for ZnAlLO, and ZnFe,0, equilibrated at T,
1350 K (0g,_ = +82 k) mole™!, ay, g2 = +46 kI mole™!
assuming 8 = —20 kJ mole™! and o = 0), theoretical
values for the number of Fe'* and A" cations in 8a
positions, A4 and A, were calculated for all the samples
(Table 5). Values based on XRD data, Ay, and Ag,,,,
could then be estimated (Table 6), assuming g,/
Afexp = Aa/Ap. Calculated and experimental inversion de-
grees, except for the spinel with the lowest inversion
degree, differ by less than 1.5 times the standard devia-
tions estimated for the experimental values (Fig. 2). In
good agreement with the relative site preference energies
of AI’* and Fe’* ((3) and references therein) the fraction
of Fe* in tetrahedral coordination is always larger than
the corresponding fraction of AI’*,

As far as ZnFe,0, is concerned, the A values of this
spinel quenched from [000 and 1350 K (as well as the
estimated ay, g2 = +46 kI mole ') are in excellent
agreement with the results of O°Neill (1) obtained for
several ZnFe,O, samples quenched from different temper-
atures in the range 773-1273 K. It seems, therefore, that
it is not impossible to quench the equilibrium cation distri-
bution in ZnFe,0, at least up to 1350 K.
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