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Abstract Synthesis experiments in the system MgAl,O4—
MgFe,04 [MgAl,_ Fe, 04 (0 £ x < 2)] were carried out
using a PbF, flux. The crystalline products synthesized
in the compositional range of 0.6 <x < 1.2 consisted of
two spinel phases, whereas those synthesized in the
compositional ranges of 0.0 < x < 0.6 and 1.2 < x <2.0
crystallized as single spinel phases. Structure refinements
of the spinel single crystals, which grew in the ranges of
0.0<x<0.6and 1.2 < x £ 2.0, show that the degree of
randomness of cation distribution between A and B sites
increases as x approaches the two-phase region. This
means that the degree of the size mismatch among
Mg?", Fe’* and AI’* occupying each equivalent mixing
site increases as x approaches the two-phase region.
Consequently, if the coexistence of two spinels observed
in the intermediate compositions reveals the existence of
a miscibility gap at low temperatures, this increase in the
degree of the size mismatch among the three cations is
suggested as a factor of energetic destabilization to form
the miscibility gap.

Keywords Spinel - Solid solution - Cation
distribution - Miscibility gap - Single-crystal X-ray
diffraction

Introduction

Oxide spinels (TM,O,) have attracted great attention in
the field of Earth science because of their importance as
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constituent minerals in many igneous and metamorphic
rocks. The crystal structure of spinel belongs to the space
group Fd3m with cations at Wyckoff positions 8a (1/8, 1/
8,1/8) and 16d(1/2, 1/2, 1/2) and oxygens at 32¢ (u, u, u).
The positional parameter of the oxygens is convention-
ally called u parameter. The crystal structure is defined
only by the u parameter and the lattice parameter (ay).
The structural formula of spinels can be expressed as
YT, M)V [TM,_]04, where V() and V[ ] represent the
tetrahedral (A site; 8a) and the octahedral sites (B site;
16d), respectively; i is called the inversion parameter. The
cation distributions of spinels are classified into normal
(i=0), inverse (i = 1) or intermediate (0 < i <1). The
spinel compounds with 0 <i <2/3 and 2/3 < i< 1 are
conventionally assigned to normal spinels and inverse
spinels, respectively; the i value of 2/3 means that cations
are randomly distributed between A and B sites.

Many pairs of oxide spinels form solid solutions
between normal spinel end members (e.g. MgAl,O4—
ZnAl,O4; Petrova et al. 1997), between inverse spinel
end members (e.g. Fe;04—MgFe,O4 Katayama and
Iseda 2002) or between normal and inverse spinel end
members (e.g. MgAl,O,—MgFe,O,4; Sharma et al. 1973).
In particular, some solid solutions between a normal and
an inverse spinel end member show significantly non-
linear variation of lattice parameters with composition
(Robbins et al. 1971; Sharma et al. 1973), and a solvus
may develop at low temperatures (Allen 1964, 1966;
Sharma et al. 1973; Katayama et al. 1980; O’Neill and
Navrotsky 1984). The system MgAl,O4,—MgFe,O,4 has
been suggested as one of such examples (Kwestroo 1959;
Allen 1964, 1966; Ulmer 1969; Sharma et al. 1973), but
there has been some controversy as to the solvus relation
in this system. Kwestroo (1959) found two spinels
coexisting along the stoichiometric MgAl,O4,~MgFe,04
join at 1400 °C; Ulmer (1969) checked this result at
1300 °C and confirmed the coexistence of two spinels.
On the other hand, Allen (1964, 1966) reported that the
solvus exists below 1000 °C. Subsequently, Sharma et al.
(1973) concluded from hydrothermal syntheses that the
existence of the solvus in the system MgAl,O4—MgFe,04



is inconclusive, but, if the miscibility gap is present, the
critical temperature of the solvus is below 950 °C under
7 kb and reduces to still lower temperatures under
atmospheric pressure.

Cation distributions in solid solution contribute to
the free energy of mixing (O’Neill and Navrotsky
1984). Therefore, if the miscibility gap exists in the
system MgAl,O4;—MgFe,0,, its formation will be clo-
sely related to cation distribution in MgAlL,O4—
MgFe,O4 spinel solid solution. Despite such an
importance, the compositional dependence of cation
distribution in this spinel solid solution has not yet
been investigated in detail. In the present study, the
single crystals of MgAl,O4—MgFe,O,4 spinel solid
solution are synthesized using the flux method, in order
to grow the crystals at low temperatures where the
existence of the miscibility gap can be expected. The
synthesized single crystals are examined using single-
crystal X-ray diffraction techniques, and the crystal
chemistry of MgAl,O4,—MgFe,04 spinel solid solution
is discussed with special attention to the compositional
dependence of cation distribution.

Experiments and analyses
Sample preparation

The synthesis experiments in the system MgAl,O4—MgFe,O4
[MgAl,_Fe O4 (0 < x <£2)] were carried out using a PbF, flux.
Special grade reagents (99.99%) of MgO, a-Al,O; and a-Fe,O;
were used as starting materials and mixed together with the PbF,
flux in the molar ratio MgO : a-Al,O5; : a-Fe;O3: PbF, =2:
(2-x) : x : 18. This mixture was placed in a 30-cm® platinum cru-
cible and heated slowly to 1200 °C. Then, the melt of the mixture
was cooled at rates of 5°Ch™' from 1200 to 700 °C and of

Table 1 EPMA analyses
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10 °C h™" from 700 to 300 °C. Subsequently, the heating was
turned off and the samples were removed from the furnace at room
temperature. During the temperature control, the temperature
stability in the furnace was kept within +1 °C.

To identify the synthesized crystalline products, the powder X-
ray diffraction (PXD) measurements were carried out at room
temperature (23 °C) with a Rigaku RINT2200 powder X-ray dif-
fractometer operated at 40 kV and 30 mA. The graphite-mono-
chromatized Cu Ko radiation (1 = 1.54184 A) was used for the
measurements, and the PXD patterns were measured at a scan
speed of 2° min~'. The chemical analyses of the synthesized crys-
talline products were performed using a JEOL JCMA-733II elec-
tron microprobe analyzer (EPMA) operated at a 15-kV
acceleration voltage and a 20-nA beam current. The products were
mounted with epoxy and polished for EPMA analyses. The stan-
dard materials for the quantitative analyses of the elements Mg, Fe
and Al were Mg,Si0,, 0-Fe,O5 and a-Al,Os, respectively.

Some of the synthesized crystalline products crystallized as
single crystals of MgAl,_Fe, O, spinels, whose crystal sizes varied
between 0.2 and 1.0 mm for the different compositions. The EPMA
analyses confirmed compositional homogeneity of the synthesized
single crystals, and their analytical results are given in Table 1.
Neither Pb>" nor F~, which are components of flux, was detected
in the single crystals, and their compositions showed no significant
deviation from the ideal cation ratio of Mg>": (Fe*™ + AP")=1:2.
Therefore we assume the single crystals to be stoichiometric, and
their chemical compositions were determined to be x = 0.00, 0.04,
0.09, 0.23, 0.47, 0.59, 1.21, 1.53, 1.77 and 2.00.

Single-crystal X-ray diffraction intensity measurements

The spinel single crystals selected for single-crystal X-ray dif-
fraction intensity measurements were ground into spheres of
0.107-0.190 mm in diameter (Table 2). The intensity data and
lattice parameters of each single crystal were measured at room
temperature (23 °C) using a Rigaku AFC-5S four-circle diffrac-
tometer operated at 45kV and 30 mA. Mo Ko radiation
(2 =0.71069 A) monochromatized by pyrolytic graphite was
used for the measurements. The lattice parameters of all crystals
were determined by the least-squares method using the 20 values
of the same 25 reflections in the range 40° < 20 < 50°. A silicon
single crystal was used as a standard material of the lattice-

x = 0.00 x = 0.04 x = 0.09 x = 0.23 x =047
wt%
M¢gO 28.0(1) 27.8(1) 27.6(1) 27.0(1) 25.8(1)
AlLO; 70.9(2) 69.0(2) 66.8(2) 60.6(2) 49.8(2)
Fe 03 - 2.4(1) 4.9(2) 12.1(2) 24.1(3)
Total 98.9 99.2 99.3 99.7 99.7
Cationic molar ratio (for four O)
Mg“ 1.000(5) 0.999(5) 1.000(5) 1.000(5) 1.001(5)
AP 2.000(6) 1.958(7) 1.911(6) 1.774(6) 1.528(6)
Fe** - 0.043(2) 0.089(3) 0.226(4) 0.472(6)
Total 3.000 3.000 3.000 3.000 3.001

x = 0.59 x = 1.21 x = 1.53 x =177 x = 2.00
wt%
MgO 25.6(2) 22.8(2) 21.9(2) 20.6(2) 20.6(2)
Al,O4 44.9(2) 22.2(1) 12.7(1) 6.3(1) -
Fe,O3 29.9(3) 54.3(5) 65.3(5) 72.6(6) 79.7(6)
Total 100.4 99.3 99.9 99.5 100.3
Cationic molar ratio (for four O)
Mg“ 1.009(9) 1.011(11) 1.013(11) 0.992(12) 1.018(12)

* 1.399(6) 0.778(4) 0.464(4) 0.240(3) -

Fe** 0.594(7) 1.214(11) 1.527(11) 1.766(14) 1.988(16)
Total 3.002 3.003 3.004 2.998 3.006
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Table 2 Crystallographic data, data collection and refinement parameters

x = 0.00 x = 0.04 x = 0.09 x =023 x = 047
Temperature (°C) 23 23 23 23 23
ag (A 8.0861(3) 8.0926(3) 8.0993(4) 8.1211(4) 8.1576(3)
V (A”) 528.7(1) 530.0(1) 531.3(1) 535.6(1) 542.9(1)
Space group Fd3m Fd3m Fd3m Fd3m Fd3m
Crystal size (mm, diameter) 0.107 0.130 0.165 0.160 0.160
Radiation used Mo Ka Mo Ku Mo Ka Mo Ko Mo Ka
p(em™) 11.62 13.61 16.09 22.94 34.45
wr 0.062 0.088 0.133 0.184 0.276
No. of measured reflections 395 397 397 402 408
No. of observed independent reflections with |F,| > 36(|F,|) 132 133 123 109 119

after averaging equivalent reflections

No. of reflections within 0.36 < sinf/4 < 0.70 used in step 11 40 39 37 35 40
Rin (%) 0.50 0.87 1.61 0.87 1.05
R (%) 2.26 2.71 2.29 2.10 2.16
R, (%) 1.34 1.89 1.97 1.56 1.70

x = 0.59 x =121 x = 1.53 x =177 x = 2.00
Temperature (°C) 23 23 23 23 23
a (/}2 8.1817(7) 8.2796(5) 8.3252(4) 8.3422(5) 8.3600(4)
V (A°) 547.7(2) 567.6(2) 577.0(1) 580.6(1) 584.3(1)
Space group Fd3m Fd3m Fd3m Fd3m Fd3m
Crystal size (mm, diameter) 0.167 0.160 0.145 0.160 0.190
Radiation used Mo Ku Mo Ku Mo Ko Mo Ko Mo Ku
u(em™) 40.00 67.79 81.50 92.05 101.98
wr 0.334 0.542 0.591 0.736 0.969
No. of measured reflections 411 420 437 437 437
No. of observed independent reflections with |F,| > 3a(|F,|) 115 129 126 129 138
after averaging equivalent reflections
No. of reflections within 0.36 < sinf/A < 0.70 used in step 11 36 36 36 35 -
Rint (%) 1.56 0.90 2.03 1.51 1.00
R (%) 1.90 2.48 2.60 2.53 2.51
R, (%) 1.64 1.82 1.89 2.00 1.97

parameter determinations. Reflection intensities in the range
2° <20 <£100° corresponding to 0.02 <sinf/A < 1.08, were
measured in the w scan mode. All the intensities were collected
at a scan speed of 2° min~'. The intensity data were corrected
for Lorentz-polarization factors and spherical absorption effects
(pr = 0.062-0.969 for Mo Ko radiation). The total number of
measured reflections for the different single crystals varied
between 395 and 437. The number of observed independent
reflections with |F,| > 30(|F,|) after averaging the equivalent
reflections varied between 109 and 138 for the different single
crystals, and these reflections were used for the structure
refinements. Internal residuals of the equivalent reflections (R
in Table 2) varied between 0.50 and 2.03% for the different
single crystals.

Structure refinements

The structure refinements were carried out by minimizing the
residual factor > w(|F| — |Fe])? using a full-matrix least-squares
program RADY (Sasaki 1987), where w = 1/6>(|F,]|). Scattering
factors for Mg®>", AI**, Fe’™ (International tables for X-ray
crystallography 1974) and O*~ (Tokonami 1965) were used for the
structure refinements. The correction terms for anomalous disper-
sion of each element were also taken from the International tables
for X-ray crystallography (1974). In the refinements, an anisotropic
thermal motion model was applied to the displacement parameters.
Furthermore, a correction of isotropic extinction effects (type I)
was performed (Becker and Coppens 1974a, b).

In the MgAl,_Fe O, spinel solid solution, Mg>", AI*" and
Fe*' can occupy both A and B sites, as shown in the following
structural formula:

Y (Mg, Al Fe)) Mg, ) 0Al- v pFeg) 21204 (1)

where V() and V[ ] represent A and B sites, respectively; p and ¢ are
occupancy parameters of AI*" and Fe** on the A site, respectively;
x is the composition (Fe*" content) of the solid solution deter-
mined by EPMA. In principle, we can simultaneously determine
the site occupancies of Mg?", AI*" and Fe*™ on both A and B sites
by constraining the occupancy parameters on the basis of structural
formula (1). This is because the two independent occupancy
parameters p and ¢ can be uniquely determined from the following
two Egs. (2) and (3):

Ja=(1—p—q)fmg +pfar + qfre , (2)
fB:p;qug‘in]zJifol‘«'x;que , (3)

where the composition x is a fixed value determined by EPMA; f5
and fp are the mean scattering powers from A and B sites,
respectively; fyg, fa1 and fg. are the scattering factors of Mg?",
A" and Fe®™ | respectively. However, the determination of the
occupancy parameter p, related to the AI>*/Mg>" ratios on A and
B sites, involves large uncertainties because of the similarity of fy,
and fa;. Therefore, in order to determine the occupancy parameter
p as exactly as possible, we carried out the structure refinements
under the above constraints for the occupancy parameters in
accordance with the following procedures (steps I-111), except for
the Al-free sample, i.e. MgFe,O4 (x = 2).

Step I: First, all the variable parameters (the occupancy parameters
p and ¢, u parameter, displacement parameters, scale factor and
extinction parameter) were refined on the basis of all the
observed reflection data. The p values refined here have large
uncertainties, but the uncertainties do not greatly influence the



refinements of the ¢ values, u parameters and displacement
parameters, because fyg and fa; are similar to each other.

Step II: Secondly, to reduce the uncertainties of the occupancy
parameter p, it was refined again together with scale factor and
extinction parameter, using only reflections within the range
0.36 < sinf/4 < 0.70 (shaded area in Fig. 1) in which the dif-
ference between fy, and fu is large. Since the usage of reflec-
tions only within this range is suitable only for reducing
uncertainties of p, other structural parameters (¢, u parameter
and displacement parameters) were fixed at their values ob-
tained in step I. The number of reflections included in this re-
gion varied between 35 and 40 for the different single crystals
(Table 2) and is more than ten times as many as that of the
parameters (p, scale factor and extinction parameter) varied in
this step; thus, this region gives the number of reflections en-
ough to refine these three parameters reliably.

Step III: Finally, the u parameter, displacement parameters, scale
factor and extinction parameter were refined once more on the
basis of all the observed reflection data with the occupancy
parameters p and ¢ fixed at the values determined in steps II and
1, respectively. In these final refinements, R and R, factors
varied between 1.90 and 2.71% and between 1.34 and 2.00% for
the different datasets, respectively (Table 2).

The final u parameters and displacement parameters, determined in
step 111, are listed in Table 3 together with selected interatomic
distances. The final occupancy parameters, based on the ¢ values
determined in step I and the p values determined in step II, are
given in Table 4. The standard deviations for the refined structural
parameters in Tables 3 and 4 are the same as those estimated for
the final values of each parameter. Consequently, the standard
deviations for the interatomic distances in Table 3 are based on
those for the u parameters refined in step III and the lattice
parameters.

27A1 MAS NMR measurements

The site occupancies for the Fe** -free sample, i.e. MgA12204 spinel
(x = 0), were also examined by 2’Al MAS NMR. The ’Al MAS

70.7
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Fig. 1 Ionized scattering factor curves. Solid line and dashed-dotted
line are the scattering factors of A" (fy) and Mg>" (fi).
respectively. Dotted line represents faj~fme. Shaded area displays the
sinf/Z range of the reflections used for the structure refinements in step
11 (0.36 < sinf/4 < 0.70)
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NMR spectra were measured with a Bruker MSL-300 spectrometer
operated at 78.205 MHz and with a Bruker high-speed MAS probe
operated at a spinning speed of 15 kHz. The chemical shift was
referenced to a 1 mol I"! aqueous solution of AI(NOs);. An
appropriate output power for the excitation pulse was set using an
attenuator, where the /2 pulse width determined from the 27A1
NMR signal of this aqueous solution was 14 ps. The >’Al MAS
NMR spectra of the present MgAl,O4 spinel were measured using a
0.6-us pulse width (corresponding to 7/16 pulse) and a 10-s delay
between excitation pulses.

The ?’A1 MAS NMR spectra of MgAl,O, spinel synthesized in
the present study are shown in Fig. 2. The spectra contain a small
peak at about 70 ppm and a main doublet peak at about 0 ppm,
consistent with those of the previous studies (Gobbi et al. 1985;
Dupree et al. 1986; Wood et al. 1986; Millard et al. 1992; Maek-
awa et al. 1997; Ito et al. 2000). The former peak corresponds to
the A-site Al and the latter to the B-site Al, and the relative
amounts of the A-site Al and the B-site Al can be directly obtained
from each peak area. Thus, the site occupancies of AI** and Mg**
can be calculated under the constraint of the structural formula
VMg, AlL) ' [MgAL_]O4, and the result is given in Table 5.

Validity of the refined occupancy parameters

A good test to assess the validity of the refined occupancy
parameters is to examine whether the bond lengths fall on a line
against the mean cation sizes calculated from the refined occupancy
parameters and the effective ionic radii (Shannon 1976). In the
present study, the bond lengths on both the A and B sites vary
linearly within the errors with the mean cation size (Fig. 3).
Moreover, the refined occupancies of the present MgAl,O,4 spinel
(Table 4) agree well with those obtained from the Al MAS NMR
spectra (Table 5). Thus, these two independent checks for the
refined occupancies demonstrate that the present structure refine-
ments provided reliable occupancy parameters. Hence, it follows
that the refined displacement parameters, correlated with occu-
pancy parameters, are also suitable.

Results and discussion
Two-phase region

Figure 4 shows the selected PXD patterns of the syn-
thesized crystalline products. The PXD patterns of the
crystalline products synthesized from the initial com-
positions in the ranges of 0.0<x<0.6 and
1.2 <x <2.0 can be indexed as single spinel phases,
whereas those in the range of 0.6 <x < 1.2 can be in-
dexed as two spinel phases (Fig. 4). Although the dif-
fraction peaks of the sample with the initial composition
x =1.3 seem to be somewhat broader than those of
other single phases, we regarded this sample as a single
phase for the following reasons: the shapes of the peaks
are symmetric; all the crystal grains in this sample ana-
lyzed with EPMA have the same chemical composition
and no evidence for two phases could be found. The
single crystals of the spinels crystallized in the single-
phase regions of 0.0 < x 0.6 and 1.2 <x £ 2.0. They
have the positive excess volume as observed in Fig. 5,
which may reflect the excess energy of mixing involved in
the formation of miscibility gap.

To gain conclusive evidence that the coexistence of
two spinels observed here reveals the existence of a
miscibility gap at low temperatures, we synthesized the



282

Table, 3 Refined oxygen coordinates u, anisqtropic displacement parameters f; (x10%), equivalent isotropic displacement parameters
Beq (A ) and selected interatomic distances (A)

x = 0.00 x = 0.04 x = 0.09 x = 0.23 x = 047
u 0.2622(1) 0.2623(1) 0.2619(1) 0.2617(1) 0.2610(1)
P11 (A s1te) 210(2) 189(2) 235(2) 199(2) 196(2)
i (B s1te) 172(1) 167(1) 229(2) 169(1) 190(1)
B12 (B site)® —-10(1) -5(1) -6(2) -5(1) —-6(1)
f11 (Oxygen s1te)b 256(2) 252(2) 326(3) 271(2) 306(2)
B12 (Oxygen site)® 16(2) 7(2) 3(2) -1(2) -13(2)
Beq (A site)* 0.550(2) 0.495(2) 0.617(2) 0.526(2) 0.521(1)
By (B site)* 0.451(1) 0.438(1) 0.602(1) 0.447(1) 0.504(1)
B.4 (Oxygen site)” 0.671(2) 0.660(2) 0.855(2) 0.714(2) 0.815(2)
A-O 1.921(1) 1.924(1) 1.920(1) 1.922(1) 1.922(1)
B-O 1.928(1) 1.929(1) 1.934(1) 1.940(1) 1.953(1)
(0. ..0)erra® 3.137(1) 3.142(2) 3.135(2) 3.139(2) 3.139(2)
(O.. .O)shared’ 2.581(1) 2.580(2) 2.592(2) 2.604(2) 2.629(2)
(O. . .O)unshared’ 2.866(1) 2.868(2) 2.870(2) 2.877(2) 2.890(2)
x = 0.59 x =121 x = 1.53 x =177 x = 2.00
u 0.2603(1) 0.2588(1) 0.2578(2) 0.2570(2) 0.2573(2)
P11 (A site)? 230(2) 204(1) 195(1) 202(1) 237(2)
i (B s1te)b 231(1) 215(1) 207(1) 220(1) 250(1)
B1> (B site)® -8(1) —-10(1) -10(2) -12(2) —-13(1)
P11 (Oxygen s1te) 367(3) 335(3) 289(3) 285(3) 281(2)
B12 (Oxygen site)® -13(3) -21(3) —24(4) -20(4) -2(4)
Beq (A site)* 0.616(1) 0.559(1) 0.541(1) 0.563(1) 0.662(1)
By (B site)* 0.620(1) 0.591(1) 0.573(1) 0.613(1) 0.700(1)
B.q (Oxygen site)” 0.982(2) 0.919(2) 0.802(2) 0.794(2) 0.785(2)
A-O 1.918(1) 1.918(1) 1.915(1) 1.907(1) 1.915(1)
B-O 1.965(1) 2.000(1) 2.018(1) 2.029(1) 2.031(1)
(O...0)eura® 3.132(2) 3.133(2) 3.127(3) 3.115(3) 3.128(3)
(0. ..0)shared” 2.654(2) 2.722(2) 2.760(3) 2.784(3) 2.784(3)
(O...O)unshared” 2.898(2) 2.931(2) 2.946(3) 2.952(3) 2.958(3)
/311 = o = P33, P12 = P13 =P =0 4 Edge length of the tetrahedron about the A site
[ﬁ’“ = B = P33, P12 = P13 = P ¢ Shared edge length of the octahedron about the B site
By = (43)ZX;f;a:.a, " Unshared edge length of the octahedron about the B site
Table 4 Refined occupancy .. .
parameters Composition Site Occupancy parameters
Fe3+ Mg2+ A13+
x = 0.00 A - 0.78 0.22(3)
B - 0.11 0.89
x = 0.04 A 0.01(2) 0.73 0.26(1)
B 0.01 0.14 0.85
x = 0.09 A 0.03(2) 0.73 0.24(1)
B 0.03 0.13 0.84
x = 0.23 A 0.11(2) 0.62 0.27(1)
B 0.06 0.19 0.75
x = 047 A 0.21(2) 0.56 0.24(1)
B 0.13 0.22 0.65
x = 0.59 A 0.26(2) 0.61 0.13(1)
B 0.16 0.20 0.64
x =121 A 0.53(3) 0.38 0.09(1)
B 0.34 0.31 0.35
x = 1.53 A 0.66(4) 0.28 0.05(1)
B 0.43 0.36 0.21
x =177 A 0.81(4) 0.19 0.00(1)
B 0.48 0.41 0.11
x = 2.00 A 0.854(6) 0.146 -
B 0.573 0.427 -
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Fig. 2 7Al MAS NMR spectra of MgAlL,O, spinel single-crystal
synthesized in the present study

Table 5 Occupancy parameters of MgAl,O4 spinel obtained from
NMR spectra

Relative intensity Occupancies
of NMR peak (%)
A site
M§2+ - 0.796
* 10.2(8) 0.204 (16)
B site
Mg“ - 0.102
2 89.8(8) 0.898 (8)

powder samples of homogeneous solid solution at
1300 °C using a solid-state reaction and annealed these
samples at 700 °C, lower than the possible critical tem-
perature (950 °C) of solvus suggested by Sharma et al.
(1973), for 30 days. Consequently, as shown in Fig. 6a
and b, we failed to separate the homogeneous spinel
solid solution into two spinels. However, this result does
not exclude the possibility that a miscibility gap exists in
the system MgAl,O4,—MgFe,O4 because the kinetics of
atomic diffusion is expected to be very slow at such low
temperatures.

Compositional dependence of structural parameters

The variations of the occupancy parameters of Fe’™,
APP* and Mg?" versus the composition (x) are shown in
Fig. 7a, b and c, respectively. As shown in these figures,
all the occupancy parameters vary monotonously,
almost linearly, against x through the whole composi-
tional range in the single-phase region. This indicates
that the site distribution of each cation obeys the same
mechanism in both MgAl,Oy-rich (0.0 £ x £0.6) and
MgFe,O4-rich (1.2 <x £2.0) single-phase regions.
Hence, the u parameter (Fig. 8), connected with cation
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Fig. 3a, b The relationship between the mean cation size and the
bond length; a A site, b B site. The mean cation size (<r>) is
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PFE, PA] and Py, are the occupancy parameters of Fe**, AP and
Mg** determined by single- crystal X-ray diffraction, respectlvely, rfc,
ra; and IMg A1€ the effective ionic radii (Shannon 1976) of Fe* "

and Mg” ", respectively

distribution of spinels, also shows a monotonous
variation against x and the tendency for its composi-
tional dependence does not change between both single-
phase regions.

Figure 9 shows the compositional dependence of
the equivalent isotropic displacement parameters (B.q).
The By values include the effects of both static and
dynamic disorders; the static disorder is the configu-
rational disorder, whereas the dynamic disorder arises
from the thermal vibration of atoms. As the present
B, values were determined at the same temperature
(23 °C) for each sample, the compositional dependence
of the B.q values in Fig. 9 is considered to reflect the
variation of the degree of configurational disorder
versus x. Figure 9 proposes, therefore, that the degrees
of configurational disorders of cations on A and B
sites are hardly influenced by the variation of X,
whereas that of oxygen increases greatly as x ap-
proaches the two-phase region. Thus, the sensibilities
of the configurational disorders to the variation of x
differ between oxygen and cations. This can be due to
the difference in the degrees of freedom between the
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Fig. 4 Variation of powder X-ray diffraction patterns of the
synthesized crystalline products versus the initial compositions in
the sample preparation. Open circles represent the diffraction peaks
from spinel solid solution with MgAlLOy-rich composition; solid
circles are those from spinel solid solution with MgFe,Og4-rich
composition

atomic positions of oxygen and cations; the positional
parameters of cations, 8a (1/8, 1/8, 1/8) for A site and
16d (1/2, 1/2, 1/2) for B site, have no degree of free-
dom, whereas that of oxygen, 32e¢ (u, u, u), has the
degree of freedom in the direction of <111>.

Cation distribution

We define the fractional parameter Q to estimate the site
selectivity of the cations. On the basis of the above
structural formula (1), the fractional parameters Qg.,
Oai and Qyy, for Fe’", A’ and Mg*" are expressed as
follows, respectively:

Ore = Feqetra/Feora = q/x,
QAI = Altetra/Altotal = p/(2 - X),
QMg = Mgtetra/Mgtotal =1 —-prP—9q9,

where Feira, Alieira and Mg.o are the contents of
Fe’", AI’" and Mg®" occupying the A site, respec-
tively; Feoal, Aliora and Mg, are the total contents
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Fig. 5 The compositional dependence of lattice volume. Dotted line
shows the variation expected from Vegard’s law

of Fe*™, AI*" and Mg®" in the solid solution, respec-
tively. When Q = 1/3, the cations are randomly dis-
tributed between A and B sites because the cation ratio
between A and B sites is 1 : 2; the cations dominantly
occupy the A site when Q > 1/3 and the B site when
O < 1/3. The compositional dependence of the QOf,
Oai and Qy, values is shown in Fig. 10a, b and c,
respectively. The Q. value is nearly constant at about
0.44 in both MgAl,O4-rich and MgFe,Oy-rich single-
phase regions, which shows that Fe’" dominantly
occupies A site rather than B site at a constant ratio
regardless of x (Fig. 10a). The Qa; value is nearly
constant at about 0.13 in both single-phase regions,
which shows that AI** dominantly occupies B site ra-
ther than A site at a constant ratio regardless of x
(Fig. 10b). On the other hand, the Oy, value decreases
remarkably with increasing x, from 0.8 to 0.5 in the
MgAl1,Oy4-rich single-phase region and from 0.3 to 0.15
in the MgFe,Oy4-rich single-phase region; this shows
that Mg?" is dominantly distributed to the A site in the
former region and the B site in the latter region
(Fig. 10c¢).

These variations of Qge, Oar and Qw, show that the
selectivity of cations for the B site is getting stronger in
the orders of Mg?" < Fe’* < APP' in the MgAL O,
rich single-phase region and Fe*" < Mg*" < AP*" in
the MgFe,O,-rich single-phase region. Thus, AI’* with
the smallest size of these three cations (ra; < rge < I'vg;
Shannon 1976) has the most pronounced selectivity for
the larger B site. In particular, the relation of site
selectivity between Al and Mg is contradictory not only
to the relation of cation size but also to that of elec-
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Fig. 6a, b Powder X-ray diffraction patterns of a MgAl,O,~MgFe,O4
spinel solid solution synthesized at 1300 °C using a solid-state reaction
and b the samples annealed at 700 °C for 30 days

tronegativity (ymg < xai Allred and Rochow 1958,
Pauling 1960, Sanderson 1967). A strong selectivity of
AI*" for the B site has been also observed in CoAl,O,
and FeAl,O4 spinels (Greenwald et al. 1954; Toriumi
et al. 1978; Porta and Anichini 1980; O’Neill 1994;
Larsson et al. 1994; Harrison et al. 1998), althou%h
Co”" and Fe*" should prefer the B site more than AI°"
owing to ligand-field effects in addition to the effect of
cation size.

A further notable feature of the cation distribution is
that the degree of randomness of cation distribution
between A and B sites depends mainly on that of the
Mg>* distribution and increases as x comes close to the
two-phase region. This is led from the result that only
Owm, depends remarkably on x in contrast to Qg. and
QO as described above and its value approaches 1/3 as x
comes close to the two-phase region (Fig. 10¢). Such an
increase in the degree of randomness of cation distri-
bution enhances the degree of size mismatch among
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Fig. 7a—c Variations of the occupancy parameters of a Fe*, b AI**
and ¢ Mg>™ versus the composition (x). Solid circles and open circles
represent the occupancy parameters of the cations on A and B sites,
respectively. Solid lines and dotted lines represent the tendencies for the
compositional dependence of the occupancy parameters of the cations
on A and B sites, respectively

Mg>", Fe*" and AI’" occupying each equivalent mixing
site as x comes close to the two-phase region; this is
reasonably consistent with the variation of configura-
tional disorder of oxygen expected from Fig. 9. If the
two-phase region observed in the present study reveals
the existence of the miscibility gap at low temperatures,
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Fig. 9 The compositional dependence of the equivalent isotropic
displacement parameters (B.q). Solid circles Oxygen; open triangles
A-site cation; open squares B-site cation. Solid line, dotted line and
dashed-dotted line represent the tendencies for the compositional
dependence of B, for oxygen, A-site cation and B-site cation,
respectively. The standard deviations for each B, are less than the
magnitudes of the symbols

thus, this increase in the degree of the size mismatch
among the three cations is suggested as a factor of
energetic destabilization to form the miscibility gap. In
particular, the difference in cation size is large enough
between the largest Mg>" and the smallest AI’* of the
three cations (ryg—rar = 0.18 A for fourfold coordination
and 0.185 A for sixfold coordination; Shannon 1976).

distribution
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Fig. 10a—c The compositional dependence of the fractional parame-
ters a Ope, b Qa1 and ¢ Ow,. Dashed-dotted line shows a completely
random cation distribution between A and B sites

If the miscibility gap is present, therefore, the size
mismatch between Mg®" and A’ on each equivalent
mixing site will play the most important role in its for-
mation.
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