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The (Fe,0;)-(A1,0;),-(Si0), — . system has been investigated by means of x-ray diffractometry and
Mossbauer spectroscopy. The structure of this system changes from an orthorhombic for x =0.0 to
a cubic spinel type for 0.4 <x <0.8 with increasing x. A pair of well-defined Zeeman spectra in the
range of 0.4<x <0.8 have been observed, although the sample strongly deviates from the
stoichiometry of the 4B,0, prototype. It seems that the AI’* and Si*" ions sustain the spinel

structure so that the system is magnetically ordered.

I. INTRODUCTION

The crystallographic and magnetic properties of the
binary and ternary oxide systems containing haematite
have been investigated by a number of authors because of
their significant role in magnetic material.' “® This has
the physical background that the substitution of mono-,
di, tri-, and tetravalent cations in such systems results in
modification of microcrystal and magnetic properties.
The preparation of such oxide systems is commonly car-
ried out maintaining the cation-anion number ratio 3:4 in
AB,0,. The unit cell of the mineral spinel, MgAl,O,,
contains eight formula (MggAl;cO3,). The structure con-
sists of a cubic close-packed array of oxide ions in which
the magnesium ions occupy 1 of the tetrahedral (A) sites
and the aluminum ions occupy the octahedral (B) sites.
Such a distribution of ions represented by (A4 ) (B),0, is
called the normal spine structure. An important varia-
tion is the inverse spinel structure (B);( AB),0,; in this
case, half of the B ions are in A sites and the other half
along with A ions occupy B sites. In between the two ex-
tremes, intermediate cation distributions such as com-
plete randomization of cations over all the available 24
cation sites are also known.

During the investigation of the magnetic properties of
glass we were able to synthesize a spinel-type solid solu-
tion which strongly deviates from the stoichiometry of
the prototype spinel and is presumably ferrimagnetic.
According to the verified structure, it should contain a
lot of cation vacancies. Thus, we believe this is the result
that an appropriate number of vacancies among the vari-
ous participant cations can still correspondingly act in
forming such a solid solution as the above mentioned
facts do. However, as far as we know, few attempts have
been made to prepare such solid solutions and to study
crystallographic and magnetic properties.

The purpose of the present work is to prepare such an
oxide system, Fe,0,-(A1,0,),-(Si0), _,, and to investigate
the crystallographic and magnetic properties by varying
Al and Si ion concentration by x-ray diffraction and
Mossbauer spectroscopy.

Kiindig et al.” report that Fe,SiO, shows two magnet-
ic transitions in the low-temperature range. Above the
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first transition temperature 66 K, the Mdossbauer spectra
consist of pure quadrupole lines. Below this temperature
this sample shows two Zeeman splittings resulting in
composite spectra which can be attributed to the different
sites of Fe ions. From the magnetization study they
found the presence of a weak ferromagnet between 20
and 66 K. Below the second transition temperature 20
K, it is an ideal antiferromagnet.

Iron (ITI) aluminum oxide, FeAlO; can be formed by
heating the 1:1 mixture of Fe,0; and Al,0,.® This has
been known to be isostructural with orthorhombic
GaFeO;. The Mossbauer spectrum shows two broad
peaks at room temperature, resolved into two pairs of
doublets, arising from the ferric ions at 4 and B sites. M.
Shieber et al.’® report that Al,_ Fe O; compounds with
the orthorhombic structure (0.6 <x = 1) are ferrimagnet-
ic, and rhombohedral (x =0.4) is paramagnetic above 80
K. The Mossbauer lines are very broad, which presum-
ably represents the effect of disorder of the Fe’™ and
APT cations. K. Ono et al.!®'! report that the
Mossbauer spectra of the inverse spinel FeAl,O4 show a
large quadrupole splitting from the ferrous iron ion in
two sites at room temperature, although the degree of in-
version is likely to depend on the sample prepartion.

II. EXPERIMENTAL

The samples x=0.0, 0.2, 0.4, 0.6, and 0.8 in Fe,0;-
(Al,03),-(SiO), _, have been prepared by a direct reac-
tion method. a-Fe,0,, Al,0;, and SiO powders were all
of 99.99% purity. After drying the a-Fe,O; and Al,O;
powders at 200°C for 2 h, they have been thoroughly
mixed in the desired compositions.

To increase the reaction rate, the mixtures have been
pressed into the form of pellets using a hydraulic press at
6 tons/cm?. These pellets have been sealed into evacuat-
ed quartz tubes, heated to the temperature of 1100 °C for
40 h and then quenched in liquid nitrogen. In order to
obtain a homogeneous specimen, it is necessary to grind
the samples after firing. This procedure has been repeat-
ed two times and then the samples have been used for x-
ray analysis and Mdssbauer experiments in powder form.

X-ray diffraction patterns of the powder samples have
been obtained at room temperature with Cu K a radiation
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TABLE 1. X-ray diffraction data: d(A)—the distance between adjacent planes in the set (hkl);
1/1,—the relative intensity to maximum intensity I,; 4, k,/ —plane index.

x=0.0 x=0.2 x=0.4

d(A) 1/1, hkl d(A) 1/1, hki d(A) 1/1, hkl
3.538 82 111,120 3.527 65 111,120 2.937 71 220
2.817 100 130 2.921 70 220 2.504 100 311
2.558 94 131 2.809 72 130 2.074 57 400
2.492 93 112 2.560 68 131 1.646 53 422
1.772 81 222,240 2.503 100 311 1.598 61 511
1.520 80 004,143 1.771 87 222,240 1.467 65 440

1.595 84 511

1.522 77 004,143

1.467 84 440

(A=1.541 A). Mo0ssbauer spectra have been obtained
with a conventional Mossbauer spectrometer of the elec-
tromechanical type with a >’Co source (5 mCi) in a palla-
dium matrix.

III. RESULTS AND DISCUSSION

X-ray-diffraction patterns show that all the samples
have been crystallized as shown in Fig. 1. For x=0.0,
every peak position can be indexed on an orthorhombic
cell as shown in Table I. The cell parameters have been
found to be a=4.811 A, b=10.519 A, and ¢=6.109 A.
For the composition range 0.4 <x <0.8, x-ray-diffraction
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FIG. 1. X-ray diffraction patterns
(SiO), —, system.

in the Fe,0;-(Al,0;),-

patterns show the presence of a similar crystalline phase.
The phase of each sample can be indexed as a cubic spinel
type, and the lattice constants a’s have been found to be
8.2969, 8.339, and 8.349 A for x=0.4, x=0.6, and
x=0.8. However, it has been found that two phases, the
orthorhombic and spinel phases, coexist in the interven-
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FIG. 2. MoGssbauer spectra at room temperature in the
FCZO3-(A1203 )x '(Sio)lﬁx system.
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FIG. 3. Mossbauer spectra at various temperature for

ing region (x=0.2), which indicates that the crystal struc-
ture is transformed from the orthorhombic (x=0.0) to
the spinel phase (0.4 <x =0.8).

It has been also known that under the pressure of
50-100 Kbars the orthorhombic structure changes to a
spinel structure with Si*" in A4 sites and Fe?' in the B
sites.!'12

Mossbauer spectra have been obtained at various ab-
sorber temperatures as shown Figs. 2 and 3. In the tem-
perature range from 70 to 843 K, the Mossbauer spectra
for x=0.0 exhibit a paramagnetic quadrupole doublet
whose asymmetry can be interpreted with the help of the
Goldanskii-Karyagin effect, whereas the multiple line
spectrum of 60 K indicates magnetic ordering, which is
in close agreement with the earlier measurements.” The
spectra for x=0.4, 0.6, and 0.8 samples are very similar
to each other and show well-defined Zeeman patterns
from the iron ions at the A and B sites below room tem-
perature.

If we normalize the number of oxygen ions to four, the
synthesized samples of 0.4 <x <0.8 have the composi-
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x=0.0 and x=0.4 in the Fe,0;-(A1,0,),-(Si0),_, system.

tions as shown in Table II.

As is shown in Table II, one should expect only a
strongly distorted sample structure with a great number
of cation defects. Nevertheless, the sample with spinel
structure shows well-defined magnetic hyperfine fields
which are increasing with the population of diamagnetic
AP*? ions (Fig. 2). Thus, it seems that the nonmagnetic
Si** ions and diamagnetic AI’" ions sustain the spinel
structure with an appropriate number of Fe ions and cat-
jon vacancies'> even though they will destructively
influence the magnetization in the system.

A well-known example like this is pyrrotite, Feg ;S
which displays ferrimagnetism. Heraldsen'* found that
this mineral has NiAs-type crystal structure in the range
of Fe; ¢S to Fej ;S. Stoichiometric FeS display antifer-
romagnetism due to the complete compensation of both
sublattice magnetizations.

The substitution of the Fe’" ion in a site by a nonmag-
netic ion diminishes the supertransferred hyperfine field
Hgryp at the neighboring sites, and Fe-Si, the AB-
superexchange interaction, will be zero;'>!¢ also, the di-

TABLE II. Chemical compositions.

x composition cation-anion number ratio
0.4 Fe, 667 Alg.667 Sig.s00 Os 2.833:4
0.6 Fe, 533 Alg.g23 Sig308 Os 2.769:4
0.8 Fey 439 Al} 143 Sig 143 Oy 2.714:4
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amagnetic A" ions at the B sites will cause the magnet-
ic dilution of the system and prevent the electron hop-
ping process in B sites considerably as they will constrain
the Fe ions to remain in Fe?* states due to the electrone-
gativity and prevent the electron hopping process occu-
pying the B sites.!”!® Isolation of Fe** ions can also be
caused by the charge balancing with Si** in the sample of
x=0.2 and 0.4.1° Consequently, all these effects can lead
to the short-range order, and we suppose that a small
fraction of Fe?" ions should remain isolated at B sites al-
though their existence is not resolved in the spectrum.

The spectrum for x =0.2 exhibits the superposition of
the Zeeman pattern and quadrupole lines at room tem-
perature, which is related to the coexistence of the ortho-
rhombic and spinel phase.

The Mossbauer spectra have been analyzed by a com-
puter program based on a least-square-fitting method
with the Lorentzian function. All the Isomer shift (IS)
values presented in this paper are presented with respect
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FIG. 4. Composition dependence of (a) the IS and QS of the
A site at 295 K and (b) the MHF at 60 K in the Fe,0;-
(A1,03),-(Si0), _, system.
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to natural iron at 295 K. The observed values of the IS
are 1.432 mm/s for x=0.0; 0.294, 0.241, and 0.148 mm/s
at the A sites, and 0.485, 0.339, and 0.444 mm/s at the B
sites for x=0.4, 0.6, and 0.8. This suggests that the iron
ions in the orthorhombic phase are in ferrous states and
in the spinel phase are in the ferric states. The depen-
dence of the Mossbauer parameters on the composition is
given in Fig. 4. As is shown in the figure, the values of
the Mossbauer parameters change promptly at the
structural phase transition point.

The fayalite Fe,SiO, in the orthorhombic phase be-
longs to the olivine group and the iron ions are coordi-
nated by six oxygen ions lying at the corners of a nearly
regular octahedron so that the whole structure can be de-
scribed as a packing structure consisting of tetrahedral
and octahedral structures. From the Mdssbauer spectra
we know that all the iron ions are situated in very similar
nearest-neighbor environments.

In the spinel phase, the Fe ion can occupy either or
both A4 and B sites. From the Mossbauer study we find
that the investigated nonstoichiometric system is the in-
verse spinel type in the range of 0.4 <x <0.8. In general,
the A site in the ideal spinel structure has cubic 7; sym-
metry and therefore does not give an electric field gra-
dient at the cation, but the B site has trigonal point sym-
metry and one anticipates a large electric field gradient.
However, in the systems having wide ranges of a solid
solution or nonstoichiometric composition, the
Mossbauer spectrum is always accompanied by nonvan-
ishing quadrupole splitting (QS) due to the slight random-
ness of the environments of the Fe ions. The smallness of
the IS in the spinel type compared with the IS in the or-
thorhombic phase is correlated to the dense packing in
the spinel phase. In the spinel phase of (0.4 <x <0.8),
the IS value at A sites as well as B sites show no
significant variation but slightly decreases at A sites and
increases at B sites with increasing x.
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FiG. 5. Composition dependence of the magnetic ordering
temperature in the Fe,0;-(A1,0,),-(SiO), _, system.
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The magnetic hyperfine field (MHF) at the A site has
been observed to increase more rapidly with increasing x
than that at the B site. This can be understood on the
basis of Néel’s molecular-field model with distinct-
neighbor exchange interactions. @ From previous
research!®?*2! we may assume that Si ions occupy A
sites and Al ions are placed mainly at B sites. So the
MHEF at the A4 sites is influenced by x concentration to a
great extent.?>?3

Figure 5 shows the magnetic ordering temperatures as
a function of composition. The magnetic ordering tem-
perature has been measured from the temperature depen-
dence of the MHF. The temperature dependence of the
magnetization usually follows the Brillouin function.
The magnetization and hence the internal field decreases
with increasing temperature and becomes zero at the Cu-
rie or Néel point. The magnetic ordering temperature
jumps in the phase transition region. This indicates that
the A-B superexchange interaction has been increased in
the spinel phase. In the magnetically ordered spinel
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phase, strong antiferromagnetic A4-B interactions
predominate to cause Néel ordering, if B site ions have
half-filled e, orbitals and 4 site cations have half-filled
t), orbitals. The A-A interactions are generally very
weak. The Néel temperature has been known to be pro-
portional to the strength of the exchange interaction.
Gilleo?* proposed in his study on the superexchange in-
teraction in various oxides that the Néel temperature de-
pends primarily upon the number of Fe’®—O—Fe’*
linkages. In the spinel phases, the Néel temperature in-
creases as 553, 875, and 900 K for x=0.4, 0.6 and 0.8, re-
spectively. This can be explained on the basis of Gilleo’s
theory that the substitution of Al ions for Si ions in-
creases the number of Fe3"-O-Fe’ " linkages.

ACKNOWLEDGMENTS

The present work was supported by the Basic Research
Institute Program, Ministry of Education, Korea, 1988.

IS, K. Kulshreshtha and G. Ritter, J. Mater. Sci. 20, 821 (1985).

2A. P. Dalton, C. L. Honeybourne, and P. L. Plummer, J. Phys.
Chem. Solid. 47, 553 (1986).

3T. M. Uen and P. K. Tseng, Phys. Rev. B 25, 1848 (1982).

4A. Watanabe, H. Yamamura, Y. Moriyoshi, and S. Shrasaki
(unpublished).

5Y. Ogata, T. Limura, and H. Harada (unpublished).

SD. Roy, D. Kumar, and D. Bahaduer (unpublished).

TW. Kiindig, J. A. Cape, R. H. Lindquist, and G. Constabaris, J.
Appl. Phys. 38, 947 (1967).

8K. J. D. Mackenzie and I. W. N. Brown, J. Mater. Sci. Lett. 3,
159 (1984).

9M. Shieber, R. B. Frankel, N. A. Blum, and S. Foner, J. Appl.
Phys. 38, 1282 (1967).

10K . Ono, A. Ito, and Y. Syono, Phys. Lett. 19, 620 (1966).

1IN, N. Greenwood and T. C. Gibb, Mossbauer Spectroscopy
(Chapman and Hall, London, 1971), p. 259.

12Corenelius S. Hurlburt and J. R. Cornelius Klein, Manual of
Mineralogy (Wiley, New York, 1977), p. 345.

BA. K. Chakravorty and D. K. Ghosh, J. Am. Ceram. Soc.

70(3), C-46 (1987).

14, Haraldsen, Z. Anorg. Chem. 231, 78 (1937); 246, 169
(1941).

I15G. A. Sawatzky, F. Van der Woude, and A. H. Morrish, Phys.
Rev. 187, 747 (1969).

16F. Van der Woude and G. A. Sawatzky, Phys. Rev. B 4, 3159
(1971).

17V. G. Bhide and S. K. Date, Phys. Rev. 172, 345 (1968).

I8N. N. Greenwood and T. C. Gibb, Mossbauer Spectroscopy
(Chapman and Hall, London, 1971), p. 253.

19y, Maech, T. Manabe, K. Nagai, F. Yoshimura, and S. Hiro-
no (unpublished).

20A. Navrotsky and O. J. Kleppa, J. Inorg. Nucl. Chem. 29,
2701 (1967).

213, J. Bara, Phys. Status Solidi A 44, 325 (1977).

22C. M. Srivastava, S. N. Shringl, and R. G. Srivastava, Phys.
Rev. B 14, 2014 (1970).

23C. Prakash and J. S. Baijal, Solid State Commun. 50, 557
(1984).

24M. A. Gilleo, Phys. Rev. 109, 777 (1958).



