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Microscopic and macroscopic magnetic
properties of MgAl,Cr,Fe,_5,04 spinel ferrite

system
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In order to study the effect of co-substitution of AI** and Cr3* for Fe3t in MgFe,0, on its
structural and magnetic properties, the spinel system MgAl,Cr,Fes_»,04 (x = 0.0-0.8) has
been characterized by X-ray diffraction, high field magnetization, low field a.c. susceptibility
and %"Fe Mossbauer spectroscopy measurements. Contrary to the earlier reports, about
50% of AI** is found to occupy the tetrahedral sites. The system exhibits canted spin
structure and a central paramagnetic doublet was found superimposed on the magnetic
sextet in the Mossbauer spectra (0.5 > x > 0.2). Thermal variation of a.c. susceptibility
exhibits normal ferrimagnetic behaviour. © 2005 Springer Science + Business Media, Inc.

1. Introduction

The system under investigation, MgAl,CryFe;_»,Oy,
consists of magnesium ferrite aluminate (MgAl
Fe;_,0O4) and magnesium ferrite chromate (MgCry
Fe;_,04) in equal proportions, which can be pre-
pared by co-substituting AI** (diamagnetic; 0 ) and
Cr’*/(magnetic; 3 ) ions for Fe3* (magnetic; 5 )
ions in MgFe;O4. According to the literature [1, 2]
MgFe,04 (x = 0.0) is a partially inverse spinel and
it can be considered as a collinear ferrimagnet whose
degree of inversion depends upon the thermal history
of the sample. MgCr, Oy is a normal spinel with canted
ferrimagnetic structure [3]. MgAl,O4 (mineral spinel)
is a partially inverted spinel in which the ratio of AI**+
ions in the tetrahedral (A) and octahedral (B) sites [4]
is about 1:6 [4].

No systematic investigations of the crystal struc-
ture, cation distributions and magnetic properties of
MgAl,CrgFe;_»404 for x = 0.0-0.8 have been reported
in the literature. Though structural and magnetic prop-
erties of MgAlyFe; O, [5-7] and MgCrcFe;_,O4 [3,
8] have been studied separately, no attempt has been
made to study the combined effect of Al-Cr substitu-
tion for Fe in MgFe, 4. Recently, it has been reported
that when spinel ferrites or garnets are co-substituted
by AI** and Cr3* the magnetic properties are modified
and show interesting behaviour [9-14]. The purpose of
this paper is to present the results of a systematic in-
vestigation of the crystal structure, cation distribution,
and magnetic properties of MgAl,CryFe; 1,04 (x =
0.0-0.8) mixed spinels by means of X-ray diffraction,
magnetization, a.c.susceptibility and Mdssbauer spec-
troscopic measurements.

2. Experimental details
The polycrystalline powders of the spinel solid solution
series MgAl,CrsFe;_,,04 were prepared by usual dou-
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ble sintering ceramic technique for x = 0.0-0.8, step
0.1. The oxides of the metal ions were used as start-
ing materials. The materials used were of AR grade
with 99.9% purity. The starting materials procured from
E. Merck, were taken in the required proportions and
mixed. The mixed powder was ground, pelletized and
pre-sintered at 950°C in air for 24 h. In the final sin-
tering process, the samples were placed in furnace at
1100°C for 24 h in air and then slowly cooled to room
temperature at the rate of 2°C/min.

The X-ray diffraction patterns of all the samples were
recorded at 300 K with a Philips (PM 9220) diffrac-
tometer using Cu K, adiation. The stoichiometry of the
powdered samples was checked by energy dispersive X-
ray analysis (EDAX). No traces of any impurities were
found. Magnetization measurements on each sample
were carried out using the high field hysteresis loop
technique [15] at 300 and 77 K. The a.c.susceptibility
measurements on powdered samples were made in the
temperature range 300-700 K using a double coil set-
up [16] operating at a frequency of 263 Hz in an rms
field of 0.5 Oe.

The Mossbauer spectra were obtained with a con-
stant acceleration transducer and a 256 multichannel
analyzer operating in time mode. A gamma source of
37Co (Pd) of 5 mCi was used. All the spectra were ob-
tained at 300 K in transmission geometry and the 14.4
keV gamma rays were detected with a Xenon-methane
filled proportional counter.

3. Results and discussion

The X-ray diffraction patterns of all the samples show
sharp lines which make detection of any impurity phase
easy and enable the accurate determination of lattice
constant. It is clear from the indexed X-ray diffrac-
tion patterns that all the samples are single phase
fcc spinels. No traces of any impurity were found.
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The lattice constant ‘a’ for each composition was de-
termined accurately using the Nelson-Riley method
[17].

In order to determine the cation distributions,
X-ray intensity calculations were made using the for-
mula suggested by Buerger [18]. The intensity ratios of
the planes considered to be sensitive to the cation dis-
tribution parameter (x) were taken for estimating the
cation distributions. The ionic configuration based on
site preference energies values for individual cations in
MgAl,CriFe;_», 04 suggests that Cr37 ion has marked
preference for octahedral (B-) sites while Mg?*, AI**+
and Fe** ions can occupy both A- and B-sites. There is
a good contrast in the atomic scattering factor of Fe3*
and other cations present in the system. This makes
the determination of cations distribution quite reliable.
Moreover, any alteration in the distribution of cations
causes significant changes in the theoretical values of
X-ray diffraction intensity ratios.

Therefore, in the process of arriving at the final cation
distribution, the site occupancy of all the cations was
varied for many combinations. The final cation distribu-
tions deduced by simultaneously considering the Bragg
plane ratios and the fitting of the magnetization data at
77 K are as follows:

x=0.0 (Mg(T%Feo 87)A [Mg§§7Fel 13] 0;?

x=0.1 (Mg, HAIHFG(J)r ;7)A Mg, 87CTO+?F31+83] 0,?

x =02 (Mgl hARRe)” [Megi,CridFegss]” 077
x=03 (Mgo 13 l(J)rgsFeo ez)A [Mgo 87cr5r§Fe(J)r$8 1333] 022
x =04 (Mgo 13Al§3Fe]. 57)A [Mgg, 87CT(TZF6(T§3A1+3] 0;?
x =05 (Mg, nAl(J)r;sFeo 52)A Mg, 87Cr0+;FeO+ZSAlng] 012
x =06 (Mg HAIf3Feg, 47)A [Mgo 87C10. 2F30+;3A1+2] 0;’
x =07 (Mg 13A1(J)rZsFeo 42)A [Mgo §7C1. 3Fe§?sAl(T§s] 012
x =08 (Mg i;AljSFe; 37) [Megg 5, Cry. 2F60+(3)3A1+3] 0,?

ey

The variation of the lattice constant as a function of
Al-Cr content (x) is depicted in Fig. 1, which exhibits
a slower rate of decrease up to x = 0.4 and thereafter
it decreases with faster rate. The overall decrease in the
lattice constant is apparent because the larger cation
Felt (0.64 A) is replaced by the smaller ones; Cr*
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Figure 1 Variation of lattice constant, a (A) and X-ray density (dy) as a
function of Al-Cr content (x).
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(0.63 A) and APt (0.51 A) in the system. The linear
variation of lattice constant indicates that the system
obeys Vegard’s law [19]. The initial rate of decrease
of ‘a’ is slow because the smaller cation AI** prefers
to occupy the tetrahedral sites and replaces the larger
cations Fe3* to the octahedral site: (Equation 1). The
inter-play of AI’* and Fe3* cations causes the differ-
ent rate of decrease of lattice constant in the system. It
is clear from (Equation 1) that up to x = 0.4, a maxi-
mum of 25% of AI** ions occupies the octahedral sites,
thereafter, the octahedral site occupancy increases up to
38% in case of composition x = 0.6. The initial ferrite
MgFe;O4 (x = 0.0) shows a degree of inversion 0.87
and it remains constant throughout the series. Contrary
to reports [6, 20-22] that AP ions show a preference
for octahedral sites, we have found by means of the
X-ray diffraction analysis that a larger fraction of AI>*
enters into tetrahedral sites. The atomic scattering fac-
tors for Mg+ and AI** [17] are same but the scattering
factor of Fe’T is about three times that of AI** and
Mg?*, which renders good contrast between Fe’* and
APt Therefore, the distribution of AI’* and Fe3* can
be accurately determined. The cation distributions de-
termined through X-ray diffraction are compared with
the results obtained from magnetization (at 77 K) and
from Mossbauer spectroscopy. The X-ray density de-
creases linearly (Fig. 1) with Al-Cr content (x) in spite
of the decrease in unit cell volume suggesting that the
decrease in mass overtakes the decrease in unit cell
volume.

The variation of magnetization as a function of the
applied magnetic field (M versus H curves) recorded
at 300 K (Fig. 2) exhibits a ‘high field slope’ (i.e.,
non-saturating behaviour) for the samples with x >
0.3 indicating non-collinear spin structure. The values
of saturation magnetization (o5) at 77 and 300 K are
listed in Table I. It is observed that oy initially increases
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Figure 2 Field dependence of magnetization at 300 K.



TABLE I Saturation magnetization (o) and magneton number (ng)
for MgAICryFe;_», 04 system

300 K 77K

Content oy ng o ng N ng*
(x) (emu/gm)  (up) (emu/gm) (up) np (uB) (4B)
0.0 27 097 36 1.30 1.30 1.30
0.1 34 1.20 45 1.60 1.60 1.60
0.2 38 1.32 55 1.90 1.90 1.90
0.3 35 1.19 48 1.53 1.71 1.53
0.4 25 0.82 43 1.30 1.53 1.30
0.5 10 032 37 1.08 1.30 1.09
0.6 - - 25 0.81 1.11 0.82
0.7 - - 17 052 075 0.53
0.8 - - 09 027 - -

up to x = 0.2; thereafter it decreases with increasing
Al-Cr concentration. The variation of the magneton
number (ng) with x can be explained by invoking Neel’s
collinear or ‘canted’ spin structure. The canted spin
structure is stable at lower temperatures and it disap-
pears on approaching the Neel temperature (7x). The
canting angles can be related to the magnetic dilution
by using non-collinear spin models based on molecular
field theory.

Since the values of T/7Ty at T = 300 K are greater
than 0.55 for the system MgAl,CrsFe;_»,0y, it is not
possible to investigate the ‘spin structure’ using the
room-temperature (300 K) magnetization data. There-
fore, the magnetization data recorded at 77 K (where
T/Tn < 0.2) (Table IIT) were used for the study of
magnetic ordering in the present system.

According to the Neel’s collinear spin configuration
[22] the magnetic moment per formula unit in ug (ng)
is expressed as,

ny = Mg(x) — Ma(x)

where, Mg and M, are sublattice magnetizations cal-
culated using the cation distribution (Equation 1) and
the free ion magnetic moments of Fe** (5 ug) and Cr’+
(3 up). It is clear from Table I that the ng values agree
with the observed np values at 77 K up to x = 0.2
but increasing discrepancies are observed with further
magnetic dilution (x). This indicates a non-collinear
spin structure for the samples with x > 0.3.

The magneton number at absolute zero (nj;) obtained
by using the measured ng at 77 K and the 7'/ Ty val-
ues through the Brillouin function [23] (j = 5/2) are
given in Table I There is a good agreement between
ng and nj for the compositions x < 0.2 suggesting
the magnetic structure to be collinear at these compo-
sitions. The discrepancy between n} and n} for the
samples with the x > 0.3 indicates canted spin struc-
ture (Table I). The observation that n; < ng for x >
0.3 is a clear symptom for the existence of a canted spin
structure.

The initial composition i.e., x = 0.0; MgFe;0y is
a partially inverse spinel (degree of inversion = 0.87)
and a collinear ferrimagnet. On AI’* substitution the
number of A-B superexchange interactions is reduced
and the B-B interaction is made stronger because of

the reduction in unit cell dimensions (Fig. 1) [24]. Both
these factors induce a canted spin alignment in octa-
hedral sites. It is apparent from the cation distributions
that the major fraction of AI** ions prefers to occupy
the A-sites, which replaces Fe*Tions from A to B caus-
ing areduction in A-B magnetic linkages. The observed
variation of ng as a function of Al-Cr concentration (x)
is explained in terms of the Random Canting of Spin
model [25]. It is more appropriate to use the RCS model
instead of the Yafet-Kittel model as the actual canting
at any site will depend not only on the number of dia-
magnetic nearest neighbours but also on their spatial
arrangement.

The Mossbauer spectra recorded at 300 K for x =
0.1-0.5 are displayed in Figs 3 and 4. For the sam-
ples with x = 0.0-0.2, the spectra exhibit two normal
Zeeman split sextets one due to the A-site Fe>* ions and
other due to B-site Fe3t ions, which indicate ferrimag-
netic behaviour of the samples. The solid lines through
the data points in the Figs 3 and 4 are the results of
computer fits of spectra obtained assuming equal line
width for A- and B-sites. It is clear from Figs 3 and 4
that the spectrum for the compositions x = 0.3 and 0.4
exhibit a central paramagnetic doublet resulting from
super paramagnetic Fe’T species [26]. The Mossbauer
spectrum of x = 0.5 shows features of relaxation ef-
fects and it was analyzed with a single sextet and central
doublet (Fig. 4).

The spectra of A-sites showed much larger line width
(Table III) compared to the B-sites and the effect being
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Figure 3 >Fe Mossbauer spectra at 300 K for compositions of x = 0.1,
0.2 and 0.3.
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Figure 4 >7Fe Mossbauer spectra at 300 K for compositions of x = 0.4
and 0.5.

more pronounced for x = 0.4. This is in conformity
with the results of Belov [27]. The excessive line width
of the A-sites spectrum arises because of the distribu-
tion of internal hyperfine fields. Each A-site Fe** is
surrounded by 12 B-site nearest neighbours compris-
ing magnetic Fe**, Cr**, and non-magnetic AI** ions
which gives rise to the observed distribution of internal
hyperfine fields at A-sites.

The iron distribution parameters § = Fef{/Fef;r de-
duced from the B-site to A-site Mossbauer intensity
ratio (Ig/Ip) are given in Table III. The § values found
from X-ray diffraction are also given for the sake of
comparison. The values of § obtained from Mdssbauer
intensities are found to be about 5% higher than the
8-values obtained from X-ray data (for x < 0.3). The
difference becomes awfully large for x = 0.4, which
may be ascribed to the increase in the line widths and
occurrence of the strong central paramagnetic doublet
(intensity: 7.6%). Kulushreshtha [26] has observed a
similar discrepancy between the Fe3* Mossbauer in-
tensity ratio and the proposed cation distribution in
NiAlFeO4. Moreover, the X-ray diffraction technique
mainly depends upon the values of atomic scattering
factors of the cations involved in the system (which are
again experimentally determined) and the geometrical
factors. In such circumstances, the difference about 5%
in §-values obtained from X-ray and Mdssbauer data
should be acceptable.

The variation of hyperfine fields (Hn) for A- and B-
sites with A1-Cr concentration (x) is shown in Fig. 5.
The lower value of the A-site hyperfine field com-
pared to the B-site one is due to more covalent na-
ture of the Fe3 —O?~ bond. The variation in hyper-
fine fields are due to the change in A-B and B-B super
transferred hyperfine interactions as the cation neigh-
bours about a given Fe3* ions are changed [28]. Since
the non-magnetic AI** ions replace the magnetic Fe’*
ions at tetrahedral (A) sites and due to the promi-
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Figure 5 Variation of hyperfine fields with Al-Cr content (x).

nent A-B super exchange interaction, the super trans-
ferred hyperfine field (Hstgr) at B-site is influenced to
a greater extent. Therefore, initially the B-site hyper-
fine field decreases with a faster rate than the A-site
field.

It is evident from Table III that Isomer shifts .S (A)
and LS (B) values show very little change with A’
substitution indicating that the s-electron charge distri-
bution of Fe** is not much influenced by Al-Cr substitu-
tion. As expected, the isomer shift of B-site Fe3* ions
is more positive than that for A-site Fe>* because of
the larger Fe3*—0?~ bond separation in the former. No
quadrupole shifts for A- and B-sites have been observed
(within the experimental error) for magnetically split
spectra while the central doublet observed for x = 0.3,
0.4 and 0.5 shows a large quadrupole splitting. This
suggests that the coexistence of chemical disorder and
overall cubic symmetry causes no net quadrupole shifts
in Zeeman sextets; instead, it contributes to increase the
line widths [29].

The observed spectra for x = 0.3, 0.4 and 0.5 con-
sisted of a central doublet in addition to the broad mag-
netic sextet arising due to the Fe3* ions presents at both
the sites. The relative intensity of the central doublet
was found to increase with increasing A>T concentra-
tion (Table III). The central doublet may be attributed to
the Fe3* ions, which are magnetically isolated and did
not participate in the long range magnetic ordering due
to a large number of non-magnetic nearest neighbours.
For diamagnetically substituted ferrites the existence of
a central doublet superimposed on well-resolved mag-
netic sextets has been reported for number of systems
[30, 31]. In the present system the central doublet arises
due to magnetically isolated Fe** ions located at the
tetrahedral sites with a large number of magnetic cation
as their nearest neighbours and not because of any sec-
ondary phase.

It is important to note that for other systems such
as Ni;_,ZnyFe,O4 [32, 33] Co;_,ZnyFe,O4 [34, 35]
Mn;_,ZnsFe,O4 [36] etc. central doublets have not
been observed. The possible reason for this is that
for all these systems the non-magnetic ions are at the



TABLE II Canting angle ((x;), magneton number (np) and Neel tem-
perature (7n) for MgAl,CriFes_2,O4 system

Canting angle
<0{/C3 > Degree

Content ——rnw—-—— ng[ RCS ™~ T/~
(x) Exp. Theo. (uB)  np (uB) (K) at77 K
0.0 0 0 0.97 1.30 608  0.12
0.1 0 0 1.24 1.40 553  0.14
0.2 0 0 1.34 1.90 533 0.15
0.3 15° 17 15° 4% 1.23 1.52 513 0.15
0.4 17° 26 16° 57 1.12 1.31 508 0.16
0.5 19° 33/ 18°47 - 1.09 473 0.19
0.6 24° 17 23°08 - 0.82 403 0.22
0.7 29°09°  28°57 - 0.53 353 0.23
0.8 63°50°  63°53 - 0.27 343 -

tetrahedral sites and some of the B-site Fe3* ions should
have shown the central doublet. However, each B-site
Fe** ions has only six A- site ions as its nearest neigh-
bours at a distance 0.414a (a = lattice constant) and it
has other six B-site nearest neighbours at a distance of
0.353a. This means that B-B interactions also play a
significant role in addition to the A-B interaction and
therefore B-site Fe3* ions are not magnetically isolated
and not exhibiting a central doublet. In the present sys-
tem the B-site has Mg?* and AI** both non-magnetic
ions and the concentration of Fe3* is continuously re-
duced. Therefore the A-site Fe** ion with many non-
magnetic ions as its nearest neighbours produces the
central doublet.

It is clear from Table I that the measured ng values at
77 K exhibit a conspicuous discrepancy with the mag-
neton numbers calculated by using Neel’s theory (ng
for the compositions x > 0.3. This indicates significant
canting of the B-site moments, which was conjectured
from the ‘high field slopes’, observed in M versus H
curves recorded at 300 K (samples > 0.3). Thus, the
change of spin ordering from Neel’s collinear to non-
collinear type displays a strong influence on the varia-
tion of the saturation magnetic moment per molecule.

An indirect check for the presence of a canted spin
structure follows from the proportionality between the
nuclear hyperfine field (H,) and the average sublattice
magnetization. By neglecting intra-sublattice interac-
tions (Jaa, Jgg) between ions on the same sites it can

be shown that,

_ |Hnp(x) | Hna(x)|
M) = e P T THma ) A

where, (x) is the magnetic moment per formula unit,
Mg(x) and Mx(x) are sublattice magnetizations cal-
culated by using the free ion magnetic moments of
Fe** (5 ug) and Cr’* (3 ug) and the cation distri-
bution (Equation 1). Hna and Hnpg are the magnitudes
of the average nuclear magnetic fields for A and B-
sites, respectively. Assuming that the relative saturation
magnetization per formula unit ng(x)/ng(0) at 300 K
is equal to up(x)/up(0), the magnetic moments per
formula unit ngl(x) ~ u(x) were determined from the
above equation using the values of nuclear magnetic
fields obtained at 300 K from the Mossbauer results.
As seen from Table 11, the ngl values agree with the ng
(observed at 300 K) for x < 0.2 while deviations it start
from x = 0.3. This indicates that a collinear magnetic
structure exists up to x = 0.2 and the evolution of a
‘canted’ spin structure begins around x = 0.3.

No general formula for the distribution of cations
could be deduced from the X-ray and Mossbauer data
analysis. Therefore, it was thought appropriate to apply
the random canting model [25] instead of deriving an
approximate equation based on LCS theory [37]. Since
the actual spin canting depends on the number of non-
magnetic nearest neighbours and their spatial arrange-
ment, the statistical model proposed by Rosencwaig
[25] should be used. According to this model, the B-
site magnetic ions can be considered to be canted with
an average angle <ap> due to non-magnetic substi-
tution (AI’") in A-sites which in the average nearest
neighbour approximation is estimated to be,

Cos <ap> ~ (Ma/Mg)(Jag/JBB)

The total magnetization per formula unit (i.e., mag-
neton number) nR is related to the canting angle

<ap> by
ngcs(x) = Mp(x)cos <ap> — Ma(x)

Here, M and My are sublattice magnetization of A
and B-sites, respectively; and Jap and Jpp are exchange

TABLE III Mossbauer parameters: Isomer shift (I.S.), distribution parameter (§ = Feg_/FeZ*' ), line width (I") and intensity of central doublet

(1) for MgAl,CriFey_», 04 system

L.S.(mm/s)? ) " (mm/s) Q.sh LS.
Content (x) A-site B-site Mossbauer X-ray A-site B-site (mm/sec.) (central doublet) 14 (%)
0.0 0.31 0.38 1.22 1.30 0.42 0.35 - - -
0.1 0.26 0.35 1.41 1.34 0.75 0.40 - - -
0.2 0.32 0.38 1.47 1.3 0.76 0.43 - - -
0.3 0.23 0.28 1.33 1.26 0.86 0.51 0.91 0.29 -
0.4 0.30 0.39 1.63 1.11 0.75 0.50 0.72 0.356 4.36
0.5 Relaxation - - 0.93 0.92 0.40 7.57
1.S. =0.36
(mm/s)

2With respect to iron metal, error & 0.02 mm/s.
bError: + 0.03 mms.
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Figure 6 Thermal variation of the low field a.c. susceptibility for com-
positions of x = 0.2, 0.4, 0.6 and 0.8.

integrals. The experimental values of the canting an-
gle <ag(exp)> have been obtained from the measured
ng values at 77 K and the same are listed in Table II.
The angle of canting increases with magnetic dilution
(Al-Cr content). The canting angle calculated using the
RCS model is in very good agreement with the exper-
imentally found values. It is also evident from Table I
that the magneton numbers calculated using the RCS
model (ngcs) closely match with ng (observed at 77 K).
Thus, the variation of ng as a function of Al-Cr con-
centration at 77 K for the system MgAl,CryFe;_»,0
can be satisfactorily explained by a random canting of
spins (RCS) model.

Typical plots of the relative low field (0.5 Oe) a.c. sus-
ceptibility x/xrr (RT = Room temperature), against
temperature (7'), for x = 0.2, 0.4, 0.6 and 0.8 are
shown in Fig. 6, which exhibit normal ferrimagnetic be-
haviour. The Neel temperatures (7y), determined from
a.c. susceptibility measurements are listed in Table II.
It is evident from Table II that there is a sharp de-
crease in Ty for small additions of aluminium and
chromium, which is due to the decreasing number
of Fe3t-O?~-Fe** superexchange linkages resulting
from replacement of Fe>* by AI**-Cr’ in the spinel
lattice.

4. Conclusions
The lattice constant ‘a’ decreases linearly with Al-Cr
content at different rates which is due to the inter-play
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of AI** and Fe’* cations on A- and B-sites. There
is a good agreement between the cation distribution
deduced from X-ray diffraction and from Mdossbauer
spectroscopic measurements. The Mdssbauer spectra at
300 K exhibit two Zeeman sextets and can be analyzed
with a single sextet and a central doublet. The spec-
tra for x = 0.3 and 0.4 show the presence of a central
paramagnetic doublet superimposed on two sextets and
its intensity increases with Al-Cr content. The central
doublet is ascribed to magnetically isolated Fe** ions.
The substitution of AI** causes an excessive increase in
the line width of the Mdssbauer spectra, particularly for
the A-site spectrum. The variation of magneton num-
ber can be successfully explained by invoking the Ran-
dom Canting of spins (RCS) model. Thermal variation
of the a.c. susceptibility exhibits normal ferrimagnetic
characteristics.
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