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Pure and chromium substituted yttrium iron garnets Y3Fe52xCrxO12 (x~0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) have

been made in air using self-propagating high-temperature synthesis (SHS), a combustion process involving the

reaction of yttrium(III) oxide, iron(III) oxide, chromium(III) oxide, iron metal powder and sodium perchlorate.

Two series of samples were produced: Series 1; SHS followed by annealing at 1450 ³C for 4 h and series 2; SHS

in a magnetic ®eld of 1.1 T followed by annealing at 1450 ³C for 4 h. SEM, EDAX, electron microprobe and

IR measurements were carried out on both series of samples. X-Ray data showed that in all cases nearly single-

phase garnets were produced. Room temperature MoÈssbauer data showed that the Cr exclusively substituted

for Fe on the octahedral site sublattice. Magnetic hysteresis data showed that the series 2 samples had

consistently larger magnetisations and smaller coercivities than the corresponding series 1 samples. This was

attributed to microstructural effects, including a tendency to form larger sized crystallites in the presence of an

applied ®eld. The magnetic data also indicated a maximum in magnetisation and minimum in coercivity for

both series 1 and series 2 samples with a Cr content of x~0.3, the origins of which are discussed.

Introduction

Yttrium iron garnets (Y3Fe5O12) have provoked great interest
since their discovery by Bertaut and Forrat1 and, indepen-
dently, by Geller and Gilleo,2 owing to their optical absorption
and Faraday rotation effects (visible domain patterns).3

Yttrium iron garnet is a very effective microwave ®lter and is
exceptionally ef®cient as both a transmitter and transducer of
acoustic energy. It crystallises in the garnet structure with a
body centred cubic lattice (space group 1d3d, no. 230), in which
the yttrium atoms occupy position 24c, the oxygen atoms
position 96h and the iron atoms position 24d (tetrahedral) and
16a (octahedral).

The magnetic properties of ferrite-garnets of general formula
M3Fe5O12 (M~lanthanide and yttrium) were ®rst investigated
by Pauthenet who established that these compounds (excluding
M~Y, Sm, Eu, Lu) have compensation points for sublattice
magnetic moments.4,5 The NeÂel model for garnets involves
three-sublattice components to explain the magnetic beha-
viour.6 In this model ferrite-garnets are ferrimagnets, with three
sublattices; a, d and c.7±9 The large M3z ions occupy the c
sublattice which has eight-fold co-ordination sites. The iron
atoms are found in two sites: the a sublattice, which is
octahedral, and the d sublattice, which is tetrahedral. A
magnetic moment of 5 mB per formula unit results from the
negative super-exchange (antiferromagnetic) interaction
between Fe3z ions in the octahedral and tetrahedral sites
through the intervening O22 ions; it corresponds to the
moment of one Fe3z ion present in a tetrahedral site in excess
of the number of Fe3z ions in octahedral sites.10 Ferrite-
garnets have very complicated physical properties owing to
interactions both within and between the sublattices. These
materials have been investigated by substitutional doping to
intensify or suppress the effects of the a, d or c sublattices. One

such method is to substitute iron by magnetic or nonmagnetic
ions on the tetrahedral and octahedral sites.

Yttrium iron garnets have some attractive features which
make them amenable for study as model magnetic systems. The
materials adopt cubic symmetry, have a de®nite composition,
and contain only trivalent metal ions in the structure. Isovalent
substitution of Fe3z by magnetic or nonmagnetic M3z ions
can, in principal, change the resultant magnetic moments on
both the octahedral or tetrahedral sublattice sites. The Curie
temperature of yttrium iron garnet is lowered on isovalent
substitution as the number of interactions of magnetic ions per
formula unit is reduced.11 One of the most widely used elements
for isovalent substitution for the magnetic Fe3z ion is
Cr3z.10,12±18

Standard methods for the preparation of pure and
substituted yttrium iron garnet involves two steps, the
processing of oxide mixtures or dried co-precipitated hydro-
xides, followed by heating. The initial step involves heating
mixtures to 700±850 ³C for 24 h. The second calcination step
involves milling and pressing into pellets, followed by heating
at 1350±1450 ³C in oxygen or air for up to 16 h.12,13

Self-propagating high-temperature synthesis (SHS) is an
alternative synthesis technique that involves a solid ¯ame or
synthesis wave. The reaction is driven by an exothermic
chemical reaction.19 This reaction is exothermic enough that
when initiated at a point source it spreads through the whole
reaction mixture.20 The process is characterised by rapid
synthesis involving extremely fast heating (ca. 1200 ³C in 2±3 s)
and cooling. In the ferrite-garnets system we have used SHS
instead of the initial 24 h heating process. A notable aspect of
SHS reactions is that the products often have high surface
areas, high defect concentrations and are rapidly sintered. In
this case such effects have enabled us to reduce the second ®ring
stage to 4 h.

Here, we present the ®rst preparation of pure and chromium-
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substituted yttrium iron garnet by SHS. We also investigate the
effect of an external magnetic ®eld during the SHS combustion
process and investigate the structural, magnetic and MoÈssbauer
parameters of the products.

Experimental

All reagents were obtained from Aldrich Chemical Company
(UK) and used as supplied. Manipulations, weighings and
grindings were performed under a nitrogen atmosphere in a
Saffron Scienti®c glove box. Self-propagating high-tempera-
ture synthesis reactions were carried out in air on pre-ground
powders on a ceramic tile using sodium perchlorate as an
internal oxygen source. Initial reaction compositions are given
in Table 1. A heated nichrome ®lament (ca. 800 ³C) was used to
initiate the reactions. After SHS the products were washed with
distilled water to remove co-produced NaCl. Sintering was
carried out in a Carbolite rapid heating furnace with heating
and cooling rates of 20 ³C min21. Samples were ground after
the SHS reaction and also after sintering; all measurements
were recorded on powder samples. For the applied ®eld SHS
reactions a permanent Halbach cylinder magnet made by
Magnetic Solutions Limited was used. This cylinder, compris-
ing eight NdFeB magnets, provided a ®eld of 1.1 T transverse
to the cylinder axis. A quartz tube (22 mm outer diameter,
20 cm long) containing the green mixture was placed inside the
Halbach cylinder prior to initiation of the combustion process.

X-Ray diffraction was performed in re¯ection mode on a
Philips X-pert diffractometer using un®ltered Cu-Ka radiation
(l1~1.5405 AÊ , l2~1.5443 AÊ ). Vibrating sample magnetometry
was carried out on an Aerosonic 3001 magnetometer in applied
®elds up to 7.5 kOe. 57Fe MoÈssbauer spectra were recorded
using a Wissel MR-260 constant acceleration spectrometer
with a triangular drive waveform. The spectra were folded to
remove baseline curvature and were calibrated relative to a-
iron at room temperature. FTIR spectra were obtained as KBr
pellets on a Nicholet 205 instrument. SEM/EDAX measure-
ments were obtained using a Hitachi S570 instrument. Electron
probe measurements were made on a JEOL EMA. The electron
probe and EDAX measurements were standardised to Cr
metal, Fe metal, quartz (for oxygen) and Y3Al5O12 for yttrium.

Preparation of Y3Fe52xCrxO12 (0¡x¡0.6)

The same general reaction scale and procedure was used for all
reactions, illustrated here for Y3Fe4.8Cr0.2O12.

Yttrium oxide (1.129 g, 5.0 mmol), iron(III) oxide (0.345 g,
2.16 mmol), chromium(III) oxide (0.0506 g, 0.33 mmol), iron
metal (0.651 g, 11.6 mmol) and sodium perchlorate (0.535 g,
4.275 mmol) were ground together in a pestle and mortar. For
the zero ®eld reactions the green mixture was placed on a
ceramic tile (ca. 1 cm by 7 cm strip) in air and a reaction
initiated by a heated ®lament at one end. This produced a
propagation velocity of ca. 2±3 mm s21. For the applied ®eld

reactions the green mixture was placed in a 22 mm od quartz
tube and inserted into a 1.1 T Halbach cylinder permanent
magnet. Some structuring of the green mixture was noted in the
magnetic ®eld, with the powder adopting an hour-glass shape
in cross-section, centralised along the ®eld lines, in the middle
of the cylinder magnet.21 This structuring persisted into the
reaction products. The SHS reactions in the applied ®eld were
noted to have faster moving propagation waves of ca. 5 mm s21

than those conducted in zero ®eld. In all cases the resultant
black powder was washed with distilled water (261 litres),
®ltered through a Buchner funnel and air dried. The powder
was reground and heated to 1450 ³C for 4 h. Yields in all
reactions were essentially quantitative. The resultant powder
was analysed by X-ray powder diffraction, MoÈssbauer spectro-
scopy, vibrating sample magnetometry, FTIR and SEM/
EDAX.

CAUTION: SHS reactions can be explosively exothermic.
All new reactions should be conducted on a small scale behind
a safety screen. Also, sodium perchlorate is a powerful
oxidising agent and can react violently with some metal
powders. To alleviate this risk the Fe, Fe2O3, Cr2O3 and Y2O3

were ground in a pestle and mortar before the addition of
NaClO4. This mixture, with the perchlorate, was then lightly
re-ground prior to SHS initiation.

Results

Sample preparation

Self-propagating high-temperature synthesis reactions were
performed using various starting mixtures of Y2O3, Fe2O3, Fe,
Cr2O3 and NaClO4. The molar ratio of each reagent was
chosen to conform with the desired stoichiometry in the
product, Table 1. The reaction is driven by the exothermic
oxidation of Fe metal by oxygen, which was evolved from the
sodium perchlorate decomposition. The perchlorate fully
decomposed to oxygen and salt (NaCl) at 600 ³C. In the case
of Y3Fe4.8Cr0.2O12 the reaction scheme is shown in eqn. (1)

3Y2O3z1:3Fe2O3z0:2Cr2O3z7Fez2:625NaClO4

?2Y3Fe4:8Cr0:2O12z2:625NaCl (1)

It should be noted that all the reactions were carried out in
air using only solid oxidisers. The co-produced sodium chloride
melts during the reaction and acts as an internal wetting agent
allowing inter-diffusion of the reactants. Notably it is readily
removed after the reaction by trituration of the product with
water. The SHS preparation of pure and chromium-substituted
yttrium iron garnet is much quicker than standard conven-
tional methods. Using SHS instead of the ®rst annealing stage
in the conventional synthesis reduces the reaction time from
24 h to ca. 10 s.

Two series of samples were prepared: series 1 by SHS
followed by annealing at 1450 ³C for 4 h, and series 2 by SHS in

Table 1 Millimoles of reagent used in self-propagating high-temperature synthesis of Y3Fe52xCrxO12, nominal composition of the end product,
using a standard notation where parentheses denote tetrahedral sites and square brackets denote octahedral sites, and observed composition of
selected samples as determined by electron probe or EDAX measurements

x

mmol

Nominal composition Observed compositionFe Fe2O3 Y2O3 Cr2O3 NaClO4

0 11.6 2.50 5.0 0 4.275 Y3[Fe2](Fe3)O12 Y3.0Fe5.0O12

0.1 11.6 2.335 5.0 0.1 4.275 Y3[Fe1.9Cr0.1](Fe3)O12 Ð
0.2 11.6 2.165 5.0 0.2 4.275 Y3[Fe1.8Cr0.2](Fe3)O12 Y3.0Fe4.81Cr0.21O12

0.3 11.6 2.00 5.0 0.3 4.275 Y3[Fe1.7Cr0.3](Fe3)O12 Ð
0.4 11.6 1.835 5.0 0.4 4.275 Y3[Fe1.6Cr0.4](Fe3)O12 Y2.94Fe4.58Cr0.42O12

a

0.5 11.6 1.665 5.0 0.5 4.275 Y3[Fe1.5Cr0.5](Fe3)O12 Y3.0Fe4.51Cr0.49O12

0.6 11.6 1.50 5.0 0.6 4.275 Y3[Fe1.4Cr0.6](Fe3)O12 Y3.0Fe4.41Cr0.61O12
a

aDetermined by EDAX measurement.
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a magnetic ®eld of 1.1 T, followed by annealing at 1450 ³C for
4 h.

Characterisation

Electron microprobe mapping using a 1 mm spot size over a
10610 mm grid (100 spots 10 mm apart) showed for x~0 a
composition of Y3.0Fe5.0O12.0 with v2% elemental variation
between spots (see Table 1). For the applied ®eld x~0.5 sample
the average composition map revealed a composition of
Y3Fe4.51Cr0.49O12 with minimal (ca. 1±2%) variation between
spots. However, the zero ®eld x~0.6 sample showed some
inhomogeneity at a level of 4±5% corresponding to the
formation of an YCrO3 impurity phase. SEM and EDAX
spot analysis agreed with these ®ndings and showed that for
low chromium concentrations a solid solution was formed,
while at high chromium levels some degree of phase segregation
occurred (for the x~0.5 and 0.6 samples). Notably, those
samples prepared in an external ®eld were more homogeneous
than those prepared in zero ®eld. SEM showed that the samples
were composed of agglomerates of crystallites.

X-Ray powder diffraction showed a predominantly single-
phase cubic structure for all the sintered products, with lattice
parameters as given in Table 2. A general decrease in the a
parameter with increasing chromium content was noted. This is
in agreement with conventionally prepared materials.22,23

The FTIR spectra of the sintered pure and chromium
substituted yttrium iron garnet samples showed three intense
absorption bands in the range 4000±400 cm21 at 656, 605 and
565 cm21. No identi®able starting materials were seen in the
spectra and no quanti®able changes in absorption intensity
could be matched with levels of chromium substitution. These
three main absorptions can be attributed to metal oxygen
lattice vibrations.

57Fe MoÈssbauer absorption spectra were recorded for series
1 and 2 samples at room temperature (Fig. 1). The spectra were
least squares ®tted using Lorentzian lineshapes and combina-
tions of quadrupole split doublets and magnetically split
sextets. For all of the SHS samples two subcomponent sextets,
attributed to octahedral and tetrahedral positions of the iron
atoms, were ®tted. Minority components in the form of an
additional sextet and/or a centrally placed doublet or pair of
doublets were also ®tted as necessary. Representative spectra as
®tted are shown as solid lines in Fig. 1, and parameters for all
the samples obtained from these ®ts are given in Table 3.

Hysteresis loops were recorded on all the samples in ®elds up
to 7.5 kOe. The maximum magnetisations smax, remanent
magnetisations sr and coercive forces Hc thus obtained are
listed in Table 4. Samples prepared in an external magnetic
®eld (series 2) showed somewhat different magnetic parameters
to those prepared in zero ®eld. A general trend was noted, in
that the series 2 samples exhibited larger smax and sr values and
smaller Hc values than the corresponding series 1 samples for a
given Cr content.

Discussion

Synthesis

SHS synthesis provides, after an annealing stage, a relatively
straightforward method of producing stoichiometric
Y3Fe5O12. When conducted in an applied magnetic ®eld the
reaction produced a more homogeneous product than did the
corresponding zero ®eld synthesis. This is probably a
consequence of a hotter synthesis wave. The magnetic starting
components Fe and Fe2O3 are partially aligned by the magnetic
®eld, and this allows a more complete reaction to proceed.
Sintering of the applied ®eld SHS product is more facile and
produces larger particles than is possible from the zero ®eld
SHS product. The resultant differences in microstructure may
explain the observed differences in the magnetic properties of
the samples prepared via zero ®eld and applied ®eld reactions.

X-Ray measurements

The variation in unit cell size may be attributed to the smaller
ionic radii of six-fold co-ordinated Cr3z (0.64 AÊ ) compared to
that of six-fold high spin Fe3z (0.67 AÊ ).24 It has been
previously established that the location of substituted ions
within yttrium ferrite garnet is largely dependent on ionic size.
In yttrium iron garnet the tetrahedral sites are much smaller
than the octahedral sites, and ions with smaller ionic radii than
iron tend to congregate in the tetrahedral sites. Despite this,
chromium preferentially replaces iron from the octahedral sites
within the garnets because of favourable crystal ®eld effects.

Some traces of a YCrO3 impurity phase were seen for the
highest Cr content zero ®eld sample (ca. 10% YCrO3 for
x~0.6), which is not unexpected given the high Cr content of
this sample. However, the other zero ®eld samples, and all the
applied ®eld samples, were on inspection found to be almost
entirely monophasic. It is interesting to note that this is
somewhat at odds with the observation by Villers et al.14 of a
second, orthorhombic phase (i.e. YCrO3) in samples with
x¢0.4 made by conventional ceramic means. We infer that
either the SHS route provides a superior means of obtaining
monophase products, or that if there are YCrO3 impurities in
the SHS samples, they must occur in a ®ne particle form which
escapes detection by standard X-ray diffraction measurements.

Another notable difference between the SHS prepared
garnets and ceramic route samples is that the measured cubic
lattice parameters are somewhat smaller. For example,
reported lattice parameters of 12.376 AÊ 16 and 12.377 AÊ 25 for
conventionally prepared Y3Fe5O12, and of 12.368 AÊ 16 for
Y3Fe4.75Cr0.25O12, are all larger than found in the correspond-
ing SHS samples. Similar differences in lattice parameter have
been noted in a range of ceramics formed by SHS reactions,26,27

with the effect (albeit not fully understood) being associated
with the very high reaction temperatures and fast cooling rates
of the combustion wave. In this context it is furthermore
interesting to note that the lattice parameters measured in the
series 2 samples are consistently less than in the series 1
samples, which again may be correlated with the hotter
reaction conditions occurring in the presence of an applied
magnetic ®eld. Conclusive evidence of similar effects have
recently been reported in zero ®eld versus applied ®eld SHS
preparations of the M-type ferrite BaFe12O19.28

MoÈssbauer measurements

Room temperature MoÈssbauer spectra for the SHS prepared
Y3Fe52xCrxO12 show two well resolved sextets from the iron
atoms in the octahedral (a) and tetrahedral (d) sublattices
(Fig. 2). The relative spectral areas of these sextets were found
to be satisfactorily ®tted under the hypothesis that they were in
the ratio (22x) : 3, as would be the case if only the octahedral
Fe sites were substituted with Cr. Note that this assumes that

Table 2 Cubic lattice parameter a for two series of Y3Fe52xCrxO12

samples produced by self-propagating high-temperature synthesis
(SHS): series 1; zero ®eld SHS followed by annealing at 1450 ³C for
4 h; series 2; SHS conducted in a magnetic ®eld of 1.1 T followed by
annealing at 1450 ³C for 4 h

x Series 1, aa/AÊ Series 2, aa/AÊ

0 12.374 12.365
0.1 12.366 12.363
0.2 12.362 12.353
0.3 12.359 12.345
0.4 12.347 12.343
0.5 12.343 12.341
0.6 12.328 12.338
a¡0.004 AÊ .
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the recoil free fractions for both octahedral and tetrahedral Fe
are the same; the generally good quality of the ®ts seems to
validate this assumption.

The difference in hyper®ne ®elds between the sublattices is
due to the different degrees of covalency for the Fe3z ions in
the a and d sites of the garnet crystal lattice. The hyper®ne ®elds
were larger for the octahedral site than for the tetrahedral site:
49.0 T compared to 39.6 T for the pure yttrium iron garnet
sample. These values of hyper®ne ®eld are comparable to those
found in conventionally prepared materials.29 Increasing the
amount of Cr substitution reduces the hyper®ne ®elds of both
the a and d sites (see Fig. 2). The reduction in the hyper®ne ®eld
of the tetrahedral sublattice is due to the reduction of the strong
exchange interactions between the a and d sites. The measured
reduction in hyper®ne ®eld varies linearly with Cr content (see
Fig. 2), implying that the degree of Cr substitution on the
octahedral site is closely correlated to the Cr content in the SHS
product.

The sublattice linewidths increased with Cr substitution (see
Table 3), as expected given the disruption in local environment
around the Fe atoms. The best model for ®tting these
linewidths was found to be one in which the outer, middle
and inner pairs of lines in each sublattice sextet were assigned

linewidths CzDC, C and C2DC respectively, where DC is a
measure of the spread in hyper®ne ®elds at the Fe atoms. To
aid interpretation of these data, a weighted mean linewidth
�C~ 1

6
��2{x��Coctz3�Ctet was calculated, where �Coct and �Ctet

were the mean sublattice linewidths estimated by taking into
account the 3 : 2 : 1 area ratios of the outer : middle : inner pairs
of lines, �Coct=tet~Cz 1

3
DC. The variations in �C for the series 1

and 2 samples, as a function of Cr content, are shown in Fig. 2.
They are essentially linear, consistent with progressive lattice
disruption as the Cr occupies the octahedral sites.

In addition to the well resolved octahedral and tetrahedral
sublattice Y3Fe52xCrxO12 sextets discussed above, in most
samples an additional paramagnetic doublet contribution was
seen. This was particularly so at the lower levels of chromium
substitution. Although the origin of this contribution has not
been rigorously tested, the fact that no additional phases were
apparent in the X-ray data leads us to surmise that it is due to
some superparamagnetic Y3Fe52xCrxO12 crystallites in the
product. For higher Cr contents a very small (1±2% of the total
spectral area) minority phase is apparent, in the form of a
magnetic sextet with a large hyper®ne ®eld of the order
51.0 T. This sextet is identi®able as due to an iron oxide, most
probably hematite, a-Fe2O3. It is not surprising that such a

Fig. 1 Representative room temperature MoÈssbauer spectra for Y3Fe52xCrxO12 ferrite-garnets prepared by SHS reactions in zero ®eld or in an
external ®eld of 1.1 T, subsequently annealed at 1450 ³C for 4 h. The solid lines show the results of least-squares ®ts to the data, as discussed in the
text and in Table 3.

Table 3 Room temperature MoÈssbauer data for Y3Fe52xCrxO12 ferrite-garnets prepared by SHS reactions in zero ®eld or in an external ®eld of
1.1 T (series 1 and 2), subsequently annealed at 1450 ³C for 4 h. The parameters listed are the isomer shift d (¡0.01 mm s21), quadrupole shift 2e
(¡0.02 mm s21), linewidths C and DC (¡0.02 mm s21), and hyper®ne ®eld Bhf (¡0.3 T) of the octahedral and tetrahedral sites in the ferrite-garnet
structure. The relative areas of these sextets were constrained to the ratio (22x) : 3, in accordance with a model in which all the Cr ions reside on the
octahedral sites. Also listed are the relative spectral areas of two additional phases identi®ed in the spectra: a paramagnetic doublet component (PM)
due to superparamagnetic ®ne particles of Y3Fe52xCrxO12, and a magnetic sextet (Ox) due to an iron oxide impurity

x

Octahedral sites Tetrahedral sites

%PM %Oxd 2e C DC Bhf d 2e C DC Bhf

Zero ®eld SHS
0 0.37 0.07 0.37 0.04 49.0 0.14 0.03 0.42 0.03 39.6 29 Ð
0.1 0.37 0.07 0.42 0.07 48.5 0.15 0.02 0.48 0.09 39.1 29 Ð
0.2 0.37 0.00 0.63 0.23 46.9 0.15 0.03 0.67 0.12 38.0 4 2
0.3 0.37 0.04 0.46 0.09 47.8 0.15 0.02 0.58 0.11 38.2 10 4
0.4 0.37 0.02 0.65 0.26 46.2 0.15 0.03 0.73 0.20 36.9 4 1
0.5 0.39 0.01 0.71 0.29 46.0 0.15 0.01 0.79 0.22 36.4 3 1
0.6 0.38 0.02 0.74 0.34 45.7 0.15 0.01 0.84 0.25 36.1 3 1
Applied ®eld SHS
0 0.38 0.06 0.39 0.04 48.8 0.15 0.03 0.45 0.04 39.4 26 Ð
0.1 0.37 0.07 0.48 0.14 48.5 0.15 0.01 0.51 0.19 38.8 53 Ð
0.2 0.37 0.01 0.62 0.20 47.1 0.15 0.02 0.64 0.11 38.1 4 2
0.3 0.38 20.02 0.68 0.27 46.6 0.14 0.03 0.73 0.16 37.3 4 1
0.4 0.38 0.02 0.62 0.23 46.4 0.15 0.02 0.70 0.17 37.0 3 1
0.5 0.38 0.00 0.67 0.28 46.1 0.15 0.02 0.79 0.21 36.5 2 1
0.6 0.38 0.01 0.70 0.34 45.6 0.16 0.02 0.81 0.24 36.0 3 2
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small contribution was not apparent in the X-ray data,
especially since it may well exist in a ®ne particle form.

Magnetic measurements

The magnetic data in Fig. 3 illustrate that the same underlying
trends appear in both the series 1 and 2 sets of samples, and
that the applied ®eld samples show consistently higher
magnetisations and lower coercivities. The most likely cause
for this is improved crystallinity in the applied ®eld samples.

Yttrium iron garnet is characterised by strong antiferro-
magnetic interactions between the Fe3z ions on the a and d
sublattices. As the Y3z ions are non-magnetic, theoretically the
calculated magnetic moment s0 (mB) per formula unit Y3Fe5O12

is s0~3sd22sa, where sd and sa are the magnetic moments of
the Fe3z ions in the d and a sublattices (mFe3z~5 mB).5,10,13 For
pure yttrium iron garnet the magnetic moment value is 5 mB per
formula unit. For chromium substitution, taking into account
the preference for octahedral coordination results in a magnetic
moment per formula unit given by:

s0~f3sd{��2{x�sazxs'a�g (2)

where s'a is the magnetic moment of Cr3z ion (mCr3z~3mB) and

x is the degree of substitution. From this formula the resultant
magnetic moment should increase linearly with x (at x~0.1,
s0~5.2 mB and at x~0.6 s0~6.2 mB).10

The variation in maximum measured magnetisation smax

with Cr content in the SHS prepared materials, shown in Fig. 3,
does not comply with this model. Although the x~0, 0.1 and
0.2 samples show a linear increase in smax with a slope in
accordance with expectation, a sharp peak is seen in both the
zero ®eld and applied ®eld SHS samples for x~0.3. At higher
Cr contents the magnetisation then falls steadily with
increasing Cr. Also shown in Fig. 3 is the Hc data, which
also indicate a change in magnetic behaviour at x~0.3, where a
minimum is reached. For x~0.4 and above a sharp increase in
Hc is seen.

The shape of the magnetisation vs. Cr content curve in Fig. 3
is similar to that observed by Villers et al.14 for the low
temperature extrapolated speci®c magnetisation in conven-
tionally prepared Y3Fe52xCrxO12. Villers et al. attributed the
fall in magnetisation for x¢0.4 to the formation of an
antiferromagnetic YCrO3 impurity phase at the expense of the
cubic yttrium iron garnet phase. Even though our X-ray
evidence showed no new phases at or near x~0.4 in the SHS
samples, the MoÈssbauer results indicate some iron oxide
impurities (at a level of 1±2%) in all the samples with x¢0.2. To

Table 4 Room temperature magnetic properties of Y3Fe52xCrxO12 ferrite-garnets prepared by zero ®eld SHS and SHS in a magnetic ®eld of 1.1 T:
maximum magnetisation smax in an external ®eld of 7.5 kOe (¡0.2 emu g21); remanent magnetisation sr (¡0.1 emu g21) and coercive force Hc

(¡0.2 Oe)

x

Zero ®eld SHS SHS in ®eld of 1.1 T

smax sr Hc smax sr Hc

0 14.60 1.03 4.9 15.80 1.39 4.2
0.1 15.36 1.29 4.5 16.28 1.54 4.0
0.2 16.27 1.51 4.2 17.22 1.70 3.6
0.3 20.34 2.12 4.0 21.14 2.39 3.1
0.4 18.90 1.88 5.1 19.75 2.01 4.4
0.5 18.40 1.74 5.7 18.77 1.80 4.6
0.6 17.21 1.66 7.0 18.04 1.75 6.0

Fig. 2 Variation with Cr content x of (i) the magnetic hyper®ne ®elds of
the octahedral and tetrahedral sites and (ii) the weighted mean
linewidths (as discussed in the text) deduced from the MoÈssbauer
spectra of Y3Fe52xCrxO12 samples prepared by SHS reactions in zero
®eld (+) or in an applied ®eld of 1.1 T (,), subsequently annealed at
1450 ³C for 4 h.

Fig. 3 Variation with Cr content x of (i) the bulk magnetisation and (ii)
the coercive force, measured in an applied ®eld of 7.5 kOe, for
Y3Fe52xCrxO12 samples prepared by SHS reactions in zero ®eld or in
an applied ®eld of 1.1 T, subsequently annealed at 1450 ³C for 4 h.
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preserve the elemental composition of the samples we expect
that the two impurity phases should co-exist. Thus it is likely
that both YCrO3 and a-Fe2O3 are present in the higher Cr-
content samples. Thus a possible explanation for the fall in
magnetisation with increasing Cr content is the increased
presence of non-magnetic impurities.

There is however a peculiarity in the coercivity data. The
observed steady increase in Hc for x¢0.3 may at ®rst sight also
be attributed to the presence of impurity phases. However,
given that we expect that the contribution of antiferromagnetic
YCrO3 to the hysteresis data will be negligible, the observed
coercivity increase must be associated with the presence of the
weakly ferromagnetic (canted antiferromagnet) a-Fe2O3 phase.
This leaves open the question as to how or why the coercivity of
the a-Fe2O3 phase should be increasing in a nearly monotonic
fashion as the Cr content of the samples increases. More
detailed investigation would probably be needed to address this
matter, which is perhaps a microstructural effect.

Nevertheless, we note in passing an alternative explanation
for the observed fall in magnetisation and rise in coercivity,
which does not rely on impurity phases, but rather is based on
magnetic frustration and percolation. According to theory,30

the critical percolation concentration for sites occupying a
simple cubic lattice is 0.311. At this concentration all the
dopant atoms on the lattice `see' each other as a single in®nite
cluster. If the dopant atoms are antiferromagnetically coupled
Cr3z ions and the host atoms are ferromagnetically coupled
Fe3z ions, then at the percolation concentration the Cr3z ions
could impose a frustrated magnetic con®guration on the
system. This would be apparent as both a fall in the obtainable
magnetisation and an increased coercivity, as it becomes more
dif®cult to manipulate the system with an external ®eld.
Although not directly applicable to the Y3Fe52xCrxO12 system
(because Cr3z preferentially occupies the octahedral Fe3z

sites, and because the interactions are an oxygen mediated
superexchange), the model as described does indicate that such
effects could be present and could give rise to the observed
data.

Conclusions

Representative chromium-substituted yttrium iron garnet
magnets, Y3Fe52xCrxO12, have been prepared for the ®rst
time by a process involving initial reaction via self-propagating
high-temperature synthesis (SHS) followed by annealing at
1450 ³C for 4 h. The reactions are straightforward and easy to
perform, and yield nearly phase pure products in much shorter
synthesis times, and with much less input of external energy,
than in conventional syntheses. MoÈssbauer effect experiments
established that Cr substitution was successfully accomplished,
with the Cr3z ions supplanting Fe3z ions on the octahedral
sublattice of the garnet structure. Samples prepared by SHS
reaction in an applied magnetic ®eld, followed by annealing,
showed signi®cantly larger speci®c magnetisations and smaller
coercivities than were found in equivalent samples produced by
zero ®eld SHS, followed by annealing. These results are
consistent with changes in the microstructure of the products,
in¯uenced by the applied magnetic ®eld during the SHS
reaction, such as a tendency to form larger sized crystallites in
the applied ®eld reactions. In both sets of samples a
magnetisation maximum and coercivity minimum was seen

at x~0.3, possibly due to the presence of increasing amounts of
YCrO3 and a-Fe2O3 impurities in the higher Cr content
samples.
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