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Here we report the single phase nanostructured Gd3Fe5O12 garnets with different grain sizes 共bulk,
75, 47, 35, and 22 nm兲 were prepared by ball milling for various milling times. Both the average
grain size and the lattice parameter were estimated from the x-ray diffraction line broadening. The
57
Fe Mössbauer spectra were recorded at 300 and 77 K for the samples with different grain sizes
clearly evidenced the formation of Fe2+ ions induced by milling and the content of Fe2+ increases
with milling time. At 4.2 K, a significant increase in saturation magnetization 共+11%兲 has been
observed for the 47 nm particles. The magnetization is strongly applied field dependent and no
saturation effect is observed even at fields as high as of 320 kOe. The results presented here have
been explained in terms of the key role played by the Fe2+ ions. © 2010 American Institute of
Physics. 关doi:10.1063/1.3357326兴
I. INTRODUCTION

Rare earth iron garnets 共REIG兲 are promising candidates
for use in high performance microwave and electrochemical
devices owing to its high resistivity, high Curie temperature,
and high chemical stability and possess unique magnetic,
optical, thermophysical, and mechanical properties.1–7 The
3+
general chemical formula for the REIG is 兵R3+
3 其c关Fe2 兴a
2−
3+
共Fe3 兲dO12h. The unit cell of the garnet is composed of eight
formula units forming a complex cubic lattice constituted by
altogether 160 ions on specific lattice positions, i.e., 96 O2−
ions on h sites and three groups of trivalent metal ions distributed on 24 c sites 兵R3+其, 16 octahedral a sites 关Fe3+兴 and
24 tetrahedral d sites 共Fe3+兲, respectively. Note that the Gd
magnetic moment is insensitive to the crystalline field and to
the superexchange anisotropy due to the absence of net orbital angular momentum 共L = 0兲.
The dominating superexchange interaction renders the
关a兴 and 共d兲 sites magnetic moments antiparallel and determines the Curie temperature 共TC兲 whereas the magnetization
of Gd3+ ion is opposite to the resultant magnetization of Fe3+
ion sublattices giving rise to ferrimagnetism. This is possible
only because the superexchange interaction among the Fe3+
ions polarizes the paramagnetic rare earth ions magnetically.8
At the compensation temperature 共Tcomp兲, M兵Gd3+
3 其 at the
c-sites is equal and opposite to the resultant of Fe3+ ion sublattice of the 关a兴 and 共d兲 sites. The compensation 共Tcomp兲 and
Curie temperature 共TC兲 of the bulk GdIG are 295 K and 566
K, respectively.2
In spinel ferrites, the grain size reduction induces the
competition between the ferro- and antiferromagnetic exa兲
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change interactions arising from Fe clustering, the breaking
of superexchange bonds, spin canting, and formation of Fe2+
charge state due to oxygen vacancies produced while milling. As a result, the change in cation distribution, magnetization, coercivity, and enhanced Néel temperature has been
proved.9–13 However, there is no report in the literature, to
the best of our knowledge, on the synthesis of single phase
nanostructured GdIG with various grain sizes. In the past few
attempts have been made to synthesize nanostructured GdIG
using various techniques and when the size of the particles
reduced to nanoscale it was found to decompose into rare
earth orthoferrite, and other rare earth and iron oxide
phases.14–17 Here, single phase nanostructured Gd3Fe5O12
garnets have been prepared using the ball milling technique
and its structural and magnetic properties were studied in
detail.
II. EXPERIMENT

Gd3Fe5O12 particles were synthesized in polycrystalline
form by the solid-state reaction technique from a mixture of
␣-Fe2O3 共Aldrich, 99.99%兲 and Gd2O3 共Aldrich, 99.99%兲 in
nominal compositions of 5:3. The crystal structure was characterized by x-ray powder diffraction using Cu K␣ radiation
共 = 1.5404 Ǻ兲 in Rigaku Dimax 2000 diffractometer. Milling of the as-prepared particles was carried out for different
durations in a controlled atmosphere using a planetary ball
mill 共Fritsch Pulverisette, P6兲 to reduce the grain size.
57
Fe Mössbauer spectrometry was carried out at 300 and
77 K using a constant acceleration Mössbauer spectrometer
with a source of 25 mCi 57Co diffused into a Rh matrix.
Natural iron foil was used as a standard for velocity calibration. The dc magnetization studies were carried out using a
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FIG. 1. 共Color online兲 X-ray diffraction pattern of bulk and nanostructured
Gd3Fe5O12.

homemade magnetometer under a high continuous magnetic
field of up to 320 kOe using the extraction technique in the
range of 4–300 K at the Grenoble High Magnetic Field
Laboratory, Grenoble, France. The TC of the Gd3Fe5O12
nanoparticles were measured by using the Lakeshore 2500
vibrating sample magnetometer in a high temperature set up.
III. RESULTS AND DISCUSSION

The x-ray diffractograms of the bulk and milled
Gd3Fe5O12 garnet particles are compared in Fig. 1. The
milled Gd3Fe5O12 garnet particles retain their single phase
structure 共JCPDS-48–0077兲. The average grain size was determined by using the Scherrer formula from the full width at
half maximum of the 共422兲 diffraction peak for different
milling times. The initial increase in the lattice parameter is
due to the expansion of the lattice as a result of the cation
redistribution and mechanically induced stresses. The subsequent decrease in the lattice parameter after 10 h milling is
attributable to the possible mechanically induced changes in
the bond lengths and angles.9
The 57Fe Mössbauer spectra were recorded at 300 and 77
K for the nanostructured Gd3Fe5O12 having different grain
sizes are illustrated in Fig. 2. The spectra were least square
fitted and the refined values of the hyperfine parameters were
then determined. For the as-prepared Gd3Fe5O12, the spectra
were described by means of three sextets corresponding to
three different Fe3+ environments 共octahedral sites 关12a1 and
4a1兴 and tetrahedral 共24d兲 sites, respectively兲. There is no
evidence for the presence of Fe2+ charge state in the asprepared garnets. On increasing the milling time, one observes the progressive occurrence of a central quadrupolar
feature at both 300 and 77 K, as is shown in Fig. 2, in
addition to three magnetic sextets with decreasing intensity
but increasing linewidth compared to that of the bulk. These
later components are unambiguously attributed to crystalline
GdIG phase with structurally disordered Fe3+ environment
induced during milling. The quadrupolar feature has to be
decomposed at both temperatures into two broad line quadrupolar doublets. They are characterized by two different
isomer shift values which allow the presence of ferric and
ferrous species to be identified; it is important to emphasize
that the intensity of the ferric doublet is systematically higher
at 300 K while the Fe2+ content linearly increases with the
milling time from the hyperfine data estimated from the ab-

FIG. 2. 共Color online兲 Mössbauer spectra recorded at 300 and 77 K for the
as-prepared, 10, 20, and 40 h milled Gd3Fe5O12.

sorption areas at 300 and at 77 K 共Fig. 3兲. The reduction in
some of the Fe3+ ions to Fe2+ ions giving rise to the formation of oxygen vacancies as previously reported in milled
ZnFe2O4 sample.13 In all the nanocrystalline samples, the
tetrahedral component was well described with at least two
well defined sextets suggesting some local distortions. However, we did not observe any spin canting.
Due to the inability to saturate the magnetization, magnetization measurements were performed on all the samples
in the temperature range of 4.2–300 K under continuous
magnetic fields up to 320 kOe and the first quadrant hysteresis loops are shown in Fig. 4. We will discuss here the 4.2 K
results only. It is noted that the 30 h 共35 nm兲 milled sample
show lower magnetization values than the other studied ones.
The measured magnetization 共M兲 for the as-prepared
GdIG is found equal to 15.9 B mol−1 at 4.2 K and this
value confirms that all the Fe and Gd ions are in a trivalent
state according to a pure ferrimagnetic ordering of GdIG
single crystal. It is also worth noting that the saturation field
共Msat兲 starts even at an applied field of 5 kOe for the as-

FIG. 3. 共Color online兲 Fe2+ content vs the milling time and calculated anisotropy constant.
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perature 共Tcomp兲 values of the nanostructured garnets are few
degrees higher than that of the bulk. However, the Curie
temperature 共TC兲 of the various sized nanostructured GdIG
samples are found to be significantly higher than that of the
bulk 共TC varies from 591 K for the bulk to 628 K in the
sample milled for 20 h with 47 nm mean grain size兲.
IV. CONCLUSIONS

FIG. 4. 共Color online兲 Isothermal magnetization curves at 4.2 K.

prepared GdIG. When the grain size is reduced below 100
nm, the M is strongly applied field dependent and no saturation is observed even under the highest applied field of 320
kOe. The Msat attains the bulk value of 16 B mol−1 only
when the external applied field 共H兲 is equal to 130, 200, and
240 kOe for the 20 h 共47 nm兲, 40 h 共22 nm兲, and 10 h 共75
nm兲 milled samples, respectively at 4.2 K.
In the 170–320 kOe field range the magnetization curves
of the different milled samples are very well 共within ⫾1%兲
described by the law of approach to saturation M = Msat 共1
− b / H2兲. According to Néel18 the b coefficient is determined
by the magnetocrystalline anisotropy and given by b
= 8 K2 / 105 共Msat兲2. At 4.2 K, Msat was found equal to
16.8 B mol−1 for the 10 h, 17.4 B mol−1 for the 20 h, and
17.1 B mol−1 for the 40 h samples, respectively; for the 35
h milled sample Msat is only equal to 14 B mol−1 and remains much smaller than the bulk value. The so-calculated
variation in K is reported in Fig. 3 versus the Fe2+ content
where a large increase in K is observed when the milling
time increases.
The modified formulae of our GdIG particle is given by
3+
3+
2+
2+
2−
兵Gd3+
3 其 共Fe3共1−r兲Fe3r 兲 关Fe2共1−s兲Fe2s 兴 O12−2.5p taking into account the presence of oxygen vacancies related to the Fe2+
content 共p兲. Assuming that only the Fe3+ ions contribute to
the ferrite magnetization r and s values were calculated using
the p and Msat values deduced from the Mössbauer spectra
and high field behavior analysis, respectively. The detailed
analysis on the effect of Fe2+ ion in the octahedral and tetrahedral site in garnets will be explained elsewhere.19 A study
of the distribution of Fe3+ over the two magnetic sites explains then why Msat varies around the bulk value although
the reduction from Fe3+ to Fe2+ increases rapidly with the
increasing of milling time that corresponds to a decrease in
the grain size. The particular behavior of the 35 h milled
samples is then explained by the fact that the octahedral site
contains the largest part of Fe2+ ion since s and r are found to
be equal to 0.28 and 0.15, respectively. On the contrary for
the 40 h milled sample, s = 0.19 and r = 0.29; that means for
this sample 71% 共81%兲 of the Fe ions are in a trivalent state
in the tetrahedral 共octahedral兲 sublattice.
Also, we would like to note that the compensation tem-

Single phase nanostructured GdIG particles with different grain sizes were prepared using the ball milling technique. The average grain size decreases with milling time
and the lattice parameter initially increases due to the expansion of the lattice as a result of the cation redistribution and
mechanically induced stresses and decreases for higher durations of milling. Mössbauer spectroscopy studies shows
that there is no evidence for the presence of Fe2+ charge state
in the as-prepared garnets. However, milling induces the
oxygen vacancies and hence the presence of Fe2+ content
increases rapidly with the increasing of milling time that
corresponds to a decrease in the grain size. When the grain
size is reduced below 100 nm, the magnetization is strongly
applied field dependent and no saturation is observed even
under the highest applied field of 320 kOe. The magnetic
moment values of the nanostructured garnets are approximately 11% higher than that of the bulk value at 4.2 K except
for the 35 h milled sample and it depends on the population
of Fe2+ ion distribution in tetrahedral and octahedral sites. A
large increase in magnetocrystalline anisotropy is also observed in the nanostructured GdIG garnet particles.
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