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The system (a-Fe2O3)x(a-Al2O3)12x was subjected to 24 h of high-energy ball-milling varying its
nominal concentration,x. The milled samples were structurally and magnetically characterized at
room temperature by x-ray diffraction, Mo¨ssbauer spectroscopy, and magnetic measurements.
Mössbauer studies were also performed in the temperature range 250–6 K. As a result of the earlier
analyses, it was observed that the milling products were extremely dependent on the hematite
starting concentration. In samples with lowa-Fe2O3 initial concentration~i.e., x<0.12), the
paramagnetic solid solutiona-(FeDYAl12DY)2O3 , thea-Fe and the FeAl2O4 phases were identified,
along with alumina, which was always residual. The presence of spinel and metallic iron was
attributed to the stainless-steel vial and balls abrasion. Forx.0.12, the iron component was no
longer present but another magnetic component, corresponding to an aluminum-substituted hematite
phase,a-(Fe12DWAlDW)2O3 , could be seen to increase with increasingx. This solid solution was
shown to be transitional, at room temperature, between two ordering states, weak ferromagnetic and
superparamagnetic, the latter resulting from the milling induced particle size reduction. Low
temperature Mo¨ssbauer spectra revealed the magnetic ordering of both solid solutions,
a-(FeDYAl12DY)2O3 and a-(Fe12DWAlDW)2O3 , and indicated the suppression of the Morin
transition for the iron-rich solid solution. The magnetization versus magnetic field curves obtained
for samples withx>0.12 revealed, besides a general superparamagnetic character, some hysteretic
behavior due to the magnetic phases eventually existing. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1636262#

I. INTRODUCTION

The high-energy ball-milling technique has emerged as
an inexpensive route to produce nonequilibrium phases in
several varied forms such as nanostructured and amorphous
materials, nanocomposites and extended solid solutions.1

This preparation technique has attracted much attention be-
cause it permits study of metal–metal, oxide–metal, and
oxide–oxide solid solutions, which can be metastably
extended.2 The final ball-milled products are usually of nano-
scopic scale and are characterized by high surface area, high
defect density, and enhanced diffusion rates. In fact, the ball-
milled activated materials become, in most cases, more reac-
tive and capable of faster reactions than the thermochemi-
cally activated ones.3 This occurs due to the introduction of
free energy in the crystal lattice during the milling process,
when the raw materials are submitted to fracturing, deforma-
tion and welding.2–4 For this reason, the milling medium
~i.e., the vial and the balls! acquires an important character in

the mechanochemical process constituting, with other me-
chanical settings, a crucial set of parameters to produce ma-
terials with desired properties.1

To date, a long list of systems has been processed by
high-energy ball-milling.1 Oxides in particular, have been
largely investigated mainly focusing on their magnetic, ferro-
electric, and refractory properties.1 A number of techniques
have been applied in the above investigations, such as x-ray
diffraction ~XRD!, magnetization,57Fe Mössbauer spectros-
copy ~MS!, scanning electron microscopy, and transmission
electron microscopy, which give structural and macroscopic
magnetic information.1 Ordinarily, microscopic probing of
samples provides a more profitable analytical methodology
because properties of ball-milled materials are strongly af-
fected by the local mean composition, defects, strain, and
average interatomic distances. The mechanically induced
changes certainly influence the chemical bonds and, conse-
quently, the magnetic and electric fields around the atoms.
57Fe Mössbauer spectroscopy, being highly responsive to the
hyperfine fields at the probe nuclei, becomes a powerful tool
in the study of ball-milled materials. Indeed, due to its high
energy resolution and detection character of low relaxationa!Electronic mail: paesano@wnet.com.br
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time, it provides relevant information concerning the identi-
fication of the low level iron containing phases, being much
more sensitive to their identification than most of the struc-
tural characterization techniques. In addition, it permits the
possibility of observing magnetic phase transitions through
the magnetic hyperfine field (Bhf) evolution. Furthermore,
MS also allows studying structural and electronic properties
through the other hyperfine parameters. Specifically, the iso-
mer shift ~d! provides a direct measurement of the nuclear
electronic density, giving important information about the
valence state of the iron atom, while the quadruple splitting
~QS! permits study of bounded properties, electronic and
molecular structural problems, and possible lattice distorted
states, as observed in the ball-milled products. This explains
why milled iron compounds can be suitably characterized by
Mössbauer spectroscopy.

Hematite (a-Fe2O3), for instance, which has important
magnetic properties, has been studied extensively, using vari-
ous techniques including the earlier spectroscopy technique,
when individually milled in high-energy ball mills.5–10 Ex-
ploring and understanding the magnetic and electric modifi-
cations associated with the structural evolution in the ball-
milled hematite, has been the driving force of many efforts
conducted in recent years.7–10

The crystal structure of hematite is isomorphous to alu-
mina (a-Al2O35corundum), with a close-packed oxygen
lattice and Fe31 cations in octahedral sites. It is a complex
magnetic material, being antiferromagnetic~AF! at low tem-
peratures and undergoing a transition to a weak ferromag-
netic state~WF! above the so-called Morin temperature
(TM>260 K), because of a spin canting.11 The hematite
magnetic behavior is very sensitive to strain, external fields
and, especially, to impurities or foreign atoms.12

In this sense, some researchers have also investigated the
products of hematite milled with different metals and
oxides.13 The great technological and academic interest in
these composites is due to numerous potential applications,
mainly in electronics, metallurgy, and catalysis of ammonia
synthesis.9,14 Surprisingly, so far, in spite of the immense
technological and academic importance of the hematite–
alumina system, no research concerning the systematic study
of this system, prepared through the high-energy ball-milling
technique, has been reported in the literature. Actually, the
influence of the substitution of aluminum ions on hematite or
other iron oxides has already been largely studied.15,16 How-
ever, the characterized samples were prepared by conven-
tional ceramic preparation methods. Therefore, this opens the
possibility of applying innovative processing routines,
searching for materials with original and optimized proper-
ties.

In this context, the aim of this contribution is to analyze
the reactions and possible phase transformations induced by
high-energy ball milling of the hematite–alumina system.
The obtained products were characterized by XRD, magne-
tization measurements and, principally, MS, focusing on
identifying the formed phases and their magnetic behavior.

II. EXPERIMENT

(Fe2O3)x(Al2O3)12x composites were prepared in a
Fritsch Pulverisette 6 planetary ball mill, using a 80 cm3

stainless-steel vial charged with 10 mm diameter stainless-
steel balls. Analytical gradea-Fe2O3 ~99.9%! anda-Al2O3

~99.8%! powders were used as precursors. The powders were
manually premixed in nominal compositions ranging from
x50.02 up tox50.50 and milled in argon atmosphere with-
out any additives~dry milling! and under closed milling con-
ditions, i.e., the vial was not opened during the milling pro-
cess. The milling settings, i.e., the ball-to-powder-mass ratio
~30:1!, angular velocity of the supporting disc and vial
(31.42 rad s21) and milling time ~24 h! were kept constant
throughout the experiments. The XRD patterns of the milled
products were obtained at RT, using a Siemmens D500 x-ray
diffractometer in Bragg–Brentano geometry, with CuKa ra-
diation, in the 20°<2u<60° range. The MS characteriza-
tions were performed in the transmission geometry, using a
conventional Mo¨ssbauer spectrometer in a constant accelera-
tion mode. Theg-rays were provided by a nominal 10 mCi
57Co(Rh) source. A liquid nitrogen/helium cryostat was used
for low-temperature measurements. The Mo¨ssbauer spectra
were analyzed with a nonlinear least-square routine, with
Lorentzian line shapes. All isomer shift~d! data are given
relative toa-Fe throughout this article. Magnetization mea-
surements were performed using a homemade vibrating
sample magnetometer, at room temperature.

III. RESULTS AND DISCUSSIONS

XRD patterns for some representative samples are
shown in Fig. 1. As can be seen forx50.02 @Fig. 1~a!#, the
diffraction peaks were assigned as being for alumina and
a-Fe. The peak for thê110& iron plane is observed up tox
50.12 @Fig. 1~b!#, where some hematite diffraction peaks
start to appear. We believe that the iron originates from abra-
sion of the stainless-steel vial and balls since the samples
with smallx are predominantly composed of alumina, a very
abrasive milling medium.

With a starting concentration of hematite comprised be-
tween 0.12,x<0.50, only alumina and broadened hematite
peaks could be observed in the patterns@Figs. 1~c!–1~d!#. If
any reaction between the precursors in the
(Fe2O3)0.50(Al2O3)0.50 sample, for instance, effectively hap-
pened, XRD would not be able to detect it, considering the
ordinary conditions in which it was applied. The broadening
of hematite x-ray lines is associated with an effective particle
size reduction, as well as with internal crystal strains and
aluminum-substituted iron in this oxide. In fact, these situa-
tions have usually been reached through the high-energy
ball-milling process.7,8

Room-temperature Mo¨ssbauer spectra for some selected
samples are shown in Fig. 2, with the respective hyperfine
magnetic field (Bhf) and QS distributions~histograms! as
inserts in this figure. The hyperfine parameters obtained from
the spectral analysis are listed in Table I. As can be observed,
the spectra of samples withx<0.12 @Figs. 2~a!–2~c!# were
fitted with two discrete sites~a singlet and a doublet! and
with Bhf and QS distributions, each one with a properd. For
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x50.02 and 0.10, the magnetic component has hyperfine pa-
rameters,d and Bhf

max ~i.e., the most probable field! close to
those of bulk iron~a-Fe!, thus corroborating with the XRD
evidence for the iron presence in those samples. The broad-
ened lines of the magnetic subspectrum may be attributed to
the size distribution of iron particles and to the lattice distor-
tions promoted by the milling process. The repeated process
of breaking particles may, also, have produced a nanoscaled
material with a very small grain size. This is a known prod-
uct of the high-energy ball-milling process.7–10 Thus, the
single line present among the individual subspectra is attrib-
uted to SPM iron nanoprecipitates. Indeed, several authors
have reported a singlet with similar values for thed in iron
implanted alumina samples17–21 and as-sputtered Fe:Al2O3

thin films,22 and attributed it to nanostructured iron. The
same SPM phase was also detected in an earlier work during
a systematic arc-melting study of FeZ(Al2O3)12Z , as re-
ported by Paesanoet al.23 They observed that, concurrently
to iron in nano and bulk forms, the spinel oxide FeAl2O31Y

was formed for every iron concentration,Z, in the range
0.02<Z<0.60. As performed by Paesanoet al., a QS distri-
bution with a singled was here employed to consistently fit
this quadrupolar contribution. The distribution could be jus-
tified by the fact that hercynite is an inverse spinel, in which
iron has several distinct neighborhoods. Furthermore, lattice
defects such as strain and/or the high area/volume ratio of
particles, originated by the milling process, also contribute to

scatter the quadrupolar splitting. The obtained hyperfine pa-
rameters~see Table I! are, in fact, reasonably comparable to
those of the hercynite spinel phase as earlier reported by
other authors.24 While d for this mixed oxide is consistent
with Fe21, the other quadrupolar component~i.e., the dis-
crete doublet! presents hyperfine parameters that correspond
to trivalent iron. Given that ball milling can break particles
up to nanosized scale and dissolve mutually Fe2O3 and
Al2O3 , the doublet may be attributed to a paramagnetic
‘‘iron-poor’’ solid solution,a-(FeDYAl12DY)2O3 , where iron
substitutes aluminum in the alumina matrix. Mixed with alu-
mina in a relatively small starting concentration, the precur-
sor iron oxide would be consumed in a few hours of milling.
This explains why no evidence for remanent hematite in
magnetically ordered bulk form could be detected by MS or
XRD in samples for whichx,0.12.

Considering the sample withx50.12 @Fig. 2~c!#, for
which the same subspectral components of the earlier cases
were used in the fitting procedure, not only one strong maxi-
mum can be observed in the magnetic field distribution but
two maxima, centered around 32 and 50 T. The full magnetic
contribution is, now, a combination of bulk iron~32 T! and
another magnetic site~50 T!, both phases strained by the
mechanical process. The two distinct quadrupolar compo-
nents are associated, as before, with the hercynite~QS dis-
tribution! and the earlier-mentioned solid solution~discrete
doublet!. It is worth noting that the total amount of iron
(nano1bulk) was largely reduced, while the amount of the
Fe31 phase increased withx.

For x.0.12, the 50 T magnetic contribution will in-
crease, while the bulk1nano iron, in the resolution-limits of
the Mössbauer technique, are virtually absent. According to
our proposition set out earlier, regarding the iron originating
from the vial and balls, this means thata-Fe contamination
now becomes low in comparison with the iron oxide content,
and is very difficult to detect. Nevertheless, forx50.20@Fig.
2~d!#, the hercynite Fe21 quadrupolar contribution is still
present, with an enlarged linewidth doublet replacing the QS
distribution used forx,0.20. Superposed and showing an
evident growth withx is the Fe31 doublet belonging to the
a-(FeDYAl12DY)2O3 phase. The hyperfine parameters~see
Table I!, as well as the profile of the magnetic distribution
which, for x50.20, accounts for;21% of the total spectral
area, reveal now more evidently than forx50.12, the re-
mains of the precursor iron oxide, probably with some alu-
minum substituting iron in the hematite matrix. Thus, an
iron-rich solid solution,a-(Fe12DWAlDW)2O3 , is supposed
to occur with variable iron concentration throughout the
sample and, as a result of the milling process, with a poorly
crystallized structure. In our opinion, aluminum-substituted
hematite is shown at aroundx50.12 because it is not pos-
sible, as it is for smaller values ofx, to completely dissolve,
after 24 h of milling, such a fraction of iron oxide in alumi-
num oxide. Studies on several binary systems (metal
1oxide/oxide1oxide) prepared in our planetary ball mill
with diverse vials~e.g., hardened steel, alumina, tungsten
carbide, etc.! have invariably shown that blending after a few
hours of milling action on a mixing pair is maximized for
solute concentrations around 10%.25 Therefore, according to

FIG. 1. X-ray diffraction patterns for (Fe2O3)x(Al2O3)12x ball-milled
samples:~a! x50.02, ~b! x50.12, ~c! x50.25, and~d! x50.50. The A and
H symbols refer to alumina (a-Al2O3) and hematite (a-Fe2O3), respec-
tively.

1309J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Cótica et al.
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our experience, abovex;0.10 traces of bulk hematite should
probably appear.

Strictly speaking, the a-(FeDYAl12DY)2O3 and
a-(Fe12DWAlDW)2O3 components are not meant to consti-
tute two different crystallographic phases but isostructural

solid solutions with different ranges of iron concentration,
similarly to the phases predicted by the equilibrium phase
diagram of this oxide binary system.26 This supposition im-
plies that the used milling apparatus with the selected set-
tings did not provide complete mutual solubility between the

FIG. 2. Mössbauer spectra, obtained at room temperature for (Fe2O3)x(Al2O3)12x ball-milled samples:~a! x50.02,~b! x50.10,~c! x50.12,~d! x50.20,~e!
x50.25, and~f! x50.50. Insets: quadrupole splitting and magnetic hyperfine field distributions.

1310 J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Cótica et al.
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oxides, although metastably extended solid solutions are ex-
pected at both extremes of the composition.27 Due to limita-
tions in the mutual solubility shown by the Fe2O3– Al2O3

system in equilibrium state, a gap between the composition
ranges may be expected even for a nonequilibrium mixing
process such as ball milling. In other words, we believe that
a compositionally balanced iron–aluminum monophase ox-
ide was not achieved with the applied milling conditions.
Interestingly, preliminary investigations using an alumina
vial in the same planetary mill have indicated that a solid
solution of (Fe;0.50Al;0.50)2O3 is easily accomplished after
24 h of milling.

In the intermediate concentrationx50.25@Fig. 2~e!#, the
measured Mo¨ssbauer spectrum is very different from those

previously recorded. In fact, the sextet attributed earlier to
the a-(Fe12DWAlDW)2O3 solid solution phase is much more
intense, though still quite broadened. This hyperfine field dis-
tribution is typical of a magnetic phase for which there was a
particle size reduction until a single domain was achieved,
although without completely reducing the particle size after
milling times of 24 h under the blocking volume,VC , when
a magnetic phase transition~AF or WF⇒SPM) takes place.7

As a consequence, relaxation effects may be occurring and
leading to a lower~relative to the bulk hematite field, 51.5 T!
average value,̂ Bhf& ~see Table I!. Additionally, the most
probable hyperfine magnetic fieldBhf

max @see the inset in Fig.
2~e!# decreased relative to the field of a graded and well

TABLE I. Mössbauer hyperfine parameters for (Fe2O3)x(Al2O3)12x ball-milled samples.

X Subspectrum Bhf ~T!
ISa ~mm/s!
(60.02)

QS ~mm/s!
(60.02)

Area ~%!
(60.1)

Full width at
half maximum

~mm/s!

0.02
Bhf dist. 29.2b 0.00 0.00 38.4 ¯

Fe31 doublet ¯ 0.37 1.17 05.3 0.77
Fe21 QS dist. ¯ 1.01 1.68c 38.3 ¯

Singlet ¯ 0.00 ¯ 17.9 0.67

0.10
Bhf dist. 30.1b 0.00 0.00 29.5 ¯

Fe31 doublet ¯ 0.37 1.18 16.3 0.77
Fe21 QS dist. ¯ 0.98 1.64c 48.7 ¯

Singlet ¯ 0.00 ¯ 05.4 0.40

0.12
Bhf dist. 37.6b 0.03 0.05 15.5 ¯

Fe31 doublet ¯ 0.37 1.04 19.4 0.63
Fe21 QS dist. ¯ 0.98 1.62c 56.7 ¯

Singlet ¯ 0.06 ¯ 08.3 0.46

0.15
Bhf dist. 42.7b 0.32 20.06 13.2 ¯

Fe31 doublet ¯ 0.38 0.89 51.2 0.69
Fe21 QS dist. ¯ 0.97 1.73c 35.6 ¯

0.20
Bhf dist. 41.5b 0.39 20.20 22.5 ¯

Fe31 doublet ¯ 0.39 0.70 31.9 0.85
Fe21 doublet ¯ 0.86 1.88 45.5 1.32

0.25
~RT! Bhf dist. 36.8b 0.35 20.13 67.2 ¯

Fe31 doublet ¯ 0.32 1.14 32.8 1.01

0.25
~220 K! Bhf dist. 36.4b 0.40 20.15 47.6 ¯

Sextet 50.3 0.42 20.15 34.9 0.62
Fe31 doublet ¯ 0.37 1.29 17.5 1.00

0.25
~6 K! Bhf dist. 44.8b 0.46 20.07 30.7 ¯

Sextet 50.9 0.47 20.11 69.3 0.52

0.30
Bhf dist. 39.0b 0.37 20.14 83.8 ¯

Fe31 doublet ¯ 0.32 1.16 16.2 1.27

0.50
Bhf dist. 44.5b 0.37 20.15 100.0 ¯

aRelative toa-Fe foil at room temperature.
bAverage hyperfine magnetic field.
cAverage quadrupole splitting.
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crystallized hematite because iron substitution by a nonmag-
netic atom~i.e., by aluminum! causes a reduction in the mag-
netic hyperfine field, as previously stated by de Grave
et al.28–30

One can argue about the possible formation of
maghemite, as previously reported for high-energy ball-
milling induced hematite phase transformations,8,31 and
whoseBhf is ;50 T at RT. If Mössbauer data are ambiguous
on this point, the XRD data are not, since theg-Fe2O3 phase
pattern could not be identified in the diffractogram in Fig.
1~d!.

An additional and relevant change in this spectrum@Fig.
2~e!# is the absence of the component attributed to the her-
cynite phase since only one doublet (Fe31) was necessary to
fit it besides the magnetic distribution. The doublet, earlier
assigned to thea-(FeDYAl12DY)2O3 phase, showed some
variation in the hyperfine parameters, smaller ford and larger
for QS, as the starting iron oxide concentration increases.
This indicates that the intrinsic profile of the iron concentra-
tion may be changing withx in this solid solution, certainly
getting richer in iron content.

Finally, the spectrum of the sample with compositionx
50.50 @Fig. 2~f!# presents only a magnetic field distribution
belonging to thea-(Fe12DWAlDW)2O3 phase, again with a
maximum at around 50 T but with lines less broadened than
those for samples withx50.20 and 0.25. This shows that the
iron-rich solid solution particles are larger at this starting
composition, revealing how the decrease in the initial rela-
tive amount of alumina affects the grain size reduction of
that solid solution. TheBhf

max of this spectrum corresponds to
those reported for hematite, in which particle size reduction
and some iron substitution by aluminum have weakened the
hyperfine field magnitude.7–10,28–30The presence of the solid
solution phase is corroborated by the XRD pattern@Fig.
1~d!#, where intense though broadened hematite lines are ob-
served. An attempt to impose a Fe31 doublet demonstrated
that such a contribution is, if any, less than 1%. This virtual
absence reveals that, at this composition, the precursor iron
oxide particles were scarcely dissolved in alumina.

To test our assumptions on the milling products evolu-
tion and gain some insight into the magnetic behavior of the
resulting phases, the sample (Fe2O3)0.25(Al2O3)0.75 was MS
characterized also in the low temperature range of 250–6 K.
The 220 and 6 K spectra, together with the RT one, are
shown in Fig. 3. The spectrum obtained at 220 K was fitted
by adding a discrete sextet to the components used in the RT
spectrum fitting. This contribution comes from the largest
and/or richest iron particles of the solid solution
a-(Fe12DWAlDW)2O3 , which has reached saturation in terms
of spontaneous magnetization. It can also be observed that
the doublet area decreased in relation to the RT spectrum,
indicating a progressive magnetic splitting of the
a-(FeDYAl12DY)2O3 component as the temperature de-
creases.

The 6 K experimental spectrum is a moderately broad-
ened magnetic pattern, indicating that the RT paramagnetic
(Fe31) doublet was completely led to an ordered magnetic
state at this temperature. The obtained spectrum was satis-
factorily fitted with a discrete sextet and aBhf distribution.

The discrete subspectrum is, again, attributed to the
a-(Fe12DWAlDW)2O3 phase, which now shows a more de-
fined pattern~i.e., smaller linewidth! and a still larger hyper-
fine field. This is a consequence of the decreasing relaxation
time that, at 6 K, is definitely shorter than the time scale for
Mössbauer measurements. In other words, the blocking tem-
perature for Mo¨ssbauer experiments is above 6 K for the
milled phasea-(Fe12DWAlDW)2O3 . Its hyperfine parameters
are very close to those reported by Randrianantoandroet al.8

for ball-milled hematite. It is significant that the area ratio at
6 K shown by the two different magnetic components is
nearly the same as that presented at RT~see Table I!, be-
tween the magnetic and nonmagnetic components. This veri-
fies the existence of the compositional bimodal distribution
previously pointed out and represented by the
a-(FeDYAl12DY)2O3 ~weakest field component/Bhf distribu-
tion at 6 K! and a-(Fe12DWAlDW)2O3 ~strongest field
component/discrete field at 6 K! phases.

Another question related to the nature of the magnetic
ordering of the a-(Fe12DWAlDW)O3 solid solution is
whether it aligns AF or WF. Bulka-Fe2O3 undergoes a
Morin transition at nearly 260 K as well established in the
literature.11 However, by reducing the particle size or intro-
ducing substitutional aluminum in bulk hematite,TM de-
creases or is even suppressed.30 Mössbauer data, particularly
the QS sign, were correlated with the magnetic order in a
system of thea-(Fe,Al)2O3 type by de Graveet al.,30 with a
negative QS implying a WF order. Consistent with this inter-
pretation, our Mo¨ssbauer data indicate a WF order for the

FIG. 3. Mössbauer spectra for (Fe2O3)0.25(Al2O3)0.75 ball-milled sample at
room temperature~a!, 220 ~b!, and 6 K~c!.

1312 J. Appl. Phys., Vol. 95, No. 3, 1 February 2004 Cótica et al.
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iron-rich solid solution, since QS is always negative fromx
50.15 up tox50.50, at RT and low temperatures.

The magnetization versus magnetic field curves,M (H),
for samples withx>0.12, are shown in Fig. 4. As can be
seen, particularly forx50.12 ~inset!, besides a general SPM
character, some hysteretic behavior is revealed in all compo-
sitions. For everyx, it can be observed that the magnetiza-
tion curves start to increase rapidly with magnetic field at
low field levels. With field amplitude increasing over
;2 kG, a curvature starts to appear in all magnetization
curves, being followed by an almost linear growth behavior,
without saturation at higher field levels. The hysteretic con-
tribution may be partially attributed toa-(Fe12DWAlDW)2O3

previously identified in the MS characterization as a mag-
netically ordered phase at RT. On the other hand, the SPM
component may be attributed to the very fine particles of the
a-(Fe12DWAlDW)2O3 phase, for which the relaxation time is
shorter than the time for magnetization measurements
(;100 s).23 Being paramagnetic at RT, the
a-(FeDYAl12DY)2O3 phase may be making a small contribu-
tion to the magnetization curve,M P(H), which varies lin-
early with H. We also observe thatM (H) decreases rapidly
with the concentration and increases forx.0.25, for any
fixed H. The initial lowering is a consequence of progressive
reduction in the fraction of thea-Fe incorporated in the
sample by abrasion of the vial and balls. The further increase
is credited to the growth of the relative amount of
a-(Fe12DWAlDW)2O3 as revealed by MS.

IV. CONCLUSIONS

The products obtained through 24 h of high-energy ball
milling of the (a-Fe2O3)x(a-Al2O3)1002x system are depen-
dent on the hematite starting concentration,x. However, alu-
mina surplus is always observed as well as particle size re-
duction for every present phase. For samples with low solute
concentrations~i.e., x<0.12), contamination bya-Fe deriv-
ing from the stainless-steel vial and balls was detected. The
spinel FeAl2O4 phase, whose presence can be associated

with available metallic iron, was also identified, at least up to
x50.20. A bimodal distribution, concerning the aluminum
~iron! concentration in hematite~corundum! lattice, was pro-
duced by ball milling giving rise to the solid solutions
a-(Fe12DWAlDW)O3 anda-(FeDYAl12DY)2O3 . The relative
amounts of both components vary with the sample nominal
starting concentration, the iron-richest component growing
whereas the iron-poorest diminishing with increasingx. At
room temperature, the former is weak ferromagnetic, pre-
senting a hyperfine field distribution, and the latter is para-
magnetic, but both solid solutions are magnetically well or-
dered at 6 K. The Morin temperature is not observed down to
6 K or was suppressed in thea-(Fe12DWAlDW)O3 solid so-
lution due to an effective grain size reduction in addition to
the substitution of a magnetic atom~Fe! by a nonmagnetic
atom ~Al ! in the precursor iron oxide.
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