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Structural and magnetic transformation of monodispersed iron oxide
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Uniform metal iron ellipsoidal particles of around 200 nm in length were obtained by reduction and
passivation of alumina-coatedr—Fe,0O; (hematite particles under different conditions of
temperature and hydrogen flow rate. The monodispersed hematite particles were prepared by the
controlled hydrolysis of ferric sulfate and further coated with a homogeneous thin layey@f BY

careful selection of the experimental conditions, maipty and aluminum salt concentration. The
reduction mechanism af—Fe0; into a—Fe was followed by x-ray and electron diffraction, and

also by the measurements of the irreversible magnetic susceptibility. The transformation was found
to be topotactic with th€001] direction of hematite particles, which lies along the long axis of the
particles, becoming thgl11] direction of magnetite and finally tHa11] direction of metal iron.
Temperature and hydrogen flow rate during the reduction have been found to be important
parameters, which determine not only the degree of reduction but also the crystallite size of the final
particles. Magnetic characterization of the samples shows that the only parameters affected by the
crystallite size are the saturation magnetization and magnetic time-dependence effect, i.e., activation
volume. © 2002 American Institute of Physic§DOI: 10.1063/1.1496124

I. INTRODUCTION studies have mainly focused on the minimum temperatures
required for the production of metal partic%showever, to
Advanced flexible media in the form of tapes or disks,our knowledge, no study has been made of the effect of the
used for the storage of digital and analog signals, consisteduction conditions(mainly hydrogen flow rateon the
almost exclusively of metal particlé®dIP).1 =3 The main rea-  structural and magnetic characteristics of the metal particles.
son for using metals and alloys for recording applications  The aim of this work is to study the reduction mecha-
rather than oxides is that they have higher values of saturazism to a—Fe of alumina-coated microellipsoidal hematite
tion magnetization together with high-coercive field values.particles, and to relate the crystallochemical characteristics
Their big drawback, however, is the need for protectionof the obtained metal particles to their magnetic behavior. To
against oxidation, which can be achieved by controlled oxi+each this goal, monodispersed Fg0; particles of 200 nm
dation of the particle’s surface. in length were prepared by the controlled hydrolysis of inor-
The only commercially significant process for the pro-ganic salts and then homogeneously coated with a thin layer
duction of iron metal particleéMP) is the reduction of ac- 0f alumina. It is widely known that the controlled hydrolysis
icular particles of oxyhydroxide® Silica or alumina are Of inorganic salts can have significant advantages for the
common elements added to the system to prevent sintering §foduction of monodispersed fine particles with controlled
the particles during the required heat treatniéhthe re- microstructures! avoiding secondary effects from particle
cording density achievable with these magnetic particles i§iz€ or shape distributions. The use of these particles will, in
limited by the coercivity and particularly the distribution of @ddition, help to better understand the mechanisms that gov-
coercivities or switching fields within the material, which are € the formation of metal particles. Finally, the effect of
closely associated with the crystallochemical characteristic§Me reduction parameters such as temperature and hydro-
of the particlegmainly, particle size distribution, coating ho- 9€n flow on the crystallographic and magnetic characteristics
mogeneity, and particle microstructife® Therefore, it ~©f the final particles were investigated.
seems necessary to undertake a detailed study of parameters
such as heating temperature and reduction conditions to fing expERIMENTAL SECTION
out how these factors influence the structural and the mag- _
netic characteristics of the final metal particles. Previoug™ Sample preparation
Reagent-grade ferric sulfate, 80,);.5H,0 (Ald-

dAuthor to whom correspondence should be addressed; electronic mair:i_Ch)v aluminum nitrate, Al(N@)3.9H,0 (AIQrich), SOdilflm
puerto@icmm.csic.es dihydrogen phosphate, NaFO, (Fluka), sodium hydroxide,
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FIG. _1. Unifqrm hematite particlega) as prepared antb) coated with an 1 2
aluminum oxide layer.
1- Reduction cell 3
2- Passivation cell
NaOH (Aldrich), and hydrochloric acid, HQIPanreagwere 3- Furnace
used without further purification and the solutions were pre-
pared using doubly distilled water. FIG. 2. Experimental setup for the reduction passivation of the samples.

Monodispersed ellipsoidal hematite particles of 220
+20 nm in length with an axial ratio of6 were synthesized hydroxide in the form of separate particles. Meanwhile,
following a method described earltér(Fig. 1). Fe,(SO,)3 lower concentrations result in the partial coverage of the par-
(0.01 molegwas dissolved in 250 mL of water to which 1 M ticles as detected by TEM.
NaOH solution was added under stirring to reacph of Reduction of the samples was carried out in the experi-
~10.5. The resulting brown precipitate was washed with wamental setup shown schematically in Fig. 2. To study the

ter and the supernatant liquid was decanted. The procedufgduction process, the alumina-coateg-Fe03; samples
was repeated several times untipb] of ~9.3 was reached. were heated at 450 °C under different flow rates of hydrogen

Then, 10 mL of a solution 1.0 M HCI and 4Ql0 4 M (from 6 to 0.2 L/h. Aliquots were collected at different times

NaH,PO, were added to 200 mL of the suspension and agedom the reduction cell1l) and moved into the passivation
at 100+ 2 °C for 48 h. The product from this hydrolysis was Cell (2) with a magnet, to follow phase evolution. The
filtered, washed to eliminate impurities, and dried at 100 °csamples collected were cooled to room temperature under
for 24 h. the hydrogen atmosphere. Finally, nitrogen gas was blown
To prevent interparticle sintering during the heating, theinto a flask containing ethanol and the resulting stream was
hematite particles were coated with aluminum oxiti@ghe  passed through the sample in order to slightly passivate the
coating process involved first the dissolution of aluminumiron particle’s surface. Without passivation samplespe-
nitrate in 100 mL of water and then the addition of a 10%¢ially those containing the highest amount®#tFe rapidly
NaOH aqueous solution to reachpil of 12.5. Hematite ©Oxidized upon exposure to air.
particles(1.0 g were homogeneously suspended in the solu- — .
tion and carbon dioxide gas was blown into the slurry toB' Characterization techniques
lower the pH to a value of 7.5. In this way, a hydrated Phase evolution in the samples was followed by powder
aluminum oxide (AJO5;.nH,0) layer was deposited onto the x-ray diffraction (XRD) using a Philips 1710 diffractometer
surface of the hematite particlésFinally, the coated par- and Cu Ka radiation. The crystallite size of the hematite,
ticles were filtered, washed with water, dried, and dehy-magnetite, and metal iron particles was calculated from the
droxylated by heating at 400 °C for 3 h. It was found thatfull width at half maximum(FWHM) of the (104), (311), and
rigorouspH control was essential for the production of ho- (110) reflections, respectively, using the Scherrer equdfion.
mogeneous alumina coatings. Thus, the inpibll was set to  The morphology, particle size, and distribution were exam-
12.5 because in this region, the surface of the hematite paired by transmission electron microscdg&M, JEOL-2000
ticles is negatively charged, and the suspension is stabilizefXll). For TEM examination the powders were dispersed in
by electrostatic force¥' For the coating process, tid was  toluene in an ultrasonic bath for one hour and then a drop of
set to 7.5 because the isoelectric points of aluminum hydroxthis solution was deposited onto a carbon-coated copper grid.
ide and hematite are 9 and 6.5, respectivélJherefore, at In all cases, the average particle length and the standard de-
pH 7.5 the surface of the hematite particles remains negaviation were calculated by counting around 100 particles.
tive, while the surface of the aluminum hydroxide nuclei is The same microscope was used for selective area diffraction
positively charged, favoring the heterocoagulation proces$SAD) and high resolution imaginHRTEM) studies on in-
and the formation of a homogenous coating. One could alsdividual particles.
start from an acidipH, instead of basic, in order to stabilize The magnetic characterization of the samples was car-
the hematite particles, but in this case, when increasing theed out in a PAR 4500 Vibrating Sample Magnetometer.
pH to the optimum value to produce heterocoagulatioh),  Coercivity (Hc) and saturation magnetizatioM() values
the hematite particles need to pass through their isoelectriwere obtained from the hysteresis loops at room temperature
point, which induces particle aggregation and nonhomogewith a maximum applied field of 1 T. The samples were
neous coatings. Another parameter that affects the homogerepared by packing the powder into a plastic tube such that
neity of the alumina coating is the initial concentration of thethe axial ratio of the resulting sample was greater than five.
AI(NO3)5, which was found to be optimum at 18 M. In this way, the need to correct for sample shape demagne-
Higher concentrations drive to the segregation of aluminuntizing effects was avoided.
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The activation volume/, (i.e., volume of the magnetic
material which reverses coherentlyas obtained from time-
dependence measurements of the magnetization, following 600 ‘L
the method described in detail by de Witteal1® and ana- [ et Al
lyzed using the method of Gautt.The equation used to
determineV, was 390 )

V,=kgT/HMj A e ————
wherekg is Boltzmann’s constan, the temperature, and; — 210
is the fluctuation field, which represents the effect of thermal S T Wi A M‘
energy on the magnetization of the samphe € S/ xi,). In g ’\
this equation,S is the coefficient of magnetic viscositys( A 90 “‘J\ wi ‘
=—dM/d[In(t)]) and x;, is the irreversible susceptibility, = ) L A ‘
which can be obtained from the differential of the demagne- 24 M‘“"‘““J 'M b
tizing remanence curvéDCD). DCD curves were obtained % |
by measuring the remanent magnetization after removing a ~ 0 M jf M
negative field applied to an initially saturatéd the positive U W ¥ oo
direction sample. In particular, the value of the irreversible [
susceptibility, x;,(H) obtained from the differential of the Hematite 1
DCD curve, has also been used to follow the transformation - ﬁJh | A A L_MN_J
of Fg0, into a—Fe. e

10 20 30 40 50 60 70

Iil. RESULTS AND DISCUSSION 26 / degree
A. Transformation mechanism of a—Fe,0; into a—Fe FIG. 3. X-ray diffraction patterns for sample C2T at different reduction

) ) ) ] times(0, 90, 210, 390, and 600 mirM, W, lindicate the most intense peaks
The transformation mechanism of the hematite particlesf magnetite, wustite, and iron, respectively.

to a—Fe, at 450 °C, was followed by collecting samples at
different times during the reduction procé&2T series For
this series, a hydrogen gas flow rate of 2 L/h was used. Th@10 min (Fig. 4). These planes have the same interplanar
XRD of the samples collected just after reaching 450 °C unspacing(2.07 and 1.48 A, respectivelyas the(110 and
der the hydrogen flowlabeled as time ) showed only peaks (002 planes of thex—Fe structuré2.02 and 1.43 A, respec-
due to magnetitgFig. 3). At this point, electron diffraction tively). Therefore, we conclude that th@01] and the[110]
and the corresponding high-resolution images of one particlgirections of magnetite become th&10] and the[001] di-
resemble that of a single crystal with plan@dl) oriented rections of iron, respectively. Moreover, from these results, it
perpendicular to the long axis of the partic&$gs. 4 and & can be inferred that thgl11] direction of magnetite, which
This result clearly indicates that the transformation from helies along the long axis of the particles, becomes|[tH]
matite to magnetite is topotactic. In particular, the direction
[001] of hematite, which lies along the long axis of the par-
ticles, becomes thglL11] planes of magnetite as observed in
the high-resolution image presented in Fig. 5. The samg
[111] direction along the long axis was observed for magne-
tite particles obtained from hematite through a reduction-
oxidation proces$® However, when magnetite is obtained
from goethite, the long particle dimension lies along the
[110] direction!® The crystallite size of the magnetite at this
stage calculated from tH811) reflection was around 60 nm,
which is similar to the crystal size calculated for the hematite
precursor from thé104) reflection. Both planes form a simi-
lar angle(30°) with the corresponding direction of the long
particle dimension which seems to suggest that the monoc
rystaline character of the particles is preserved during the
transformation from hematite to magnetite.
After 90 min reduction, a small peak ef iron can be
observed in the XRD pattern, suggesting the onset of theji
transformation of magnetite ta@-iron (Fig. 3). The electron-
diffraction patterns observed for several particles at this stage
show single-crystal behaviaiFig. 4). However, the spots

Corr95p0ndi_ng to théD04) and(440) planes become brighter. i, 4. Electron-diffraction patterns for sample C2T at different reduction
This effect is more pronounced for the sample reduced fotimes (0, 90, 210, and 720 mjn
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FIG. 7. Irreversible magnetic susceptibility as a function of the magnetic
field [ x;y(H)] at different times(0, 210, 600, and 720 minduring the
reduction process of sample C2T.

X 40 nm), suggesting that the final particles are composed of
several crystals, all of which have the same orientation
within the particle.

Also, an intermediate phase has been detected and iden-
tified as wustite(FeO), in agreement with other work which
postulated that the reduction of magnetite to iron goes via the
intermediate wustité? Wustite appears after 30 min of re-
duction(XRD pattern not shownand disappears just before
the end of the reduction proce @00 min (Fig. 3).
direction of iron, as shown in Fig. 6. Hence, it appears that  The reduction process was also followed by irreversible
the orientation of the iron particles will depend on the orien—magneﬁC susceptibility measuremeritg; (H)] (Fig. 7).
tation of the precursor. For example, iron particles obtainegiyen the different magnetic behavior of & and a—Fe,
from goethite will preferentially have §001] orientation, the variation ofyi,(H) as a function of the applied field for
while iron particles obtained from hematite, as presented ifhese two phases is expected to be dissimilar due to the lower
this article will have g111] orientation. In agreement with gntribution of the lower-shape anisotropy, and hence, coer-
our data, different crystallographic orientations along thegjyity of Fe,0,, and therefore the contribution to the total
needle axis have been reported for iron particles such a8 (H) of both phases can be separated. The contribution of
[001], [111], 002r1[110] without specifying the reason for the \yystite to the susceptibility can be neglected due to the para-
discrepancy.” magnetic state of this oxide at room temperature. A progres-

Finally, after 720 min of reduction, the particles show ansjye increase in the susceptibility due de-Fe is observed
electron-diffraction pattern that resembles to that of a singl§yith an increase in the reduction tiniEig. 7). As observed,
crystal of a—Fe (Fig. 4). In this case, the crystallite size the total transformation to iron only takes place after pro-
calculated from the x-ray data30 nm is significantly  |onged heating720 min. The irreversible susceptibility is
smaller than the particle size observed by TEM (190yery sensitive and it is able to distinguish the contributions
from a—Fe and magnetite. In fact, according to XRBig.

3), a—Fe is almost completely formed after 600 min, how-
ever, they;, curve clearly shows that a strong magnetite
component still remains in the samgigg. 7). The complete
reduction was also associated with an almost invariance of
the Mg value. TheM g values do not reach a plateau value,
because as will be mentioned below, the increase in Fe crys-
tallite size with the reducing time.

A correlation was found between the magnetic param-

FIG. 5. High-resolution TEM image of magnetite formed at the beginning
of the reduction process of sample C2T (tim@).

110
001 001 111 11

110 001 eters and the reduction tim{@&able ). As the reduction pro-
ceeds thex—Fe content increases with respect to magnetite,
which causes an increase in thes value and coercivity at

HEMATITE MAGNETITE METAL IRON

room temperature. However, it is important to mention that a

FIG. 6. Schematic representation of the topotactic transformation from he(:jertaln contribution to the |ncreas_el‘vll_15, specially at longer
matite to metal iron observed by electron diffraction. times where almost no magnetite is detected, could come
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TABLE |. Evolution of the iron crystallite size and hysteretic parameters
with reduction time for sample C2T, reduced at 450 °C under a hydroget
flow of 2 L/h.

Magnetic properties

at RT
Reduction Crystallite
time size (XRD) Mg He
(min) (nm) (emug? (o)
0 0 48 160
90 20 51 180
210 25 56 225
600 28 105 555
720 30 120 885 FIG. 8. Metal iron particles obtained at 450 °C under different hydrogen

flow rates(samples C1T and C32T

from the observed increase in the-Fe crystallite size with lower-hydrogen flow rate, 0.6 L/sample C3Tanq 0'2. L/h
d (C4T). As a consequence of the longer annealing times for

the reduction timéTable |). At the beginning and at the en X
of the reduction process, coercivity values are similar tocomplete reduction24 and 96 for sample C3T and CAT,

those reported for ellipsoidal magnetite and iron particlesreSpeCt'Vely some particles appeared broken and were sin-

respectively¥> However, saturation magnetization values aretered’ showing round edges under the microsdajata not

. ) . shown).
erl]%h%éogvn?& thz??r:;céseeﬁy32&%;0(:;;?;gigala?: Sd@? the The kinetic of the reduction processes were followed by

coexistence of several effects: First, the presence of aluming mparnng the relative intensities of the x-ray diffraction

does not contribute to the magnetization. Second, considepeaks(llo) of a—Fe and311) of F&;0, as a function of the

ing the small particle sizé<200 nnj, spin canting at the reduction time(Fig. 9). It is clear that there is a continuous

surface and inside the particle can also be partially respor{[_ransformatlon for samples C2T and C3T. However, in the

sible for the observed decrease in saturation magnetiz&tion case of sample C1T, the transformation from magnetite o

Third, the presence of an iron oxide passivating layer on thdOn 1 almost complete after a reduction of 30 min. This

particle surface does not contribute to the saturation magné?'-harp increase in the intensity of the diffraction peaks for

tization and has been reported to be responsible for the ré!_':e for_sample ciT n the first stage of the reduc.t|on.sug-
duction of the value of saturation magnetizatidn. gests a violent change in the structure. The crystallite size of

the a—Fe particles at the end of the reduction process was 22

nm, significantly smaller that the crystallite size obtained un-
B. Structural and magnetic characteristics of ~ a—Fe der a lower-hydrogen flow rat€able Il). It seems that the
particles number ofa—Fe crystallites inside the particle varies directly

Pure metal particles were obtained by reduction of theVith the flow rate of hydrogei.e., with the annealing time

alumina-coated hematite particles at different temperaturednd therefore this experimental parameter determines the
and under different hydrogen flow rates. For the hydrogerfrystallite size of the final particles. Unfortunately, the hy-
flow rates used in this work, temperatures higher than 400 °@rogen flow rate also determines the particle morphology,
were required to obtain pure iron particles. At lower temperaWhich can be significantly altered when the flow rate is so
tures, a mixture of metal iron and magnetite was always$mall that the heating time required to obtain pure metal iron
found. As expected, the necessary heating titaegt50°g IS very long.
to achieve the full reduction of the particles were inversely
proportional to the hydrogen flow rate. Thus, heating times

between 4 and 12 h were needed to complete the reduction ol C1T C2T C3T
when the hydrogen flow rate was varied from 6 to 2 L/h o

(samples C1T and C2T, respectivelit these flow rates, the o.a-.

particle size and shape were only slightly altered during the & ]

transformation, as observed in Fig. 8. Thus, metal particles ﬁ 0.6

obtained under these conditiofsamples C1T and C2Ton- &

sisted of ellipsoidal particles 0£190 nm in length and 40 2 0.4+ /[

nm in width, which means that there was a reduction in =° 02 »

volume of around 15% during the transformation of the |

a—Fe0; particles toa—Fe. A higher reduction in volume of 0.0

around 60% would have been expected from the different . —— :
density of these two phases, which+s5 and 8 g/cm for 0 250 500 750 1000 1250 1500
hematite and iron, respectively. In this case, the formation of Reduction Time (min)

pores inside the partlcles, Clearly observed by TE !J 8)’ FIG. 9. Relative intensities of the x-ray diffraction pedk&0 of a—Fe and

justify the small reqution_ in size. Significant change§ iN(311) of Fe,0, for samples C1T, C2T, and C3T as a function of the reduc-
morphology and particle size were observed when using @on time.



2084 J. Appl. Phys., Vol. 92, No. 4, 15 August 2002 Varanda et al.

TABLE II. Crystallite size and magnetic parameters of metal particles reduced at 450 °C under different
hydrogen flow rates.

Experimental Magnetic properties
conditions . at RT
Crystallite
H, Flow Time size (XRD) Mg Hc Va

Sample (L/h) (h) (nm) (emug? Mg/Mg (Oe) (nn)
CIT 6 4 22 115 0.36 885 12 000
c2T 2 12 30 120 0.38 885 13000
C3T 0.6 24 45 132 0.23 625

CAT 0.2 96 56 165 0.19 435 22000

The hysteretic parameters obtained from the magnetizaions on the magnetic behavior of the final metal particles. It
tion curves of the metal particles reduced at 450 °C undewas found that the transformation ef—FeO5 into a—Fe
different hydrogen flow rates are included in Table Il. Theproceeds in three stages with magnetite and wustite as reac-
saturation magnetization increases as the crystallite size iion intermediates. Selective area electron-diffraction pat-
creases due to the reduction in surface area, which means nerns showed that the transformation is topotactic with the
only a lower proportion of an iron oxide passivation layer orientation of the final iron particles depending on the orien-
with respect to metal iron, but also a lower surface canting ofation of the precursor. Finally, it can be concluded that in
the magnetic moments. In contrast, the squareness decreaseder to obtain a sample with high magnetization and high
as the crystallite increases from samples C1T and C2T tooercivity, the hydrogen flow rate used in the reduction
samples C3T and C4T, suggesting incoherent rotation of thehould be optimized. It should be low to produce the mini-
magnetization for the final two samples. The lowest values omum number of iron nuclei within the magnetite particle but
coercivity were obtained for sample C4T with the highesthigh enough to avoid the growth of the iron nuclei above the
crystallite size(56 nm). However, the same coercivitg85  critical single domain size.

Oe) was obtained for samples C1T and C2T with different
crystallite sizes. This result suggests that there are two fal*CKNOWLEDGMENTS
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