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In this work we report results on the influence of heavy rare earth ions substitution on microstructure and
magnetism of nanocrystalline magnetite. A series of Fe, gsREg1504 (RE=Gd, Dy, Ho, Tm and Yb) samples
have been prepared by high energy ball milling. Structure/microstructure investigations of two selected
samples Fe, g5Gdg1504 and Fe, g5Tmg 1504, represent an extension of the previously published results on
Fe304/v-Fe;03, Fez35Y0.1504 and Fe, 55100 4504 [Z. Cvejic, S. Rakic, A. Kremenovic, B. Antic, C. Jovalekic, Ph.
Colomban, Sol. State Sciences 8 (2006) 908], while magnetic characterization has been done for all the
samples.Crystallite/particle size and strain determined by X-ray diffractometry and Transmission elec-
tron microscopy (TEM) confirmed the nanostructured nature of the mechanosynthesized materials. X-ray
powder diffraction was used to analyze anisotropic line broadening effects through the Rietveld method.
The size anisotropy was found to be small while strain anisotropy was large, indicating nonuniform distri-
bution of deffects in the presence of Gd and Tm in the crystal structure. Superparamagnetic (SPM) behavior
atroom temperature was observed for all samples studied. The Y-substituted Fe304 had the largest Hc and
the lowest Ms. We discuss the changes in magnetic properties in relation to their magnetic anisotropy
and microstructure. High field irreversibility (H>20kOe) in ZFC/FC magnetization versus temperature
indicates the existence of high magnetocrystalline and/or strain induced anisotropy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Magnetite crystallizes in spinel structure type with space group
(SG) Fd3m. Iron ions occupy both tetrahedral A (8a) 43m and octa-

Magnetite (Fe304) has been the focus of intense research since
centuries ago due to its unique magnetic properties. Currently, this
interest is still active because novel magnetic properties have been
reported in nanostructured magnetite systems, such as films and
nanoparticles. From the industrial point of view, magnetite is a key
material for magnetic seals, recording media, sensors, catalysts,
etc. [2,3]. In biomedical application magnetite was the most fre-
quently used as core in magnetic functionalized particles that were
used in magnetic fluid hyperthermia, as contrast agent for mag-
netic resonance imaging, in magnetic assisted chemical separation,
as magnetic drug carriers [4,5].
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hedral B (16d) 3m sites, while oxygen are in the 32e 3m position. It
is an inverse spinel with metal conductivity at room temperature
[6]. From magnetic point of view, magnetite is a ferrimagnet, with
strong exchange interaction between A and B sites (Jao_g >Ja-a,Js-B)-

Partial cation substitution of iron in magnetite offers a possi-
bility to improve and control its physical and chemical properties.
Cation substitution in spinels may be at one or both cation sites,
with magnetic or non-magnetic ions with different valence. It is
possible to change crystal symmetry by substitution and form
cation deficit spinels with changing cation valence [7]. Cations
incorporated in spinel lattice change magnetic interactions and
magnetic anisotropy, influencing the saturation magnetization and
coercivity values of parent compounds. Rare earth substituted
spinels have been earlier investigated [8,9]. It was shown that
Curie temperature decreases and coercivity field increase with rare
earth substitution in Ni, Zn ferrites [8]. In Ho-substituted Fe304
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the energy barrier height is drastically modified and the block-
ing temperature shifts towards lower temperatures [9]. For some
specific clinical and industrial applications magnetite is required
to have improved magnetic performance such as high satura-
tion magnetization and coercivity. Also, small size particles with
narrow particle size distribution are sometimes required for bio-
applications, which must be non-toxic and biocompatible [10].
Systematic studies in rare earth substituted magnetite may give cor-
relation between type of rare earth ion and magnetic parameters,
and select candidates for a particular application.

In a previous paper [1] we reported results on struc-
tural, microstructural and Raman investigation on Fe304/y-Fe;03,
Fe; 85Y01504 and Fe;s5Ing4504. In the present work, we aim:
(i) synthesize heavy rare earth (Gd, Dy, Ho, Tm and Yb) sub-
stituted magnetite by high energy ball milling; (ii) analyze the
resulting crystallite size/strain (taking into consideration previ-
ously published results [1]) in order to estimate the influence of
the substitution on the microstructural parameters and (iii) deter-
mine the resulting magnetic properties and their correlation with
structural and microstructural parameters.

2. Experimental

A mixture of crystalline powders of RE; O3 (RE = Gd, Dy, Ho, Tm and Yb) and Fe, O3
were used as starting material to produce Fe, gsREq 1504 spinels. Mechanochemical
treatment was performed in a planetary ball mill (Fritsch Pulferisette 5) for 20 h. A
hardened-steel vial of 500 cm® volume, filled with hardened-steel balls of a diame-
ter of 13.4 mm, was used as milling medium. The mass of the powder was 10 g and
the balls-to-powder mass ratio was 20:1. The milling was done in air atmosphere
without any additives. The angular velocity of the supporting disc and vial was 32.2
and 40.3rad/s, respectively. The intensity of milling corresponded to an accelera-
tion of about 10 times the gravitational acceleration. The samples Fe;04/v-Fe,03,
Fe;55Y01504 and Fe;, 551N 4504 were previously prepared under the same conditions
[1].

For the XRPD data collection a Philips PW1710 automated X-ray powder diffrac-
tometer was used. The diffractometer was equipped with a Cu-tube, graphite
monochromator and Xe-filled proportional counter. The generator was set-up on
40kV and 32 mA. Divergence and receiving slits were 1° and 0.1 mm, respectively.
Data for the Rietveld refinement were collected in a step scan mode between 15° and
135° 26 atevery 0.03° 26. Transmission electron microscopy (TEM) measurement for
sample Fe; gsTmg 1504 was performed on Philips EM 400 equipment, with magnifi-
cation up to 310000. Hysteresis loops were measured at 2 K after zero-field-cooling
using an MPMS XL-5 SQUID magnetometer. The measurements were made in fields
H from —50 to +50 kOe at different temperatures from 5 to 300 K. Zero-field-cooled
(ZFC) and field-cooled (FC) magnetization was measured in the temperature region
of 1.8-300K, using applied fields of 0.1-20 kOe.

3. Results and discussion

Two samples were selected, Fe; g5Gdg1504 and Fe, g5sTmg1504
(labeled S1 and S2, respectively), in order to refine their struc-
tural and microstructural parameters using the Fullprof program
[11], which allows refining the lattice parameters, atomic coordi-
nates, site-occupancies, thermal parameters, and microstructural
parameters simultaneously.

Both S1 and S2 samples could be refined using space group Fd3m
with spinel type structure having Fe and Me (Me-Gd, Tm) atoms in
the special Wyckoff positions 8a and 16d and O in the 32e. Starting
model for the determination of the cation distribution was based on
site preferences for cation sites in a spinel structure. Since iron ions
can occupy both 8a and 16d sites, it was assumed for Gd3* and Tm3*
ions were octahedrally coordinated. A deviation from stoichiometry
was allowed during refinement of occupation numbers.

X-ray patterns were refined allowing the presence of secondary
hematite a-Fe,03 and a bcc iron belonging to hardened-steel balls
in addition to the spinel phase. The best results were obtained using
two-phase model: spinel+hematite. From the Rietveld’s refine-
ment procedure, an amount of about 2.1(1) % and 2.4(2) % of the
a-Fe; 03 was obtained in S1 and S2 sample, respectively. Refine-

ments continued till convergence was reached with a value of the
agreement factor, x2 (x2—goodness of fit) close to 1 (1.23 and 1.19
for S1 and S2), which is the measure of how well the fitted model
accounts for the data. Refined crystal structure parameters are given
in Table 1.

The cation distribution in 8a (A) and 16d (B) crystallographic
sites for spinels Fe; g5Gdg 1504 and Fe; gsTmg 1504 was investigated
through the refinement of the occupation numbers (N). As it can
see from Table 1, Gd3* and Tm3* ions occupy only octahedral sites.
These results were used as a basis for our interpretation of the
magnetic properties. Finally, the crystallite size and strain and their
anisotropy in samples were determined by refinements of the TCH-
pV parameters and cubic harmonic function methods (incorporated
in the Fullprof computer program). As it can be seen from Table 1,
the average mixing strain value of Fe; gsTmg 1504 is higher than the
average mixing strain value of Fe; g5Gdg1504. Taking in consider-
ation earlier results on Fe30y4, Fe, g5Y01504 and Fe; 55Ing 4504 [1],
the average apparent strain increase in the following order: Fe; g5
Tmg 1504 <Fe304 <Fe; g5Gdo1504 <Fez 85Y0.1504 <Fep 551Nn0,4504.
This fact could be explained by the influence of value of ionic
radii of iron substituent and quantity of substituent (Gd3*, Tm3*
and Y3* ~5% and In3* ~15%). Average apparent crystallite size
dimensions increase in following order: Fe;gs5Y(1504 <Fesgs
Gdp 1504 <Fe; g5Tmg 1504 < Fe304 < Fey 55Ing 4504 what can be due
to difference in cation radii of rare earth. It should bear in mind
that all specimens were treated mechanochemicaly under the
same conditions. The standard deviations appearing in the global
average apparent size and strain (Table 1) is calculated using the
different lattice direction. It is a measure of degree of anisotropy,
not the estimated error.

The size anisotropy is small for Fe;g5Gdgi504 and
Fe; g5Tmg1504 (see Table 1 and Figs. 1a and 2a). The strain
anisotropy is high (see Table 1 and Figs. 1b and 2b) for both
investigated samples, indicating nonuniform distribution of
defects in the presence of Gd and Tm in the crystal structure. The
strain anisotropy is more pronounced for Fe; gsTmg 1504 then for
Fe, 85Gdp1504 and could be explained by the lower mixibility

Table 1
Crystal data and corresponding agreement factors for investigated specimens

Space group: Fd3m (227)
Fe; 85Gdo1504

Crystal system: face centered cubic

Composition

A
Lattice parameter a (A)

Fe85Tmo 1504

8.4118(4) 8.4076(3)

Cation-anion distance d (A)

d(Ms,-0) 1.8694(1) x 4 1.8561(1) x 4

d(M;64-0) 2.0755(1) x 6 2.0814(1) x 6
Temperature factors Ueq (A2)

Usa 0.0120(5) 0.0140(4)

Uied 0.0095(3) 0.0087(4)

Usze 0.0129(12) 0.0129(12)
Occupation parameters N

N(Fe)sa 0.250(1) 0.250(1)

N(Fe)i6d 0.462(3) 0.464(4)

N(Tm);6q 0.036(4)

N(Gd)164 0.038(3)

N(O)32e 1.000(1) 1.000(1)
Agreement factors

Ry (%) 11.9 9.11

Rup (%) 15.7 118

Rs (%) 716 5.14

X 123 119

D 1.68 1.75

Average apparent size (A) 72(8) 85(15)

Average app. strain (x10%) 31(12) 41(15)
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between Fe and Tm then between Fe and Gd in a spinel structure
[12,13].

We used transmission electron microscopy image to investi-
gate particle size and morphology. Fig. 3 shows the TEM images for
Fe; g5Tmg 1504 sample. The analysis revealed that the particles have
a particle size distribution with mean value of ~20 nm. This value
is larger than the crystallite size obtained from Rietveld method
(Table 1), suggesting that the particles are composed of several crys-
tallites. Similar conclusions apply for Fe; g5Y01504, having particle
size of c.a. 17 nm [1].

In order to analyze magnetic behavior of the samples
Fe,g5REq1504 (RE=Y, Gd, Dy, Ho, Tm and Yb) as well as
Fe;55In94504, we measured magnetization versus temperature
M(T), and magnetization versus field, M(H), at 2 K.

Experimental results, M(T), are shown on Fig. 4. It can be seen
that the zero-field-cooled magnetization curves display a broad
maximum centered at Tpax, as expected for superparamagnetic
(SPM) unblocking process in single/domain particles. Having a size
distribution, Tmax is related to the average blocking temperature
Tg of the particles, which become superparamagnetic at T> Tyax.
Tg values for applied field of 100 Oe were found to be about 200 K.

Fig. 1. (a) Projections of the three-dimensional body that represents “apparent ctys-
tallite size” in the (0 0 1) crystallographic plane for Fe; g5sGdg1504 and (b) projections
of the three-dimensional body that represents ‘average max-strain'in the (001)
crystallographic plane for Fe; g5Gdg1504.

The Field-cooled magnetization curves do not merge the ZFC data
within our experimental temperature range, reflecting the distri-
bution of blocking temperatures related to size dispersion of the
particles. In agreement with the known dependence of Tg with
applied field, it is observed that Thax decreases for larger applied
fields (inset of Fig. 4). Concurrently, the ZFC and FC magnetiza-
tion branches separate at a much lower temperature T;; when the
applied field is 20 kOe (Fe; 55Ing 4504). It is worth noting that these
Tg values were obtained in concentrate powders, so they do not
reflect the blocking temperatures of isolated (non/interacting) par-
ticles. Moreover, many different factors can influence the Ty values
in a nanoparticle system, including magnetic anisotropy, or inter-
particle interactions.

For H=1000e, field cooled-zero-field-cooled magnetization
difference, M(FC) — M(ZFC), is large (Fig. 4). However, this differ-
ence decreases with increase of the magnetic field and becomes
very small for applied fields of 20 kOe (Fe; 55Ing.4504). It is known
that strong magnetic irreversibility disappears when the anisotropy
field of the particles is surpassed by an applied field and the parti-
cles are supposed to be saturated. It takes place in the fields of few
kOe [14]. However, strong magnetization irreversibility was found

Fig. 2. (a)Projections of the three-dimensional body that represents “apparent ctys-
tallite size” in the (00 1) crystallographic plane for Fe; gsTmg 1504 and (b) projections
of the three-dimensional body that represents ‘average max-strain’ in the (001)
crystallographic plane for Fe; gsTmg1504.
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Fig. 3. TEM micrograph of Fe; g5Tmg1504.

in some nanosize ferrites even at fields of 70 kOe in Ni-ferrite [14],
80KkOe in Zn-ferrite [15] and 55 kOe in y-Fe, 03 [16]. The high field
magnetic irreversibility found in the Fe; 55Ing 4504 is consequence
of high anisotropy.

Magnetization versus field, M(H), of Fe; g5sREq1504 (RE=Y, Gd,
Dy, Ho, Tm and Yb) and Fe; 55Ing 4504 was measured at T=2K.
M(H) curves are shown at Figs. 5 and 6. Up to 50 kOe, magneti-
zation does not saturate, which can be attributed to spin disorder
induced by the milling process. Saturation magnetization Ms was
obtained by extrapolating the M(1/H) dependence on 1/H =0 value.
The found Ms, remanent magnetization, Mg and coercivities, Hc
values are reported in Table 2. The largest Ms was found in
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Fig. 4. Magnetization versus temperature for Fe; 551n04504 and Fe; g5Y01504.

Fig. 5. Magnetization versus field of Fe; g5RE(1504 (RE=Tm, Ho) and Fe, 55In0.4504
at2K.

Gd-substituted magnetite, while the smallest was observed in Y-
substitute magnetite, where the largest coercivity was observed.
Remanence Mg was found to have values from 11 to 20.5 emu/g.
Inspection of reported values in Table 2 does not show any reg-
ularity with increasing ionic radii, and more careful analysis is
required of obtained magnetic parameters. Consequently, the fol-
lowing effects on the magnetization value were considered: (i)
magnetic anisotropy, (ii) particle size effect, (iii) cation distribution,
(iv) chemical composition and (v) the presence of parasite phases.

The common types of anisotropies in nanosize materials are
magnetocrystalline, shape and strain induced anisotropy. The mag-
netocrystalline anisotropy depends on the spin-orbit (L-S) coupling
and energetically favors alignment of the magnetization along a
specific crystallographic direction (easy axis of the magnetization).
The strength of the coupling at RE3* sites depends on type of cation,
and can be very different, dramatically changing magnetic param-
eters [17].

Particle morphology investigated by TEM revealed that the par-
ticles were nearly spherical in shape. As found above and in our
earlier paper [1], the X-ray line broadening anisotropy due to crys-
tallite size effect is significant in Y- and In-substituted magnetite,
while strain anisotropy is small. Opposite case was found in the
present work for magnetite with Tm and Gd. From these results it
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Fig. 6. Magnetization versus field of Fe, g5REo1504 (RE=Y, Gd, Dy) at 2K.
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Table 2
Magnetic parameters of RE substituted magnetite
Sample 2K

Ms (emu/g) Hc (Oe) Mg (emu/g)
Fe551n0.4504 63 700 20.5
Fe285Y0.1504 57 1550 16.4
Fe;55Gdo1504 77 900 20
Fez.85DY0.1504 58 1213 11
Fez85H00,1504 68 800 19
Fez85Tmo1504 66 880 19
Fe; 85Ybo1504 60 1100 17

can be concluded that the shape and strain anisotropy influence
magnetic behavior of studied samples.

Size effect in ferromagnetic nanoparticles is often a cause
of the magnetization reduction in comparison with the values
obtained for the bulk counterparts. Namely, the decrease in par-
ticle size increases the surface to volume ratio, forming the surface
uncompensated magnetic moments (shell) which is responsible
for significant reduction of net magnetization. Sepelak et al. found
enhancement of magnetization in nanosized Mg ferrite synthesized
by high energy ball milling [18,19]. It was shown large influence of
surface shell (with the thickness of 0.9 nm) on magnetization, larger
than one of particle core. Although here studied samples were pre-
pared under the same conditions, the value of crystallite size varies
from 6.8 nm in Fe; g5Y( 1504 to 18.4 nm in Fe; 55Ing 4504 [1].

The intensity of exchange interactions (A-B, A-A and B-B) is
determined by cation occupancies, so that the net magnetization
depends on cation distribution. The change of cation distribution in
nanoparticle did not lead to enhancement of the saturation magne-
tization of its bulk counterpart [20]. Equal quantity of Fe3* jons at B
sites is substituted by non-magnetic Y3* or magnetic RE3* (RE=Gd,
Dy, Ho, Tm and Yb). Non-magnetic ion substitution influences by
lowering of strength of superexchange interactions (A-B and B-B).
Effective magnetic moments of Gd3*, Dy3*, Ho3*, Tm3* and Yb3*
are higher than Fe3*, so the superexchange interactions increase
with substitution. Consequently, magnetization in the magnetic
ions substituted magnetite is somewhat higher, Table 2. The lowest
Ms was observed in Fe; g5Yg1504 (the highest in Fe; g5Gdg1504).
A random cation distribution was obtained in Fe; 55Ing 4504, with
33% of In3* is on A sites [1]. Non-magnetic In3* ions distribution
influences all type of superexchange interactions, while In3* was in
the higher percentage incorporated in magnetite.

Considering coercivity (Table 2), enhancement was observed
for Y-substituted magnetite (while Ms is the lowest). The value is
doubled in comparison with those of the In- and Ho-substituted
magnetite. Similarly as it was discussed for Ms, crystalline
anisotropy strongly influence to coercivity. Size/strain analysis has
shown that strain induced anisotropy is significant. Strain induced
anisotropy can additionally increase the Hc¢ values due to harden-

ing of the particle surface, which can be up to 10% of the total atoms
for 15-20 nm particles.

4. Conclusion

High energy ball milling was used to prepare RE-substituted
magnetite. The observed changes in Ms and H¢ for Fe; g5REq1504
family is influenced by different factors, which were discussed,
in order to emphasize importance of structure and microstrucu-
ral parameters that are dependent on preparation method. Thus,
the obtained magnetic results on rare earth substituted magnetite
can be useful for application, through manipulation with chemical
composition and synthesis procedure. Additionally, partial cation
substitution of iron by the rare earth elements stabilizes magnetite
and preserves its structure from transition to hematite. This could
be signification in different area of applications.
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