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A single-step synthesis of magnesium ferrite (Mgb# nanoparticles with an average crystallite size
of about 8.5 nm synthesized via mechanochemical processing of binary oxide precursors at room
temperature is reported. The study highlights the nature of the cation disorder and of the spin arrangement
in mechanosynthesized Mgk, as well as its response to changes in temperature. An unusual property
of the magnetization enhancement in nanoscale mechanosynthesizegOylgHeported. Whereas the
inner core of a MgF#, nanopatrticle exhibits a partly inverse spinel structure with el l§ge collinear
spin alignment, the major features of the ionic and spin configurations in the grain boundary (surface)
region are a nonequilibrium cation distribution and a canted spin arrangement. Although the spin-canting
effect tends to reduce the magnetic moment, the magnetization enhancement exhibited by mechano-
synthesized Mgk®, is attributed to the nearly random distribution of magnetic cations in the surface
regions of nanopatrticles. On heating above 623 K, the mechanosynthesizegDylgffaxes to a structural
and magnetic state that is similar to the bulk one.

Introduction conducting material, is an important member of the spinel

. ] ] ~ family. Apart from its magnetic and electronic applicatiéns,
Nanosized spinel type ferrites are currently key materials MgFeO, finds a number of applications in heterogeneous

for advancements in electronics, magnetic storage, ferrofluid catalysis and adsorptiéhand in sensor technologyRe-
technology, and many bioinspired applications (for example, cently, it has been demonstrated that this material can be
as drug carriers for magnetically guided drug delivery and seq for thermal coagulation therapy, in which tumors are

as contrast agents in magnetic resonance_imagﬁwmagj locally heated by an application of alternating magnetic
nesium ferrite, MgFg,, as a soft magnetio-type semi- fields?

*To whom correspondence should be addressed. Tel: 49-531-3915341. (3) Goldman, A.Modern Ferrite Technologyvan Nostrand Reinhold:

Fax: 49-531-3917305. E-mail: v.sepelak@tu-bs.de. New York, 1990.
 On leave from the Slovak Academy of Sciences, Watsonova 45, SK-04353 (4) Zhang, H.; Qi, R.; Evans, D. G.; Duan, X. Solid State Chen2004

Kosice, Slovakia. 177, 772.

(1) Wang, Z. L.; Liu, Y.; Zhang, Z.Handbook of Nanophase and (5) Molchanov, V. V.; Buyanov, R. A.; Pavlyukhin, Y. Kinet. Catal.
Nanostructured Materials. Vol.; Xluwer Academic/Plenum Publish- 2003 44, 788.
ers: New York, 2002. (6) (a) Chen, N. S.; Yang, X. J.; Liu, E. S.; Huang, JSens. Actuators,

(2) Valenzuela, R.Magnetic Ceramics Cambridge University Press: B 200Q 66, 178. (b) Liu, Y. L.; Liu, Z. M.; Yang, Y.; Yang, H. F.;
Cambridge, 1994. Shen, G. L,; Yu, R. QSens. Actuators, B0O05 107, 600.

10.1021/cm0514894 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/25/2006



3058 Chem. Mater., Vol. 18, No. 13, 2006 Sepel et al.

Magnesium ferrite bulk material is known to be a
ferrimagnetic ternary oxide that crystallizes with the
cubic spinel type structurea(= 0.83998 nm, space group
Fd3m; JCPDS PDF 88-1943).To emphasize the site  ZnFeO,822Mn—2n ferrites? CoyZno 6042 TipFer 04,2
occupancy at the atomic level, we may write MgBgas and NiFe0,.%¢ In some cases, complete formation of spinel
(Mg1—;Fe)[Mg,Fe—;]04, where parentheses and square ferrites was obtained only after milling followed by sintering,
brackets denote cation sites of tetrahedral (A) and octahedral.e., by employing two processing steps. It is obvious that
[B] coordination, respectivelyd represents the so-called the combined mechanochemieghermal treatment yielded
degree of inversion (defined as the fraction of the (A) sites a well-ordered spinel phase in ferrites at lower annealing
occupied by F& cations). It is widely appreciated that the temperatures and shorter durations than those required in
cation distribution in MgFg0,, upon which many physical  conventional ceramic method&n this article, we will report
and chemical properties depend, is a complex function of on the single-step synthesis of MgkPg via high-energy
processing parameters and depends on the preparatiomilling of binary oxide precursors. To the best of our
method of the materidl. knowledge, the single-step mechanosynthesis of nanosized

Technological and scientific challenges coupled with MgFe:O, particles has not been reported before. Previous
environmental considerations have prompted a search forattempts to synthesize Mg, from the powdered precur-
simple and energy-efficient synthesis and processing routessors in a ball mill led only to the partial conversion to
of nanocrystalline spinel ferrit¢§.Among the many types MgFe0,.28 It was largely due to the choice of the relatively
of preparation and processing techniques (including, for mild synthesis conditions, represented mainly by the mass
example, hydrothermal reactiotiscoprecipitationt? com- of the balls, which strongly influences the impact energies
bustion synthesi® the sol-gel methods* microwave pro- and, consequently, the yield of a mechanochemical reaction.
cessing® microemulsion proceduré$,and sonochemical It should be emphasized that in most of the above-
synthesi¥), the nonconventional mechanochemical réuite mentioned papers on mechanosynthesis of spinel ferrites,
has been recognized as a powerful method for the productiononly the formation of mechanosynthesized oxides has been
of novel, high-performance, and low-cost materials. The established by X-ray diffraction and/or Msbauer spectros-
mechanochemical synthesis (mechanosynthesis) can deliveeopy. Not much work has been done to determine the defect
the designed phases and structures by a single step of thétate or the structure of oxides prepared by nonconventional
high-energy milling conducted in an enclosed activation mechanochemical routes. Especially, the evaluation of the
chamber at room temperatuieln recent years, a surge of cation distribution in mechanosynthesized spinel ferrites from

Mdossbauer spectra and/or X-ray diffraction patterns is not

investigations in the field of mechanochemistry has resulted
in the mechanosynthesis of stoichiometric and chemically
pure nanoscale spinel ferrites such as GOE&’ MnFe0,,*
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as straightforward as is frequently claimed in the literature. magnetic solids, their particle size reduction to nanometer
The hyperfine interactions in (A) and [B] sites of a nanoscale scale leads to a reduced magnetization and ordering tem-
spinel ferrite usually do not differ substantially and possess perature and an increased anisotré##%2The origin of the
a more or less distributive charactétUnder these conditions, observed “magnetic degradation” in fine magnetic particles
it can happen that the (A) and [B] Mebauer subspectra is often connected with the existence of a “magnetically
are difficult to resolve because of strongly overlapping lines. dead” layer at the particle surféégand is discussed in terms
This is clearly demonstrated in the case of mechanosynthe-of the core-shell exchange-coupling model proposed by
sized CoFgD,,2°in which an unusual cation distribution was Kodama and co-workers.
derived from M@sbauer spectra with strongly overlapping  Another problem, which is treated only to a limited extent
lines. According to our experiené&i°the use of both large  in the literature, is related to the thermal stability of
external magnetic fields and low temperatures is indis- mechanochemically prepared spinel ferrites, which are often
pensable in many cases in order to allow for a unanimous inherently unstable because of their small constituent sizes,
separation of the contributions from both sites. Thus, cation disordered structural state, and high chemical act®fity.
distributions merely determined from ‘sbauer spectra the present work, the response of nanoscale mechano-
without application of an external magnetic field have to be synthesized MgR©, to changes in temperature is also
considered with reserve, especially when conclusions arestudied. This is of importance not only for basic science but
drawn from spectra with low resolution or bad statistics.  also because of possible high-temperature applications of
Because of their sensitivity to medium- and long-range mechanosynthesized ferrité&s.
structural order, diffraction techniques also lose much of their
resolving power in nanoscale systems. Despite this fact, Experimental Section
Pradhan et & have recently attempted to obtain information
about the cation distribution in mechanosynthesized MOke
nanoparticles using Rietveld analysis of the X-ray diffraction
data'.lt has been Shown that the mechanosynthgsaeql m.aten aterials. The starting mixtures (10 g) were milled for various
qonS'Sts‘. of tWO_Sp'nel p_hases W'th different cation d'Str'bf"' uninterrupted times (up to 12 h) in a Pulverisette 6 planetary ball
tions (mixed spinel and inverse spinel). However, the precise iy (Fritsch, Idar-Oberstein, Germany) at room temperature. A
quantitative estimates of the degrees of inversion of thesegrinding chamber (250 chin volume) and balls (10 mm in
phases are prohibited because the X-ray atomic scatteringdiameter) made of tungsten carbide were used. The ball-to-powder
factors of magnesium and iron cations (which are propor- weight ratio was 20:1. Milling experiments were performed in air
tional to the number of electrons) don't differ sufficiently at 600 rpm.
enough to allow an accurate evaluation of the cation Additionally, bulk MgFeO,, which served as a reference sample
distribution in MgFgO, nanoparticles. In this article, we in this study, was prepared from equimolar amounts of reagent-
present a detailed study of the ionic and spin arrangementdrade oxidesd-Fe,Os and MgO) by the conventional solid-state
in nanosized mechanosynthesized MgBe For the first route. Powdered reactants were, at fi'rst, homogenized ur]der ethanol
time, quantitative microstructural information is obtained on " @n agate mortar and then pressed into tablets (20 mm in diameter,
both the nonequilibrium cation distribution and the non- 4 mm thick) under a pressure of 30 MPa in a steel mold in order

li . ti ized thesized to obtain a high degree of compaction. The reaction tablets were
collinear spin arrangement in nanosized Mghgsynthesize prefired twice at 1200 K for 24 h, reground, pressed, and finally

in a one-step mechanochemical process. sintered at 1300 K for 24 h. The single-phase nature of the bulk
The scientific importance of synthesizing functional nano- MgFe,0, sample was confirmed by X-ray diffraction and b

particles lies in the fact that they exhibit numerous new bauer spectroscopy.

properties. In the present paper, we also demonstrate that The X-ray diffraction (XRD) patterns were collected using a

nanoscale mechanosynthesized Mghepossesses an en- URD 6 powder diffractometer (Seifert-FPM, Freiberg, Germany)

hanced saturation magnetization, attaining a value ap-with Fe Ko radiation. The microstructural characteristics (crystallite

proximately 50% larger than that of bulk MgR@,. It should size and strains) were obtained from the Rietveld analysis of the

be emphasized that there is only a limited number of studies XRP data using the PowderCell progrémThe JCPDS PDF

on the enhancement of magnetic properties in mechano-databaséwas utilized for phase identification. ,

chemically prepared spinel ferrité®:2032As reported in the Mdssbauer spectra were taken in transmission geometry using a

o . . : .. 5'Co/Rhy-ray source. High-field Mssbauer spectra were recorded
majority of studies on the magnetic behavior of ionic at an external magnetic field of 5.5 T applied perpendicular to the

y-ray direction. The velocity scale was calibrated relativé’ke

The mechanochemical route was used for the preparation of
nanostructured Mgk©,. Stoichiometric mixtures oft-Fe03; and
gO reactants (Merck, Darmstadt, Germany) were used as starting
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in Rh. Recoil spectral analysis softwéfrewas used for the
guantitative evaluation of the Msbauer spectra. The Voigt-based
fitting method provided distributions of hyperfine parameters for
multiple sites in a spectrum. A Lorentzian line width of 0.36 mm/s
resulting from the fit of the spectrum of a standard bulk Mghe
was chosen for the fit of the spectrum of mechanosynthesized
MgFe0,. The degree of inversion, characterizing the distribution

of cations over the two nonequivalent cation sublattices provided

oh (a)
05h (b)
by the spinel structure, was calculated from the sStmauer
subspectral intensities)/Iis; = (f/fis))(A/(2—1))), assuming that -
the ratio of the recoilless fractionsfig;/fa) = 1 at 3 K andfig/fia ! " ©
= 0.94 at room temperatuféThe average canting ang, was
calculated from the ratio of the intensities of lines 2 and,i;, 1h @ff,, .
according to formuldl = 90° — arcsir{ [3(15/11)/2)/[1 + 3(1/12)/ @
4]} 1/2.38 2h (d)
4h (e)
8h (U]
w

Magnetic measurements were made using a SQUID magnet-
ometer. The morphology of powders and the sizes of individual
crystallites were studied using a combined field-emission (scanning)
transmission electron microscope (S)TEM (JEOL JEM-2100F) with | 12n ©
an ultrahigh-resolution pole piece that provides a point resolution
better than 0.19 nm at 200 kV. An energy-dispersive X-ray
spectrometer (Oxford Instruments INCA 200 TEM) with an
ultrathin window allowed for chemical analysis (distribution of
elements) within grains of the mechanosynthesized material. Prior
to TEM investigations, powders were crushed in a mortar, dispersed
in ethanol, and fixed on a copper-supported carbon film.

(311)

MgFe;0;

% 40 5060 70 80 soiz 6 4 0 4 8 12
Results and Discussion 2THETA (degree) VELOCITY (mmvs)
Figure 1. XRD patterns (left) and room-temperature’ 84bauer spectra

Figure 1 shows XRD patterns (left) and M&bauer spectra g.igf“()c)oflfhé‘)l'; Q(%”/ 'X'yg(% rgyixgﬂg ('S;"‘ig fho)r ;ﬁgogfs(ﬂ;“gjlé(ﬂg%éb)

(right) of thea-F&0s/MgO mixture milled for various times.  Diffraction lines of the reaction precursors and the bulk MgFeare
For comparison, the XRD pattern and the ddbauer  denoted by Miller indices.

spectrum of a MgR®, standard sample (bulk material
prepared by the conventional ceramic route) are also
presented in Figure 1h.

The XRD pattern of the starting powder (Figure 1a, left)
is characterized by sharp diffraction peaks corresponding to
crystallinea-Fe,0; (JCPDS PDF 89-0599) and MgO (JCPDS
PDF 87-0653%. During the early stages of milling (for
milling timest < 2 h), XRD merely reveals a decrease in
the intensity and an associated broadening of the Bragg peak
of the individual oxides. However, for times > 2 h,
qualitative changes are observed in the XRD patterns of the
milled samples. Clear evidence is observed of diffraction
features that correspond to the spinel (220) and (400)
diffraction peaks (Figure teg, left). The increased intensity
and shift to highed-spacing of the most-intense peak (from
d=0.2519 nm ta = 0.2525 nm) also suggest the presence
of the spinel (311) diffraction peak. After more than 8 h, all
peaks detected above the background are due to thegFe

phase (JCPDS PDF 88-1943Jhe Rietveld analysis of the Figure 2 shows the kinetics of the mechanochemical

XRD data of the mixture milled for 12 h revealed both an synthesis as determined by XRD and $8bauer spectros-
average crystallite sizes 9f8'5(2) nm and the presence of r‘n(—:‘&mcopy. In Figure 2a, the normalized intensity of the most-
strains of 3.2(1)x 10* in the produced ferrite. intense (104) XRD peak ai-Fe0;, I, is depicted relative
to the intensity of this peak in the beginning of the

(36) Lagarec, K.; Rancourt, D. QRecoit-Mossbauer Spectral Analysis ; ; ;
Software for Windowwersion 1.02; Department of Physics, University mechanical treatmento. Flgure 2b shows the decrease in

Formation of the ferrite phase during the high-energy
milling of the FeOs/MgO mixture was also evidenced by
Mossbauer spectroscopic measurements (see Figure 1, right).
With increasing milling time, a sextet corresponding to
o-Fe0s (B = 52.26(4) T) becomes asymmetric toward the
inside of each line, slowly collapses, and is gradually replaced
by a central doublet and new broadened sextets. These
spectral components can be understood to arise fEm
T ferrite particles with relaxation times< 7. (dominating
superparamagnetic doublet) and > 7. (minor sextet
structure), wherer, is the Larmor precession time of the
nuclear magnetic moment (~ 1 x 108to 1 x 10°s)3
The broad shape of the ‘Msbauer spectral lines for
mechanosynthesized ferrite, in contrast to relatively narrow
magnetically split lines for the bulk material (compare lines
g and h in Figure 1, right), provides clear evidence of a wide
distribution of magnetic fields acting at the ¥enuclei in
the nanomaterial.

of Ottawa: Ottawa, ON, 1998. the intensity of the Mssbauer sextet corresponding to
@7 fgévgtgslfy,G.A.;Van Der Woude, F.; Morrish, A. Phys. Re. 1969 o-Fe0;s, lsex relative to the total spectral intensitito,

(38) Vandenberghe, R. E.; De Grave, EMissbauer Spectroscopy Applied
to Inorganic ChemistryLong, G. J., Grandjean, F., Eds.; Plenum (39) Mgrup, S. IfMossbauer Spectroscopy Applied to Inorganic Chemiistry
Press: New York, 1989; Vol. 3, p 115. Long, G. J., Ed.; Plenum Press: New York, 1987; Vol. 2, p 89.
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Figure 2. Variations with milling time,t, of (a) the normalized intensity
of the (104) X-ray diffraction peak af-Fe,0s; and (b) the relative intensity
of the M@ssbauer sextet correspondingotd-,03.

0

Figure 3. (a) TEM bright-field image of nanoscale mechanosynthesized
MgFe0.. (b) Nanosized crystallites show a strong tendency for agglomera-
tion; the corresponding SAED pattern is displayed in the inset.

reflecting a gradual conversion of the binary oxides to the
ferrite phase during milling. The presence of thd-60;
sextet (+4% of the total spectral intensity) in the spectrum
of the sample milled for 8 h, where no diffraction peak
corresponding ta-Fe0; is registered by XRD (see Figure
1f), gives evidence of the fact that the hyperfine field-
sensitive M@sbauer nuclei provide a very sensitive probe
for the estimation of the yield of a mechanochemical reaction.
TEM micrographs (Figure 3) show that the mechano-
synthesized ferrite consists of crystallites mostly in thel5

Chem. Mater., Vol. 18, No. 13, 3084

the top and bottom, respectively, of Figure 5a. As clearly
shown, the thermal fluctuations are suppressed at 3 K, and
the Mssbauer spectrum of nanocrystalline Mgbsconsists

of broadened sextets only. Although the influence of super-
paramagnetic relaxation is counteracted, a determination of
the cation distribution in MgF©, nanoparticles is impossible

to make from the low-temperature spectrum (Figure 5a,
bottom), because it is difficult to resolve the subspectra or
to assign them to the respective lattice sites. This overlapping
is known to produce misleading interpretations in some spinel
compounds such as Cuf&a, where unphysical results are
obtained for the iron population if the subspectral intensities
are consideretf. Therefore, in the present case, the iron
populations at the (A) and [B] sublattices will be analyzed
concurrently with the discussion of in-field Msbauer data
(see below).

To determine both ionic configuration and spin arrange-
ment in mechanosynthesized ferrite nanoparticles, we found
it necessary to perform low-temperature€ $dbauer measure-
ments in conjunction with large external magnetic fields. In
the presence of an external magnetic figtids), the effective
magnetization of the individual particles is aligned along the
field. As a consequence of the antiparallel alignment of the
spins of Fé&" cations at (A) and [B] sites in spinel ferrites,
the external field adds to the magnetic hyperfine field at (A)
sites and subtracts from the hyperfine field at [B] sites.
Thus, the use of the large external magnetic fields creates
an effective separation of the overlapping subpatterns,
thereby allowing for an accurate determination of the cation
distribution in ferrites. The high-field Mesbauer spectra with
the completely resolved (A) and [B] subspectra for both bulk
and nanosized mechanosynthesized M@keaken at 3 K
are compared at the top and bottom, respectively, of Figure
5b.

The absorption due to FgA) in the Missbauer spectrum
of the bulk material was fitted by a single hyperfine pattern.

nm size range, consistent with the average crystallite size©n the other hand, the hyperfine field distribution (HFD)

determined by XRD. The shape of the majority of the

with three hyperfine field components @(n = 6, 5, 4)

crystallites appears to be spherical (Figure 3a). As shown inWaS foung as being necessary to the fit of the absorption
Figure 3b, nanoscale crystallites tend to agglomerate becausdU€ to F&'[B]. This is consistent with previous Msbauer

of the dipolar field of each crystallit®. Agglomerated
crystallites form grains with sizes mostly up to 50 nm.
Corresponding selected area electron diffraction (SAED)

patterns, displayed in the inset of Figure 3b, show Debye

Scherrer rings that fit to a cubic unit cell with a dimension

studies of bulk MgFgD,.°22942The Mossbauer parameters
resulting from the least-squares fitting of the spectrum of
the bulk MgFegQO, are given in Table 1. The local magnetic
fields experienced by the FgB] site nuclei (53.97, 52.61,
and 51.05 T) arise from the different nearest-neighbor (A)

of about 0.839 nm. The discrete diffraction spots of the larger Sité configurations, namely from= 6, 5, and 4 nearest (A)

grains indicate the same lattice spacing.
The high-angle annular dark-field (HAADF) micrograph
taken in the STEM mode (Figure 4a) shows brightness

site magnetic (iron) neighbors, respectively. The degree of
inversion of the bulk MgF£,, calculated from the sub-
spectral intensity ratitya)/I[g;, was found to beé. = 0.90(4).

variations just due to variations in specimen thickness, as 'N€ intensity ratid/l; ~ 4/3 for both (A) and [B] subspectra

do the elemental maps that monitor the local K-ray
emission from magnesium, iron, and oxygen (Figure-4b

d). Local elemental concentrations are positively correlated.

These findings hint to a homogeneous distribution of

elements within agglomerated grains of the mechanosynthe
sized material. Hereafter, we assume the ideal composition

MgFe&0a.
The low-temperature Mgsbauer spectra of both bulk and
nanoscale mechanosynthesized Mgbeare compared in

indicates that the spins are almost completely aligrig)(
= 0.4(1f, W = 0.5(4¥) along the external magnetic field
of 5.5 T. Thus, the bulk ferrite exhibits a partly inverse spinel

(40) Evans, B. J.; Hafner, $hys. Lett.1966 23, 24.

(41) Long, G. JMossbhauer Spectroscopy Applied to Inorganic Chemistry
Plenum Press: New York, 1987; Vol. 2.

(42) (a) De Grave, E.; Govaert, A.; Chambaere, D.; RobbrecHh@sica
B 1979 96, 103. (b) Hamdeh, H. H.; Xia, Z.; Foehrweiser, R.;
McCormick, B. J.; Willey, R. J.; Busca, G. Appl. Phys1994 76,
1135.
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Figure 4. (a) HAADF micrograph of mechanosynthesized MgBetaken in the STEM mode. Micrographs showing distribution of the elements (b)
magnesium, (c) iron, and (d) oxygen within grains of the mechanosynthesized material. Bright contrasts represent high element concentrations.
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Figure 5. Low-temperature (3 K) Mssbauer spectra of bulk Mg#ey (top) and nanosized mechanosynthesized MOkEéottom) taken at (a) zero applied
magnetic field and (b) an external magnetic field of 5.5 T applied perpendicular tp-thg direction. (A}, [B]c and (A), [B]s denote cation sites of
tetrahedral and octahedral coordination in the inner core and the surface shell ofOdg@e@oparticles, respectively.

structure with a Nel type collinear spin arrangement of CuFe0..4® Thus, the present Msbauer data were fitted
(Mgo.1d&.0d)[Mgo.od €1 10]Os. by a superposition of four subspectra; two accounting for
The high-field Mmssbauer spectrum of the mechano- F€" nuclei at (A) and [B] sites of the particle core (denoted
synthesized MgR©, nanoparticles (Figure 5b, bottom) is by (A)c and [BL in Figure 5b and Table 1) and two associated
well-fitted by assuming an ordered particle core surrounded With Fe** ions at (A) and [B] sites in the surface shell of
by disordered grain boundary (surface) regions. This fitting the nanoparticles (denoted by ¢9nd [B, respectively).
strategy has already been applied in the fitting of the in- To separate the surface effects from the bulk effects in the
field Mdssbauer spectra of nanoscale NiBg3@ and spectrum of mechanosynthesized Mgb.g we assumed that
the core of MgFgD, nanoparticles possesses the same
(43) (a) Sousa, E. C.; Sousa, M. H.; Goya, G. F.; Rechenberg, H. R.; Lara, Structure as the bulk material. Thus, the fit to the spectrum
M. C. F. L.; Tourinho, F. A.; Depeyrot, JI. Magn. Magn. Mater. of nanoscale MgF©®, was made by imposing constraints
2004 272276 e1215, (b) Alves, C. R.; Aquino, R.; Sousa, M. 5y the Missbauer parameters of the subspectra corresponding

Rechenberg, H. R.; Goya, G. F.; Tourinho, F. A.; Depeyrot].J. "
Metastable Nanocryst. Mate2004 20—21, 694. to the partlcle core (laﬁ), B, I(A)C”[B]Cy I(A)CZII(A)CL I[B]C2/| [B]cl),
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Table 1. Parameters Obtained by Fitting the High-Field Méssbauer
Spectra Taken & 3 K for Bulk MgFe ,04 and Nanosized
Mechanosynthesized MgFg02

subspectrum/

component IS(mm/s) p B(T) o (T) |
Bulk MgFeO4°
(A) 0.25(2)  1.00 50.99(6) 1.10(5) 0.452(1)
[B] 0.36(3)
B(6) 0.69d 53.97(4) 0.70(4) 0.378(1)
B(5) 0.26d 52.61(4) 0.74(6) 0.143(2)
B(4) 0.05¢ 51.05(3) 0.83(6) 0.027(4) . .
Nanosized MgFg4¢ 50 B (T) 55

(A)c 0.2% 1.0¢  50.99 1.13(2) 0.230(1)
[Blc 0.36 Figure 6. [B] site HFDs derived from the high-field Misbauer spectra of
B(6)c 0.69 53.97 0.72(4) 0.193(2) the (a) bulk and (b) nanosized mechanosynthesized M@F&he [B] site
B(5)c 0.26  52.6F 0.77(3) 0.073(2) HFD of the mechanosynthesized material is a superposition of the core
B(4) 0.0 51.05 0.86(4) 0.014(1) ([B]c) and shell ([BY) contributions.
(A)s 0.25(1)  1.00 47.71(2) 1.28(3) 0.170(1)
[Bls 0.36(1)
B(6)s 0.091  53.97 1.23(5) 0.029(1) Figure 6 compares the [B] site HFDs derived from the high-
ggigs 9396 20 é-g?‘g ) 8%;% field MGssbauer spectra of the bulk and mechanosynthesized
5(3)2 0:225 45.28(1) 6.1(2) 0.072(1) MgFe0;,. The hyperﬁne parameters of (A) and [B] site ferric

ions resulting from the least-squares fitting of the spectrum
of nanosized MgF®, are presented in Table 1.

From the relative intensities of sextets, one can easily
deduce quantitative information on both the cation distribu-
tion and the spin configuration within the Mgl® nano-
particles. Whereas the core is considered to possess the partly
inverse spinel structuréd{= 0.90), the shell region is found
to be structurally disordered. The subspectral intensity ratio
lwsfligis = 0.531(3) indicates that the major feature of the
atomic configuration in the shell is a nonequilibrium cation
distribution characterized by a reduced fraction of iron
cations on (A) sitesis = 0.69(3). It should be noted that
such that these parameters were fixed and equal to thosdhis value of the degree of inversion corresponds nearly to
obtained from the fit of the spectrum of the bulk material. the random distribution of cations & 2/3) with maximum
To allow for a core size distribution of nanoparticles, we configurational entrop§? The present observation of the
freed the Gaussian widths)(of the core components (A) nonuniform cation distribution within Mgk©, nanoparticles
and Bf). (n = 6, 5, 4) during the fitting within constraints by means of Mesbauer spectroscopy is consistent with the
that were given by the difference in local hyperfine fields. results of Rietveld analysis of the XRD d&tahowing that
Taking into account that local magnetic fields experienced the mechanosynthesized material consists of two spinel
by F&*(A) are virtually independent of the detailed distribu- Pphases with different cation distributions.
tion of magnetic ions in the spinel structuffeye fitted the Another striking feature of the present 'Skbauer data is
absorption due to Fé ions at the (A) site of the particle  the observed difference between the intensity ratios of
shell by a single hyperfine pattern. To account for the spectral lines 2 and 1 for the inner cofgua/l a1, [gic2/
sensitivity of a [B] site ion to the distribution of magnetic Ig;) and the surface region{)s2/l ays1, 1[g1s2/1jgjs1), Which
ions in its neighborhootf; we fitted the absorption due to s a direct indication of a nonuniform spin arrangement within
Fe*t ions at [B] site of the particle shell by a HFD consisting a nanoparticle. Whereas the magnetic moments located at
of four components (B{s, n= 6, 5, 4, 3). It should be noted  (A) and [B] sites of the particle core are assumed to exhibit
that a similar fitting approach, comprehending a sensitivity a perfect alignment with the external fieltiafco/l a)c1 =
of a particular ion to the distribution of magnetic ions in its  Ig2ljgjer = 4/3), the spins in the shell region are found to
neighborhood, has already been applied in the study of thebe canted. The average canting angles, calculated from the
local structure of a disordered spirfélOn the basis of the intensity ratiosl s/l as1 and Igjso/lgjs1, were found to be
detailed analysis of a broad [B] site HFD, its low-field Wus = 29.1(1} andWgs = 39.3(4), respectively. Thus,
component was assigned to thosé'f8] site nuclei that the spins located on the two sublattices in the surface regions
experience a local surrounding with the reduced number of of mechanosynthesized Mg nanopatrticles are found to
magnetic neighbors on the nearest (A) sites; for details, seebehave differently under an external field of 5.5 T. This result
Sepel et al?® In this context, in the present study, the B(3) is also consistent with previous work, where different spin
component of the [B] site HFD may be attributed to those canting in the (A) and [B] sublattices of spinel nanostructures
Fe*'[B] ions located in the surface region of a Mgk was observedrb:46
nanoparticle that possess 3 nearest (A) site iron neighbors.

(45) Sickafus, K. E.; Wills, J. M.; Grimes, N. W. Am. Ceram. S04.999
82, 3279.

a(A) = tetrahedrally coordinated site; [B} octahedrally coordinated
site; B(6), B(5), B(4), B(3)= components of the [B] site subspectrum; IS
= average isomer shiffj = weight of the component; = Gaussian width
of the componentt = relative intensity of the componeri;, = magnetic
hyperfine field; (BLl= average value of the magnetic hyperfine field
distribution;A = degree of inversiony = average canting angle:= inner
core of a nanoparticle;= surface shell of a nanoparticles= first spectral
line; 2 = second spectral lin.Iy/ljg; = 0.824(8),l(a)2/1 (a1 = 1.333(2),
Iig12/len = 1.333(1)4 = 0.90(4), W(a) = 0.4(1F, Wrg) = 0.5(4F, BlE) =
53.47(1) T.cFixed parameterd The probability that an F&[B] ion
possessen Fe&¢* and 6 — n Mg?*" (A) site nearest neighbors, calculated
from the binomial distribution fol ~ 0.92° €l/lgc = 0.8Z, l(a)co!
layer = lic2/lgler = 4/3F = Ac = 0.90, W (a)e = Wigle = 0°, la)lgis =
0-531(3),|(A)52/|(A)sl = 0-823(6)||[B]52/I[B]sl =0.569(2) As = 0-69(3)11P(A)s
= 29.1(1), Wgs = 39.3(4Y, Blks = 50.75(3) T.

(44) Van Der Woude, F.; Sawatzky, G. Rhys. Re. B 1971, 4, 3159.
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D=8.5nm

core: (Mgq.1o Feo.sog ) [Mgo.50 Fe1.10 3 104

shell: (Mgo.31 Feo.ee,?) [Mgo.ss Fe1310”]1 04

Figure 7. Schematic drawing showing the nonuniform nanostructure of
mechanosynthesized Mgf&. The crystal chemical formulas emphasize
the spin alignment and the site occupancy at the atomic level within the
particle core and shell.

The intensity ratioI(A)s + I[B]s)/(I(A)c + I[B]c + I(A)s + I[B]s)
= 0.490(8) indicates that about &Xof the magnetic cations
are located in the surface shell of MgBa nanoparticles.
Assuming a spherical shape of mechanosynthesized nano
particles and taking their average size as determined by XRD
(8.5 nm), we estimated the thickness of the surface shell to
bet ~ 0.85 nm. This value corresponds to about4near-

Sepelk et al.
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Figure 8. Magnetization hysteresis loops for (a) bulk and (b) nanoscale
mechanosynthesized Mgf&, measured a3 K after field cooling with
Hext = 5 T. Inset: Zero-field-cooled (ZFC) and field-cooled (FC)
magnetization curves for mechanosynthesized M@k¢aken atHex =
0.01T.

have already been reported for nanosized piz@nd other
ultrafine mechanically alloyed materigf%3°°:340 Similar
behavior has also been observed in MgBequenched from
high temperature¥.

An interesting observation is that the nanoscale mecha-
nosynthesized Mgk8, exhibits an enhanced magnetization.
As can be seen (Figure 8), the magnetization of the
mechanosynthesized sample does not saturate even at the
maximum field attainableHex = 5 T). This is in contrast
to the magnetic behavior of the bulk Mgia, whose
saturation magnetization reaches the valuéVigf; = 33.4

surface cation layers and is comparable to the lattice constanfMt/9- By extrapolating the high-field region of thiHex)

of MgFe,O, (0.83998 nm¥. The estimated thickness of the
shell is also comparable to that obtained from magnetic
measurements on mechanosynthesized Mbfenano-
particles (0.91 nnif2and ball-milled NiFgO, (0.88 nm)?}72
but it is smaller than the values estimated fronidgloauer
experiments on nanosized CeBg(1.0—1.6 nm)**We note
that, in general, 1 nm is also a typical thickness of grain
boundary regions in nonmagnetic nanocrystalline matefials,
such as ball-milled LiNb@ where the grain boundary
regions were even shown to be amorphtsthe non-
uniform nanostructure of mechanosynthesized M@kés
schematically presented in Figure 7.

It is found that the average sublattice magnetic fields
experienced by Pe ions located in the near-surface layers
(Blhys = 47.71(2) T,BLkis = 50.75(3) T) are reduced in
comparison with those acting on iron nuclei in the inner core
(Bl = 50.99(6) T, BLEc = 53.47(1) T) of MgFeO,
nanoparticles. This could be explained by the effect of

frustrated superexchange interactions due to the above-

described cation disorder and spin canting in the surface
regions of nanopatrticles. Reduced sublattice magnetic fields

(46) (a) Helgason, O Greneche, J.-M.; Berry, F. J.; Mosselmans JF.
Phys.: Condens. MatteR003 15, 2907. (b) Bhowmik, R. N.;
Ranganathan, R.; Sarkar, S.; Bansal, C.; NagarajaRhigs. Re. B
2003 68, 134433. (c) Goya, G. F.; Leite, E. R. Phys.: Condens.
Matter 2003 15, 641.

(47) (a) Zhang, Y. D.; Ge, S. H.; Zhang, H.; Hui, S.; Budnick, J. I.; Hines,
W. A.; Yacaman, M. J.; Miki, MJ. Appl. Phys2004 95, 7130. (b)
Haneda, K.; Morrish, A. HJ. Appl. Phys1988 63, 4258.

(48) (a) Heitjans, P.; Indris, S. Phys.: Condens. Matt@003 15, R1257.
(b) Heitjans, P.; Indris, S1. Mater. Sci2004 39, 5091. (c) Heitjans,
P.; Masoud, M.; Feldhoff, A.; Wilkening, Mraraday Discuss2006
DOI: 10.1039/B602887J (in press).

curve to infinite field, we estimated th&ls, value of
mechanosynthesized Mgfe, to be about 50 emu/g, which
represents an enhancement of the saturation magnetization
of about 5046 (relative toMsa for bulk MgFeO,).

Another feature observed is that the field-cooled hysteresis
loop of the mechanosynthesized sample is not symmetrical
about the origin but is shifted to the left (the shfHc is
about 0.02 T). The asymmetry manifests itself also in the
high-field region of theM(Hex) curve; M is about+43.8
emu/g atHex = 5 T whereas it is about45.3 emu/g at the
same reversed field. Such an asymmetric hysteresis loop with
both horizontal and vertical shifts has been reported for
exchange-coupled systethand is explained in terms of
exchange coupling between the collinear spins in the core
and the canted spins in the sh#Il.

It is also found that the nanoscale mechanosynthesized
MgFeO, exhibits an enhanced magnetic hardness, i.e., the
coercive field of the mechanosynthesized materitd &

0.1 T) is about 20 times larger than that of the bulk Mgbe

(Hc ~ 5 mT). The enhanced coercivity may be attributed to
the high volume of the grain boundaries with a nonequilib-
rium cation distribution and spin cantifigf. The magneto-
crystalline anisotropy, the surface anisotropy, and the shape
anisotropy may contribute to such a large coercivity of
ultrafine mechanosynthesized particles as well.

The quantitative information on the cation configur-
ation and spin structure, obtained from the analysis of

(49) De Grave, E.; Dauwe, C.; Govaert, A.; De SitteRRys. Status Solidi
B 1976 73, 527.

(50) Nogus, J.; Sort, J.; Langlais, V.; Skumryev, V.; Staah, S.; MUz,
J. S.; Bafg M. D. Phys. Rep2005 422 65.
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Mossbauer spectra, is very helpful in the interpretation of et al®? this blocking temperature in MgE®, can be
the enhanced magnetization of nanocrystalline mechano-associated with crystallites of average sizes of about 11 nm.
synthesized MgR©,. Because Mg ions possess no It should be noted that the position of the maximum in the
magnetic moment, the total magnetic momemt in ZFC curve is also sensitive to the aggregation level of the
(Mgi—;FeN[Mg;Fe_1]0, is entirely due to the uncompen- particles and to the resulting dipolar magnetic interactions
sated magnetic moments of the ferric ions. Thus, from the between ther® Thus, a good agreement is obtained between
degree of inversion and the canting angles, we can calculatethe average crystallite size deduced; magnetic measurements
the effective magnetic moment (per formula unit) of MgBge are from TEM and XRD. The point at which the ZFC and
as FC curves start to separaf& (& 200 K) is associated with
the blocking temperature of bigger crystallites. The relatively
1= g — Uy = (2 = Apte COSWig) — At COSW small difference betweefiz and Ts (~20 K) demonstrates
that the mechanosynthesized MgBgpossesses a relatively
narrow distribution of particle sizes.

The nanostructured Mgk®, prepared by high-energy
milling is metastable with respect to structural changes at
elevated temperatures. Figure 9 shows the room-temperature
Mdéssbauer spectra of the mechanosynthesized material taken
after annealing at various temperatures for 30 min. It was
observed that in the temperature range-2833 K, the shape
of the spectra of the nanosized MgBg remains unchanged
(Figure 9a-c). This demonstrates that the range of the
thermal stability of the mechanosynthesized product extends
up to 623 K. However, at temperatures above 623 K, a
gradual crystallization of the nanoscale MgBg powders
takes place (see Figure 9H). As to be expected, the
superparamagnetic doublet component gradually vanishes

that is approximately 2 times larger than that of the core. becau;se ?r: paructlet grtowt:\ of t?e .spllnelf F;Eas?. Simulta-
Assuming a spherical shape of particles, we can estimate! €0USY the Sextel structure, typical of the lonhg-range

the relative enhancement of the magnetizatigmof mecha- fe;nmaoglgnﬁtlc sta.te,thdevglops f.b ecagse IOfththf thermfllly
nosynthesized material using the average particle size'N@uced changes in the spin configuration. In the temperature

determined by XRDID = 8.5 nm) and the thickness of the range 723-1273 K, the most-apparent change in the spectra

surface region derived from the sbauer data & 0.85 is a gradual narrowing of spectral line shapes, implying the
nm) by applying the following expression disappearance of the broadly distributed hyperfine magnetic

fields. The increased intensity of the sextet structure and its

whereuee is the magnetic moment of Feion; ure = 5 us
(us is Bohr magnetonys = 9.274 x 1072 emu).

In the following, we will calculate the magnetization of
mechanosynthesized Mgf®, particles in the framework of
the core-shell model. The value$. = 0.90 andW¥ ). =
W = 0° characteristic of the core, result in the magnetic
momentu. = 1 ug/formula unit. On the other hand, the
valuesis = 0.69 and¥ n)s = 29°, Wgis = 39°, characterizing
the nonequilibrium cation distribution and spin canting in
the grain boundary regions, lead to the effective magnetic
momentus ~ 2.07 ug per formula unit of MgFgO,. Thus,

a competition between the effects of spin canting (which

generally tends to reduce the magnetic moment) and cation
disorder (which brings about an increase in the magnetic
moment) theoretically leads to a magnetization of the shell

D/2—t 2 D2 2, 4 [D\3 shift to higher magnetic hyperfine fields also suggest the

_ ﬂ) phordr + folzftﬂsll‘m dr = g ”(2) formation of an ordered state on heating. The room-
€= 4 (D)3 temperature Mssbauer spectrum of the annealed sample (at
“03”(2) 1273 K for 30 min), measured at an external magnetic field

(Figure 9i), consists of two sextets with the parameteyg 1S
The theoretically estimated valueof 5% is in reasonable = 0.12(8) mms, 1% = 0.24(5) mm/s[Bl) = 48.12(3) T,
agreement with that of about %9 determined from the and B = 50.02(2)T; values that are well comparable with
magnetization measurements (see Figure 8). Thus, theihpse of the bulk materidf The quantitative evaluation of
magnetization enhancement of about¥®0n mechano-  the spectral intensities revealed both the collinear spin
synthesized Mgk®, is attributed to the effect of cation alignment @ = 0.4(2F, W5 = 0.6(2) and the partly
disorder that dominates over the effect of spin canting in jhverse spinel structuré & 0.89(4)) of the annealed sample.
the surface shell of nanoparticles. Because of the nearlyThjs indicates that the nonequilibrium cation distribution and
random distribution of magnetic (F§ cations, the “mag-  the canted spin arrangement resulting from the mechano-
netically active” surface shell exhibits an effective magnetic chemical synthesis route are metastable, i.e., during the

moment that is approximately 2 times larger than that of the annealing process, they relax toward their equilibrium
Figure 8 (inset) shows the zero-field cooled (ZFC) curve

of mechanosynthesized Mgl measured in the temper- after annealing at various temperatures revealed that the

ature range from 2 to 340 K. Above 2 K, the increase With 5 er0q6 crystallite size increases with increasing sintering

temperature of ZFC_CUNG can be as_crib(_ad tq the pre_sencetemperature (Figure 9). After the thermal treatment at 1023
of superparamagnetic crystallites, which give rise to a single K for 30 min, the MgFeO, powder is no more nanocrys-
maximum at aboufg = 180 K. This points to a single- '

stage process of the crystallite blockfighccording to Chen

The TEM observations of the mechanosynthesized Mgfe

(52) Chen, Q.; Zhang, Z. Appl. Phys. Lett1998 73, 3156.

(53) Dormann, J. L.; Fiorani, D.; Tronc, E. IAdvances in Chemical

(51) Yu, S.C.;Song, Y.Y,; Kiss, L. F.; Vincze,J. Magn. Magn. Mater. Physics Prigogine, I., Rice, S. A., Eds.; John Wiley and Sons: New
1999 203 316. York, 1997; Vol. 18.
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Figure 9. (left) Room-temperature Misbauer spectra of mechanosynthesized M@k after annealing at various temperatures ((a) 293, (b) 523, (c) 623,
(d) 723, (e) 823, (f) 923, (g) 1023, and (h) 1273 K) for 30 min. (i) High-field 9dbauer spectrum of the sample annealed at 1273 K for 30 min, with
completely resolved (A) and [B] subspectra. (right) TEM bright-field images of mechanosynthesizedOdgffter annealing at 723, 1023, and 1273 K
(from top to bottom) reveal different crystallite sizes.

talline; its average crystallite size exceeds 100 nm. The The comparative in-field Mgsbauer study of the bulk and
annealing at higher temperatures leads to the further growthnanosized MgF©, enables us to separate the surface effects
of crystallites reaching sizes of more than 200 nm. Thus, on from the bulk effects in mechanosynthesized nanoparticles.
heating, the mechanosynthesized Mgbehas relaxed to a It is found that the fraction of magnetic cations that are
structural and magnetic state that is similar to the bulk one. located in the grain boundary (surface) regions of Mgke
nanoparticles is about 8 Assuming a spherical shape of
the mechanosynthesized nanoparticles, we estimated the
thickness of the surface shell to be about 0.85 nm. This value
Nanosized MgF£, with an average crystallite size of corresponds to about% near-surface cation layers and is
about 8.5 nm has been synthesized in a one-step mechanosomparable to the lattice constant of MgBg Whereas the
chemical route from binary oxide precursors at room core of a MgFgO, nanoparticle exhibits a partly inverse
temperature. This nonconventional approach offers severalspinel structure/; ~ 0.90), the atomic configuration in the
advantages over traditional processing routes, including low- shell is characterized by the reduced fraction of iron cations
temperature solid-state reactions, fewer processing stepspn (A) sites £s ~ 0.69), corresponding to the nearly random
homogeneity of the products, and suitability for the low cost, distribution of cations. In contrast to the collinear spin
large-scale production of nanopowders. In this respect, thealignment in the core of the nanoparticles, the spins located
present work contributes to the search for novel sustainableon the (A) and [B] sublattices in the surface shell are canted,
production routes of functionally tailored nanomaterials.  and they are found to behave differently under an external

Conclusions
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magnetic field W (n)s =~ 29°, Wigs &~ 39°). As a consequence thermal stability of the mechanosynthesized product extends
of frustrated superexchange interactions, the average subup to 623 K. Above this temperature, a gradual crystallization
lattice magnetic fields experienced by3Féons located in of the nanoscale Mgk®, powders takes place. During the
the near-surface layers are reduced in comparison with thoseannealing process, the nonequilibrium cation distribution and

acting on iron nuclei in the inner core. the canted spin arrangement resulting from the mechano-
It is found that the saturation magnetization of mechano- chemical synthesis route relax toward their equilibrium

synthesized MgF©, reaches the value ®s;~ 50 emu/g, configuration. Thus, on heating to elevated temperatures, the

about 506 more thanVls;:= 33.4 emu/g for bulk MgF£,. mechanosynthesized Mgk®, relaxes to a structural and

The theoretical considerations, taking into account the magnetic state that is similar to the bulk one.
average particle size of mechanosynthesized MQFe

determined by XRD and the thickness of the surface region
derived from the Mesbauer data, lead to a relative mag-
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of the bulk material. edged. We are grateful to J. Caro for the opportunity to use the
The nanostructured Mgg®, prepared by high-energy  TEM facility.

milling is metastable with respect to structural changes at

elevated temperatures. It is found that the range of the CM0514894
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