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Abstract

Powders consisting of ferromagnetic (FM) Fe nanopatrticles, of about 7 nm
in size, embedded in an antiferromagnetic (AFMY@y matiix have been
obtained by high-temperature reduction under a hydrogen atmosphere of a
mixed Cr—Feoxide. This FM—AFM system exhibits exchange bias effects,
i.e. a loop shift(Hg) and coercivity enhancemet Hc), when fiet-cooled
through the Neel temperaturely, of Cr,O3. The exchage bias properties

were measured as a function of temperatittge and A He are found to

vanish at aboufy (Cr,03), indicating a good quality AFM matrix. Hence,
high-temperature reduction of mixed oxides is demonstrated to be a suitable
technique to develop new types of FM-AFM exchange-biased nanopatrticles,
from which novel gplications of this phenomenon may be developed.

1. Introduction treatments of FM particles to obtain reacted AFM phases,
creating core (FM)—shell (AFM) particles. As a result, the
Exchange bias is the shift of the hysteresis loop along thember of fine-particle systems in which exchange bias could
magnetic fied axis direction, which originates as a resulbe observed was rath restricted, since the AFM had to be
of exchange interactions between a ferromagnetic (FM) aobtained from a sinp chemical reaction of the FM core.
an arniferromagnetic (AFM) material [1-4]. The loop shift Thus, basically, only transition metal particles embedded in
is often accompanied by an enhancement of the coercivityieir AFM nativeoxides (e.g. Co—CoO [5], Ni-NiO [11] or Fe—
These phenomena were discovered about half a century agbég0,[12]), oxide nanoparticles with different oxidation states
patially oxidized Co particles [5]. During the last decade, thée.g. CrQ (ferrimagnetic)-CsOs (antiferromagnetic) [13])
bulk of the research in exchange bias has been mainly focuggdransition metal nanoparticles surrounded by chemically
onthin film systems due to their applicability in spin valves foobtained sulfides or nitrides (e.g. Fe—FeS [14], Co—CoN [15],
magnetic recording and sensor devices [6]. However, recenlg—FeN [16]), have been studied. This severely restricts the
the study of exchange bias effects in fine-particle systemstéghnological applications of these types of materials. For
recovering its importance, since it has been demonstrated taghmpé, many of the ystems exhibit blocking temperatures,
FM-AFM exchange interaains can be useful to enhance th@g (i.e. the temperature at which the exchange bias effects
hard magnetic properties of permanent magnets [7-9] orwanish [1]), far below room temperature [5, 11-16]. Moreover,
beat the superparamagnetic limit in FM nanopatrticles [10]. itis generallynot possible to obtain AFM phases by chemically
Nevertheless,mn after the discovery of exchange biagreating many FM materials, e.g. hard magnetic materials.
it became clear that applications of exchange bias effedisstrecently, exchange bias effects have been induced in
in fine-particle systems would be limited. This was mainlparticles, by means of ball milling, in some combinations of
due tothe fabrication process, which was based on chemidayl and AFM phasesot derived from the same transition
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metal (e.g. Co—NiO, Co—FeS or Sm=dliO) [7, 8]. However,
the size of the resulting FM and AFM particles obtained by
bdl-milling is typically of the order of a few micrometres.
Hence, new ultrafine particle synthesis methods are necess:
to investigate exchange bias effects in FM—AFM mixtures
consisting of particles of only a few nanometres in size
Indeed, there is an increasing interest in lithography-fabricate .-
exchange-biased nanostructures [17—19], mainly due to th: -
dragic increase of the areal density of recording media, whict
demands a mintarization of the spin valve-based magnetic
sensor devices. However, most lithography techniques canni
yet reliably produce nanostructures of a few nanometres [20
In this paper, we present the synthesisafometric FM
paticles embedded in an AFM matrix, in which the FM and the
AFM phases are derived frodifferent transition metals. This (b)
is caried out by high temperature reduction under a hydroge
atmophere of a mixed oxide (i.e. an oxide of two different % ¥ P
transition metals). This process yields a selective reductio B % - onm
of one ofthe transition metals (the FM) leaving the other in 3 % 7 o=dnm
the oxidized state (the AFM). The resulting material exhibits.z \%
0

exchange bias when it is fieldooled from above the &&l
temperature of the AFM.

% of par

2. Experimental details st 7 %

Sekcive hgh terperature reduction under a hydrogen

atmogphere of CrgFey»03 powders was used to produce a .

microstructure consisting of Fe nanoparticles embedded ine  * 2, e 7 & 5 1o 11 12 13 14 15 1%

AFM Cr,03 matrix [21]. A binary oxide solution was prepared d (nm)

by thermal decomposition and air calcination of mixed oxalate

precursors. The calcinations, carried out at 1%Dpallowed Figure 1. (a) TEM micrograph of Fe nanoparticles embedded in a

the crystallization of the solid solutions. Subsequently, t 2'\(23_ matiix; (b) Fe particle size distribution, as evaluated from the

reduction of the solid solution was performed in pure dry Image.

hydrogen at 1200C for 2 h, giving rise to a Fe—-GDs

nanocomposite. Morphological and structural characterizatidfPreover. the cell parameters of Fe< 0.28721) nm) and

was caried out by transmission electron microscopy (TEM§20s (& = 0.49601) nm andc = 0.13581) nm) were found

and x-ray diffraction (XRD). to qom_espond to those tqbulatgd fpr these two phases [23],
To induce exchange bias, the as-prepared powders WMcatmg he absence of interdiffusion begen them. L

cooled in the preence of a mgnetic field of variable strength The temp.e_rature dependgnce Of, the exchange bias field,

O < Hec < 50 kOe) from room temperature 6 — Hg, and cercivity, He, after fieldcooling (Hec = 50 kOe)

10 K. Magnetic hysteresis loops were subsequently recordd§ shown in figurrlels Z(ah) and (tt))')' respectively_. AS s_hovc\j/n in
at several temperatures when heating from 10 to 350 K B _lIJ_re 2(1a),|? san:a extr:] ange bidsg = 9 Oe% IS0 ta_lnef h
means of a vibrating sample magnetometer (VSM), applyin = 10 K. The exchange energy per surface unit of the

maximum field of 50 kOe, i.e. enough to ensure full saturati —AFM coupling cgn be ezstlmed, ina first aproxmguon,
of the powders. aso = (HeMs4/3nr°)/4xr < = HeMsr /3, whereMs is the

saturation magnetization of Feat= 10 Kandr is the particle
radius (assuming they are spherical). Taking: 4 nm, one
obtainsor—10k) = 3 x 10~ erg cnT2, which is about one
Shown in fgure 1 is a TEM micrograph of the as-preparedrder of magnitude lower than the exchange energy, evaluated
powders. It can be seen that the particles have rounded shagi@som temperature, for FM—AFM thin films containing.Or

and are about 200 nm in size. Each of them consists of a hass antiferromagnet and lower than the typical valuesfof the

of darker spots with sizes7 nm, corresponding to metallic majoiity of FM—AFM thin film systems [1]. Note that a small
nanoparticles (high contrast) (Fe), which are embedded in exchange bias is somewhat expedtirom the low aisotropy
oxide matrix (low contrast]Cr,O3). The Fe nanoparticles of Cr,O3 [24], in agreement with ®asurements in systems
exhibit a log-normal distribtion with a mean particle size containing COs, ether in nanostructured [25] or in thin film

of 7 nm and a standard deviation ofog_norm = 2 nm form [26], although large loop shifts have been observed in
(figure 1(b)). The existence of the two-phase mixture@-Ee  CrO,—Cr,O3 core—shell particles [13]. Moreover, the smaller
ard corundum-like C3O3) wasconfirmed by XRD. Using a value ofo for the Fe-C5O3 nanoparticles, when compared
full-pattern fitting procedure (i.e. Rietveld method) [22] thevith FM—AFM thin films containing GiO3 as AFM, could be
weight percentage of Fe was estimated to be around 108fbie to a less effective spin alignment that the Fe nanoparticles
which is in qualitative agreement with the TEM observationsould induce on the neighbouring £05 spins during the field-

3. Results anddiscussion
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160 |-
Ty is lower than theone obtained after field cooling, confirming
S the existence of AFM—FM excinge coupling. However, it is
T "o important to remember that exchange bias effects can also be
present even after a ZFC procedure [29]. This is shown, in our
120 L case, by the presence osmall exchange biasHg = 4 Oe,
= 50 kOe evenafter ZFC, arising from the effect of the remanent moment
of the Fe nanopatrticles on the L& matiix during the ZFC

1oou ' slu ' 1clm ‘ 1sl.o l 260 ‘ 2;0 ' 3;)0 T3s0  Process.
Hc after field cooling decreases as the temperature is
T (K) increasedlevding off attemperatures aroundy (Cr,O3) ~
. p . . .
Figure 2. Tempeature dependence of the exchange biis, 310 K. However, since the_ EM nano_partl_cl_es remain magnetic
(in (a)), and coercivityHc (in (b)), after cooling from room above Ty (Cr20s) the coercivity remains finitesic ~ 100 Oe.
temperature in a magnetic fiec = 50 kOe. Itis noteworthy that, using the bulk anisotropy value for Fe
(i.e. K = 5 x 10P erg cnt3), the expected superparamagnetic

cooling procedure and the concomitant more random charac@@cking temperaturelg, for 7 nm Fe nanoparticles would be
of FM—AFM interactions in the powder system compared the = (KV)/25%g = 40 K, whereV is the particle volume
exchage-biased FM—AFM thin films. Hg(T) has a rather and kg is the Boltzmann conste. However in our cag,
constant value until the tempure approaches 200 K, wheréVe observe that the Fe nanoparticles remain ferromagnetic at
He(T) starts to decrease, until it vanishes, due to the thermalfast up toT = 350 K. This can be due teurface effects
induced loss of magnetic stability of the AFM, at a blockin@ dipolar interactions, enhancing the apparent anisotropy of
temperatureTg, of about Ts ~ 307 + 5 K. Thus, the fact the naoparticles [30, 31], although the exchange interactions
that Ts ~ Tn(Cr,O3) = 307 K implies a high degree of between the FM nanoparticles and the AFM matrix could also
crystallinity of the AFM phase [1], in contrast with earlierbe pRying a role in stabilizing the magnetic moment against
core—shell nanoparticles, in particular GFaCr,O5 core—$iell  thermal fluctuations, particularly beloWy (Cr,O3) [10].
nanoparticles [13], which shoiz <« Ty. Remarkably, the Finally, since C§O3 has a rathefow anisotropy (2x
temperature dependencettf resembles more those observed® erg cn [24]), the system could be prone to field-
in epitaxial and high quality thin film systems (i.e. Brillouin-induced effects [32] (as observed Gr@r,O3 core—ell
like Hg(T)) [27], rather than the ones in polycrystallinenanoparticles [13]), such as AFM spin-flop or AFM domain
systems (usually more lineade(T)) [28]. This probably wall mation. Hence, exchage bias was studied as a function
also indicates a high quality of the oxide matrix. Moreovegf the cooling field. As shown in figure 3, after the initial
the absence of training effects [26] in this system (observéttrease inHe whengoing from Hec = 0 Oe to 5 kOe, the
in CrO,—Cr,03 core—shell nanoparticles [13]) indicates oncéoop shift remains fairly constd for larger cooling fields. This
more a good quality GOz matix [1]. couldindicate that, due to the random nature of the samples, the
As can be seen in figure 2(lthe system also exhibits afield-induced effects could be exceedingly small in this system.
coercivity enhancement\Hc, from Hc = 112 Oe at room Alternatively, any field-induced effects may take place at fields
temperature ttHc = 185 Oe at 10 K. Since an increase ofibove H = 50 kOe. For example, the spin-flop field in,Op
coercivity could also be induced by thercomitant increase is about Hsg = 60 kOe at low temperatures [33]. However,
of the magnetocrystalline anisotropy of the FM nanoparticleiieto the small size of the oxide particles, the transition field
at low temperaturediic was also reasured after a zero-field-is expected to be reduced [34]. Nevertheless, the degree of
cooling (ZFC)procedure. Asxpected,Hc (ZFC)= 165 Oe reduction may be insufficient to be observed with a 50 kOe



field. Note that the fact that some field effects were observeld]
in CrO,—Cr,03 core—shell nanoparticles [13] may be due to

the thin CpOj3 shell and its small crystallite size, compared t

the microstructure in our samples.

4. Conclusions

In summary, it has been shown that FMnoparticles («-

Fe) embdded in @ AFM matrix (Cr,O3), in which the FM
and AFM phases areot derived from the same transition

Greiner J H, Croll | M and Sulich M 1961. Appl. Phys. 32
188S

] LnHM,HsuCM, YaoY D, ChenY Y,KuanTT,
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(18]

metal, can be obtained by means of selective high temperature
reduction under a hydrogen atmosphere of mixed oxides. The
resultant nanocomposite particles exhibit exchange bias effeﬁtg]
(i.e. a shift of the hysteresis loop and an enhancement of

coercivity) when they are field-cooled from above the blocking0]

temperature of the system. As expected, ddghand He are

found to be reduced if the system is cooled in zero magne&?cl]

field.

It is remarkale that, contrary to other processingyy

techniques to create mixtures of FM and AFM powders, hig
temperature reduction seems to be an appealing method to
produce very small FM particles (of just a few nanometres
in size) embedded in an AFM matrix, a microstructure whicWS]
is interesting in exploiting novel applications of the exchange

bias phenomena.
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