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The low-temperature magnetic properties of samples obtained by cold-compacting core-shell Fe/Fe oxide
nanoparticles have been investigated, and their dependence on the structure, composition, and mean particle
sizeD has been discussed. Samples with diffe@2nvarying from 6 to 15 nm, and different Fe to oxide ratio
were analyzed by means of transmission electron microscopy, x-ray diffraction, and magnetization measure-
ments in the 5-300-K temperature range. The results support the existence of a low-temleeiomrd ;
~20 K) frozen, disordered magnetic state, characterized by a strong exchange coupling between the structur-
ally disordered, spin-glass-like oxide matrix and the Fe nanocrystallites. Abpyvea different regime is
distinguished, characterized by the coexistence of a quasi-static, ferromagnetic component, given by the Fe
particles, and a relaxing component, represented by regions of exchange-interacting spins of the oxide matrix.
As the temperature is increased abdve the net moments of the oxide magnetic regions become able to
thermally fluctuate and they tend to be polarized by the Fe particle moments. The above picture well accounts
for the composition, particle size, and thermal dependence of the coercivity and of the exchange field, which
strongly increase with reducing temperature in correspondence with the freezing of most of the moments of the
oxide magnetic regions.
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I. INTRODUCTION have to be taken into accoutit!*

- . In this framework, we have studied samples obtained by
A common characteristic of nanostructured magnetic ma- . . X
g . .__cold compaction of Fe nanoparticles surrounded by an oxide
terials is the coexistence of two or more phases, magneticall

and/or structurally different, which are modulated on agurface layer, prepared through the inert gas condensation

length scale of the order of a nanométetlt was recently (IGC) technique and oxygen passivation. Samples with dif-

demonstrated that ultrafine ferrite particles can also be Cor{_erent Fe to oxide weight fraction rati¢8.2—1.4 were syn-

sidered as heterogeneous systems. In fact, the surface reg \esized by operating a control on the mean size of the me-

ion : .
exhibits modified magnetic properties compared to the bulk"JIIIIC core, varying from 6 to 15 nm. The compositional,

N §tructural, and magnetic properties were investigated by
as a consequence of the lack of structural periodicity and o L . ; .

. L ) .~ “means of transmission electron microscopy, x-ray diffraction,
the presence of competing magnetic interactions, resulting i
spin canting and spin-glass-like behaviot The coexistence
of topological disorder and frustration of magnetic interac-

tions has also been found to lead to similar phenomena ih"de a clear picture of the dependence of the magnetic prop-

metallic systems®!A notable example is the observation of erties on the Fe particle mean size and on the Fe and oxide
a spin-glass-like freezing at the grain boundary in ball-milleg/Tactions, th:jowmg_ I'%ht on s_orgeh as_pec:]s of theklow-l
nanocrystalline F& Therefore, surface and interface effects {€MPerature dynamical magnetic behavior that to our knowl-
give nanostructured systems a two-phase character. Actuall§d9e were not addressed in a systematic way in previous

- L —21
two such phases do interact, giving rise to exchange anisot?vestigations on similar systems.
ropy, as found in both oxide particR¥ and metallic The magnetic behavior of the system has been found to be

systems? Such surface and interface effects, which arestrongly dependent on the exchange coupling between the
strongly dependent on the particle size and its distributionmetallic crystallites, with a spin-ordered configuration, and
give an important contribution to the total particle anisot-the disordered(both structurally and magneticallyoxide
ropy. Moreover, in the presence of interparticle interactionsphase. Such an exchange coupling gives rise to a frozen dis-
the characteristics of the medium in which the particles arerdered state of the system at low temperatures and deter-
embedded and its ability to transmit exchange interactionsnines the temperature variation of the magnetic properties.

Méssbauer spectroscopy, and magnetization measurements
in the 5-300-K temperature range. The obtained results pro-
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Il. EXPERIMENT

Fe nanoparticles were produced by the IGC mettfod:
99.98% purity Fe was evaporated in a tungsten boat locate: !
in a chamber filled with He at a pressure of 133 Pa. Aerosol
iron nanoparticles accumulated on a metallic rotating drum
cooled by liquid N; then they were exposed to a mixture of o
133-Pa Q and 1200-Pa He for 12 h to achieve passivation
Transmission electron mlcroscopVEM) observations were

copper grid put inside the evaporation chamber durlng the"
synthesis process. A microscope Philips Tecri&Bo,
equipped with a Gif 2 KK2 K CCD camera, was used.
Nanoparticles with an increasing mean size have been ob
tained by increasing the current crossing the tungsten boat
and hence the vapor temperature, during three evaporatio
processes. After the passivation, the part|cles were scrape

D6, D10 andD15.

The pellets were investigated by x-ray diffractioihRD)
using a Philips PW1710 diffractometer with Ku radiation.
Samples of magnetic characterization were obtained by the#,
subsequent fragmentation of the compacted pellets in a pow
der of micrometric size. Each micrometric fragment con-
sisted of a dense agglomerate of nanoparticles. Low-
temperature magnetic properties of the samples have bee§
investigated by means of a commercial superconducting
quantum interference device magnetometer operating in the
range 5—-300 K and equipped with a superconducting magne!
(Hma=55 kOe) and a special software option allowing us to Ff
fully control the warming/cooling rate®.g., 4 K/min for the
present experiments

Il. RESULTS
A. Structural properties
1. Transmission electron microscopy

Figure Xa) shows the TEM micrograph of a typical Fe 5 TRt
particle obtained by IGC and oxygen passivation. The dark"j‘”%
core corresponds to metallic iron whereas the surroundlnc7 2nm
light gray layer is the oxide phase. The thickness of such = ===+
layer is~2 nm, independently on the Fe core size. The TEM
contrast of the oxide phase resembles that of an amorpho%I
structure and the presence of crystallites in this small region
is hardly detectabl¢Figs. 1b) and Xc)]. The interface re- have an elongated shapEig. 1(f)], characteristic that in-
gion between metallic core and oxide phase appears ascaeases with increasing the Fe core dimensions. As a matter
rather sharp boundary due to Fresnel fringfeig. 1(c)]. of fact, we have found that very fine particles, with a mean

The TEM analysis reveals that the as-prepared particlesize below 5 nm, present a spherical shape, as shown in Fig.
are not always distinguishable as singular and well-separatetig). Note that such particles do not show the characteristic
entities, as shown in Fig.(4. More generally, the products core-shell morphology because they are so small that the
of the evaporation and passivation procedures are agglomegsassivation procedure induced their complete oxidation
ates of several nanoparticles. (each one consists of several crystal graifis agreement

As shown in Fig. 1d) in the case of small Fe corésiean  with previous studie&® our findings seem to indicate that
diameter<10 nm), these are well separated by the oxideduring a synthesis process carried out at low vapor tempera-
even if small contact regions may exist. Larger metallic coresure, the growth of small spherical particles, similar to those
exhibit an enhanced tendency to merge together forminghown in Fig. 1g), occurs by aggregation of atoms. At a
welded-neck junctions and grain boundarigsg. 1(e)].  high vapor temperature, the coalescence of the primary par-
Moreover, it has been generally noted that the metallic coreticles seems to be particularly favored: larger Fe cores are

FIG. 1. TEM micrographs of oxygen passivated Fe nanopar-
es produced by IGC. See the text.
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denced by TEMFig. 1), we consider that the volume aver-
aged grain siz® provides a measure of the mean size of the
Fe cores. We recall that, for any distribution of spherical
particles,D is related to the volume weighted diametkeby
D=2 d.?’ For nonspherical particles distributed in shape, a
different proportionality constant is expected, which cannot
be derived analytically. Also in this last case, valuable infor-
mation can be obtained by assuming a log-normal distribu-
tion of spherical particles with respect to the diameté?
A ‘A D15, | The width of the distribution logr can be expressed by mean
r of the ratio of the volume-weighted and area-weighted grain
.sl;—):'zel| I III I I i I N I | sizeD.2” We have found that log- varies between 0.41 and
F , . . N , X 0.49, and it is not correlated to the mean diameter. Such
30 40 50 60 70 80 90 100 values are in agreement with those typically reported for a
size distribution of gas-evaporated nanopartiéfds. the se-
ries of 20 samples, the observed trend of the iron volume
FIG. 2. XRD spectra for sampld36, D10, andD 15. fraction vsD was also in agreement with the assumption of
spherical core-shell particles with a shell thickness-@&.5
obtained whose symmetry departs more and more from them, independent on the partiCIe Size, distributed aCCOfding to
spherical ondFig. 1(h) shows the detail of the incomplete @ log-normal distribution with width log=0.46 (this last

Intensity (arb. units)

20 (degrees)

coalescence of two metallic cofles value was determined from the average over the 20
samples?®
2. X-ray diffraction For the oxide lattice parameter, the Rietveld analysis pro-

vides an intermediate value between those of magnetite and

The XRD spectra of the samplé&s6, D10, andD15 are  maghemite8.399—8.335 A Indeed, we cannot exclude that
shown in Fig. 2. Two components are detected: the peaks gfe oxide phase is a mixture of both48) and y-Fe,05, as
bee Fe and the broadened and overlapping peaks of the oxidgggested in various research works on similar santpfés.
phase. The position and the integrated intensity of the Iattq—he average grain size of the oxide phase-Bnm and the
correspond to the values usually quoted for magnetignicrostrain is about one order of magnitude larger than for
(F&;0,) and maghemite ¥-Fe03), both having spinel  the metallic phase. The very small grain size and the high
structure. However, the peak broadening does not allow us tajue of microstrain suggest that the oxide is a defective
distinguish between them. No reflection different from thosespinel due to the high structural and topological disorder. A
of the cubic spinel structure has been observed. ~  cation disordei.e., a nonzero occupation factor of the oc-

XRD patterns was analyzed using a full profile-fitting ahedralc sites of the spinel structure and a reduction of the
progrant” following the Rietveld method® and assuming a  occupation factor for the usually occupied octahedrsites
spinel structure for the oxide phase. In particular, the refinepas peen assumed to account for temall) increase in the

ment of the peak profile parameters and the quantitativgytegrated intensity of thé440), with respect to polycrystal-
phase analysis of the program have been used to determifge magnetite or maghemite.

the volume averaged grain sizeD), the microstrain
((£2)Y?) of the iron and oxide phases, and their volufaed
weigh fractions. Such an analysis was carried out on a se- B. Magnetic properties
ries of more than 20 samples includibg, D10, andD 152°

For both phases the intensity and width of the peaks are
consistent with an isotropic model for crystallite size and Hysteresis loops were measured on samplésD 10, and
strain. The results obtained for the Fe component are suni>15 at different temperaturek between 5 and 300 K. The
marized in Table |. The Fe fraction increases with increasindgoops atT=5 K are displayed in Fig. 3. The values of mag-
D. Due to the particular morphology of the compacted nanonetizationM st.5 k) at H=50 kOe andT=5 K are reported
particles, namely, the characteristic core-shell structure evin Table Il together with the extrapolatédt 1H tending to

1. Magnetization vs field measurements

TABLE I. Results of the Rietveld analysis on the XRD spectra in Figd 2and(s?)*? are the volume
averaged grain size and the microstrain of the Fe phase, respectively. The Fe ffeaiiomne and weight
and the oxide fractiorfweigh? are also reported.

D (nm) (212 (1073) Fe volume(%) Fe weight(%) Oxide weight(%)

Sample  (+10% (+10%) (+3) (+3) (+3)
D6 5.6 14 13 18 82
D10 9.6 9 21 28 72
D15 15.2 3 48 59 41
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FIG. 3. Hysteresis loops measuredTat 5 K on sample<D6, L= 15000
D10, andD15. Inset:Mg vs T for samplesD6 andD 15 (normal- \
ized to theMg value atT=5K, Mg 5) 10000 . A\'xg
_ =
, , o 5000 =t
zerg saturation valuesMssk)). They increase with in- (b) M)
creasingD and with the Fe content. Such values are com- 00 %0 00 Te0 200 2%0 360
pared to those calculated(.;) considering the amounts of
Fe and oxide derived from the XRD analygfsr the oxide T(K)

phase we have considered a magnetization of 86 emu/g, cor-
responding to the average of bulk&g and y-Fe,O3). The
ratio betweerM s s k) andM . is also reported in Table II.

The smalllerD 'S the-z lower the s s k) /M ratio. non-saturating tendency, well noticeable 6, increases
In the inset of Fig. 3, foD6 andD15, theMs values,  jith reducing temperature, especially belows0 K. This
normalized toMs s, are reported as a function of tem- effect can be visualized by plotting the value of the slope
perature. The curves are not fitted byr 3 law. (dM/dH) of the virgin magnetization curves in the field
The coercivityH is reported as a function of temperature range 20-50 kOe, as a function of temperat(ig. 5).
in Fig. 4@a): Hc decreases with temperature for the three For sampleD®6, the virgin curves alT=5 and 300 K are
samples, the variation being more marked with decred3ing shown in Fig. 6: at 5 K the curve is S shapgdis charac-
In fact, atT=5 K, H¢ decreases with increasiyy whereas teristic becomes more pronounced with decreasibyg
at T=300 K it increases wittD. whereas at 300 K it has an almost continuous downward
The loops in Fig. 3 show a nonsaturating character and aurvature. The field derivativdM/dH of the virgin curves
high value of the irreversibility fieldH;,). This is defined as shows a peak aH* (inflection field: H* increases with
the field above which the two branches of the loop in the firsdecreasing temperature, the increase being more marked be-
quadrant merge together in a single curve, the two correfow T~ 150 K (inset of Fig. 6.
sponding magnetization values differing for less than 1%. At Hysteresis loops were measured after cooling the sample
T=5K, Hj, has the largest value f@6 (~28 kOg, and it  in a magnetic field of 20 kOe, frorff=300 K down to a
decreases with increasirigy [Fig. 4b)]; in D6 it decreases fixed temperature. AT=5 K, a shift of the loop towards the
with temperature up te-100 K and then it remains almost negative field has been observed for the three samples. The
constant above-150 K. As forH, a weaker thermal de- amount of the shift is usually quantified through the positive
pendence is observed D10 and still weaker irD15. The  exchange field parametete,= — (Hignt Hiert) /2, where the

FIG. 4. CoercivityH (a) and irreversibility fieldH;, (b) as
functions of temperature for samplBs$, D10, andD 15.

TABLE Il. M(st_sk), magnetization measured Bt 5 K and atH =50 kOe;M 55y, 1LH extrapolation

of the magnetization af=5 K; M4 is the calculated magnetization starting from a XRD estimation of the
constituent phases in Table I.

Mt _sk) (€mMu/g Ms sk (€mu/g M caic (€MU/Q Ms sk)/Mca (%)
(+0.5 (+0.5 (=9 (+5)
D6 61.4 68.8 110 62
D10 89.7 95.9 123 78
D15 135.8 141.2 165 86
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FIG. 5. Slope §M/dH) of the virgin magnetization curves in
the field range 20-50 kOe as a function of temperature, for samples
D6, D10, andD15. The dotted lines are guides for the eye.

meaning ofH g andH ¢ is obvious. In Fig. 7H, has been
reported as a function of temperature for the three samplegy; the magnetic irreversibility persists at low temperature
He, increases with decreasirig;, for all the samples, it de-
creases with temperature and it vanishe$ atl50 K.

2. Zero-field-cooled and field-cooled magnetizations
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FIG. 7. Exchange fieldH,, as a function of temperature for

even under the largest .

samplesD6, D10, andD 15.

In fact, on lowering the tem-

perature,M - shows a very weak variation wherelt,c

starts to decrease beloty, .

The temperature derivative of the differencévigdc

Magnetization measurements as a function of temperature M ze0)
were performed according to the zero-field-cool{@gC)—
field-cooling (FC) procedure at different applied magnetic
field (10 OesH,p,=<20kOe). Mz was measured on
warming from 5 to 300 K wheredd - was recorded during
the subsequent cooling. Figure 8 shows the main results for
sampleD6. For measurements &t,,,<1000 Oe, an irre-
versible magnetic behaviofdifference betweerMg- and
Mzec) is observed in the whole temperature range. We de-
fine the irreversibility temperaturer(,) as the temperature
where the difference betwedh: andM ,-c, normalized to
its maximum value at =5 K, becomes smaller than 3%. On
increasingH ,pp from 1000 to 20 kOgFig. 8), T;, reduces

M (emu/g)

[ o8)
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40t nnuunngs.g
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b T 1000
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10} 1 o e
', % —30~"706 750 200 250 300
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field at T=5K, and 300 K for sampld®6. Inset: inflection field
(H*) as a function of temperature for samé.

M (emu/g)

has

been
[—d(Mgc—Mze)/dT] curves are shown in Fig.(8. For

calculated: some representative

I
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FIG. 8. Zero-field-coolindZFC, lower branch of each displayed
FIG. 6. Initial magnetization curves as a function of magneticcurve and field-cooling FC, upper branchmagnetization$M) as a
function of temperature measured on samipk for different ap-
plied magnetic fields.
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1
00sol ® Happi Up t0 200 Oe, they are characterized by the presence of
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0.000 e 250 K. For higher fields, this last effect is no more visible;
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the larger peak, strongly field dependent, shifts to lower tem-
peratures, toward the smaller one, exhibiting a weak field-
dependence, and fét,,,= 3000 Oe they definitively merge.
The low temperature peak is still visible Et,,,= 20 kOe.

A similar analysis was repeated on sampl&5. In Fig.
10 we report(@ Mzecec Vs T for D6 and D15 at H,pp
=500 Oe, normalized to th&l,-c value measured at
=5K (Mgzec 5¢), and (b) the correspondingd —d(Mgc

—M,0)/dT] curves. In these last curves, two peaks are well
visible in both samples, but unlike the smaller peak—
positioned at approximately the same temperature—the large
one is shifted toward lower temperatures fbrl5 (T,
~110 K).

FIG. 9. (a) Temperature derivative—d(Mgc—Mze0)/dT] of
the difference between field-cooled and zero-field-cooled magneti-
zations measured on sampdé at the indicated magnetic fielth)
Thermoremnant magnetizatioffTRM) measured orD6 at H
=100 Oe and temperature derivative d(TRM)/dT].
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According to TEM imagegFig. 1) and considering the

high oxide fraction(Table ), the material can be modeled in
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terms of an iron oxide matrix in which nanometric Fe par-
ticles are dispersed. The oxide matrix is not a continuous 1.00 Mo
medium: as the samples are obtained by the cold compaction

of the as-prepared aggregates of core-shell nanoparticles

[Figs. 1d)-1(f)], a high fraction of pores is certainly 0.99
present® The oxide matrix is poorly crystallizelFigs. 1(b),

1(c), and 2.

Let us first discuss the properties of samplé, in par- 0.98
ticular the hysteresis loop measuredTat 5 K (Fig. 3). The
large high-field slopgFig. 5 and the small magnetization
value atH=50 kOe, well below the expected one on the
basis of the Fe and oxide weight fractions obtained by XRD
(Table 1), reveal a noncollinear arrangement of atomic spins.
Similar effects were observed in nominally ferrimagnetic
particles (NiFgQ,, y-Fe,03) and associated with a random
spin canting at the outer particle layérs. Reduced coordi-
nation and hence broken superexchange bonds between sur
face spins result in an alteration of the orientation of each 0.99}
magnetic moment and hence in a disordered spin configura-
tion and a reduction of the net average moment. Spin canting
was also observed by fsbauer spectroscopy in thin oxide

0.97

1.00 Rpdany

relative transmission

layers on metallic Fe cores prepared by an aerosol méthod. 0.98}+

For our samples, a disordered spin configuration is expected (b) T=300K

to result from the intrinsic structural disorder of the oxide . . . . .

matrix in which the Fe particles are embedded. -8 -4 0 4 8
Thermal fluctuations of canted surface spins in ferrimag- V (mmis)

netic particle5™ as well as boundary spins in antiferromag-

netic ball-milled FeRHRef. 10 and pure nanocrystalline Fe  FIG. 11. Mdssbauer spectra dt=77 K (a) and T=300 K (b)

(Ref. 11 have been found to freeze at low temperature into aneasured on an Fe/Fe oxide sample with structural features similar

spin-glass-like phase with a multidegenerate ground stateéo D10.

The origin of this behavior was ascribed to the combination

of structural disorder and frustration due to competing magifractions deduced from the resonant areas of the sextets are

netic interactions. In our samples too, the spins of the struceonsistent, within 3%, with those obtained by XRD. No sig-

turally disordered oxide matrix could be frozen in a spin-nificant paramagnetic component is observed in thessvo

glass-like state at low temperature. Such a picture idauer spectra up to room temperatureTAt300 K, the two

supported by the observed high-field irreversibility at low- oxide sextets are replaced by a broad relaxing component,

temperature(e.g. for sampleD6, H;,~28 kOe atT=5K  superimposed to the bcc-Fe sextet. Typicalsstmauer spec-

[Fig. 4(b)]). Hence, the shift of the field-cooled hysteresistra atT=77 (a) and 300 K(b) are shown in Fig. 11. Such a

loop atT=5 K (Fig. 7), can be associated with the exchangebehavior was also observed by other authors on similar

anisotropy originating from the exchange coupling betweersamples=>*

the spin-glass-like matrix and the ferromagnetic crystallites. Let us now consider th—d(Mgc—Mzec)/dT] curves

At low temperature, the whole system should be in a disor{Fig. %@ ]. It is worth recalling that, in the presence of inde-

dered magnetic state, where the orientation of the oxide anpgendent relaxation phenomefiz., noninteracting particlgs

Fe particle moments is affected by both particle-particle dithe temperature derivative of the remnant magnetization re-

polar interactions and exchange coupling between the spirflects the effective distribution of anisotropy energy barriers

glass-like matrix and the ferromagnetic phase. of the systeni’ We found that such curve has the same trend
The spin-glass-like state does not evolve in a pure paraas the temperature derivative of the difference betwdegp

magnetic or superparamagnetic regime with increasing temandM ;c¢, as shown in Fig. @), where the thermoremnant

perature up to 300 K. In Fig. 8, fdf ,,,<<1000 Oe, mag- magnetizationNTRM) at H,,,=100 Oe and its temperature

netic irreversibility persists for temperatures close to 300 Kderivative are reportethe sample was cooled down from

with increasingH 5,1, the shape of thi/l ;¢ curves exhibits  T=300 to 5 K inHp; then the field was removed and the

a strong field dependence, suggesting blocking/freezing pheéemanence was measured for increasing Therefore, al-

nomena at field-dependent temperatures, with a ferromaghough in the present case the relaxation processes cannot be

neticlike trend ofM ,c/rc aboveT;,. The Massbauer analy- considered independent, qualitative information can be

sis of the samples with differei (Ref. 26 indicates that, at drawn from the analysis of th¢ —d(Mgc—Mze0)/dT]

T=4.2 K, the spectra can be well fitted using the charactereurves.

istic six-line pattern of bcc Fe, given by the metallic par- Common feature of all these curves is the presence of a

ticles, plus two wide sextets for the oxide component, conwell-defined peak aT,~20 K, which does not depend sig-

sistent with structural disorder. The Fe and oxide volumenificantly on the magnetic field. This is consistent with the
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tion at the beginning of the measurements.
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FIG. 13. Dependence af,, T,, andT;, on the applied mag-
netic field for sampléD6.

paramagnetic regime. This effect is boosted by the magnetic
field, which favors the formation of ferromagnetic network
throughout the sample. We can assume that the polarizing,

hypothesized picture of a frozen, disordered magnetic state &rromagnetic component gives rise to an increasing back-
low temperature: this is also confirmed by the lack of mag-ground in the zero-field-cooled susceptibility vs temperature

netic relaxation below =25 K—as shown in Fig. 12, where
the time dependence &l ;¢ is reported for sampl®6 at
different temperaturesH,,,= 100 Oe; note that the maxi-
mum relaxation is measured &t 150 K).

Above T,, a large peak is observed in the-d(Mgc
—Mgzed)/dT] curve at low applied field H ;=100 Oe)
[Fig. 9@)]. It becomes narrower and shifts to lower tempera-

curve, coherently with the rising tendency M, (and
hence in [—d(Mgc—Mgze)/dT]) visible for Hggp
<200 Oe, starting fronT ~250 K [Figs. 8 and €a)]. Simi-
larly, the behavior of —d(TRM)/dT] aboveT~ 250 K[Fig.
9(b)] can be ascribed to the presence of a background com-
ponent associated to the nonrelaxing Fe particles.

The field dependences df,, T, andT;, are reported in

ture with increasing field. This indicates the existence of &ig. 13 forD6. The low-temperature region, delimited by the
very broad, field-dependent energy barrier distribution. ThisT; curve, corresponds to the completely frozen state. The

is consistent with the existence of irreversibility well above
T,, and with the field dependence of the amplitude of
(Mgc—Mzeo) and of Ty, which decreases with increasiity

above 1000 Oé€Fig. 8. T;, signals the onset of a freezing T

region betwee; andT,;, curves defines a regime consist-

ing of frozen and relaxing oxide magnetic regions, which
coexist with the quasistatic Fe component. Finally, above
ir,» all the oxide magnetic regions are unfrozen and polar-

process with decreasing temperature, i.e., the blocking assieed by the Fe particle moments. Note that we cannot define

ciated to the highest anisotropy energy barrier. The dynamics

slows down with decreasing temperature andathe whole
system appears static on the experimental time scale.

ir for Happ<<1000 Oe sinceM ;¢ and M ¢ are forced to
merge at the maximum measuring temperature of 300 K
(Fig. 8.

On this basis, we can conveniently describe our system as With increasingT above 300 K, it is to be expected that
constituted by two different components, strongly coupled athe thermal fluctuations of the oxide moments, revealed by

the interface: a nonrelaxingjuasistati¢ ferromagnetic com-

the room-temperature Nsbauer spectra analysigig.

ponent and a relaxing, magnetically disordered componentll(b)], become more and more rapid and that a temperature
The Fe particles provide the first component, whereas reexists at which they finally enter the superparamagnetic re-
gions of exchange-interacting spins of the oxide matrix repgime, irrespective of the presence of the Fe particles and of

resent the second one.

the magnitude oH ., (furthermore, some structural changes

Below T4, the oxide region moments do not relax and arecould occur in the samples upon annealing above room

frozen in the spin-glass-likéor cluster-glass-likg state. On
increasing the temperature abovg, such a completely fro-

zen state evolves into a regime where the oxide magnetio

temperaturé™'® The Mossbauer spectrum in Fig. (H,

showing the presence of a relaxing component, unambigu-
usly indicates that such temperature must be much lower

regions become progressively unfrozen, according to the dighan the ordering temperature of both;8g (860 K) and

tribution of effective anisotropy energy barriers, determined

by their size and by the strength of the magnetic interaction

with the surrounding. The large peak in the-d(Mgc
—Mze0)/dT] curve at lowH 5, [Fig. 9(a)] reflects the width

y-F&,05 (1020 K).
In other words, it can be assumed that the oxide matrix is
characterized by a random magnetic anisotrdfncally

varying easy axis and distribution of local anisotropy con-
of such distribution. Once the net moments of the oxide mags

tany that increases with decreasing temperature. At high

netic regions become able to thermally fluctuate, they tend ttemperature, where the oxide anisotropy is lower, the polar-
be polarized by the Fe particle moments, which thus preventing action of the Fe particle moments on the matrix mo-

(or shift to higher temperaturghe passage into the super-

ments dominates, and this implies an enhancement of the
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degree of collinearity of the moments, as suggested by thand shifting the energy barrier distribution to lower values.
reduced slope in the high-field region of the virgin magneti- H andH,, at T=5 K increase with decreasirg [Figs.
zation curvedqFig. 5. With reducing temperature, the pro- 4(a) and 7] revealing that exchange anisotropy effects at the
gressive freezing of the net moments of the oxide magnetimterface between particles and matrix are more important
regions occurs along random anisotropy directions, givingvhen the surface to volume ratio of the particles increases.
rise to the increase of the high-field slope of thlevs H To gain insight into the exchange bias phenomenon, a useful
curves(Fig. 5. Accordingly, inD6 the initialM vs H curve  starting point is the Meiklejohn-Bean model which predicts,
is ferromagneticlike alf =300 K whereas alf=5K it re- for materials with ferromagnetiad FM)/antiferromagnetic
sembles that of frustrated systems like spin glagsigs 6).3>  (AFM) interfaces, the relatich

A necessary condition for the observation of exchange
bias is that the antiferromagnetic phase ferrimagnetic or He= Jint/ Memtem 1)
spin glass has a large magnetic anisotropy, so that it can, hereJ
exert a pinning action on the ferromagnetic phase. BaSica”yferface
He, IS expected to be proportional to the square root of theand the
anisotropy constant of the antiferromagnetic phaseln
D6, Hey appears below =150 K (Fig. 7), i.e., in correspon-

int IS the exchange constant across the FM/AFM in-
per unit area, arM gy, andtg), are the magnetization
thickness of the FM layer, respectively. It should be
noted that important parameters are not considered in Eq.
. (1), such as the AFM layer anisotropy and thickness, the

same temperature of the large central peak in the tems, the particle random orientation, the distribution of par-

[=d(Mec—Mzgc)/dT] curve at lowH pp, [Eig. 9@l With el sizes and shapes, the difficulty to characterize the mi-
reducing temperaturé]., shows a marked increase because

e : crostructure of the interface, and, in our case, the spin-glass-
of the_ Progressive increase Of amsot_ropy and the co_nsequemEe nature of the oxide matrix make it difficult to extract
freezing of more and more oxide region moments. It is worthy, ,, itative information. Nevertheless, the observed increase
notmg that bOth.[F'g' @] and the '_”f'ec“or! fieldinset of He, with decreasingd at T=5 K (Fig. 7) constitutes an

of Fig. § strongly Increase with reducm‘Q starting fromT interesting result, resembling thetdy dependence of Eg.
NlSO.K’ coher(_antly with the e_lbove pl_cture. The thermal(l)' A necessary condition for the observation of exchange
evolution ofH¢ in sampleD6 [Fig. 4(a)] is explained con-

YO ) _anisotropy is*
sidering that at very low temperature the frozen oxide matrix

exerts a strong pinning action on the Fe particle moments, K armtaem= Jint» 2)
particularly effective because of the smaland hence of the
high surface to volume ratio. At=300 K, the oxide matrix ~WhereK gy andtgy are the anisotropy and the thickness of
is polarized by the Fe particles. Its contributionHg can be  the AFM layer, respectively.
neglected compared to that of the Fe particles. In our case, if one assumes fibkry, the value of bulk Fe

It is now useful to compare with samplésl0 andD15. (1714 emu/cr), for tgy the mean particle siz® and for
The features of the hysteresis loops reflect the differences itnem the double of the oxide shell thickness4 nm), Eq. (1)
the chemical compositionM s sy, increases with the Fe Yields Jj,=0.35 ergs/crh for sampleD6 and thenK gy
content and the difference between the calculated and me&9x 10° ergs/cni from Eq. (2); for D15, Kapy=4X10.
sured magnetization decreases, confirming that the oxidgence,Kagy, namely, the oxide matrix anisotropy, must be
phase is responsible for the magnetization reductitig. 3  at least one order of magnitude larger than the magnetocrys-
and Table I). The nonrelaxing component, and hence thetalline anisotropy of bulky-Fe,05 (4.6x 10* ergs/cnd), and
ferromagnetic character, increases withas revealed by the definitely larger than that of E®, (1% 10° ergs/cni). Such
weaker thermal dependence Mfs (inset of Fig. 3, by the  estimation is in agreement with the value foundyiFe,0;
decrease of magnetic irreversibility in thd,-crc curves — nanoparticles (% 10° ergs/cnd) and associated with surface
[Fig. 10a)] and by the reduced non-saturating tendency irwith finite-size effect$:®
the M vs H curves(Fig. 5). As observed foD6, in sampleD 15 H,, appears below

The observation that the low-temperature peak in thehe temperatureT, of the large central peak in the
[—d(Mgc—Mze0)/dT] curves atH ,p,=500 Oe appears at [ —d(Mgc—Mzec)/dT] curve and then increases with reduc-
the same temperature f@6 andD15 and that the strong ing T. The temperature dependencetbf, Hi,, and Hgy
peak is centered at a lower temperatdig in D15 [Fig.  becomes weaker with increasiBgdue to the increase in the
10(b)] confirms that none of the two is directly related to the ferromagnetic character and to the reduced oxide fraction.
relaxation of the individual Fe particles. If this were the case, On samples obtained by compacting Fe nanoparticles pro-
the larger size of the Fe particlesinl5 should imply higher duced by IGC and not subjected to passivatiorffleoet al.
anisotropy energy barriers and hence the peaks should Beund, at T=300 K, andH;~30 Oe for D~10 nm (the
centered at higher temperature. Actually, the peaks are assmaximum H-~100 Oe was measured fdD~30 nm)2®
ciated with freezing processes involving spins of the oxideTheir results have been explained considering that, despite
matrix. The lowT, of D15, compared td6, may be ex- the presence of voids and pores in the structure, the exchange
plained considering that the larger nonrelaxing ferromagnetiinteraction is able to couple the Fe particle moments, as de-
component irD 15 causes a mean magnetic field that reducescribed by the random anisotropy model for nanocrystalline
the height of the energy barriers of the relaxing componeniaterials. The high room-temperature valuesHef of our
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samples rule out the possibility that the Fe particles are sparticle dipolar interactions results in a frozen disordered
exchange coupled and support the hypothesis that they amagnetic state for the whole system. Such description is sup-
predominantly magnetic single domain. Hence, the oxidgorted by the lack of magnetic relaxation bel@w- 25 K,
matrix does not transmit the exchange interaction to neighthe analysis of théVl ;ec/ec Vs T curves and by the thermal
boring Fe particles: this indicates a low effective exchangelependence of the exchange fi¢lid, and coercivityH.
stiffness constant of the oxide matrix, which is consisteniwith decreasing temperature from 300 K, strongly in-
with the relaxing behavior of the oxide moments, as revealedreases at a temperature at which most of the oxide region
by the Massbauer analysigig. 11(b)]. moments freeze, consistently with the derived anisotropy en-
At T=300 K, we could expect that an estimationttf is  ergy barrier distribution. Below the same temperatiitg,
obtained by the Stoner-Wohlfarth model, according to whichjncreases too.
for randomly oriented spherical single-domain Fe particles, Hence, with varying temperature, the magnetic coupling
the maximum coercivity value is given by the expressionbetween Fe particles and the oxide matrix gives rise to vari-
Hc=0.64 Kee/Mg, and amounts to~180 Oe Kre=4.8  ous magnetic behaviors, the difference being essentially de-
X 10° erg/cn?, the magnetocrystalline anisotropy of bcc termined by the change in the oxide phase anisotropy. Below
Fe).2® Hc of D6 is in agreement with such a prediction, but T;~20 K, such an anisotropy is larger compared to bulk
in D15 H:~800 Oe. This could be due to the presence of ay-Fe,0; and FgO,, and the exchange bias effect between
shape anisotropy contribution to the total anisotropy, becomiron and oxide phases is maximized.

ing more and more noticeable with increasibg as con- The comparison between samples with different mean
firmed by TEM analysigFigs. 1e), 1(f), and 1h)]. particle sizeD (6, 10, and 15 nmsupports our description.
In particular, the smaller magnetic irreversibility, the reduced
V. CONCLUSIONS nonsaturating tendency in ti vs H curves, the loweril,,

and the weaker temperature dependencél gfin samples

_The low-temperature magnetic properties of samples obyith |argerD are all consistent with the presence of a larger
tained by cold-compacting core-shell Fe/Fe oxide nanopalsiatic, ferromagnetic component. A5 K, the increase in
ticles have been inyestigated, and the?r dependence on trpqac and H,, with decreasingD reveals that the exchange
structure, composition, and mean particle sizehas been ., hjing at the interface between particles and matrix is en-
discussed. The compacted samples have been describedyfnceq when the surface to volume ratio of the particles

terms of a disordered oxide matrix in which the Fe particles,.reases. AtT=300K. the high He value (18G<Hc

are dispersed.. . o . <800 Oe), with respect to compacted ferromagnetic
The magnetization results support a simplified picture ofnonaricled® indicates that the relaxing oxide matrix is

samples consisting .Of two different magnetic COMPONENts: ot gpe to transmit the exchange interaction to neighboring
ferromagnetic quasistatic component, corresponding to theg particles that are essentially single domain; the strong

Fe particle moments; and a relaxing one, represented O?Yucrease oHc asD increases should be mainly due to the

magnetica!ly and _structprally disorder_ed o.xid.e rggions contribution of shape anisotropy, since with increadinthe
exchange-interacting spins. The effec_;tlve dlstrlbutlon.of an'symmetry of the particles deviates more and more from the
isotropy energy barriers for the relaxing component is ver

Yspherical one, as indicated by TEM observations.
broad and strongly field dependent. spher ' y

At room temperature, most of the net moments of the
oxide regions thermally fluctuate and tend to be polarized by
the Fe particle moments. With decreasing temperature, a pro- This work was partially supported by the Istituto Nazion-
gressive freezing of the moments of the oxide matrix occurgle per la Fisica della MateridNFM) under Project No.
at field-dependent temperatures, according to the distributioRRA-ELTMAG. The authors are gratefully indebted to Dr. J.
of anisotropy energy barriers. Finally, below a weakly field-M. Grenehe (Universitedu Maine, Francefor performing
dependent temperatuflg , the freezing of the oxide matrix the Massbauer measurements and for discussion. Dr. C.
in a spin-glass-like state is complete and the interplay beBeeli (ETH-Zurich, Switzerlangis acknowledged for a dis-
tween matrix-particle exchange coupling and particle-cussion on the electron microscopy results.
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