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Magnetothermal behavior of a nanoscale FeÕFe oxide granular system
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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 differentD, varying 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-temperature~below T1

;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. AboveT1 , a 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 aboveT1 , 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.

DOI: 10.1103/PhysRevB.66.174418 PACS number~s!: 75.50.Tt, 75.50.Lk, 75.50.Bb
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I. INTRODUCTION

A common characteristic of nanostructured magnetic m
terials is the coexistence of two or more phases, magnetic
and/or structurally different, which are modulated on
length scale of the order of a nanometer.1–6 It was recently
demonstrated that ultrafine ferrite particles can also be c
sidered as heterogeneous systems. In fact, the surface r
exhibits modified magnetic properties compared to the b
as a consequence of the lack of structural periodicity and
the presence of competing magnetic interactions, resultin
spin canting and spin-glass-like behavior.7–9 The coexistence
of topological disorder and frustration of magnetic intera
tions has also been found to lead to similar phenomen
metallic systems.10,11A notable example is the observation
a spin-glass-like freezing at the grain boundary in ball-mil
nanocrystalline Fe.11 Therefore, surface and interface effec
give nanostructured systems a two-phase character. Actu
two such phases do interact, giving rise to exchange an
ropy, as found in both oxide particles8,12 and metallic
systems.10 Such surface and interface effects, which a
strongly dependent on the particle size and its distributi
give an important contribution to the total particle anis
ropy. Moreover, in the presence of interparticle interactio
the characteristics of the medium in which the particles
embedded and its ability to transmit exchange interacti
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have to be taken into account.13,14

In this framework, we have studied samples obtained
cold compaction of Fe nanoparticles surrounded by an ox
surface layer, prepared through the inert gas condensa
~IGC! technique and oxygen passivation. Samples with d
ferent Fe to oxide weight fraction ratios~0.2–1.4! were syn-
thesized by operating a control on the mean size of the
tallic core, varying from 6 to 15 nm. The compositiona
structural, and magnetic properties were investigated
means of transmission electron microscopy, x-ray diffracti
Mössbauer spectroscopy, and magnetization measurem
in the 5–300-K temperature range. The obtained results
vide a clear picture of the dependence of the magnetic p
erties on the Fe particle mean size and on the Fe and o
fractions, throwing light on some aspects of the lo
temperature dynamical magnetic behavior that to our kno
edge were not addressed in a systematic way in prev
investigations on similar systems.15–21

The magnetic behavior of the system has been found to
strongly dependent on the exchange coupling between
metallic crystallites, with a spin-ordered configuration, a
the disordered~both structurally and magnetically! oxide
phase. Such an exchange coupling gives rise to a frozen
ordered state of the system at low temperatures and d
mines the temperature variation of the magnetic properti
©2002 The American Physical Society18-1
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II. EXPERIMENT

Fe nanoparticles were produced by the IGC metho22

99.98% purity Fe was evaporated in a tungsten boat loc
in a chamber filled with He at a pressure of 133 Pa. Aero
iron nanoparticles accumulated on a metallic rotating dr
cooled by liquid N2 ; then they were exposed to a mixture
133-Pa O2 and 1200-Pa He for 12 h to achieve passivati
Transmission electron microscopy~TEM! observations were
performed on nanoparticles collected on a carbon-coa
copper grid put inside the evaporation chamber during
synthesis process. A microscope Philips TecnaiF30,
equipped with a Gif 2 K32 K CCD camera, was used.

Nanoparticles with an increasing mean size have been
tained by increasing the current crossing the tungsten b
and hence the vapor temperature, during three evapora
processes. After the passivation, the particles were scra
from the cold finger and pressed in high vacuum with
uniaxial pressure of 1.5 GPa, to obtain the pellets labe
D6, D10 andD15.

The pellets were investigated by x-ray diffraction~XRD!
using a Philips PW1710 diffractometer with CuKa radiation.
Samples of magnetic characterization were obtained by
subsequent fragmentation of the compacted pellets in a p
der of micrometric size. Each micrometric fragment co
sisted of a dense agglomerate of nanoparticles. L
temperature magnetic properties of the samples have
investigated by means of a commercial superconduc
quantum interference device magnetometer operating in
range 5–300 K and equipped with a superconducting ma
(Hmax555 kOe) and a special software option allowing us
fully control the warming/cooling rates~e.g., 4 K/min for the
present experiments!.

III. RESULTS

A. Structural properties

1. Transmission electron microscopy

Figure 1~a! shows the TEM micrograph of a typical F
particle obtained by IGC and oxygen passivation. The d
core corresponds to metallic iron whereas the surround
light gray layer is the oxide phase. The thickness of su
layer is;2 nm, independently on the Fe core size. The TE
contrast of the oxide phase resembles that of an amorp
structure and the presence of crystallites in this small reg
is hardly detectable@Figs. 1~b! and 1~c!#. The interface re-
gion between metallic core and oxide phase appears
rather sharp boundary due to Fresnel fringes@Fig. 1~c!#.

The TEM analysis reveals that the as-prepared parti
are not always distinguishable as singular and well-separ
entities, as shown in Fig. 1~a!. More generally, the product
of the evaporation and passivation procedures are agglo
ates of several nanoparticles.

As shown in Fig. 1~d! in the case of small Fe cores~mean
diameter,10 nm!, these are well separated by the oxi
even if small contact regions may exist. Larger metallic co
exhibit an enhanced tendency to merge together form
welded-neck junctions and grain boundaries@Fig. 1~e!#.
Moreover, it has been generally noted that the metallic co
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have an elongated shape@Fig. 1~f!#, characteristic that in-
creases with increasing the Fe core dimensions. As a m
of fact, we have found that very fine particles, with a me
size below 5 nm, present a spherical shape, as shown in
1~g!. Note that such particles do not show the characteri
core-shell morphology because they are so small that
passivation procedure induced their complete oxidat
~each one consists of several crystal grains!. In agreement
with previous studies,23 our findings seem to indicate tha
during a synthesis process carried out at low vapor temp
ture, the growth of small spherical particles, similar to tho
shown in Fig. 1~g!, occurs by aggregation of atoms. At
high vapor temperature, the coalescence of the primary
ticles seems to be particularly favored: larger Fe cores

FIG. 1. TEM micrographs of oxygen passivated Fe nanop
ticles produced by IGC. See the text.
8-2
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obtained whose symmetry departs more and more from
spherical one@Fig. 1~h! shows the detail of the incomplet
coalescence of two metallic cores#.

2. X-ray diffraction

The XRD spectra of the samplesD6, D10, andD15 are
shown in Fig. 2. Two components are detected: the peak
bcc Fe and the broadened and overlapping peaks of the o
phase. The position and the integrated intensity of the la
correspond to the values usually quoted for magn
(Fe3O4) and maghemite (g-Fe2O3), both having spinel
structure. However, the peak broadening does not allow u
distinguish between them. No reflection different from tho
of the cubic spinel structure has been observed.

XRD patterns was analyzed using a full profile-fittin
program24 following the Rietveld method25 and assuming a
spinel structure for the oxide phase. In particular, the refi
ment of the peak profile parameters and the quantita
phase analysis of the program have been used to deter
the volume averaged grain size (D), the microstrain
(^«2&1/2) of the iron and oxide phases, and their volume~and
weight! fractions. Such an analysis was carried out on a
ries of more than 20 samples includingD6, D10, andD15.26

For both phases the intensity and width of the peaks
consistent with an isotropic model for crystallite size a
strain. The results obtained for the Fe component are s
marized in Table I. The Fe fraction increases with increas
D. Due to the particular morphology of the compacted na
particles, namely, the characteristic core-shell structure

FIG. 2. XRD spectra for samplesD6, D10, andD15.
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denced by TEM~Fig. 1!, we consider that the volume ave
aged grain sizeD provides a measure of the mean size of t
Fe cores. We recall that, for any distribution of spheric
particles,D is related to the volume weighted diameterd by
D5 3

4 d.27 For nonspherical particles distributed in shape
different proportionality constant is expected, which cann
be derived analytically. Also in this last case, valuable inf
mation can be obtained by assuming a log-normal distri
tion of spherical particles with respect to the diameterd.28

The width of the distribution logs can be expressed by mea
of the ratio of the volume-weighted and area-weighted gr
sizeD.27 We have found that logs varies between 0.41 an
0.49, and it is not correlated to the mean diameter. S
values are in agreement with those typically reported fo
size distribution of gas-evaporated nanoparticles.28 In the se-
ries of 20 samples, the observed trend of the iron volu
fraction vsD was also in agreement with the assumption
spherical core-shell particles with a shell thickness of;2.5
nm, independent on the particle size, distributed accordin
a log-normal distribution with width logs50.46 ~this last
value was determined from the average over the
samples!.26

For the oxide lattice parameter, the Rietveld analysis p
vides an intermediate value between those of magnetite
maghemite~8.399–8.335 Å!. Indeed, we cannot exclude tha
the oxide phase is a mixture of both Fe3O4 andg-Fe2O3, as
suggested in various research works on similar samples16,17

The average grain size of the oxide phase is;2 nm and the
microstrain is about one order of magnitude larger than
the metallic phase. The very small grain size and the h
value of microstrain suggest that the oxide is a defect
spinel due to the high structural and topological disorder
cation disorder~i.e., a nonzero occupation factor of the o
tahedralc sites of the spinel structure and a reduction of t
occupation factor for the usually occupied octahedrald sites!
has been assumed to account for the~small! increase in the
integrated intensity of the~440!, with respect to polycrystal-
line magnetite or maghemite.

B. Magnetic properties

1. Magnetization vs field measurements

Hysteresis loops were measured on samplesD6, D10, and
D15 at different temperaturesT between 5 and 300 K. The
loops atT55 K are displayed in Fig. 3. The values of ma
netizationM (5T-5 K) at H550 kOe andT55 K are reported
in Table II together with the extrapolated~at 1/H tending to
TABLE I. Results of the Rietveld analysis on the XRD spectra in Fig. 2.D and ^«2&1/2 are the volume
averaged grain size and the microstrain of the Fe phase, respectively. The Fe fraction~volume and weight!
and the oxide fraction~weight! are also reported.

Sample
D ~nm!
~610%!

^«2&1/2 (1023)
~610%!

Fe volume~%!
~63!

Fe weight~%!
~63!

Oxide weight~%!
~63!

D6 5.6 14 13 18 82
D10 9.6 9 21 28 72
D15 15.2 3 48 59 41
8-3
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zero! saturation values (M (S-5 K)). They increase with in-
creasingD and with the Fe content. Such values are co
pared to those calculated (M calc) considering the amounts o
Fe and oxide derived from the XRD analysis~for the oxide
phase we have considered a magnetization of 86 emu/g,
responding to the average of bulk Fe3O4 andg-Fe2O3). The
ratio betweenM (S–5 K) andM calc is also reported in Table II

The smallerD is, the lower theM (S–5 K) /M calc ratio.

In the inset of Fig. 3, forD6 andD15, theMS values,
normalized toM (S–5 K) , are reported as a function of tem

perature. The curves are not fitted by aT3/2 law.
The coercivityHC is reported as a function of temperatu

in Fig. 4~a!: HC decreases with temperature for the thr
samples, the variation being more marked with decreasinD.
In fact, atT55 K, HC decreases with increasingD, whereas
at T5300 K it increases withD.

The loops in Fig. 3 show a nonsaturating character an
high value of the irreversibility field (H irr). This is defined as
the field above which the two branches of the loop in the fi
quadrant merge together in a single curve, the two co
sponding magnetization values differing for less than 1%.
T55 K, H irr has the largest value forD6 ~;28 kOe!, and it
decreases with increasingD @Fig. 4~b!#; in D6 it decreases
with temperature up to;100 K and then it remains almos
constant above;150 K. As for HC , a weaker thermal de
pendence is observed inD10 and still weaker inD15. The

FIG. 3. Hysteresis loops measured atT55 K on samplesD6,
D10, andD15. Inset:MS vs T for samplesD6 andD15 ~normal-
ized to theMS value atT55 K, MS–5 K)
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non-saturating tendency, well noticeable inD6, increases
with reducing temperature, especially below;50 K. This
effect can be visualized by plotting the value of the slo
(dM/dH) of the virgin magnetization curves in the fiel
range 20–50 kOe, as a function of temperature~Fig. 5!.

For sampleD6, the virgin curves atT55 and 300 K are
shown in Fig. 6: at 5 K the curve is S shaped~this charac-
teristic becomes more pronounced with decreasingD!
whereas at 300 K it has an almost continuous downw
curvature. The field derivativedM/dH of the virgin curves
shows a peak atH* ~inflection field!: H* increases with
decreasing temperature, the increase being more marke
low T;150 K ~inset of Fig. 6!.

Hysteresis loops were measured after cooling the sam
in a magnetic field of 20 kOe, fromT5300 K down to a
fixed temperature. AtT55 K, a shift of the loop towards the
negative field has been observed for the three samples.
amount of the shift is usually quantified through the posit
exchange field parameterHex52(H right1H left)/2, where the

FIG. 4. CoercivityHC ~a! and irreversibility fieldH irr ~b! as
functions of temperature for samplesD6, D10, andD15.
the
TABLE II. M (5T–5 K) , magnetization measured atT55 K and atH550 kOe;M (S-5 K) , 1/H extrapolation

of the magnetization atT55 K; M calc is the calculated magnetization starting from a XRD estimation of
constituent phases in Table I.

M (5T–5 K) ~emu/g!

~60.5!

M (S–5 K) ~emu/g!

~60.5!

M calc ~emu/g!
~69!

M (S–5 K) /M calc ~%!

~65!

D6 61.4 68.8 110 62
D10 89.7 95.9 123 78
D15 135.8 141.2 165 86
8-4
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meaning ofH right andH left is obvious. In Fig. 7,Hex has been
reported as a function of temperature for the three samp
Hex increases with decreasingD; for all the samples, it de-
creases with temperature and it vanishes atT;150 K.

2. Zero-field-cooled and field-cooled magnetizations

Magnetization measurements as a function of tempera
were performed according to the zero-field-cooling~ZFC!—
field-cooling ~FC! procedure at different applied magnet
field (10 Oe<Happl<20 kOe). MZFC was measured on
warming from 5 to 300 K whereasMFC was recorded during
the subsequent cooling. Figure 8 shows the main results
sampleD6. For measurements atHappl,1000 Oe, an irre-
versible magnetic behavior~difference betweenMFC and
MZFC) is observed in the whole temperature range. We
fine the irreversibility temperature (Tirr) as the temperature
where the difference betweenMFC andMZFC, normalized to
its maximum value atT55 K, becomes smaller than 3%. O
increasingHappl from 1000 to 20 kOe~Fig. 8!, Tirr reduces

FIG. 5. Slope (dM/dH) of the virgin magnetization curves in
the field range 20–50 kOe as a function of temperature, for sam
D6, D10, andD15. The dotted lines are guides for the eye.

FIG. 6. Initial magnetization curves as a function of magne
field at T55 K, and 300 K for sampleD6. Inset: inflection field
(H* ) as a function of temperature for sampleD6.
17441
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but the magnetic irreversibility persists at low temperatu
even under the largestHappl. In fact, on lowering the tem-
perature,MFC shows a very weak variation whereasMZFC
starts to decrease belowTirr .

The temperature derivative of the difference (MFC
2MZFC) has been calculated: some representa
@2d(MFC2MZFC)/dT# curves are shown in Fig. 9~a!. For

es

FIG. 7. Exchange field (Hex) as a function of temperature fo
samplesD6, D10, andD15.

FIG. 8. Zero-field-cooling~ZFC, lower branch of each displaye
curve! and field-cooling~FC, upper branch! magnetizations~M! as a
function of temperature measured on sampleD6 for different ap-
plied magnetic fields.
8-5
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L. DEL BIANCO et al. PHYSICAL REVIEW B 66, 174418 ~2002!
FIG. 9. ~a! Temperature derivative@2d(MFC2MZFC)/dT# of
the difference between field-cooled and zero-field-cooled magn
zations measured on sampleD6 at the indicated magnetic field.~b!
Thermoremnant magnetization~TRM! measured onD6 at Happl

5100 Oe and temperature derivative@2d(TRM)/dT#.
17441
Happl up to 200 Oe, they are characterized by the presenc
two peaks—a small one at low temperature~peak tempera-
ture T1;20 K at Happl5100 Oe) and a larger one at high
temperature ~peak temperature T2;150 K at Happl
5100 Oe); a rising tendency starting from approximate
250 K. For higher fields, this last effect is no more visib
the larger peak, strongly field dependent, shifts to lower te
peratures, toward the smaller one, exhibiting a weak fie
dependence, and forHappl53000 Oe they definitively merge
The low temperature peak is still visible atHappl520 kOe.

A similar analysis was repeated on sampleD15. In Fig.
10 we report~a! MZFC/FC vs T for D6 and D15 at Happl
5500 Oe, normalized to theMZFC value measured atT
55 K (MZFC–5 K), and ~b! the corresponding@2d(MFC

2MZFC)/dT# curves. In these last curves, two peaks are w
visible in both samples, but unlike the smaller peak
positioned at approximately the same temperature—the la
one is shifted toward lower temperatures forD15 (T2
;110 K).

IV. DISCUSSION

According to TEM images~Fig. 1! and considering the
high oxide fraction~Table I!, the material can be modeled i

ti-

FIG. 10. ~a! MZFC/FC as a function of temperature measured
Happl5500 Oe on samplesD6 andD15. The curves are normalize
to the value ofMZFC at T55 K (MZFC–5 K). ~b! Temperature de-

rivative of the difference between field-cooled and zero-field-coo
magnetization shown in~a!.
8-6
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MAGNETOTHERMAL BEHAVIOR OF A NANOSCALE . . . PHYSICAL REVIEW B 66, 174418 ~2002!
terms of an iron oxide matrix in which nanometric Fe pa
ticles are dispersed. The oxide matrix is not a continu
medium: as the samples are obtained by the cold compac
of the as-prepared aggregates of core-shell nanopart
@Figs. 1~d!–1~f!#, a high fraction of pores is certainl
present.18 The oxide matrix is poorly crystallized@Figs. 1~b!,
1~c!, and 2#.

Let us first discuss the properties of sampleD6, in par-
ticular the hysteresis loop measured atT55 K ~Fig. 3!. The
large high-field slope~Fig. 5! and the small magnetizatio
value atH550 kOe, well below the expected one on t
basis of the Fe and oxide weight fractions obtained by X
~Table II!, reveal a noncollinear arrangement of atomic spi
Similar effects were observed in nominally ferrimagne
particles (NiFe2O4,g-Fe2O3) and associated with a rando
spin canting at the outer particle layers.7,29 Reduced coordi-
nation and hence broken superexchange bonds between
face spins result in an alteration of the orientation of ea
magnetic moment and hence in a disordered spin config
tion and a reduction of the net average moment. Spin can
was also observed by Mo¨ssbauer spectroscopy in thin oxid
layers on metallic Fe cores prepared by an aerosol metho15

For our samples, a disordered spin configuration is expe
to result from the intrinsic structural disorder of the oxi
matrix in which the Fe particles are embedded.

Thermal fluctuations of canted surface spins in ferrim
netic particles7–9 as well as boundary spins in antiferroma
netic ball-milled FeRh~Ref. 10! and pure nanocrystalline F
~Ref. 11! have been found to freeze at low temperature int
spin-glass-like phase with a multidegenerate ground st
The origin of this behavior was ascribed to the combinat
of structural disorder and frustration due to competing m
netic interactions. In our samples too, the spins of the st
turally disordered oxide matrix could be frozen in a sp
glass-like state at low temperature. Such a picture
supported by the observed high-field irreversibility at lo
temperature„e.g. for sampleD6, H irr;28 kOe atT55 K
@Fig. 4~b!#…. Hence, the shift of the field-cooled hysteres
loop atT55 K ~Fig. 7!, can be associated with the exchan
anisotropy originating from the exchange coupling betwe
the spin-glass-like matrix and the ferromagnetic crystallit
At low temperature, the whole system should be in a dis
dered magnetic state, where the orientation of the oxide
Fe particle moments is affected by both particle-particle
polar interactions and exchange coupling between the s
glass-like matrix and the ferromagnetic phase.

The spin-glass-like state does not evolve in a pure p
magnetic or superparamagnetic regime with increasing t
perature up to 300 K. In Fig. 8, forHappl,1000 Oe, mag-
netic irreversibility persists for temperatures close to 300
with increasingHappl, the shape of theMZFC curves exhibits
a strong field dependence, suggesting blocking/freezing p
nomena at field-dependent temperatures, with a ferrom
neticlike trend ofMZFC/FC aboveTirr . The Mössbauer analy-
sis of the samples with differentD ~Ref. 26! indicates that, at
T54.2 K, the spectra can be well fitted using the charac
istic six-line pattern of bcc Fe, given by the metallic pa
ticles, plus two wide sextets for the oxide component, c
sistent with structural disorder. The Fe and oxide volu
17441
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fractions deduced from the resonant areas of the sextets
consistent, within 3%, with those obtained by XRD. No si
nificant paramagnetic component is observed in the Mo¨ss-
bauer spectra up to room temperature. AtT5300 K, the two
oxide sextets are replaced by a broad relaxing compon
superimposed to the bcc-Fe sextet. Typical Mo¨ssbauer spec
tra atT577 ~a! and 300 K~b! are shown in Fig. 11. Such
behavior was also observed by other authors on sim
samples.15,17

Let us now consider the@2d(MFC2MZFC)/dT# curves
@Fig. 9~a!#. It is worth recalling that, in the presence of ind
pendent relaxation phenomena~i.e., noninteracting particles!,
the temperature derivative of the remnant magnetization
flects the effective distribution of anisotropy energy barrie
of the system.30 We found that such curve has the same tre
as the temperature derivative of the difference betweenMFC
andMZFC, as shown in Fig. 9~b!, where the thermoremnan
magnetization~TRM! at Happl5100 Oe and its temperatur
derivative are reported~the sample was cooled down from
T5300 to 5 K inHappl; then the field was removed and th
remanence was measured for increasingT!. Therefore, al-
though in the present case the relaxation processes cann
considered independent, qualitative information can
drawn from the analysis of the@2d(MFC2MZFC)/dT#
curves.

Common feature of all these curves is the presence
well-defined peak atT1;20 K, which does not depend sig
nificantly on the magnetic field. This is consistent with t

FIG. 11. Mössbauer spectra atT577 K ~a! and T5300 K ~b!
measured on an Fe/Fe oxide sample with structural features sim
to D10.
8-7
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L. DEL BIANCO et al. PHYSICAL REVIEW B 66, 174418 ~2002!
hypothesized picture of a frozen, disordered magnetic sta
low temperature: this is also confirmed by the lack of ma
netic relaxation belowT525 K—as shown in Fig. 12, wher
the time dependence ofMZFC is reported for sampleD6 at
different temperatures (Happl5100 Oe; note that the maxi
mum relaxation is measured atT5150 K).

Above T1 , a large peak is observed in the@2d(MFC
2MZFC)/dT# curve at low applied field (Happl<100 Oe)
@Fig. 9~a!#. It becomes narrower and shifts to lower tempe
ture with increasing field. This indicates the existence o
very broad, field-dependent energy barrier distribution. T
is consistent with the existence of irreversibility well abo
T1 , and with the field dependence of the amplitude
(MFC2MZFC) and ofTirr which decreases with increasingH
above 1000 Oe~Fig. 8!. Tirr signals the onset of a freezin
process with decreasing temperature, i.e., the blocking a
ciated to the highest anisotropy energy barrier. The dynam
slows down with decreasing temperature and atT1 the whole
system appears static on the experimental time scale.

On this basis, we can conveniently describe our system
constituted by two different components, strongly coupled
the interface: a nonrelaxing~quasistatic! ferromagnetic com-
ponent and a relaxing, magnetically disordered compon
The Fe particles provide the first component, whereas
gions of exchange-interacting spins of the oxide matrix r
resent the second one.

Below T1 , the oxide region moments do not relax and a
frozen in the spin-glass-like~or cluster-glass-like! state. On
increasing the temperature aboveT1 , such a completely fro-
zen state evolves into a regime where the oxide magn
regions become progressively unfrozen, according to the
tribution of effective anisotropy energy barriers, determin
by their size and by the strength of the magnetic interac
with the surrounding. The large peak in the@2d(MFC
2MZFC)/dT# curve at lowHappl @Fig. 9~a!# reflects the width
of such distribution. Once the net moments of the oxide m
netic regions become able to thermally fluctuate, they ten
be polarized by the Fe particle moments, which thus prev
~or shift to higher temperature! the passage into the supe

FIG. 12. MZFC as a function of time measured on sampleD6 for
Happl5100 Oe at the indicated temperatures.M0 is the magnetiza-
tion at the beginning of the measurements.
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paramagnetic regime. This effect is boosted by the magn
field, which favors the formation of aferromagnetic network
throughout the sample. We can assume that the polariz
ferromagnetic component gives rise to an increasing ba
ground in the zero-field-cooled susceptibility vs temperat
curve, coherently with the rising tendency inMZFC „and
hence in @2d(MFC2MZFC)/dT#… visible for Happl
<200 Oe, starting fromT;250 K @Figs. 8 and 9~a!#. Simi-
larly, the behavior of@2d(TRM)/dT# aboveT;250 K @Fig.
9~b!# can be ascribed to the presence of a background c
ponent associated to the nonrelaxing Fe particles.

The field dependences ofT1 , T2 andTirr are reported in
Fig. 13 forD6. The low-temperature region, delimited by th
T1 curve, corresponds to the completely frozen state. T
region betweenT1 andTirr curves defines a regime consis
ing of frozen and relaxing oxide magnetic regions, whi
coexist with the quasistatic Fe component. Finally, abo
Tirr , all the oxide magnetic regions are unfrozen and po
ized by the Fe particle moments. Note that we cannot de
Tirr for Happl,1000 Oe sinceMZFC and MFC are forced to
merge at the maximum measuring temperature of 300
~Fig. 8!.

With increasingT above 300 K, it is to be expected tha
the thermal fluctuations of the oxide moments, revealed
the room-temperature Mo¨ssbauer spectra analysis@Fig.
11~b!#, become more and more rapid and that a tempera
exists at which they finally enter the superparamagnetic
gime, irrespective of the presence of the Fe particles an
the magnitude ofHappl ~furthermore, some structural chang
could occur in the samples upon annealing above ro
temperature.31,18! The Mössbauer spectrum in Fig. 11~b!,
showing the presence of a relaxing component, unamb
ously indicates that such temperature must be much lo
than the ordering temperature of both Fe3O4 ~860 K! and
g-Fe2O3 ~1020 K!.

In other words, it can be assumed that the oxide matri
characterized by a random magnetic anisotropy~locally
varying easy axis and distribution of local anisotropy co
stant! that increases with decreasing temperature. At h
temperature, where the oxide anisotropy is lower, the po
izing action of the Fe particle moments on the matrix m
ments dominates, and this implies an enhancement of

FIG. 13. Dependence ofT1 , T2 , andTirr on the applied mag-
netic field for sampleD6.
8-8
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degree of collinearity of the moments, as suggested by
reduced slope in the high-field region of the virgin magne
zation curves~Fig. 5!. With reducing temperature, the pro
gressive freezing of the net moments of the oxide magn
regions occurs along random anisotropy directions, giv
rise to the increase of the high-field slope of theM vs H
curves~Fig. 5!. Accordingly, inD6 the initial M vs H curve
is ferromagneticlike atT5300 K whereas atT55 K it re-
sembles that of frustrated systems like spin glasses~Fig. 6!.32

A necessary condition for the observation of exchan
bias is that the antiferromagnetic phase~or ferrimagnetic or
spin glass! has a large magnetic anisotropy, so that it c
exert a pinning action on the ferromagnetic phase. Basic
Hex is expected to be proportional to the square root of
anisotropy constant of the antiferromagnetic phase.33,8 In
D6, Hex appears belowT5150 K ~Fig. 7!, i.e., in correspon-
dence with the freezing of most of the moments of the ox
magnetic regions, as indicated by the position at about
same temperature of the large central peak in th
@2d(MFC2MZFC)/dT# curve at lowHappl @Fig. 9~a!#. With
reducing temperature,Hex shows a marked increase becau
of the progressive increase of anisotropy and the conseq
freezing of more and more oxide region moments. It is wo
noting that bothHC @Fig. 4~a!# and the inflection field~inset
of Fig. 6! strongly increase with reducingT starting fromT
;150 K, coherently with the above picture. The therm
evolution ofHC in sampleD6 @Fig. 4~a!# is explained con-
sidering that at very low temperature the frozen oxide ma
exerts a strong pinning action on the Fe particle mome
particularly effective because of the smallD and hence of the
high surface to volume ratio. AtT5300 K, the oxide matrix
is polarized by the Fe particles. Its contribution toHC can be
neglected compared to that of the Fe particles.

It is now useful to compare with samplesD10 andD15.
The features of the hysteresis loops reflect the difference
the chemical composition.M (S-5 K) increases with the Fe
content and the difference between the calculated and m
sured magnetization decreases, confirming that the o
phase is responsible for the magnetization reduction~Fig. 3
and Table II!. The nonrelaxing component, and hence
ferromagnetic character, increases withD, as revealed by the
weaker thermal dependence ofMS ~inset of Fig. 3!, by the
decrease of magnetic irreversibility in theMZFC/FC curves
@Fig. 10~a!# and by the reduced non-saturating tendency
the M vs H curves~Fig. 5!.

The observation that the low-temperature peak in
@2d(MFC2MZFC)/dT# curves atHappl5500 Oe appears a
the same temperature forD6 andD15 and that the strong
peak is centered at a lower temperatureT2 in D15 @Fig.
10~b!# confirms that none of the two is directly related to t
relaxation of the individual Fe particles. If this were the ca
the larger size of the Fe particles inD15 should imply higher
anisotropy energy barriers and hence the peaks shoul
centered at higher temperature. Actually, the peaks are a
ciated with freezing processes involving spins of the ox
matrix. The lowT2 of D15, compared toD6, may be ex-
plained considering that the larger nonrelaxing ferromagn
component inD15 causes a mean magnetic field that redu
the height of the energy barriers of the relaxing compon
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and shifting the energy barrier distribution to lower value
HC andHex at T55 K increase with decreasingD @Figs.

4~a! and 7# revealing that exchange anisotropy effects at
interface between particles and matrix are more import
when the surface to volume ratio of the particles increas
To gain insight into the exchange bias phenomenon, a us
starting point is the Meiklejohn-Bean model which predic
for materials with ferromagnetic~FM!/antiferromagnetic
~AFM! interfaces, the relation34

Hex>Jint /MFMtFM , ~1!

whereJint is the exchange constant across the FM/AFM
terface per unit area, andMFM andtFM are the magnetization
and the thickness of the FM layer, respectively. It should
noted that important parameters are not considered in
~1!, such as the AFM layer anisotropy and thickness,
noncollinearity of the AFM-FM spins, and the formation o
domains in the AFM and FM layers.33 For real granular sys-
tems, the particle random orientation, the distribution of p
ticle sizes and shapes, the difficulty to characterize the
crostructure of the interface, and, in our case, the spin-gl
like nature of the oxide matrix make it difficult to extrac
quantitative information. Nevertheless, the observed incre
of Hex with decreasingD at T55 K ~Fig. 7! constitutes an
interesting result, resembling the 1/tFM dependence of Eq
~1!. A necessary condition for the observation of exchan
anisotropy is34

KAFMtAFM>Jint , ~2!

whereKAFM andtAFM are the anisotropy and the thickness
the AFM layer, respectively.

In our case, if one assumes forMFM the value of bulk Fe
~1714 emu/cm3!, for tFM the mean particle sizeD and for
tAFM the double of the oxide shell thickness~;4 nm!, Eq.~1!
yields Jint50.35 ergs/cm2 for sampleD6 and thenKAFM
>93105 ergs/cm3 from Eq. ~2!; for D15, KAFM>43105.
Hence,KAFM , namely, the oxide matrix anisotropy, must b
at least one order of magnitude larger than the magnetoc
talline anisotropy of bulkg-Fe2O3 (4.63104 ergs/cm3), and
definitely larger than that of Fe3O4 (13105 ergs/cm3). Such
estimation is in agreement with the value found ing-Fe2O3
nanoparticles (73105 ergs/cm3) and associated with surfac
with finite-size effects.8,35

As observed forD6, in sampleD15 Hex appears below
the temperatureT2 of the large central peak in the
@2d(MFC2MZFC)/dT# curve and then increases with redu
ing T. The temperature dependence ofHC , H irr , and Hex
becomes weaker with increasingD due to the increase in th
ferromagnetic character and to the reduced oxide fractio

On samples obtained by compacting Fe nanoparticles
duced by IGC and not subjected to passivation, Lo¨ffler et al.
found, at T5300 K, and HC;30 Oe for D;10 nm ~the
maximum HC;100 Oe was measured forD;30 nm).18

Their results have been explained considering that, des
the presence of voids and pores in the structure, the exch
interaction is able to couple the Fe particle moments, as
scribed by the random anisotropy model for nanocrystall
materials. The high room-temperature values ofHC of our
8-9
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samples rule out the possibility that the Fe particles are
exchange coupled and support the hypothesis that they
predominantly magnetic single domain. Hence, the ox
matrix does not transmit the exchange interaction to ne
boring Fe particles: this indicates a low effective exchan
stiffness constant of the oxide matrix, which is consist
with the relaxing behavior of the oxide moments, as revea
by the Mössbauer analysis@Fig. 11~b!#.

At T5300 K, we could expect that an estimation ofHC is
obtained by the Stoner-Wohlfarth model, according to whi
for randomly oriented spherical single-domain Fe particl
the maximum coercivity value is given by the express
HC50.64 KFe/MS , and amounts to;180 Oe (KFe54.8
3105 erg/cm3, the magnetocrystalline anisotropy of bc
Fe!.36 HC of D6 is in agreement with such a prediction, b
in D15 HC;800 Oe. This could be due to the presence o
shape anisotropy contribution to the total anisotropy, beco
ing more and more noticeable with increasingD, as con-
firmed by TEM analysis@Figs. 1~e!, 1~f!, and 1~h!#.

V. CONCLUSIONS

The low-temperature magnetic properties of samples
tained by cold-compacting core-shell Fe/Fe oxide nanop
ticles have been investigated, and their dependence on
structure, composition, and mean particle sizeD has been
discussed. The compacted samples have been describ
terms of a disordered oxide matrix in which the Fe partic
are dispersed.

The magnetization results support a simplified picture
samples consisting of two different magnetic component
ferromagnetic quasistatic component, corresponding to
Fe particle moments; and a relaxing one, represented
magnetically and structurally disordered oxide regions
exchange-interacting spins. The effective distribution of
isotropy energy barriers for the relaxing component is v
broad and strongly field dependent.

At room temperature, most of the net moments of
oxide regions thermally fluctuate and tend to be polarized
the Fe particle moments. With decreasing temperature, a
gressive freezing of the moments of the oxide matrix occ
at field-dependent temperatures, according to the distribu
of anisotropy energy barriers. Finally, below a weakly fie
dependent temperatureT1 , the freezing of the oxide matrix
in a spin-glass-like state is complete and the interplay
tween matrix-particle exchange coupling and partic

*Corresponding author. Email address: delbianco@df.unibo.it
1Y. Yoshizawa, S. Oguma, and K. Yamauchi, J. Appl. Phys.64,

6044 ~1988!.
2A. Manaf, M. Leonowicz, H. A. Davies, and R. A. Buckley,

Appl. Phys.70, 6366~1991!.
3B. Dieny, V. S. Speriosu, S. S. P. Parkin, B. A. Gurney, D.

Wilhoit, and D. Mauri, Phys. Rev. B43, 1297~1991!.
4P. Allia, M. Knobel, P. Tiberto, and F. Vinai, Phys. Rev. B52,

15 398~1995!.
5R. F. Ziolo, E. P. Giannelis, B. Weinstein, M. P. O’Horo, B. N

Ganguly, V. Mehrotra, M. W. Russell, and D. R. Huffma
17441
o
re

e
-

e
t
d

,
,

a
-

b-
r-
the

in
s

f
a
e

by
f
-
y

e
y
o-
s
n

-

-
-

particle dipolar interactions results in a frozen disorde
magnetic state for the whole system. Such description is s
ported by the lack of magnetic relaxation belowT;25 K,
the analysis of theMZFC/FC vs T curves and by the therma
dependence of the exchange fieldHex and coercivityHC .
With decreasing temperature from 300 K,Hex strongly in-
creases at a temperature at which most of the oxide re
moments freeze, consistently with the derived anisotropy
ergy barrier distribution. Below the same temperature,HC
increases too.

Hence, with varying temperature, the magnetic coupl
between Fe particles and the oxide matrix gives rise to v
ous magnetic behaviors, the difference being essentially
termined by the change in the oxide phase anisotropy. Be
T1;20 K, such an anisotropy is larger compared to bu
g-Fe2O3 and Fe3O4, and the exchange bias effect betwe
iron and oxide phases is maximized.

The comparison between samples with different me
particle sizeD ~6, 10, and 15 nm! supports our description
In particular, the smaller magnetic irreversibility, the reduc
nonsaturating tendency in theM vs H curves, the lowerT2 ,
and the weaker temperature dependence ofHC in samples
with largerD are all consistent with the presence of a larg
static, ferromagnetic component. AtT55 K, the increase in
HC and Hex with decreasingD reveals that the exchang
coupling at the interface between particles and matrix is
hanced when the surface to volume ratio of the partic
increases. AtT5300 K, the high HC value (180<HC
,800 Oe), with respect to compacted ferromagne
nanoparticles,18 indicates that the relaxing oxide matrix
not able to transmit the exchange interaction to neighbor
Fe particles that are essentially single domain; the str
increase ofHC as D increases should be mainly due to th
contribution of shape anisotropy, since with increasingD the
symmetry of the particles deviates more and more from
spherical one, as indicated by TEM observations.

ACKNOWLEDGMENTS

This work was partially supported by the Istituto Nazio
ale per la Fisica della Materia~INFM! under Project No.
PRA-ELTMAG. The authors are gratefully indebted to Dr.
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