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Static and dynamic magnetic properties of spherical
magnetite nanoparticles

G. k Goya,a) T. S. Berquo, and F. C. Fonseca
Instituto de Fsica, Universidade de”®aPaulo, CP 66318, 05315-970, &&#aulo, SP, Brazil

M. P. Morales
Instituto de Ciencia de Materiales de Madrid, CSIC, Cantoblanco, 28049-Madrid, Spain

(Received 28 March 2003; accepted 23 June 2003

We present a detailed study of static and dynamic magnetic behaviorGf, Fanoparticles with
average particle size&) ranging from 5 to 150 nm. Bulk-like properties such as saturation
magnetization, hyperfine parameters, coercive field, and Verwey transition are observed in 150 nm
particles. For decreasing particle size, the Verwey temperalyre,shifts down to~20 K for
(d)=50 nm and is no longer observable for smaller particles. The smallest partdles § nm)

display superparamagnetic behavior at room temperature, with transition to a blocked Jigte at
~45 K, which depends on the applied field. The existence of surface spin disorder can be inferred
from the decrease of saturation magnetizatibgat low temperatures, as the average particle size

is reduced. This disordered surface did not show effects of exchange coupling to the particle core,
as observed from hysteresis loops after field cooling in a 7 T magnetic field. For particles with
(dy=5nm, dynamic ac susceptibility measurements show a thermally activated Arrhenals—Ne
dependence of the blocking temperature with applied frequency. The interparticle interactions are
found to influence the energy barriers yielding an enhancement of the estimated magnetic
anisotropy. From the calculus of the magnetic anisotropy, it is inferred that there is no structural
transition from cubic to triclinic symmetry fofd)=5 nm, in agreement with the absence of the
Verwey transition. A valueK;=4.68<10° erg/cnt is obtained for the magnetocrystalline
anisotropy constant of the cubic phase. 2003 American Institute of Physics.

[DOI: 10.1063/1.1599959

I. INTRODUCTION erties of great potential for applications in giant magneto-

Nanosized magnetic structures are currently key materi(_electronlc and spin-valve devices based on magnetite films.

als for advancements in electroniceptoelectronicé,mag- N SPite of the fact that magnetite is perhaps the oldest mag-
netic storagé,and many bioinspired applicatiofs® What is netic material known, some gspects on the_ basg: mechanisms
usually termed “nanostructured systems” comprises thosé&elated to the Verwey transition are still being discussed, es-
materials whose properties are determined by entiies-  Pecially in nanosized systems!? An additional issue to be
ticles, crystallites, or clustersvith characteristic lengths be- Solved for potential applications is that the magnetic proper-
tween 1 and 100 nm in at least two dimensions. If the grairfies of magnetite-based nanostructured systgrasticles or
or domain size becomes comparable or smaller to the chafims) strongly depend on the synthesis rotite}®as well as
acteristic length scale of the interaction processes controlling@n the nonmagnetic matri¢or substratechosen. Moreover,
a particular property, different effects and unusual chemicafor a given synthesis technique the final magnetic properties
and physical properties can be expected that are highly aseem to depend heavily on tiny changes in the local structure
tractive in a number of technical applicatiofs.In recent like antiphase boundarig&PB), oxygen deficiency, and lo-
times, large advancements have been achieved related to thal ionic disordef®8
synthesis and characterization of well-defined, discrete mag- Above the Verwey temperaturd,,~ 120 K, magnetite
netic nanoparticles for both fundamental and technologicahas a cubic spinel structu¢space grou-d3m), with lattice
purposes. However, precise knowledge of the relationshipsarametem,~8.397 A and the O atoms arranged in a face-
between particle shape and size distribution, surface stru@entered-cubidfcc) lattice. The lattice can accommodate
ture, and the resulting magnetic properties of magnetic nang=e** on the tetrahedral sitéA) and FEé™ and Fé' on the
particles is still lacking. This remains true even for particlesoctahedral sitéB) in antiparallel arrangement, yielding fer-
composed of “simple” pure materials such as Fe, Co, or Ni,rimagnetic order below . Bulk magnetite has cubic mag-
whose bulk properties are well understd8d. netic anisotropy, with thél 1 1) and(1 0 0 directions being
Magnetite FgO, has recently attracted attention becausenhe easy and hard axes of magnetization, respectively. At
bulk F&0O, has a high Curie temperaturg{~850K) and  room temperaturgRT), the first-order magnetocrystalline
nearly full spin polarization at room temperature, both Prop-anisotropy constant has a negative valg £ —1.35x 10P
erg/cnt) that changes sign at low temperature, passing
dElectronic mail: goya@macbeth.if.usp.br through an isotropic point at a temperature few degrees
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above the Verwey transitiolf. On cooling belowT,,, the
change from cubic to triclinic structure yields a change to
uniaxial anisotropy with0 0 1) easy axis? :
Since the magnetic hardness of single-domain particles 3
results from the concurrent effects of shape and crystal §
anisotropies, there is an obvious need for separating thesej
effects to study each of them. As the magnetocrystalline an-
isotropy is associated with each material and cannot be B
eliminated, we have chosen a simple way for disentangling
these effects by making spherical particles to eliminate the
shape anisotropy. In this work, we present a detailed struc- - g 4
tural and magnetic characterization of spherical@enano-
particles with different mean sizes from 5 to 150 nm, aiming
to study the relation between structural and magnetic prop-
erties in the blocked state as well as in the superparamagnetic}
(SPM) regime.

Il. EXPERIMENTAL PROCEDURE

Four magnetite (F€,) samples have been prepared by
different routes and named according to their mean particl
size (in nanometers samples M150, M50, M10, and M5.

Sample M150 was prepared by first precipitating hematitg,qometer(Quantum Design Zero-field-cooled(ZFC) and
particles by forced hydrolysis of a 0.02 M FgGlolution at  fig|g-cooled(FC) curves were taken between 5 and 400 K,
100 °C during 2 day? and further reduction under 1 atm of for different values of cooling fieldHgc (10 Oe<H
hydrogen at 360 °C during 3.5 h. Sample M5S0 was obtained- 70 koe). Data were obtained by first cooling the sample
after heating at 90 °C a solution of 0.1 M KOH and 0-025 M from room temperature in zero applied fiélFC processto
FeSQ during 24 h, in the presence of 0.2 M of !(Né the basal temperatur@® K). Then, a field was applied and
Sample M50 was washed with HCI and later with water.ihe variation of magnetization was measured with increasing
Sample M10 was prepared by adding 50 ml of an aqueouggmperature up ta=400 K. After the last point was mea-
solution(0.33 M FeC} and 0.66 M FeG) to 450 miof 1M g req the sample was cooled again to the basal temperature

ammonium 3hydrc_)xide under_ constant stirring at r00Myeeping the same fieltFC procesk then, theM vs T data
temperaturé® During preparation of both M10 and M50 were measured for increasing temperatures.

samples, N gas was flowed previously through the base so-
lution and the formed black precipitate was washed and dried
at 40 °C durig 2 h in air. Sample M10 was washed with Il EXPERIMENTAL RESULTS
water. Smaller particles of around 5 nm were obtained fol-  Analysis of TEM imagesFig. 1) showed that the result-
lowing the Leeet al. method?* The iron salt mixture, Fél)  ing samples consist of homogeneous particles with nearly
and Félll), was addeda 1 M K(OH) solution with 1 wt%  spherical shape, increasing the size from M5 to M150
of polyvinylalcohol (PVA) at room temperature. samples. The resulting average size estimated from these im-
X-ray diffraction (XRD) measurements were performed ages are displayed in Table I. The x-ray diffractograms for
using a Philips 1710 powder diffractometer using Ra  the four samples shown in Fig. 2 could be indexed with the
radiation in the 2 range from 5° to 70°. Transmission elec- Fe;0, single phase, except for the M50 sample where small
tron microscopy (TEM) images were taken in a high- peaks corresponding to the main reflections of goethite were
resolution 200 keV JEOL-2000 FXII microscope, in order to observed. It can be noticed that the lines broaden steadily
analyze the structure and morphology of the magnetic powfrom the M150 to M5 sample as a result of the decrease in
ders. Mmsbauer spectroscoylS) measurements were per- the average particle size, in agreement with TEM data. We
formed with a conventional constant-acceleration spectromhave estimated the average grain sidefrom the main re-
eter in transmission geometry with a source of about 50 mCilections of each diffractogram, by using the Scherrer for-
®’Co in a Rh matrix between 78 and 296 K. Hyperfine pa-mula and without considering possible contributions of crys-
rameters such as the distribution of hyperfine magnetic fieldial stress to the observed linewidth. It can be seen from Table
isomer shift, and quadrupole shift have been determined by that the agreement between TEM and XRD data is very
the NORMOS program, and-Fe at 296 K was used to good, giving support to the following discussion on the mag-
calibrate isomer shifts and velocity scale. Room temperatur@etic properties of these particles.
M vs H cycles were performed in a vibrating sample magne-
tometer using an electromagnet to produce fields up to 2 'IA
Static and dynamic magnetic measurements as a function of The Mossbauer spectra of E®, particles with different
frequency and temperature were performed in a commerciaizes, at 296 and 78 K, are shown in Figs. 3 and 4, respec-
superconducting quantum interference devi8®UID) mag- tively. A first, general feature that can be observed at RT is

eFIG. 1. TEM pictures for samples M&), M10(b), M50 (c), and M150(d).

. Mossbauer study
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TABLE |. Average particle diameter&) extracted from TEM and x-ray
data, saturation magnetizatidhg, coercive fieldH., remanencé g, and
the ratioR=Mg /Mg for Fe;O, samples measured at 5 and 300 K.

Particle Crystal

size size
(TEM) (x-ray) Temp H¢ Mg Mg
Sample (nm) (nm) (K) (Oe (emu/g (emu/g Mg/Mg
M5 4 4.3 5 294100 56.12) 10.18) 0.15
300 127) 31.82 0 0

M10 115 ~10 5 202100 77.52) 1278 0.16
300 347) 6012 3.92 0.016

M50 47.7 55 5 210100 77.82) 16.38) 0.21
300 1567) 65.42) 16.42) 0.25

Transmission (a.u.)

M150 ~150 ~150 5 73610) 88.52) 32.148) 0.36
300 3237) 7562 1892 0.25

M5

the gradual passage from bulk-like to SPM behavior, as the

average particle size decreases. For sample M150, the room T=206K

temperature spectrum was fitted using two magnetic compo- T

nents of hyperfine fieldB,,=49.5 and 46.0 T, correspond- 129 6 3 0 3 6 9 12

ing to FE" ions at sitesA and (FE* Fe**) ions at siteB, Velocity (mm/s)

respectively(see Table I, with nearly null quadrupole split- i

ting (Q9 and intensity ratioB:A~1:1. These well-known FIG. 3. Mssbauer spectréopen circles recorded at 296 K for the §®,

features of MS are related to the electron transfer procesrs%amples. The solid lines are the best fit t(_) experimental data, and dotted lines
- ; present each component of the total fit.

(electron hoppingbetween F&" and Fé" ions on the octa-

hedralB site taking place foif >115-120 K(\Verwey tran-

sition). The absence of SPM signatiouble} in the MS

shows that these particles have a multidomain structure,

agreement with the theoretical estimation foaximumlin-

_ditionally, sample M50 showed a small component from goe-
'thite (By,=37.7 T), amounting to a-3% of the total spec-
25 26 tral area, in agreement with XRD data. Sample M5 displays

ear dimensions of single-domain particles-e£28 nm: only a central doublet corresponding to a full superparamag-
As particle size decreases, both hyperfine fields merggetic state.

into a single sextesample M50, and for sample M10 the
thermal relaxation effects are clearly obseryEdy. 3). Ad-

M5 43 48 53 58
B, (M
- e
>
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FIG. 4. Left panel: Mssbauer spectrépen circley recorded at 78 K for

FIG. 2. X-ray diffraction patterns of the F®, samples with different av- the FgO, samples. Solid lines are the best fits using hyperfine field distri-
erage particle sizes. butionsP(By,,) shown on the right panel.
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TABLE II. Hyperfine parameters extracted from ®&bauer spectra at
=296 K: hyperfine field Byy,), quadrupolar splittingQS), isomer shift
(IS), and spectral ared) for samples M5, M10, M50, and M150.

T(K) Sample Site By, (T) QS(mm/g IS (mm/s | (%)

296 M5 - 0.60(1) 0.221)  100(3)
M10 46.0 0.001) 0.211)  1003)
M50 50.0 0.001) 0.221)  100(3)
M150 A 495 0.0%51) 0.201)  57(3)

B 46.0 0.021) 0.641)  433)

M (emu/g)

At T=78K (i.e., below the Verwey transitigrthe spec- 30t Ty = 107(1)K
trum of sample M150 shows the change of lattice symmetry
to the low-temperaturériclinic) phase?®?’ We attempted to et
fit the spectrum with two distributions of hyperfine fields, 150 M5]
corresponding to Fé ions atA sites and to Fe" and Fé"
at B sites. The resulting distributions are shown on the right 108 Tp=43DK 1
side of Fig. 4. There is not general agreement about the type
of fit that best reflects the properties of the magnetite phase 50“ 50100 150 200 250 300 350 400
at low temperatures, and different authors have proposed T (K)
from two to more than five magnetic components for
<TV _2829 However, there are several common features ObF_IG' 5. Zero-_field-pooletﬂZFC) a_nd field-cooledFC) curves for samples of
served in almost all loviF spectra reported, such as the in- different particle sizes, taken with-c=500 G.
crease ofBy,, and the nearly zero QS values. For samples

M50 and M10, the spectra at 78 K showed that the thermajyhere M4(0) is the saturation magnetization at zero tem-
fluctuations observed at room temperature are no longgserature. This is in contrast to previous results reported on a
present. Moreover, using a second site distribution did Nosystem of magnetite particles suspended in a ferrofflid,
improve the fits, therefore, these spectra were fitted using @here aT2 dependencéslightly modified by aT-dependent
single magnetic sextet. The resulting distribution profilesprefactoy was proposed. The inset of Fig. 6 clearly shows
showed a maximum centered Bfy;~52.3 and 51.2 T for  that the linear relation betwedM s—Mg(T)]/Mg vs T#?is
M50 and M10, respectively. For sample M5 thermal relax-followed along the whole experimental temperature range
ation effects are still dominant at this temperature, in agree(s K<T<350 K). Although theoretical calculatiotishave
ment with the blocking temperature 645 K observed from predicted a thermal dependence of the fofiti with 3/2
magnetization datésee below. <a<3 for small ferromagnetic clusters, many nanostruc-
tured systems such asFe particles in the Simatrix® and
y-Fe,0; nanoparticle¥ have provided experimental evi-
dence for theT®? dependence at least up to room tempera-
To better understand the magnetic properties of thesture. For the present magnetite nanoparticles, the prefactor
systems we performed magnetization measurements asBy=23.3x10 ° K~ 3?2 obtained from the fitting procedure is
function of temperature and applied fields. The ZFC/FC
curves(Fig. 5 of the M150 sample show clearly that the

25

B. Magnetization study

Verwey transition is still present, althoqgh at a Iow:_ar tem- 52 MS(T);MS ({1 -B"rm) 1

perature Ty=98(1) K). Sample M50 still shows a kink at M= 51.6 emu/g

~16 K, probably related to the Verwey transition, which is M5 B = 3.3x105K®

shifted to a lower temperature due to size effects. Addition- @ 48} = 9.0 i

ally, a broad maximum is observed in the ZFC sample cen- 3 Hee = 70 kOe

tered atTz~300 K, suggesting a blocking process of large §5, i Ew°3

particles. For M10 and M5 samples the maximumTat E =0

shifts to 1071) and 4%1) K, respectively, and the Verwey % 0

transition is no longer observable. 40 »
The dependence of the high-field magnetization with 2o

temperature is shown in Fig. 6. Since the magnetization of T? x10® K¥?) °

the sample at 70 kOe is only5% below the saturation value 36 . . . -

M g extracted from extrapolation to infinite field, we can con- 0 100 200 300 400

sider thatM(T)=M(T,H=70 kOe). It can be seen from T(K)

Fig. 6 thatM (T) steadily decreases with increasimgand

this thermal decrease could be fitted by the Bloch law FIG. 6. Magnetization vs temperature for M5 sample takehl &t70 kOe

(open circles The solid line is the fit using the Bloch law. Inset: graph

Mg(T)=Mg(0)[1— BOT3/2], M(T) vs T*2 to show the linear relationship up te350 K.
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FIG. 7. Magnetization hysteresis curves measured at 296 K for tf®,Fe FIG. 8. Superparamagnetic contributiti*® of sample M5 afT =296 K.
samples. The solid line is the fitted curve obtained from Ed$) and (2). Inset:
resulting distribution function wittD,=5.0 nm ando=1.4.

similar to the 2.&10 ° K~ %2 observed for y-Fe,0O,

particles® Furthermore, the similarity d, values in FgO,  wheref(u) is a log—normal distribution
and y-Fe,0O; nanoparticles can be understood fréan their 5
common cubic crystal structutepace group @FdBm); (b) F( )= ex;{ B (In e/ po) )
their close lattice parameteag ~8.35-8.39 A; and(c) their H Rrou 20°

similar ordering temperaturds-600 °Q that involve similar . . L
g P ¢ 9 of magnetic moments. In Eq. (2), o is the distribution

exchange integral valued** As pointed out by Marhez : ) . T
et al.33 %he T3’ngependence indicF:)ates the exis%/ence of Spin_Wldth andug is the median of the distribution related to the
. mean magnetic moment,, by um=uoexp@?2). The dis-

wave excitations in these nanometric domains of few- ~“ . ] P .
nanometer size. Using a very simplified landscape for thérlbutlon function satisfies the normalization condition
thermal excitation of the magnons at low temperatures, the %
prefactorB of the Bloch law can be expressed Bg'~D Ms= fo f(u)du.
=2a2JS, whereD is the spin-wave stiffness constant, éd
is the spin of magnetic ions. From this relationship we ex-  In order to obtain the magnetic moment distribution for
tracted an average value dkg =23 K, which is of the same the M5 sample, we have fitted thé(H) data using Eqs(1)
order of magnitude that the exchange consthptbetween —and(2), which contains two free parameteysando). The
A andB sublattices in bulk magnetité. result is shown in Fig. 8. To relate the moment distribution to
Hysteresis loops performed at room temperatiig. 77  the particle size distribution we have used the saturation
show that the coercivity decreases with decreasing particlelagnetization valuél s=398.7 emu/criy as extracted from
size, attaining zero value for the M5 sample, in agreemeniable I. Also, based on the TEM data, we have presumed
with the SPM behavior for 4d)=5 nm particle size. It is Spherical geometry for particles, i.&/=wD%6 whereD is
also observed that samples M150 and M50 are already satt€e particle diameter. With these assumptions we obtained
rated atH=20 kOe, whereas samples M10 and M5 showthe valuesuo=2805ug andD=5.0 nm, the latter being in
still slightly increasing magnetic moment. For the latter two€xcellent agreement with estimations from TEM and x-ray
samples, thelg values (Table ) were obtained from the diffraction. Fitting theM(H) data with a simple Langevin
relationship M=Ms (1—pB/H), where B8 is a field- function yielded valueg.=6599ug andD =6.7 nm, which
independent parameter, after extrapolating to infinite fieldare slightly larger than the values from the log-normal distri-
The results obtained differ from the (H =20 kOe) values bution f(x) of magnetic moments. The different values re-
by 3% and 11% for the M10 and M5 samples, respectivelyflect mainly the difference between mediano§ and mean
In the SPM regime, the magnetizatidns¥(H) plotted (mm) values of the magnetic moment distribution, related to
againstH/T results in a universal curve, described by thethe distribution widtho®= 2 In(u/ o).
relation MSP=NyuL (x), whereN is the number of particles In order to see possible effects of exchange coupling
of magnetic momen, andL(x) is the Langevin function of between core and surface of the particles, hysteresis loops
argumentx= uH/kT, i.e., the ratio of magnetic to thermal Wwere also measured 2 K after field cooled ina 7 T field. As
energy. To take into account the effects of size dispersioghown in Fig. 9, the cycles are symmetric within experimen-
always present in any real system, the magnetization of SPN@! error (i.e., no exchange bias can be obsejyéuicating
grains in a magnetic fielt is better described as a weighted the lack of exchange coupling between particle surface and

@

sum of Langevin functions core. At low temperatures, it is observed that the saturation
H magnetization decreases for smaller particles, indicating in-
ee] /VL . . . . . .
M SP= Mgmkf L(—) f()du, (1) creasing spin dlsorde_r effects at the particle surface, yielding
0 KT a smaller net magnetic moment.
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FIG. 9. Magnetization hysteresis curves measured at 5 K for th®,Fe T (X1 O K )
samples in field-cooling mode withlc=7 T. Inset: amplification of the ) o ) .
low-field region showing the symmetry of the loops. FIG. 11. Arrhenius plot of the relaxation timevs inverse blocking tem-

peratureTgl obtained from the imaginary componegt(T) as extracted
from Fig. 9. Dotted line is the best fit using E®) with 7o=9x10"*s and

C. Dynamic properties E,=1690K.

Turning now to the dynamics of the magnetic particle
S)//sfrems,dFlg.Tlo fdtlﬁplays Itlhettemlc_)elrature (ilepl\jn(ience ﬂ'fe observed transition. On the other side, it is known that
()j(f? ) anf X"(T) 0 p € sma efs pazr(;c eﬁamplekHE# (_7_rh smaller values ofb usually result from spin-glass-like sur-
fiferent frequencies ranging from mHz to Z. IN€  face behavior or interparticle interactiotts>’ The latter cor-

dat"’t\ f((;rbb%th F:omr;oerISthg (Tg and).( (T)thexh|b|t the ex- ¢ responds more likely to the present case, since our samples
pected behavior o systems, i.e., the occurrence of g ") -0 o e particulate systems.

maximum at a temperaturgy, for both x'(T) and x"(T) The dynamic response of an ensemble of fine particles is

components, which shifts towards higher values with in'determined by the measuring ting (or frequency of each

?reaglng/glreqlgenc%?.As a usegul cntznon for Clzstsrllfymg th.e. %xperimental technique. As the reversion of the magnetic
reezing/blocking process observed, we use € empIncahoment in a single-domain particle over the anisotropy en-

para:net_le_ltl), Wh(;Ch rgprefsfents the rellfltlvtehsf:\l/lftS of theltem- ergy barrierE, is assisted by thermal phonons, the relaxation
peraturel , per decade ot frequency. ror the SaMPIe, Weime r exhibits an exponential dependence on temperature

obtain characterized by a N¢—Arrhenius law
AT,
= E
=T Nogyf) ~ 007 =10 exp(kB—?r , @3

where AT, is the difference betweeil,, measured in the wherer, is in the 10°—10"1 s range for SPM systems. In

Alogyo(f) frequency interval. This value is close to the 0.10,0 apsance of an external magnetic field, the energy barrier
yalue found for_ .SP.M systems, prowdm_g a m_erI- can be assumed to be proportional to the particle volvime
independent classification of the thermally activated origin ofEa: K o¢V/sir? 6, whereK 4 is an effective magnetic anisot-

ropy constant and is the angle between the magnetic mo-
P e T ment of the particle and its easy magnetization axis.

151 700Hz M5 | The linear dependence of f)(vs 1/Tg observed in Fig.

T
o

75 Hz 11 indicates that the N&—Arrhenius model correctly suits
i:z I the behavior of the M5 sample. From the fitting of the ex-
0.7 Hz ' perimental T(f,H=0) data using Eq(3) and the average

particle radii from TEM data, we obtained the values of
Kes=35.6X 10° erg/cn? and 7,=9%x 10 ¥s. The resulting
effective anisotropy is an order of magnitude larger that the

10 = 20mHz

X (x10* emu/g)

N

X" (x10 emu/g)
O N AOD

st E R magnetocrystalline anisotropirst-orde)j constant of bulk
5 }f 20 60 100 140 180 magnetitek ?“k=1.35x< 10° erg/cn¥, and this enhancement
S , o TR observed in nanoparticles is customarily associated to sur-
0 50 100 150 200 face effects®3® However, as will be discussed later, for a
T (K) spherical particle the contribution of the surface anisotropy

should average to zero, and therefore no contribution can be
FIG. 10. Temperature dependence of the in-piesa) componenty’(T) ~ expected from the surface in the present particles. It is worth

of the magnetic susceptibility for the M5 sample, at different excitation - . s I .
frequencies. Arrows indicate increasing frequencies. Inset: Out of phasgo notice that, in addition to the contributions from the in

(imaginary componenty”(T). The data were taken with an external mag- trin_SiC particle aniso'Fropy e, _(SUCh as_sha_pe, magnetOFryS'
netic fieldH=5 Oe. talline, or stress anisotropigsnterparticle interactionsdi-
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polar or exchangecan also modify the energy barrigrin a  the surface and/or spin canting is also needed to explain this
previous work on FgO, particles ofd=5 nm, diluted in a reduction.

ferrofluid*° it was found that dipolar interactions are already Bulk magnetite is known to be magnetically soft, with
noticeable for concentrations ef2 vol % of magnetic par- values of coercive forceH:~200-4000e at room
ticles. When comparing against our data(@)=5 nm par- temperaturé that depends on the structural characteristics.
ticles, the larger blocking temperature at low fields observedror particles below a critical diamet&g a single-domain

in our sample further agrees with the presence of strong dibehavior is expected. For a given temperatttg,decreases
polar interactions due to the higher concentration of magfrom its maximum valueH~(Dg) to zero with decreasing
netic particles. Therefore, the value I6fs obtained for the particle size due to the superparamagnetic relaxation effects.
present nondiluted system clearly contains the effect ofor the present samples, the onset of SPM relaxation takes
particle—particle interactions and must be taken with greaplace below(d)=10 nm as inferred from thel values. At
caution. T=5K, the remanence-to-saturation rato=Mg/Mg for

all samples studie¢see Table )l are much smaller than the
expectedR=0.5 value for noninteracting, randomly oriented
particles with uniaxial symmetry. Deviations from the non-
interacting values are expected, and moreover theseRow

Recently, several works on nanometer-sized magnetité@lues reveal the existence of interparticle interactions of an-
particles and films obtained by different techniques havdiferromagnetic natur&
found that the resulting materials may display large differ- At T=5K all particles are blocked, and the magnetic
ences regarding their magnetic properties. These differencég8oments will reverse by rotation. From the field-cooling
are attributed to changes in structural disofdareation of ~ procedure used in the present measurements, a full alignment
antiphase boundarié,or the existence of a magnetically of the individual particles should be expected. Fop®g
dead layer at particle surfaé&However, other SQUID and phase belowT,, the magnetocrystalline anisotropy is ex-
magneto-optical Kerr effect measurements performed oRected to be uniaxial, and the experimental coercivity field is
magnetite film&>** showed that bulk-like behavior can be related to the effective anisotropy constéqg through the
present for linear dimensions down to 10 nm. relationHc=2K/Ms. From the above, valid fononinter-

The saturation magnetization values found in nanostrucacting particles withuniaxial anisotropy, we obtainet g
tured materials are usually smaller than the correspondingr3.9x 10* erg/ent. This effective valueobtained under the
bulk phases, provided that no changes in ionic configurationgssumption of uniaxial anisotropy is clearly unphysical,
occur. Accordingly, experimental values fistg in magnetite ~ since its magnitude ielow the first-order magnetocrystal-
nanoparticles have been reported to span the 30-50 emulige anisotropy valuek5"=1.1-1.3<10° erg/cn? of bulk
range, lower than the bulk magnetite valu®0 emu/d’>  magnetite'®>® This result implies that the transition from
Many studies have been reported on the origin of the obeubic-to-uniaxial crystalline symmetry does not take place
served reduction in magnetization in fine magnetic particleseven atT=5 K, which is also supported by the absence of
The first studies on the decrease in magnetization performederwey transition observed i (T) curves. We have, there-
in y-Fe,03 by Coey® showed that this reduction is due to fore, assumed the cubic anisotropy of the material to esti-
the existence of noncollinear spins at the surface, making thmate the particle anisotropy, for which the anisotrapyis
same mechanism appealing forsBg. Also, in maghemite related to the effective value b .4=K4/12, provided that
fine particles, Moralest al*” have reported a linear correla- K;<05* For the present particles the above assumption
tion between saturation magnetization and particle size, sugields K;=4.68<10° erg/cn?, which is consistent with
gesting that defects at the particle surface can influence th€>, although increased by the dipolar contribution to the
magnetic properties. local field. It is interesting to compare these results with the

The present results in §®, particles show thaMgat5  value K =2.3x 10" erg/cn? obtained by Luoet al®® in
K (where particles are blockgdioes not scale withl> as  Fe;0, particles withd=5 nm diluted in a frozen fluid, where
expected if contributions from a magnetically disordered surdipolar interactions are much less important. This value
face phase were present. Therefore, we also examined tlygelds K, =2.7x 10 erg/cn?, closer than our value t&tj””‘
possibility of the observed decrease g being due to but still larger. We have further checked our results using the
changes iPA- and B-site population, which can change the same method of Ref. 40, based on the area within the hys-
resulting ferrimagnetic moment. These size effects on théeresis cycle, to estimat&.4.>> This method givesK .
inversion degree of several other spinel systems such as5.2x10* erg/cn?, in reasonable agreement with results
ZnFe,0, and CuFgO, are well establishéd~*especially in  from coercive fields.
Zn-ferrite, where large changes Mg and T have been The existence of particle interactions makes the analysis
reported®®®! Using the notatiofiFe’* JA[Fe*F& 7180, for  of the single-particle magnetic anisotropy difficult to
the ionic distribution, it can be easily calculated that even forachieve, since contributions from the neighbor magnetic di-
a full inversion of F* ions fromB to A sites, a maximum poles to the local field can be even larger than the intrinsic
of ~20% of change in the net magnetic moment can becrystalline or shapeanisotropy. The phenomenological ex-
expected, which is only half of the 40% observed between pression generally used for describing the anisotrdpy of
the M150 and M5 samples. Thus, this effect does not sufficepherical particles of diameter has been put forward by
to explain the observed decreaseMny, and spin disorder at Bgdkeret al,>®

IV. DISCUSSION
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moment, no evidence was found of enhancement of the mag-
Kerr=Ky+ HKS’ 4 netic anisotropy at the surface, nor of exchange coupling
between particle surface and core. We have found that the

whereK., is the bulk anisotropy energy per unit volume, angstatic and dynamic properties can be understood by consid-

K is the surface density of anisotropy energy. From symme€ind changes in the single-particle anisotropy eneffgy

try arguments, and assuming that surface anisotropy is nofhrough the effect of interparticle interactions in these con-

mal to the particle surface, Bodkast al®® have demon- Centrated systems.

strated that a perfect spherical particle should have a zero net
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