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The magnetic properties of nanoparticlesyefe,O5 prepared by reverse micelles have been studied

by dc magnetization, transverse ac susceptibility, and Méssbauer spectroscopy. The nanoparticles of
v-Fe,03 in the nanocompositéy-Fe,03)50Ad,0 exhibit superparamagnetic behavior. The blocking
temperatures determined by the three methods indicate the superparamagnetic nature of
(y-Fe,03)50Ag,0 above 70-80 K and show correlation with measuring time. The average particle
diameter obtained by transmission electron microscopy oftke,O particles is~10 nm and that

of the Ag particles is~20 nm. The average particle size determined from the magnetic analyses for
the y-Fe,04 particles is~12 nm. Mdssbauer spectra obtained between 4.2 and 295 K clearly reveal
the presence of superparamagnetic relaxation at temperatures-aBoue. The Mossbauer spectra
reveal at most 1% of paramagnetiFens in the 295-K spectrum. @005 American Institute of
Physics [DOI: 10.1063/1.1847331

I. INTRODUCTION diffraction indicates that the material has two distinguishable

. . . phases and is free of any impurity within the x-ray diffrac-
The magnetic properties of-Fe,0O; nanoparticles pre- tion detection limits.

ngdrgﬁ asl\fgrc';t%/n?;tsscthgqtﬁgssza\é? 2?:;??\2;}? rboy Z?_V' Both because maghemite and magnetite are nearly
groups. Perp 9 prop isostructural, and because peak broadening in a nanocrystal-

ties of the nanoparticles and their blocking behawors."ne phase obscures the separation of the diffraction lines of

Know_mg that such properties are sensitive to _the meas_urlnggeir two phases, their powder-diffraction patterns become
techniques, we present a study of the magnetic properties o

. : hearly indistinguishable. To determine the presence of an im-

nanoparticles ofy-Fe,O5 prepared by reverse micelles by dc " - . . . "
o o 3y urity phase containing divalent iron, Mdssbauer spectral
magnetization, transverse ac susceptibility, and Mdssbauer ;
. analysis was performed on thHe-Fe,03)g0Ag,, Nanocom-

spectroscopy. The samples are silyeffle,0O; nanocompos- . . I
; . : osite. The analysis of the spectra, see below, indicates that
ites that we prepared to alter their transport properties ne

. . he sample contains at most traces of divalent fron.
the percolation threshoftiHowever, we focus on their mag- The morphology of théy-Fe,05)sAg,0 NANocomposite
netic properties in this paper. phology Y2 Y3)s0 20 P

was determined using transmission electron microscopy. The
results indicate that the individual Ag andFe,O3 particles

Il. SAMPLE PREPARATION AND STRUCTURAL are both spherical before mixing. The typical particle diam-
CHARACTERIZATION eters are~10 nm for y-Fe,0; and ~20 nm for Ag, values
which agree relatively well with the crystallite diameters ob-

The (y-F&0s):4Ag, nanocomposites were prepared tained from the Scherrer analysis of the x-ray diffraction
from particles synthesized in reverse micefl&®ur previous #Jeak broadening.

study has shown that the percolation threshold o
(y-Fe,03)1Ag, is x=29, above which the Ag particles are
connected and the samples are met&ilithe present study
focuses ony-Fe,03)g0Ag,0, in Which the conductance is in

the insulating region. X-ray diffraction analysis was per-  Figure 1 shows the temperature dependence of the mag-
formed on the nanocomposite-F&;03)g0Adz0 Using @ Phil- npetization of(y-Fe,04)g/A0,0 Obtained with zero field and

ips X'pert powder diffractometer. Average crystallite diam- fie|q cooling in various applied fields. The temperature de-
eters were estimated using the Scherrer relationship and andence of the magnetization reveals the superparamag-
(7-F&03)80Ag20 the resultingy-Fe,0; crystallite diameter  npetic pehavior of they-Fe,05 nanoparticles. By using the
was ~8 nm. The Ag crystallite diameter was found to be gata obtained at the lowest field of 50 Oe, the blocking tem-
~25 nm when the influence of strain was ignored. The X-TaYperatureT, was found to be 70 K. The average particle di-
ameter was estimated from this blocking temperature using
AFAX: 504-280-6048; electronic mail: jtang@uno.edu the expression for noninteracting single domain particle

IIl. MAGNETIC CHARACTERIZATION
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FIG. 1. The temperature dependence of the zero field and field cooled mag- 5 4 3 2 41 0 1 2 3 4 5

netic susceptibility of y-Fe,03)g0Ad,o Obtained at four applied fields. Note Velocity (mmv/s)

the upward shift inT,, with decreasing field. )
FIG. 3. The Mdssbauer spectrum(afFe,03)g0Ad, Obtained at 295 K and

fitted with a distribution of symmetric quadrupole doublets, bottom, and
KV expanded by a factor of 10, middle. The same spectrum fit with a possible

Tp= E’ (1) additional iron(Il) quadrupole doublet is shown at the top.
B

where K=4.7x 10" erg/cn? is the anisotropy constant for higher temperatures, the irreversible character in the field
bulk y-F&0;, V is the particle volume, ankk is the Boltz-  yariation of the transverse susceptibility disappears, i.e., both
mann constan' The resulting particle diameter f12 nm  he Xt curves from the two opposite field sweeps coincide.
for y-Fe,03 is reasonably consistent with the transmission  This technique clearly defines the blocked and super-
electron microscopy and x-ray diffraction results. The broadparamagnetic states of a magnetic material as a function of
ness of the zero-field-cooled magnetization peak indicates f@mperature. As the temperature increases the double-peak
distribution of particle sizes. structure ofy; becomes less pronounced and merges into a

The transverse susceptibility dfy-Fe&,03)s0A0z20 Was  single central peak. AbovE,, the yr curves for the opposite
measured using a very sensitive method based on the tunngjs|q sweeps are identical because of the equivalent switch-
dqule oscillgtor techniquE. The relative transverse suscep- ing probabilities of the magnetic moment between the two
tibility, obtained at 10, 20, and 30 K by ramping the mag- gquilibrium positions in a superparamagnetic material. In
netic field from positive saturation to negative saturation, theyiner words, the blocking temperature is the temperature at
closed_symbols, and from negative satl_Jrati_on to positivgynich vy is @ maximum at zero applied field. The tempera-
saturation, the open symbols, is shown in Fig. 2. At thes§re dependence; is similar to that of the longitudinal sus-
temperatures the curves show two peaks located symmetiiupibility usually observed in magnetic nanoparticle sys-
cally about the zero field. These peaks have different helghtstems’ with a maximum that shifts towards lower
with the larger peak located at a positive field when the fie'Qemperatures as the magnetic field increases. This
is ramped from positive to negative values. In contrast, anethod yields a blocking temperature of80 K for

(y-F&,03)50A020. 2 The dependence of; on both tempera-
04 ture and applied field is shown in Fig. 2, inset.

The Mossbauer spectra obtained at 295 and 100 K indi-
cate that the(y-Fe,03)50A0, particles are superparamag-
netic at these temperatures, as would be expected for such
fine particles. The 295-K spectrufeee the bottom portion
of Fig. 3 has been fitted with a distribution of symmetric
quadruple doublets and both the resulting average isomer
shift of 0.354 mm/s and the average quadrupole splitting of
0.68 mm/s are characteristic of fineFe,O5 particles. We
oy, have studied the 295-K Mdssbauer spectrum in detail to de-
20 10 0 10 2 termine if it reveals the presence of any divalent iron.

H (kOe) The center portion of Fig. 3 shows the spectrum of
(y-Fe,03)50Ag,0 magnified by a factor of 10 and fits with no
FIG. 2. The transverse magnetic susceptibility pfF6,05)s0Agz Obtained  high-spin divalent iron spectral component. The top portion
at 10, 20, and 30 K by sweeping the magnetic field from positive §aturatiorbf Fig. 3 shows the same spectrum fit with a possible diva-
tp negatlve_saturatlon, closed symbols, and fro_m neg_atNe saturation to pos?l{— ; . . .
tive saturation, open symbols. Inset: a three-dimensional plot of the experl®Nt iron quadrupole doublet which has an isomer shift of
mentally determined+(H,T) for (y-F&,05)g0A020- 1.20 mm/s, a quadrupole splitting of 2.48 mm/s, and a
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been fitted with a distribution of hyperfine fields and, as
needed, a paramagnetic doublet corresponding to the small
particles still undergoing superparamagnetic relaxation. Be-
low approximately 40 K, as expected for a compound with
an average blocking temperature of 70-80 K, the spectral
area of the superparamagnetic quadrupole doublet has de-
creased to essentially zero. Further, at 30 K and below the
Mossbauer spectrum consists of the expected magnetic hy-
perfine sextet which is somewhat broadened because of the

range of sizes of the small particles which are present in the
(7-F&03)50A020-

V. CONCLUSIONS

The blocking temperatures for théy-Fe,03)g0A020
nanocomposite depend on the experimental techniques used
as expected, but are in general consistent with each other
indicating the superparamagnetic nature of the
-Fe,03)50A0,0 Nanocomposites above 70-80 K. The dc zero-
field and field-cooled magnetization measurements indicate

Percent Transmission

-
ALY (ARSRRE R

899 |-

88 I y 20 K that the maghemite particles are superparamagnetic with an

24 . ) average blocking temperature of 70 K. The particle diameter,

oo E ’ as determined from this blocking temperature,~i42 nm.

o8 E The transverse ac susceptibility was measured over a full

7 E range of temperatures and applied fields, and the resulting

oe E t L 1 L 1 blocking temperature is 80 K. MGssbauer spectroscopy indi-
12 -8 -4 o a4 8 12

cates that(y-Fe,03)g0Ad,9 has a blocking temperature be-
tween 78 and 100 K. There exists a clear correlation between
FIG. 4. The Mdssbauer spectra(gfFe,03)50Ag2 Obtained at several tem-  the blocking temperature and measuring time scale. The time
?elrg‘t“rez bet""eeré“az and 100 K and f'“etq W'thgl d'StIr 'bgt'oglotf hyperfingcale for dc measurement, transverse susceptibility, and
1e1ds and, as needed, & superparamagnetic quadrupo’e doublet Mossbauer is 100, 16-10"°, and 108 s, respectively. The
measurement with a longer time scale obtains lower blocking

relative area of 1.3%. From this fit we conclude that, iftemperature due to the relaxation of the magnetic particles.
(y-Fe&03)30A0, contains any divalent iron it is less than 1%
of the total iron present. ACKNOWLEDGMENT
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