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Magnetic resonance is used to obtain the temperature depen- ture decay of remanenc@)( Mossbauer spectroscop)(and
dence of the magnetic anisotropy of noninteracting NiFe,O, magnetization curvesd). In this work the temperature depen-
nanoparticles from 100 to 250 K. The 10.3 nm particles are  dence of the saturation magnetization and angular variation of t
dispersed as a stable ionic magnetic fluid which is frozen under magnetic resonance spectra of noninteracting J0feanopar-
the action of an external field to perform angular variation o0 \5ing a diluted nickel ferrite-based ionic magnetic fluid, i
measurements. The thermal fluctuation of the easy axis and obtained. Angular variation of the magnetic resonance spect
magnetic moment about the direction of the external field is ken f ) ]9 Id led | 9 d btain th P
included in order to obtain the anisotropy from the angular ta .en romatne —coqe sample, was use. t,°°,ta'“t emag”e
dependence of the resonance field. © 1998 Academic Press anisotropy as a function of temperature. Rigid dipole approxim:
tion as well as nonrigid dipole approximation is used to fit the

angular variation data, thus leading to the determination of tt

We report on the temperature dependence of the magnéﬂégnetic texture Coef‘fiCient, for field-cooled magnetic fluic
anisotropy of a NiFgD, nanoparticle obtained from magneticsamples.
resonance measurements. The 10.3 nm diameter particle i¥agnetic resonance was recently introduced as a uset
dispersed as ionic magnetic fluid, diluted enough to preve§chnique to measure anisotropy of magnetic nanopartiges (
particle—particle interaction, thus allowing the investigation of0 perform such a measurement in a straightforward way or
the anisotropy of a single particle in the temperature rangéeds to prepare the sample so it is as close as possible to
from 100 to 250 K. The methodology used to analyze tHeleal system composed of noninteracting magnetic particle
angular dependence of the magnetic resonance field, in gh&Persed in a solid nonmagnetic matrix. The easy axis (e.a.)
thermal-locked and thermal-unlocked approximation of tH&agnetization associated to the particles must be oriented,
easy axis and magnetic moment, is presented. The valuesRg&fectly as possible, parallel to a given direction, in order to f
obtained for the anisotropy of the nanosized partic'e ame requirements of the theoretical models discussed belo
smaller than the values reported for bulk samples over tféich conditions can be reached with a magnetic fluid sampg
range of temperature of our experiment. haVing particle concentration up to 8 1016 partiC|e/CI’T?,

Magnetic fluids are ultrastable material systems composedfigld-cooled in an external field set ateod T ). In our
monodomain nanosized magnetic particles dispersed as sirfjfeerimental setup the sample holder is allowed to rota
entities in a liquid carrier. Magnetic fluid stability works againsround the vertical axisj being the angle between the easy
magnetic dipole interaction that tends to stick particles togeth@xis of the sample and the horizontal external magnetic fiel
Different repulsion mechanisms are used to prevent particldde). The resonance frequeney, i.e., the Larmor precession
particle agglomeration, thus leading to different types of magnefi€duency of the magnetic moment)(of the particle in the
fluids. Steric repulsion prevents agglomeration in surfacted majesence of an effective magnetic field.f), is given by
netic fluids while coulombic repulsion accounts for stability in
ionic magnetic fluidsX). Magnetic anisotropy, saturation magne- o = YHer, (1]
tization, and particle size profile are the basic properties used to
characterize a magnetic fluid sample. As far as technologieghere y is the gyromagnetic ratio. In our experiment we
applications of magnetic fluids are concerned, magnetic anisstanned the magnetic field strength instead of scanning t
ropy plays a central role. Magnetic anisotropy determines, foricrowave frequency. The effective field is a result of thres
instance, magnetization reversal of the nanosized particles @aothponents; the external sweeping fieldL)( the anisotropy
thus the stability of stored information in high-density magnetiteld (H,), and the fluctuation fieldH;). In the general case,
storage media. Typical experiments used to measure magnitiduding temperature range above and below the characteris
anisotropy in nanoscaled magnetic particles include the tempearanoparticle blocking temperature, the anisotropy field and tt
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[1], we obtain the description of the angular dependence of tt
resonance field,

r

(@ K 2
Hr—<’y)—ls(3CO 0—1).

—

3]

To complete our approximative calculation, the rigid dipole a
well as the high magnetic field condition are both relaxed. Th
c.a. easy axis and the magnetic moment are no longer locked. Tt
: leads to an angular distribution of the easy axis of the partic
with respect to the external field as well as to an angule
distribution of the magnetic moment of the particle with re-
spect to the easy axis, as shown schematically in Fig. 1. T
account for the angular distribution we average out the orier
tation of the easy axis with respect to the applied field usin
classical statistics. A magnetic texture coefficient defined b
J(T) = (cos6) is then used to include thermal effects and thu:
to correct the magnetic anisotropy. The description of th
FIG.1. Schematic representation of the relative orientation of the exterd@mperature dependence¢T) starts by writing down the free
applied field, easy axis, and magnetic moment. energy E) of the particle aE = KV sirfp — uH cosy. Taking
a = KV/KT andb = uH/KT, the texture coefficient reads

fluctuation field are both expected to play a very important
role. The temperature dependence of the anisotropy field and N
J(T)=2nz)™*
0 0

3

the temperature dependence of the fluctuation field can be sin ¢ sin ¢ cos'
theoretically evaluated using a statistical ensemble where the
thermal fluctuation of the anisotropy axis and magnetic mo- X exp(—a sirf¢ + b cosy)dedydé, 4]
ment is described through an appropriate orientational distri-
bution function. The fluctuation field of a very particula
ensemble of monodisperse, noninteracting, rigid dipole nano-
particles in a fluid matrix can be analytically calculated using

the Landau—Lifschitz equation to describe the dynamics of the_,
magnetic moment 7). The approximative calculation pre- h
sented here, however, starts with a magnetic fluid sample
composed of rigid dipole nanoparticles, cooled down under the
action of a high magnetic field. In this condition the fluctuation

field has a negligible contribution to the effective field and the ,,J\/__

0

™ ™

sin s sin ¢ exp(—a sirf¢ + b cosy)dddys

resonance condition includes the external field and the anisgt-
ropy field only. The anisotropy field reducesHg = (2V/u)K,

where the magnetic moment per particle) (s related to the
saturation magnetizationd by u = IV andV is the particle 200K 200K
volume. Within this approximation the magnetic anisotropy
can be expanded in terms of spherical harmor}s ( 175K 175K

0

225K 225K

K= > KPM"(cosf)e™, 2] 150K o
| i 125K 125K

whereP"(cos 6) are Legendre polynomials ard] are anisot- QM

ropy coefficients. For uniaxial particles one retains onlyitke v 4444y ? LT
2 term. In the case of spherical particles one retains onlytheo 1 2 3 4 5 6 0 1 2 3 4 5 6
m = 0 term. Under the above-mentioned conditions, the an- Kgauss
isotropy can be written a§ = K,P3(cos#) and the anisotropy Kgauss

. . _ O . B
field approximated byH, = (2V/u)K,P5(cos 0). Substituting  Fig. 2. Typical resonance spectra at different temperatures and differe
the anisotropy field expression as described by Eq. [2] into Egjientation of the sample axis with respect to the external applied field.
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is the partition function and co8 = cosy cos¢ + sin ¢ sin

¢ cos ¢ (see Fig. 1). After the algebraic manipulations are 350

performed, the texture coefficient can be written as

L(b) [3L(b) expa) 1
J(T)zb_[b_l][al(a)_Za]’ 2

whereL (b) = coth®) — (1/b) is the Langevin function anida)
= [*1 exp@)dx. Note that)(T) tends to unity ag > 1 and

b > 1, corresponding to a system composed of rigid dipole ~& 200 F
nanopatrticles, cooled down under the action of a high magneticqm
field. Under this very particular condition the angular variation %
of the magnetic resonance field is perfectly described throughv 150 |
Eq. [3]. However, if considerable thermal fluctuation occurs,
Eq. [3] is no longer valid and has to be corrected to include the

texture coefficient in the following form:

w, K
H, = () — J(T) — (3 cod — 1). 6]
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FIG. 3. Angular dependence of the resonance field at different tempe
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FIG. 4. Reduced saturation magnetization vs temperature.

Equation [6] describes the angular variation measurements ir
broad range of temperature and will be used to fit our exper
mental data in order to obtain the temperature dependence
the effective anisotropyK).

The chemical synthesis of high-quality Nife, based ionic
magnetic fluid has been obtained only recenly The sample
used in our experiment was prepared using the condensati
method by coprecipitating aqueous solutions of nickel and iro
salts in an alkaline medium, followed by peptization of the
spherical nanoparticles in water. The particle polydispersit
follows a log-normal distribution characterized by a meatr
particle diameter and a dispersion factor on the order of 10
nm and 0.2, respectively. The polydispersity parameters we
estimated from X-ray measurements as discussed elsewh
(9). The blocking temperature, estimated froniddbauer mea-
surements, is on the order of 97 K(Qj. For the purpose of
magnetic resonance measurements the particle concentratiol
the magnetic fluid sample was set at<110'® particles/crm.
The sample was initially cooled down to 100 K under the
action of an external horizontal field of 1.5 T. The sample
holder was attached to a goniometer mounted vertically t
allow full rotation around the axis perpendicular to the hori-
zontal plane. Magnetic resonance spectra were taken using
X-band spectrometer tuned at 9.428 GHz. At a fixed tempe
Ature, magnetic resonance spectra were taken in steps of :

tures. The solid lines represent the best fit of the experimental data accordifough rotation of the goniometer axis. Typical resonanc

to Eq. [6].

spectra are shown in Fig. 2. The resonance fields were obtain
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dures, using Egs. [3] and [6], is shown in Fig. 5. The values w

—_ voro e ° found from our measurements of the effective magnetic at
mg 354 . thermal-unlocked isotropy are smaller than the values reported in the literatu
E) L / for the bulk sample above 100 K.1).
< 30 ® In summary, this is the first time magnetic resonance he
2 st d been used to obtain the effective magnetic anisotropy of nol
E thermal-locked interacting NiFgO, nanoparticles dispersed as ionic magneti
& 20F d fluid. The methodology used to analyze the angular variatio
‘§ 5L o o data, including the effect of thermal fluctuation of the easy axi
g o o and magnetic moment, is presented. Indeed, we found that t
< 1ot o o texture coefficient decreases from 0.890.03 at 100 K down
05 L , . 9 to 0.36*+ 0.02 at 250 K, as expected from Eq. [5].
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FIG. 5. Temperature dependence of the absolute value of the magnetid IS Work was supported by the Brazilian agencies FAPDF, PADCT
anisotropy. Solid circles represent the values obtained using Eq. [6] while ofefiPES, and CNPg.
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