IEEE TRANSACTIONS ON MAGNETICS, VOL. 37, NO. 4, JULY 2001 2223

Magnetic Anisotropy and Behaviors of Fe
Nanoparticles

Takahiro Ibusuki, Seijyu Kojima, Osamu Kitakami, and Yutaka Shimada

Abstract—We have studied the magnetic properties of bcc-Fe
fine particles with a diameter D of 3 ~ 40 nm prepared by a vapor 30
condensation process. The particles exhibit uniaxial anisotropy of
2.0 ~ 3.0 x 10°¢ erg/cc which is much larger than that of bulk
Fe (0.5 x 10°¢ erg/cc). Numerical calculations taking into account
dipolar interaction and thermal agitation reproduce the particle
size dependence of coercivity very well. According to the present
work, magnetization reversal of Fe particles proceeds via coherent
rotation for D < 15 ~ 20 nm and via incoherent rotation for
D > 15 ~ 20 nm. Itis, however, still uncertain why the magnetic
anisotropy of Fe fine particles is uniaxial and so large.

Index Terms—Coercivity, dipolar interaction, Fe, fine particle,
magnetic anisotropy.
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INE magnetic particles show peculiar behaviors quite [nm]

different from the bulk ones. For instance. ferri- an@ig. 1. Number of particles counted per size interval vs. diameter for
) ' e particles. The dots represent midinterval values obtained from the size

anFife”O'maQnetiC particles exhibit anomalou_s_magnetic PrORstogram. The curve shows the frequency distribution calculated from the
erties, such as large net moments and coercivity due to a finitg¢normal distribution function.

size effect [1], [2]. As for metallic ferromagnetic particles, they

show very large coercivity compared with the value predictesio, layer. All the samples showed bcc-Fe 110 diffraction
by the simple Stoner—Wohlfarth model under the assumptigithout any distinct diffraction peaks from Fe oxides. Particle
of bulk anisotropy [3]-[6], [9]. Moreover, it is recently founddiameter was mainly evaluated from FWHM (full width at
that bcc-Fe and fcc-Co nanoparticles exhibit strong uniaxiahlf maximum) of Fe 110, the values almost agreed with TEM
effective anisotropy in spite of their cubic crystal symmetrgbservations. Fig. 1 shows a typical size distribution of Fe
[71-[9]. Surface anisotropy due to broken symmetry or spiparticles. The distribution almost follows the log-normal distri-
disorders at the particle surfaces is believed to play a domingiition function [11]. The magnetic properties were measured
role in such fine particle systems, although the details are stiding a VSM in the temperature range of 40300 K. Since
unknown. In the present work, we discuss about magnetizatipg particles are 3D randomly oriented, we adopted the law of
reversal process of bcc-Fe fine particles based on the measwggroach to saturation (LAS) for determination of effective

magnetic anisotropy constants. magnetic anisotropy [12]. For a 3D random assembly of
uniaxial and cubic anisotropy particles, magnetic susceptibility
Il. EXPERIMENTAL can be easily derived as
Fe fine particles were prepared at ambient temperature by x = OM/OH = K2y /M, H?, Q)

dc-magnetron sputtering, with high Ar gas pressittg of o . . .
0.1~ 0.5 Torr [10]. No heat treatment was performed. Th\é/herea = 0.533 for uniaxial anisotropy and 0.152 for cubic

. ! ; 3
samples were successively covered by a 200 nm-thick Ag %W'SOtrOpy' Fig. 2(a) shows a typical- 1/H" plot for Fe par-

SiO, overcoat in order to avoid surface oxidation. The particltédes' We can evgluaté’eﬂ from_the slope using (.1)K‘fﬂ was
measured for various external fields,,, as shown in Fig. 2(b).

diameterD was varied in the range of-3 40 nm by controlling e that i luation & i hieved by LAS with
P4.. In addition, in order to study dipolar interaction, w ote that accurate evaluation filr IS achieved by wi
tgvfe error of several percent.

have also prepared 10 period bilayer stackings consisting

a monodisperse Fe particles layer and a 200 nm thick-Ag or
[ll. RESULTS AND DISCUSSION
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Fig. 2. (a)y vs.1/H® and (b)K . vs.1/H.,, plots for Fe particles with the w 0.6 L uniaxial
diameter of 15 nm. The dashed line in (b) is a guide to the eye. § /
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if thermal agitation is entirely ignored. A very simple calcula- 2 L N o 80 o’ o
. . . . O O: cal. = .
tion givesH, = 180 Oe andM,./M; = 0.83 for no-interacting = 400 - gﬁ?ﬁ 92 ¢ oW o
bcc-Fe single-domain particles with cubic anisotropysgf = A 200 r o’ O e
5 x 10° erg/cc. In general, however, this simple theory does not i r JKe ¢ b@ (cal.)”
explain magnetic properties of real fine particle systems even (o . S T T T P
when particle size is in the single-domain size region [3]-[6], 0 5 10 15 20 25 30 35
[9]. D [nm]

Fig. 3(a)—(c), respectively, show the particle size dependence , _ _
Of Kus, M, /M., and H. at room temperature. Note that' % Room lemperaure magnel properies o 0 andon bc.Fe paricles
M, /M, is almost equal to that for uniaxial anisotropy [(2)]anisotropyX ., (b) remanence ratidZ, /M., and (c) coercivityH,. Solid
which is much smaller than that for cubic anisotropy [(3)]. Thignd empty circles in (c) indicate measured and calcul&tedDotted and solid
result suggests that magnetic anisotropy of Fe fine particledES 1 &) show remanence ratos o 20 rancom noiteracing cubic and
uniaxial in its nature. Sincé/,./M, may be also affected by using the anisotropy constant of bulk-Fex 10° ergicc).
dipolar interaction and thermal agitation, we have investigated
M,./M, of anearly noninteracting system {- 0.05) consisting particles, Pfeiffer derived the following approximate expression
of a [monodisperse bcc-Fe particle layer/S{00 nm)l, for coercivity based on the S—-W model [13];
multilayer, and found thatV/,./M, became equal to 0.5 at Vo077
T = 10 K. Therefore, we believe that Fe fine particles possess  H.(V, p, T) = H.(V, p, 0) {1 - <—5> } , @
uniaxial anisotropy in spite of their cubic crystal symmetry, as 4
has been discussed in previous works [5], [7]-[9]. MoreoveghereV is the particle volume and, is the critical volume for
their effective anisotropy is much larger than that of bulk Fe, @assuperparamagnetic limit. Setting an attempt frequeficy
can be noticed in Fig. 3(a). Several groups have also found véfy? Hz and a relaxation time, ~ 100 sec.,V, = 25kgT/Keg,
strong uniaxal anisotropy in magnetic fine particles and spedwerekg is the Boltzmann constant. Using (4), we can roughly
lated that surface anisotropy enhances the effective anisotrapyculate H. at a finite temperaturd". Strictly speaking,V’
of fine particles, although the details are still unknown [7]-[9khould be effective volume enhanced by dipolar interaction, but
Using the values ol in Fig. 3(a), we can roughly calculatewe used real particle volume for the present calculation because
H_. for a 3D random assembly of bcc-Fe particles. At firspf difficulty in evaluation of the effective volume. Therefore,
we evaluate dipolar interaction effect o, by numerical the effect of thermal agitation may be somewhat overestimated.
computations. The system we use for the calculation is a simflee calculated results are indicated by open circles in Fig. 3(c).
cubic lattice with a lattice constant equal to particle size. Adote that the calculated coercivity reproduces the experiments
particles with effective uniaxial anisotrop¥(.gz occupy the (closed circles) very well folD < 15 ~ 20 nm, indicating
lattice points in a random manner with the probability equal that magnetization reversals take place via simple coherent ro-
the packing density. 32 x 32 x 5 lattice points was enough for tation. For larger particle size dd > 15 ~ 20 nm, H. is
good convergence. The calculations revealed Hhafp = 0.5) somewhat smaller than calculated values. This difference may
is about 40% smaller than that for a noninteracting systeoe due to the change in magnetization reversal process. From
(p = 0). Since the above calculation entirely ignores thermaticromagnetics calculations, we found that the reversal mode
agitation, we have to take into account thermal agitation at the an Fe particle changes from coherent to incoherent around
next step. For a 3D random assembly of uniaxial single-domahD ~ 20 nm.
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1.0 - condensation method. Magnetic measurements showed that Fe
0.8 () , cubic particles exhibit very strong effective uniaxial anisotropy of
b ~ . . ~ 6 . - . . .

o I uniaxial 10K 2 3x10°erg/ccin s_,p|te of_|ts cublg: crystal symmetry. Tak|pg
§ 06 | o on 0K into account both dipolar interaction and thermal agitation,
§*0 4 P — AEQQA 100K we have calculated particle size dependence of the coercivity

. _ S . . . .

I A~A/A/O/ 4 300K using the measured anisotropy constants within the framework
02} . " of the coherent rotation model. The calculation reproduced the
0.0 L L l experiments very well foD < 15 ~ 20 nm, indicating that

magnetization reversals take place via coherent rotation for this

1500 "(b) small size region. For larger particle sizeldf> 15 ~ 20 nm,

L o an incoherent rotation mode lowék, than that expected from

o .
gmoo R O O\‘. the coherent rotation mode.
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