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Experimental Evidence of the Néel-Brown Model of Magnetization Reversal
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Presented are the first magnetization measurements of individual ferromagnetic nanoparticles (15—
30 nm) at very low temperatures (0.1-6 K). The angular dependence of the hysteresis loop evidenced
the single domain character of the particles. Waiting time, switching field, and telegraph noise
measurements showed for the first time that the magnetization reversal of a well prepared ferromagnetic
nanoparticle can be described by thermal activation over a single-energy barrier as originally proposed
by Néel and Brown. The “activation volume” estimated by these measurements was close to the particle
volume. [S0031-9007(97)02465-4]

PACS numbers: 75.40.Gb, 75.50.Cc, 75.50.Tt

The thermal fluctuations of the magnetic moment ofthat the dynamics of reversal occurs via a complex path in
a single-domain ferromagnetic particle and its decay toeonfiguration space, and that a new theoretical approach
ward thermal equilibrium was introduced by Néel [1] andis required to provide a correct description of thermally
further developed by Brown [2]. Both assumed uniformactivated magnetization reversal even in single-domain
magnetization and uniaxial anisotropy in order to derive dgerromagnetic particles [9]. Similar conclusions were
single relaxation time. The main difference between theidrawn from numerical simulations of the magnetization
results lies in the pre-exponential factor [3] which re-reversal [10].
mains an unsolved problem [4]. This prefactor depends It is the purpose of this Letter to show for the first time
on several parameters as, e.g., damping and temperatuteat the magnetization reversal of a well prepared ferro-
[5]. For simplicity, experimentalists supposed a constantnagnetic nanoparticle can be described by thermal activa-
prefactor, and this assumption became known as the Nédion over a single-energy barrier as originally proposed by
Brown model. This model is widely used in magnetism,Néel and Brown [1,2].
particularly in order to describe the time dependence of For ferromagnetic particles and at zero field, the en-
the magnetization of collections of particles, thin films, ergy barrier between the two states of opposite magneti-
and bulk materials. Therefore, a good understanding afation is much too high to observe magnetization reversal.
the problem of magnetization reversal in these compleXowever, the barrier can be lowered by, e.g., applying a
systems requires an understanding of magnetization renagnetic field in the opposite direction of the particle’s
versal processes in a single magnetic particle. Until remagnetization. When the applied field is close to the
cently, almost all experimental studies were limited toswitching field at zero temperatufg’,, thermal fluctua-
samples consisting of billions of presumably identical partions are sufficient enough to drive the system to overcome
ticles. Most of the single-particle properties were hidderthe barrier. A simple analytical approximation for the field
behind some distribution functions of particle size, shapalependence of the energy barrigiH) is
etc. Only in some few cases, measurements performed on
individual single-domain particles have been reported [6], E(H) = Eo(1 — H/HQ,)* = Eo&“, (1)
but they lacked the ability to provide quantitative infor- whereE, is an extrapolation of the energy barrier at zero

mation. With the recent arrival of near field microscopy, . . : . .
(magnetic force microscopy) and nanolithography, experifleld’ ande is defined as a reduced field difference value.

mental studies of magnetization reversal in individualIt can be shown that the exponentis in general equal

: . . to 1.5 [11,12]. The probability that the magnetization has
particles became possible, e.g., [7,8]. Until now, all the ot switched after a timeis given by

reported measurements, performed on individual particle@,
were not consistent with the Néel-Brown model of ther- P(t) = e !/ )
mally assisted magnetization reversal over a simple po- ’

tential barrier. This disagreement was attributed to thevherer (inverse of the switching rate) can be expressed
fact that real samples contain defects, ends, and surfaceg an Arrhenius law of the form

which could play an important, if not dominant, role in

the physics of magnetization reversal. It was suggested 7(T,H) = toexpE(H)/kT), 3
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where 1y (inverse of the attempt frequency) depends or-200 L '
several parameters as, e.g., the damping and the ter
perature [5]. For simplicity, we supposed a constan_gqg

prefactorr. - »
For the experiments, it is often more convenient to € . |
study the magnetization reversal by ramping the appliet T R

field at a given rate and measuring the field value as sog =

as the particle’s magnetization switches. In this case 1004
thermal activation leads to a distribution of switching

fields initially evaluated by Kurkijarvi [13]. The mean 200 | | T | | 1 T 1

itchina fi is qi -400 -300 -200-100 O 100 200 300 400
switching fieldHy,, is given by Loty (mT)
kT T \1V¢ i
Hy = Holl — | — In (4) FIG. 1. Angular dependence of the switching field of an
W Ey vea! ’ ellipsoidal Co nanoparticle2§ = 5 nm in diameter) deposed

wherec = kHy/(roaEo) andv is the field sweeping rate. on a microbridge. The arrow indicates the direction of the

. e ) s applied field chosen for the waiting time measurements in
The width of the switching field distribution is given by ,:Fg? 2 and for the switching field mgeasuremems in Figs. 3—

1 /kT\ Ve T (-a)/a 5. For the telegraph noise measurements in Fig. 6, a high field
o = Ho— <_> [In( ¢ )} (5) in the H, direction was applied. Inset: SEM photo of the Co
O Ey ver~! ' particle on the microbridge (white spot).

In order to test the validity of the Néel-Brown model,
we studied nanosized Ni, Co, and Dy particles (15—d

. . ~did not lie in the SQUID plane, we chose the following
30 nm) synthesized by arc discharge [14]. According, joniation of the fieldd, andH, are in the SQUID plane
to transmission electron microscope observations, the

. . icrosc %o that ther, direction is parallel to the in-the-SQUID-

particles are single crystalline with a surface roughnes lane-projected easy axis; i.e., ti§, direction of the

.Of a!oout two atomic Ia_y_ers, and they are encapsulate pplied field is perpendicular to the easy axis. The angle

n elth(_er carbon graph_ltl_c shells or am(_)rph_ous carbo is measured between tHé, direction and the applied

protecting them very efﬂmgntly against oxidation [14]. in-plane field (see Fig. 1). By applying an additional

5 We pszq a ptlanar Nb rrplcr;ro-brldlge-ddc S?UID (of 1 tpconstant field perpendicular to the SQUID plane, we
p#m in diameter) on which we placed a ferromagne '®found that the easy axis of magnetization of the particle

pargcle.d'lk')he hSQU|D :jetected th? ﬂL.‘X thrgugh its lofoﬁ)]was out of the SQUID plane by about20The angular
produced by the sample’s magnetization. Because of t :
close proximity between sample and SQUID we had a Ver&ependence off., compared favorably with the model of

> . . ) i t V€Y hagnetization reversal by uniform rotation in the presence
efficient and direct flux coupling. In this configuration g y b

A ' of two anisotropy axes [16]. A detailed discussion of
we could detect magnetization reversals corresponding

10* [15]. In order to place a nanoparticle on thetf?'lese results is presented elsewhere [17].
MB . . . . . :
SQUID detector, we dispersed the particles in ethanol b After having characterized the static magnetic proper

it cati Th laced a d £ this liquid Yies, we studied the stochastic character of the switching
uitrasonication. €n We praced a drop of tis fiquid onge 4 by waiting time, switching field, and telegraph noise
a chip of about a.hundred SQUIDs. When the drop WaSneasurements. Via the waiting time measurement we
dry the nanopar'ucle; stuck on the chip due to van de ad direct access to the switching probability. At a given
Waals forces. Only in the case when a nanoparticle fel emperature, the magnetic field was increased to a waiting

on a microbridge of the SQUID loop, the flux coupling . ; e
between SQUID loop and particle was strong enough té'eld H,, which was close to the switching field. Then, we

be detected. After the magnetization measurements, we

1

finally determined the position and size of the nanoparticles P(t) o

by scanning electron microscopy (SEM). 0.8 , ALoRE mT
In this Letter, we focus on an ellipsoidal Co particle '

with a fcc crystalline structure and a diameter 23f = 0.6 —

5 nm (see Fig. 1). In order to study the domain structure 141.983 mT 14;965? S"'T

and the reversal mode of this nanoparticle, we measured 041 =17s \

the angular dependence of hysteresis loops. The magnetic oz L

field was applied in the plane of the SQUID. The ’ T=4K

hysteresis loop was reversible up to the switching field, ol il Ve

the external field value where the magnetization of the 0.1 1 10 t(s)

particle flips in the opposite direction. This switching FIG. 2. Probability of not switching of magnetization as a

was in all cases faster than out time resolutior @ MS- function of the time at different applied fields at 4 K and for
Figure 1 shows the angular dependence of the switching ~ 12°. Full lines are fits to the data with an exponential

field. As the easy axis of magnetization of the particle[Eqg. (2).]
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FIG. 3. Thermal and field sweeping rate dependence of the [TIn(105T/(ve'/2))] 2

mean switching field for6 = 12°. The widths o of the

switching field distributions are indicated by vertical bars. FIG. 4. Scaling plot of the mean switching fields,, for

field sweeping rates between 0.01-120/®Ttemperatures
between 0.14-5 K and fo# =~ 12°. Inset; Zoom for lower
temperatures.

measured the elapsed time until the magnetization

switched. This process was repeated several hundred From the waiting time and the switching field measure-
times, in order to obtain a waiting time histogram. Thements we could determine the energy bari#rwhich
integral of this histogram gave us the switching probabil-can be approximately converted to a thermally “acti-
ity. All our measurements showed that the probabilityvated volume” by using = Ey/(uwoMHy,). We found

of switching is given by an exponential in agreementy =~ (25 nm)® which is very close to the particle volume
with Eq. (2). Figure 2 shows examples of the measure@stimated by SEM. This agreement is another confirma-
probability of switching at 4 K. Moreover, we found tion of a magnetization reversal by uniform rotation. We
that the field and temperature dependence ébllowed  found similar results for measurements at anglebe-

Eq. (3) [17]. tween 0 and 80.

Concerning the switching field measurements, the ap- For the telegraph noise measurements [18], we applied
plied field was ramped at a given rate and the field valuea constant field in thé/, direction in order to reduce the
was stored as soon as the sample magnetization switchagkight of the energy barrier. When the energy barrier
Then the field ramp was reversed and the process was rg- sufficiently small, the magnetization of the particle
peated. After several hundred cycles, switching field hisfluctuates between two orientations which are close to
tograms were established, allowing us to define the meate H, direction (Fig. 6). The time spent in each state
switching field Hy,, and widthso. At temperatures be- followed an exponential distribution as given by Eq. (2).
tween 0.1 and 6 K, we measuréf,, for field sweeping The switching was thermally activated and the mean
rates between 0.01 and 120 yisT As expected for a ther- switching timer followed Eq. (3) withr, of the order of
mally activated process, the mean switching field increased) s, which is several orders of magnitude smaller than
with decreasing temperature and increasing field sweep, measured for small ErAs clusters by magnetoresistance
ing rate. Furthermore, all our measurements showed ameasurements [19].
almost logarithimic dependence Hf,, on the field sweep-
ing rate (Fig. 3). The validity of Eq. (4) was tested by
plotting the mean switching field values as a function of oAmT) model of
[T In(cT/ve® )]V, If the underlying model is suffi- 0-039  kurkijarvi
cient, all points should collapse onto one straight line by
choosing the proper values for the constarnésde. We
found that the data off,, (T, v) fell on a master curve
providedc = 10> mT/Ks (Fig. 4), i.e.,ro = 4 X 107 s.

For the choice olx = 1.5 = 0.05, the master curve is a 0.01
straight line. The slope and the intercept give the value
of theEy = 214000 K and HY,, = 143.1 mT correspond-
ing to those found in the switching time experiments. The 0 , , ,
inset of Fig. 4 shows a small deviation from the master 0 1 2 3 41(k) 5
curve at temperatures lower than 0.3 K which should be .
confirmed by experiments at lower temperatures. Usind!G- 5. Temperature =~ dependence ~ of the width = of
the constants found by this scaling plot, Eqg. (5) describe e switching field distribution o for 6=12° and

’ : ” odH/dt = 0.01-120 mTs. Line: prediction of Kurkijarvi
well the measured temperature dependence of the width 913] for wodH/dt = 1 mT/s. Inset: Switching fields distri-
the switching field distributiorr (Fig. 5). butions for several temperatures angi/H /dt = 60 mT/s.
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