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We first present magnetic aftereffect measurements of an array of submicronic amorphous noninteracting Co
particles(300 nmx 200 nmXx30 nm). At low temperatures, the thermal dependence of the magnetic viscosity
S=dM/d(In(t)) exhibits an unusual behavior. Comparison with measurements performed on a single particle
allows the effects of the averaging over the statistical ensemble of the arrayx b®"2Co particles to be
studied experimentally. The link between both experiments is then performed by using the linear-response
theory. This formalism allows the noisB(T), which accounts for the thermal dependence of the coupling of
switching spins to their environment, to be defined. The consistency of this description is checked by compar-
ing the noise measured in this way on the array of particle with the noise measured on the single particle
through the Arrhenius law. In both cases, the thermal dependence of theD(@i3ehas a cothl[y/T) form.

INTRODUCTION fluctuations around the mean value become negligible. How-
ever, fluctuations continue to play a fundamental role in dy-
In the last few years, the study of the dynamical propersamical properties and can be probed by relaxation measure-
ties of magnetic nanostructures at low temperature has beenents. In order to compare experimentally the fluctuations
of considerable interest both from a fundamental and a techmeasured at both the nanoscopic and macroscopic scale, we
nological point of view. Indeed, measurements on small sysneed to master a second averaging process: the statistical
tems showed some typical effects, which are relevant to thensemble of the set of all particles is not ideal and different
area of physics describing phenomena between the macrdistributions of probability exist. In other words, a distribu-
scopic and the microscopic world, i.e., relevant to the mesotion of mean values and fluctuations must be taken into ac-
scopic scale. An important and nontrivial question is to knowcount. The following problem arises: how can the averaging
how these typical effects can be observed by measuring apver the ensemble of particles be compared to the statistical
ensemble of noninteracting mesoscopic systems at the maaveraging of a single particle?
roscopic scale. Thanks to the progress in nanotechnology it is now pos-
Following Van Kampen'’s definitichmesoscopic effects sible to answer this question experimentally by using mag-
occur when the fluctuations become predominant in the denetic nanostructures. This article is divided in two parts. In
scription of the system. Each realization of a single eventan experimental report we present the relaxation measure-
e.g., a magnetization jump due to the switch of a magnetienents of an array of about 1@o particles, followed by the
domain, accounts for the influence of the degree of freedomeport of the main results of dynamical measurements per-
of the environment acting on the path taken by the system téormed on one individual Co particle deposited onto a planar
realize this event. Indeed, the switching magnetic object isnicrobridge-dc-superconducting quantum interference de-
not isolated and interacts with its environmétfie heat bath, vice (SQUID). The detailed description of the measurements
impurities or surface spinsThe effect of the environment on on the single particle is reported elsewhgta.the theoreti-
the system is modeled by a stochastic force whose time cogal interpretation, we present a model based on the linear-
relation defines the noise. This stochasticity manifests itselfesponse theory, which allows to interpret the aftereffect
experimentally by a statistical distribution of the measuredneasurements, performed on the macroscopic array, in terms
values. In the case of a macroscopic sample composed bydd distribution of response functions. The consistency of this
large set of noninteracting particles, the measure is directlgescription is checked by comparing the magnetic noise de-
averaged over the statistical ensemble of all particles anduced from aftereffect measurements on the array of particle
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FIG. 1. Electron micrograph showing four Co partic{e8iptic-
%gg?];wzoo nm, thickness 35 nnbelonging to an array of step FIG. 2. (a) Hysteresis cycles of the array of aboux20’ Co
' particles(300 nmx200 nmx30 nm) measured at 2 KO) and 250

. . . . K (@). The in-plane field is applied along the long axis of the
with the noise measured on the single particle through aRaicies (b) Hysteresis loop of a single Co particle of same dimen-

Arrhenius-like law. sion.
| DYNAMICAL MAGNETIZATION MEASUREMENTS the domain wall through the particterigure 2a) also com-
' ON SUBMICRONIC Co PARTICLES pares the hysteresis loops of the array of particles at 2 K
0 (open dotsand 250 K(black dots. We see a weak influence
A. Samples of the temperature on the hysteresis loops. The hysteresis

. . loops plotted in Fig. @) are an average of about<2L0’
We present measurements made on elliptic Co particle ops of individual particles, which a sample is plotted in

defined by liftoff techniques out of sputtered filfrotected . . . :
I L : : Fig. 1. The jumps observed on the individual particle are
from oxidation by a 10 nm thin Si filjn X-ray diffraction - . P i
performed on th)(la Co thin film bevo?]nano%/abrication evi- events at a certain field changm'g the magnetization in a time
denced a nanocrystalline structu-10 nn. The particles interval smaller than 10@s (our time resolutionh Since par-
h linti ynt ith in-ol dim L n P £300 rnticles have different mean switching fields, the two jumps in
bs\/go%n r?rr:palr? dcc; t?}tijékvxlessl o? aB%em:q ?/T/zlocsn?rolle d r,:hethe hysteresis loop of the array are smootfiacan interval
e ; " . —of about 150 Oe as shown in Fig@2]. The slopedM/dH
particle’s shape by scanning electron microscopy. The firs ccounts for the distribution of the switching fields of each

. . 7 . . _
ﬁggsligzbr:{;ﬁgsirzn Izg:g g:?gi ;ﬂﬁg:'r‘;?é chﬁh?;rz particle in the array. In the following we limit the studies on
: b P the domain-wall nucleation.

spacing(see Fig. 1 Because of this large spacing, dipole
interaction between particles are negligible. The second ~ g iavation measurements of the array of Co particles

sample is an individual Co particle of the above dimensions _
which is deposited on a microbridge-dc SQUID. This detec- The measurements on the array of Co particles were per-

tor allows the dynamical behavior of the magnetization reformed using a commercial Metronique Instruments SQUID
versal of the particle to be studied. magnetometer. The resolution of this magnetometer is better

than 10 7 emu. Over the extraction lengtd2 nm the field
) e . homogeneity has been found to be better than®1@:t low

B. Hysteresis loops: Single particle and array temperature, an accurate regulation, within an accuracy of 5

We studied the quasistatic magnetization reversal of thenK, is achieved over a long time interval.

samples by measuring the hysteresis loops. Figu® 2 In order to start from an equilibrium state a magnetic field
shows the hysteresis loop of the array of 20’ Co particles  of 1.5 kOe was applied. After 15 min, the field was changed
measured by a commercial SQUID magnetometer. The hyswithin 1 to 2 min to the final desired constant relaxation
teresis loop of an individual Co particle of the same dimen-ield, comprised in the interval 40—250 Oe. The time varia-
sion is presented in Fig(B). These hysteresis loops are both tion of the magnetizatioM (t) was then measured during 3
characterized by two magnetization jumps. Starting fromh. This variation is about logarithmic as shown in Fig. 3. The
saturation, the first jump can be associated to domain-walate of relaxation is given by the magnetic viscosiy
nucleation and the second jump to domain-wall annihilation=dM(t)/d(In(t)) which can be defined over about two de-
The reversible central region describes the displacement afades.
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FIG. 3. Relaxation of magnetization of the array of Co particles ‘ ‘
atH=170 Oe. The slop&=dM/d(In(t)) defines the magnetic vis- 0 2 4 6 8 TK)
cosity.

Special attention has been given to the field dependence FIG. 5. Temperature dependence of the magnetic viscdity
of the magnetic viscosit®(H), which is compared to the =dM/d(n()) at 110 and 170 Oe. The data are fitted by a
switching field distribution in the array, given by the slope €°th(To/T)T dependence Tp~0.6). (Insey Temperature depen-
dM(t)/dH. In Fig. 4@), dM(t)/dH (crosses and S(H)  dence of the magnetizatiod att=10 s.

(open dotgvs applied fieldH are plotted on different scale at

T=2 K. The magnetizatioM(t) was measured during the fields(H,,, deduced from the slop#M(t)/dH, is fitted by

relaxation att=1000 s. The distribution of mean SWltCh|ng a Gaussian functio[GHcya_(H), where the mean Va'ublc

=126 Oe(*3 Oeg defined the coercive field of the array and

o is the variance. The magnetic viscosity is fitted by the

same Gaussian function multiplied by the applied field,

S(H)=aHGy ,(H), wherea is the unique fitting param-

eter.

Figure 4b) showsS(H) for different temperatures. The
maximum of the magnetic viscositg(H) versus applied
field is about 150 Oe with about 5 Oe variation in the tem-
perature interval of 1.7 to 10 K. This temperature depen-
dence is negligible compared with the width of the curves.

o The temperature dependence of the magnetic visc&sity
* _He)|, fixed field is shown in Fig. 5. The magnetic viscos8{T)

0 60 120 180 240 300 decreases as temperature increases. The relaxation above 10
K is negligibly small. Furthermore the thermal dependence
of the magnetization at a given time follows also a similar
variation(see inset of Fig. b It is to notice that in common
magnetic relaxation measurements, the magnetic viscosity is
about proportional to the temperatdre.

@ o _
N = 3
T=2K vo° dM(10%s)/dH
o \3 —o— S=dM/din(t)
(s}

N
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1.7 D. Relaxation measurements of an individual Co particle
—=—4

—— 6 In order to understand the relaxation of the array of Co
——10 particles, we have also studied the dynamical magnetization
reversal of a single particle. We use two independent tech-
nigques to access to the dynamical nucleation properties. We
o /\ o will call the first approach “switching field” measuremefits
f\\ H (Oe) and the second “switching time” measurements. In the case
of the switching field measurements, the applied field is de-
creased at a given rate and fixed temperature and the field
value is stored as soon as the sample magnetization switches,
FIG. 4. (3 Field dependence of the slopd/dH of the mag- ie., \{vhe.n thg domain wall nucleateg. After abou't 100 cyc!es,
netization(crosses plotted with the field dependence of the mag- & SWitching field histogram is established, allowing to define

netic viscosityS(H)=dM/d(In(t)) (open dots M is taken at time & Mean S\.NitCh.ing fieldH,) and its widths’ We fOCU.S here
t:103 S during the relaxation. The S|opﬂ\/|/dH is fitted by a on SW|tCh|ng time measurements. In these eXperImentS, we

GaussianGyy. ,(H) and the dashed line is the functid(H) decrease at a given temperature the magnetic field until the
=aHGy, ,(H), wherea is the unique fitting parametetb) Field ~ Set point is reachethear the nucleation of the domain wall
dependence of the magnetic viscosggH) for several tempera- Then we measure the time it takes until the domain wall
tures, fitted byHG ;) s(H) functions. nucleates. This process is repeated again about 100 times and

S (107 emu)
(53]
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FIG. 7. Temperature dependence of the stretching compopgents
(b) 1 S (for 1/y=10 9 as used for fitting the probabilities of not switching
P(t) A\ H=97.97 Oe [Eg. (D].
0.8 |_H=97.52 0e 1/v=36.4s |
*® M1/y=089s Bz o9 . . .
0.6 p=0.94 The small size of the magnetic particles of the array suggests
T He97.670e ¥ that the slow dynamics of the array are dominated by single-
o4l irel particle fluctuations. Indeed, the time scale of the aftereffect
experiments on the array is of the same order than the time
H=97.82 Oe . . .
0.2 - 1/y-88s fluctuations around the mean val(# shown in Fig. 6 for a
T = 6K =098 N\ single particle(few decades A simple way to deal with
Ol A fluctuations in nonequilibrium systems is linear-response
0.01 0.1 1 10 1(s) theory. Using this formalism, we are able to make a link

between the time-dependent statistical averaging of the mag-
FIG. 6. Probability of not switching of magnetization as a func- Bet_:_zatlon <m>.(bt|) fWIthh thel tempera:;t\lljre-depﬁndent dnor;se
tion of the time at different applied fields éi) 6 K and(a) 0.1 K. ( ) responsible for the relaxation. We can then study how
Full lines are fits to the data with a stretched exponential as giveltlhIS parameter emerges from the aftereffect measurements

by formula(1). The fitting parameterg and 14 are indicated in the ~&iteér averaging over the ensemble of particles in the array.
graphs. The consistency of this description with the more usual de-

scription in terms of activated procéss checked by com-
we obtain a switching time histogram of the nucleation pro-Paring the noisé(T) measured on the array with the noise
cess. The integral of this histogram gives the probability offeasured on the single particle through an Arrhenius-like
not switching. law for the switching time.
Figure 6 shows examples of the measured probability of
not switching in the temperature range between 0.1 and 6 K.

A good and simple fit of the data is given by a stretched A The linear-response theory applied to an ensemble
exponential. of identical particles

B In the following, the mean features of the aftereffect pro-
P(t)y=e" (", (1) tocol are described in terms of linear-response theory applied

This fit enables the mean switching tirfig) = 1/yc(B), with to an ideal array of identical particles, i.e., defined by a fixed

c(B)=T(2/8)IT (1/8) expressed in terms of tHe function, parametery (sinceB is close to 1, we suppose in the follow-
to be deduced. The measurements show fhaind y are ing that it does not play an important rald his ensemble is

temperature and field dependent. The fluctuations around tff90dic: fluctuations measured of this ideal ensemble are

mean value of the switching time are of the order dfy8) Identical to the fluctuations measured in time on a single
Note that these fluctuations extend over three decades. Fi _ar'qclg. Before the initial “”.‘*: OZ the magnet|zat|on_of the
ure 7 shows thaB is close to 1(exponential relaxatiorat all tatistical ensemble of particles is saturated by a high mag-

temperature so that the facto(B) is also about 1 andr)

~1/y. The variations ofy is fitted by If {(T,H)]=In[a )] 100

+bH in Fig. 8. At fixed temperature, a field variation of 5 1/ E ) ' 74 7{) 7,

Oe covers more than 3 decades of the mean switching time. Vs 0.1k/03K0 a0 7k Tae o ax] ek

For a variation of the external field of 15 Oe, the mean 10 3
switching time variation covers more than three decades for ©
all temperatures. 1 © <
II. STATISTICAL DESCRIPTION OF THE RELAXATION o1 | |
80 85

(e}
|
90 95 H(Oe)

In the following, we give a statistical description of the
aftereffect during a nucleation process of the array of par-
ticles by taking into account the dynamical characteristics of FIG. 8. Field dependence of the inverse of the damping coeffi-

the magnetization reversal of a single particle. cient 1/ at different temperatures. Arrows indicate the variation of
The studied processes are nonequilibrium and dissipative./y for applied fieldH.
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netic field: the magnetization of the ideal array is in equilib- D(T) e~ (W

rium and can be described by a stationary Hamiltonian. (5m)(t)=17Hp?—. (6)
Then, the applied field is reduced to the measuring fitld Y

During this process the Hamiltonian of the system is modi-
fied by a time-dependent perturbative quantity,
=mHy(t), wheremis the magnetization of the ideal array. If - )
we call m, the magnetization discontinuity due to one 1he magnetization decay of the real array of particles
domain-wall nucleation in the hysteresis logpg. 2b)], the M(t_) accounts for the contribution of aII_partches _SW|tch|ng
magnetization of the ideal array can for instance be writterfluring the aftereffect measuremeM(t) is then given by
m(t) = N(t)my, whereN(t) is the number of particles which th.e sum of those paruclgs having switching times compatible
contribute to the relaxation process at timeThe fieldH, ~ With the experimental time scale. In order to compare the
accounts for the energy dependence between the state corfé€asurements performed on one single particle to those per-
sponding to a high positive field and the state correspondinfPrmed on the array of particles, we first have to define in the
to the fieldH of unstable states, close to the switching field@ray, the number of different ideal arrays of particles of
Hew. The energyE, is proportional to the external field |dept|cal switching time dl_stnbutpn. An |dee}l array is now
(see, e.g., the Stoner-Wolfarth motieWe suppose that the deflngd as the sgt of particles with a dampmg coefficignt
applied field is set instantaneously with respect to the tim&ontained in the intervaly,y+dy]. If f,dy is the number
scale of the experiment so that at the titse0, particles are  Of such ideal arrays in the sample,dy(m)(t) is the time-
suddenly submitted to the perturbation field. The perturbadependent magnetization of this subsystem. The magnetiza-
tion field can then be writtert ,(t) =H, O (t) where®(t) is tion M(t) is then given by the summation over all ideal
the step function at timeé=0. At very long times {(—),  arrays weighted by, o

the magnetization reaches a second equilibrium value, which The question arises as to how the distributfgrof damp-
corresponds to the state where all particles of the ideal arrafd constants in the array of particles can be deduced. The
are in the reversible part after the nucleation jump in thevariation of the mean switching time with the applied field
hysteresis loop shown in Fig.(®. The dynamics of the H. for a smglg pa'rtlcle. is shown in Fig. 8. Thre_e decade; of
number of switched particles can be described by the rethe mean switching time are covered by a field variation

B. Magnetization of the array of particles

sponse to the perturbation fiekd, : AH of about 15 Oe for all temperatures. In the macroscopic
P array of particles, the distribution aof is due to the distribu-
(M) (t)={m)(t—o0)—{m)(t). 2) tion of mean switching fieldHs,,), given in Fig. 4. A varia-

_ o tion of 15 Oe is negligible with respect to the width of the
In the linear-response approximation, the response to a stefistribution in the vicinity ofH.. Then, the distribution of

function is given by the following Kubo formufa: switching fields can be taken as uniform, and the distribution
can be approximated by a uniform distributibnover the
(smy(t)= E(mm(t)) 3) frequency intervalA y. The summation writes
kT
()8
where(mm(t)) is the time autocorrelation function at equi- (MYt =H D(T)f— e (" d @
librium (in the quantum regime this correlation function is “UeTTRT Ay Y v

the Kubo-Mori produgt The empirical formuldl) gives the
time dependence of the procd$ise distribution of probabil-
ity of the switching times obeys the same Fokker-Planc
equation as the distribution of probability of the variable,
see, e.g., Ref.)6 The magnetizatiof3) of the ideal array can
hence be written as follows:

The noiseD(T) has been taken to be independentyof
in Fig. 8 a field-independent noise can indeed be extracted
also through the thermal dependence of the slope of the ar-
rows in Fig. 8(Ref. 2].

SettingU = (yt)”? in the integral, the limits of integration
H becomeAU =t(ymax— ¥Ymin)?. The upper integration limit
(Sm)(t)= ﬁ‘f<m2>e—<ﬁ>’8, (4 Ymax IS Of the order of the inverse of the second arid in

hours, the contribution to the integral frony,,,y to infinity

where the damping coefficientis close to the inverse of the IS Negdligible so that7) can be written

mean switching timé7). The application of the fluctuation-

dissipation theorem allows us to link the magnetic fluctua- D(T)-1 (+=e Y
tions (m?) with the noiseD(T) through the damping con- <M>(t):Hp”WfﬁfU 'Tdu- ®)
stant y. Assuming that the process can be described by a m
white noise, we have The last integral can be rewritten using an expansion in
logarithn!
_ 7D(T) 5
Y= <m2> ’ () +ooe*U

. . L N —f = dU=In(U,;,)+e(t)+EU. 9)

where 7 is the temperature-independent friction coefficient, Upmin Y

defined in order to have a noif¥T) in energy unitgin the
case of Brownian motio® (T)=kT]. Therefore for a fixed Eu is Euler's constant and(t) tends to zero whetJ .,
field, the responsé&) of the ideal array of particles becomes tends to zero.
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U min= (t¥min)? Wheret is the time of the observation. The
difference 2(1#,,,—1t) accounts for the fluctuations and is
more than a decadesee Fig. 6 so that the magnetization
M (t) rewrites

D(T)

(M) (O)~—Hpp— =

Eu
fIN(t ymin) + F . (10)
The magnetic viscosit$=|d({M)/d(In(t))| can be written

D(T) -

S(T)%HpﬂWf. (11)

As long asypm, is not temperature dependefiv )(t) and

PLIED TO THE DYNAMIS . . . 6541

In(1/ 1500
10

H=94

FIG. 9. Arrhenius plot of the system for various values of the
external fields. The logarithm of the mean switching time is plotted
versus the inverse of the temperature in order to evidence the shift
from the noiseD (T)=KkgT occurring at low temperature. Some of

S(T) should have a similar thermal dependence. Experiment-he points are obtained from extrapolations of the arrows of Fig. 8.

tally, it is observed that the magnetizatidn(t=10° sec)

All the curves are fitted by a tanf{/T) function whereT, is vary-

(inset of Fig. 5 measured during the relaxation has the samd"d from 0.4 t0 2.

temperature dependence as the magnetic viscB&Ry (Fig.
5), which suggests thag,, is indeed temperature indepen-
dent.

The validity of the linear-response hypothesis can be

checked by using our knowledge of the switching field dis-
tribution. Due to the “local uniformity” of the distribution

f, the field dependence of the slopéM)/AH in the vicin-

ity of the applied fieldH is proportional to the distribution

AM)(1)

AH f(Ho),

Ho

12

H=

the assumption of the linear-response hypotheslg pro-
portional to the applied fielth,” leads to Eq.(11). Inserting
Eg. (12), we then have

A(M)(t)

S(Hg)>Hy AH (13

Ho

H=
in agreement with the fit of Fig.(4).

C. Consistency of the model with the experiments
on the single particle

The noiseD(T) can be measured independently of the

above model on a single particle and by using the usual

noise D (T)=kgT at low temperature has already been
measured in various magnetic nanostructdrés.

Note that in the usual approach in terms of activation
brocesses the relaxation functioril) with 1/y given by(14)

is integrated over a distribution of energy barri&sThis
procedure leads to a result formally identical to the integral

®),
(M)(1)=M(0)D(T)fe IN(tymn), (15)

with the exception of the thermal dependence contained in
the prefactorM (0)D(T) which cannot be described in this
approach without more statistical arguments about the initial
state.

Equation(11) predicts a thermal dependence of the vis-
cosity S(T) in the formD(T)/T. We have plotted in Fig. 10
the thermal dependend®(T)/T deduced from the fits of
Fig. 9 (curve atH=100 Oe. In the left scale, data of the
magnetic viscosity taken di=110 Oe has been plotted.
Both data points are fitted by TL/coth(Ty/T) curves: both
thermal variations are qualitatively in agreement. The tem-
peratureT is of the order of 1 K.

CONCLUSION

Relaxation measurements on magnetic Co patrticles at low

formalism of activated process which describes the thermdemperature have been performed at two different scales
dependence of the relaxation. If we suppose that for each

temperature and at fixed applied fidf] the same magnetic
object relaxes over an energy barrierthe thermal depen-

dence of the activation process is given by the mean switch-

ing time. The Kramers formula gives

E
<r><T>=<r>&exp( ﬁ) : (14)
where the prefacto¢r)d, is the switching time in the limit
where E/D(T) tends to zero. The diffusion coefficient
D(T) has been identified with the noise defined (&)
through the fluctuation-dissipation theorérithe measured
temperature dependence of Ingl~In(1/y°)+E/D(T) has

0.8
S(T) (107 emu) 6
aftereffect data
(H=1100e) ——>
0.6
4
<
D(T)/T (arb. units) W
0.4 fitted from Arrhenius plot 82
(H=100 Oe) T(K)
1 2 3 4 5 6

FIG. 10. The thermal dependence®{T)/T, deduced from the

been plotted in Fig. 9 where some points have been extrap@t of Fig. 9 (curve atH=100 O, is plotted(left scalg together

lated from the arrows of Fig. 8 at fixed field. At each
external field, experimental data are fitted by tagl()

with the data of the magnetic viscosi§taken atH=110 Oe and
H=170 Oe (right scale. Both sets of data points are fitted to

curve. The low-temperature deviation from the usual whitecoth(T,/T)/T whereT, is varying from 1 to 3.
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(single nanoparticle and array of independent particlfBse  response formalism would lead to an equation similafi)
comparison of the experimental results show that two levelsvhere the prefactoH /KT is replaced by a Lagrange mul-

of statistic distributions must be taken into account. Thetiplier A, which does not usually depend on the temperature.
switching process of the magnetization measured on a singlEhe thermal dependence of the viscosity may then be iden-
particle is stochastic and accounts for the intrinsic fluctuatical to the thermal dependence of the ndix€rl), and may
tions. The time dependence of the relaxation process, medéead to a coth[,/T) profile (proportional to T when T
sured statistically, shows that the mean switching time fol>T,). It seems that this last situation has been observed by
lows an Arrhenius-like law with an effective noi§¥T) of  aftereffect measurements in various systems and interpreted
the form coth{,/T). The measurements performed on thein the framework of the theory of the macroscopic quantum
array of the noninteracting particles confirm the existence ofunneling of the magnetizatior:'2

a distribution of mean valuegnean switching time, mean Although the physical interpretation of the noiBgT)
switching field of the individual particles. The magnetiza- «coth(T,/T) has not been completely clarified in the present
tion of the array has been described by applying the linearwork, especially the quantum nature B{T),° our results
response theory, and using our knowledge of the statisticalnow that the magnetic aftereffect process at low-
parameters of the sample. This model predict®@)/T  temperature reduces essentially to dissipative phenomena.
thermal dependence of the array’s magnetic viscoSity These phenomena, related to the investigation field of quan-
=dM/d(In(t)), which has been observed experimentally. Intum stochastic and quantum noise, have to be better under-
a previous worktwo types of responses of magnetic systemsstood before concluding about macroscopic quantum tunnel-
have been described; the response to an external excitatiomg of the magnetizatioft

field, which is relevant here, and the response to a thermal

9xcitation. It seems that this last situation cannot be obse_rved ACKNOWLEDGMENTS

in the present nanostructured sample, because the coupling to

the heat bath is performed at a nanoscopic scale. However, if We would like to thank J. M. Rubd. L. Porteseil, and O.

the sample were thermally excited at tirve O, the linear- McGrath for their interest and useful suggestions.

*Electronic address: wegrowe@Ilabs.polycnrs-gre.fr tion. A demonstration of the Arrhenius lai4) using projection
IN. G. Van Kampen, Adv. Chem. Phy34, 245 (1976. operator formalism can be found in W. Weidlich and H. Grabert,
2W. Wernsdorfer, K. Hasselbach, A. Sulpice, A. Benoit, J-E. We-  Z. Phys. B36, 283(1980, and it can be shown that the linear
growe, L. Thomas, B. Barbara, and D. Mailly, Phys. Re\b3 approximation of the stochastic equation obtained by this last
3341(1996. formalism is equivalent to the Mori equation from which Eg).
3R. Street and J. C. Wooley, Proc. Phys. Soc. London Sé&2A is derived(see Ref. b
562 (1949. 9J-E. Wegrowe, R. Ballou, B. Barbara, V. Amaral, A. Sulpice, and
4E. C. Stoner and E. P. Wohlfarth, Philos. Trans. R. Soc. London D. Mailly, Phys. Rev. B52, 3466(1995.
Ser. A240, 599(1948. 10w, Wernsdorfer, K. Hasselbach, D. Mailly, B. Barbara, A. Benoit,

5E. Fick and G. Sauermann, frhe Quantum Statistics of Dynamic L. Thomas, and S. Suran, J. Magn. Magn. Matd5, 33(1995.
Processesedited by Peter Fulde, Springer Series in Solid-State!'See, e.g., the Symposium of the Pittsburgh MMM Conference on

Sciences, Vol. 8§Springer-Verlag, Berlin, 1990p. 116. Macroscopic Quantum Tunnelin§d. Appl. Phys.73, 6697
K. Matsuo, K. Lindenberg, and K. E. Shuler, J. Stat. PHgs.65 (1993], and references therein.

(1978. 12M. stamp, E. Chudnovsky, and B. Barbara, Int. J. Mod. Phys. B
M. Abramowitz and I. A. StegunHandbook of Mathematical 6, 1355(1992

Functions(Dover, New York, 1972 p. 229. BE . G. Harris, Phys. Rev. A9, 629(1994), and references therein.

8Equations(5) and(14) are not in contradiction sincgn?) in (5) 14p. Ppoliti, A. Rettori, F. Hartmann-Boutron, and J. Villain, Phys.
is defined in the framework of the linear-response approxima- Rev. Lett.75, 537 (1995.



