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We present magnetization measurements of individual amorphous Co pai@@i@Ganix 200 nmix 30 nm)
patterned by electron-beam lithography. The hysteresis loops show mainly two magnetization jumps corre-
sponding to domain-wall nucleation and annihilation. The angular dependence of these magnetization jumps is
measured and the temperature dependéfice-6 K) of the nucleation and the annihilation processes is
investigated by two independent methods: switching field and switching time measurements. Finally we com-
pare the results obtained on one particle with those of an array of aboli02particles. We show experi-
mentally that the dynamical properties measured on individual particles are connected with an untisual 1/
relaxation of the array of particles.

I. INTRODUCTION of magnetization switching in a single particle. Finally, we
present the relaxation measurements of an array of about
Since the pioneering work of N&® the underlying 2x10" Co particles and compare the obtained results to
mechanisms of magnetization reversal in a single magnetihose of a single particle.
particle have been much discussed. Knowledge of those pro-
cesses is very basic in magnetism and is based on the Stoner- Il. METHOD
Wohlfarth model or numerical micromagnetic calculations. A
good understanding of the general problem of magnetization Our approach consists in the use of a planar microbridge
reversal in complex systems such as assemblies of particlesyperconducting quantum interference devisQUID) (of 1
thin films, bulk materials, etc., requires knowledge of mag-um diametey on which we place one ferromagnetic particle
netization reversal processes in a single magnetic particlésee Fig. 1 The SQUID loop collects the flux produced by
These processes have essential implications in recording méhe sample’s magnetization. Due to the close proximity be-
dia applications. The rapidly increasing density of magnetidween sample and SQUID, we have a very efficient and di-
storage poses the question of how far the reduction ofect flux coupling. The SQUID’s are made of Nb and are
volume-to-surface ratio can continue without inducing newoperational at temperatures as high as 7 K. To prevent
sources of information errors. Until recently all studies weretrapped flux in the SQUID, the SQUID is made by only one
limited to samples consisting of billions of presumably iden-thin Nb layer(thickness 20 nm Today, in this configuration,
tical particles. Most of the single-particle properties were
hidden behind some distribution functions of particle size,
shape, etc. Furthermore, particle-particle interactions are dif-
ficult to take into account. With the recent arrival of near-
field microscopy and nanolithography, experimental
studieé™® of magnetization reversal in individual particles <
become possible. 5
In this paper we report on studies of the dynamics and el R
temperature dependence of magnetization reversal in indi-
vidual submicronic Co particles at very low temperatures.
First, we describe briefly our measuring device and the
samples. Then we characterize our samples magnetically in FIG. 1. Electron micrograph showing the wire of a microbridge
measuring the angular dependence of the coercive field. W8QUID with a Co particle(ellipticity 300 nmx 200 nm, thickness
present two independent techniques to access the dynami88 nm (white spo} which is placed on the SQUID wire.

300 nm
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FIG. 3. Schematic drawing of the domain-wall structure in a

FIG. 2. Hysteresis loops of the Co partidlig. 1) for three  gjliptical particle as proposed by van den Berg. Arrows indicate the
different angles between the easy axis of magnetization and thgpin direction.(a) and(b) show the one-domain wall structure. The
in-plane applied field. The detected flux change is proportional tGjg|d is applied along the long axis as indicatéa: B=0, (b) B is
the magnetization only for small angles. Due to a geometrical effeckmalier than the saturation field, afg B is higher than the satu-
of flux linkage, the hysteresis loop is deformed at higher angles. ration field. (d) and (e) show examples of composite structures at

B=0.

we can detect magnetization reversals corresponding ‘o 10
we-* The applied field is generated by a solenoid and twaand the applied field. These hysteresis loops are mainly char-
pairs of Helmholtz coils. The field can be oriented anywhereacterized by two magnetization jumps. Starting from the
in space; its maximal amplitude is 0.5 T. The angle resolusaturation state, the first jump can be associated with
tion of the applied field is given by the smallest field step ofdomain-wall nucleation and the second jump with domain-
7x10°° T, i.e., much smaller than 0.1°. The first alignmentwall annihilation. During these jumps, the magnetization
between the Iong axis of the particle and the applied field iswitches in less than 10@s (our time resolution The re-
better than 5°. Sweeping rates between 0.01 and 100 mTigrsible central region of the hysteresis loops is evidence for

are used. The field noise is smaller than 40 at 0.5 T. the motion of the domain wall through the particle. As the
detected flux change is proportional to the magnetization
IIl. SAMPLES only for small angles, the hysteresis loop is deformed at

higher angles. This is a pure geometric effect of flux linkage.

In this paper we focus on 30-nm-thick elliptic Co particles For example, in the limit of strong fields the captured flux
defined by liftoff techniques out of sputtered thin filfso-  decreases continuously as the angle is increased.
tected from oxidation by a 10 nm thin Si fijmPrior to The simplest domain structure, showing such a hysteresis
nanofabrication, we checked the properties of our Co filmsloop, has been proposed by van den Béngzero field and
X-ray diffraction evidenced a nanocrystalline structurecalculated for fields smaller than the saturation field by Bry-
(5—-10 nm. Microprobe analysis revealed small traces of Cant and Suhl. This domain structure has been observed ex-
and Ar, and a coercive field value of 3 mT4K was mea- perimentally on low-anisotropy circular thin film disk$00
sured by vibrating sample magnetometry. Therefore we conam diametey using high-resolution Kerr techniquésimi-
clude that crystalline anisotropy can be neglected and thiar measurements were performed on rectangular Permalloy
main anisotropy of our particles is shape anisotropy. particles, for example, by Heffermaat al® In zero field, the

The nanofabricated particles have an elliptic contour withparticle is divided in two equal domains by a single
in-plane dimensions of 300 nk200 nm and a thickness of 180°-domain wall, as shown in Fig(8. When a magnetic
30 nm(Fig. 1). We verified the particle’s shape by scanningfield is applied, this domain wall is pushed to the order of the
electron microscopy. We also fabricated a sample consistingarticle[Fig. 3(b)]. For higher fields the domain wall is an-
of 1.8x 10’ identical Co particlegsame fabrication method nihilated and the particle becomes single donj&ig. 3(c)].
as the individual particle These particles are placed on a Si The main conditions for this model at® that the magnetic
substrate with a spacing of@2m. Because of this large spac- material is very soft andii) that the system is two dimen-
ing, dipole-dipole interactions between the particles are negsional. The first condition is satisfied by our particles as they
ligible. are made of a randomly oriented nanocrystallized Co, being
very soft. The second condition is also quite well satisfied as
the demagnetizing field perpendicular to the plane is much
larger than the in-plane demagnetizing field. Furthermore,
we obtained similar results for thinner particléE0 or 20
nm). More complicated domain structurgs.g., Figs. &)

In order to study the domain structure of our particles, weand 3e)] may be excluded by the fact that similar Co par-
measure the angular dependence of hysteresis loops. Figurdi@es of length smaller than 200 nm are single dordain.
shows typical hysteresis loops of an individual elliptic Co In Fig. 4 we show the angular dependence of the switch-
particle as shown in the micrograph of Fig. 1. The magnetidng fields corresponding to domain-wall nucleation and an-
field is applied in the plane of the particle and the SQUID,nihilation for the Co particle of Fig. 1. In the following, as
and the angled) is measured between the ellipse’s long axisthe symmetry of the data is about fourfold, we limit our

IV. DOMAIN-WALL STRUCTURE AND ANGULAR
DEPENDENCE OF DOMAIN-WALL NUCLEATION
AND ANNIHILATION
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o FIG. 5. Variation of the mean switching fields, corresponding to
FIG. 4. Angular dependence of the switching fields for the Cogomain-wall nucleation and annihilation, of the Co partigi@oto
particle shown in electron micrograph of Fig. 1. The lower switch- 1) a5 a function of temperature and for four field sweeping rates.

ing field corresponds to domain-wall nucleation, whereas the highefne width o of the switching field distributions are indicated by
one corresponds to domain-wall annihilation. The data are fitted byartical bars.

a simple model described in the tdxiotted lines.

description to the interval 626<90°. The domain-wall The nucleation field ag=0 corresponds ty measureliO)
nucleation field is negative near 0° and increases for higher MsNx—Hy and at #=m/2 it is Hy measurcl/2)
angles. This angle dependence is not continuous, being prol=MsNy—Hy. ~ The  difference  H nmeasureb/2)
ably due to surface defects. The domain-wall annihilation™ Hn measurel0) =M s(Ny—Ny) is the shape anisotropy field
field is also increasing for higher angles. This can be exWhich is related to the shape anisotropyK
plained by the following picture. At high fields the particle’s = #oM35(Ny—N,)/2.
magnetization is saturated. When the field is reduced, the The calculation of the annihilation field is similar, but we
demagnetizing field of the particle tends to nucleate a dohave to invert one sign in Eq(1): Ha measured Ho(6)
main wall to reduce the magnetostatic energy. In order totHa.
nucleate this domain wall, the sum of the demagnetizing and Thus we can explain why we observe the 180° periodicity
applied fields must be greater than the nucleation field. Onc contrast to the 90° periodicity of the Stoner-Wohlfarth
the domain wall is nucleated, the domain wall moves to-model and why the fields are maximum for applied field
wards an equilibrium position where the sum of the demagdirections perpendicular to the easy axis.
netization and applied fields is zero. In increasingly larger We applied this simple model on the measurements of the
fields, the domain wall is pushed near the border of the parmucleation and annihilation field&lotted lines in Fig. %#
ticle. When the distance between the border of the particléJsing the bulk magnetization of saturation of Co
and the center of the domain wall is of the order of the(Mg=1.4x10° A/m and the thicknes$30 nm and length
domain-wall thickness, the domain wall annihilates. As the(300 nm of the particle, we found for the domain-wall
magnetostatic energy of the patrticle is an increasing functionmucleationuoHy=(138+12) mT and for the width of the
of the angle, the domain wall nucleates already at higheparticle,b=(230=6) nm. For the domain-wall annihilation,
fields as the field is lowered. Similarly higher fields must bewe found ugH,=(68*=7) mT andb=(252+4) nm. These
applied to annihilate the domain wall. For example, the magresults can be compared with the real width of the particle of
netostatic energy of a single domain particle increases fob=200 nm. The fact that the anisotropy field of the particle,
higher angles a€=—Kcos(y), where K is the energy moHk=moMg(Ny—N,)=92 mT, is much larger than the
of anisotropy [e.g., for shape anisotropy K nucleation fieldsee Fig. %, suggests that the particle under-
=,¢L0M§(Ny—NX)/2 (Ref. 10, whereN, for the long axis goes incoherent reversal.
and N, for the short axes are the in-plane demagnetizing In the following, the field is always applied almost paral-
factord and ¢ is the angle between theaxis and the mag- lel to the long axes of the particlat 10° in Fig. 4.
netization of the particle.

The general variation of Fig. 4 can be recovered very
roughly if we assume that the measured nucleation field is V. DYNAMICS OF DOMAIN-WALL NUCLEATION
given by AND ANNIHILATION

Hy measured® Ho(8) —Hy s (1) After havi_ng characterized the static magnetic properties,_

. __ we use two independent techniques to access to the dynami-
whereHp, is the angular dependence of the demagnetizing| reversal properties. We will call the first appro@witch-
field andHy is the nucleation fieldwe do not account for ing field measurementnd the secondwitching time mea-
the angular dependence ldf and the magnetization is Sup- surementsin the first case, the applied field is changed at a
posed to be parallel to the applied fielt= 6). By using the  given rate and fixed temperature and the field value is stored
expressiorH=MZ(Ngcos'6+NSsir?6),'° Eq. (1) becomes  as soon as the sample magnetization switches. After about
5 ——s 100 cycles, switching field histograms are established, allow-
Hy measure® MsVNG+(NX—N)co$0—Hy. (2 ing us to define mean nucleation and annihilation fields and
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65.4 annihilation O.EK
’ oK o of the switching field distributionggiven by the bars in
Figs. 5 and 6 and plotted in Fig) tcreases for decreasing
65.3 3K temperature. A possible explication is given below. Finally,

o decreases with sweeping rate, but this dependence is very

65.2 6K weak.

bars = ¢
65.1 PSSV IS IO B o ) )
0.1 1 10 100 Via the switching time measurements, we have direct ac-

v(mT/s) cess to the switching probability. FiguregaB-8(d) show
examples of the measured probability of switching of
FIG. 6. The influence of the sweeping rate on the mean switchgomain-wall nucleation and annihilation for 0.1 and 6 K. To
ing field corresponding toa domain-wall nucleation andb)  compare the measurements with a model of a single energy

domain-wall annihilation for six temperatures. The widtlof the barrier, we have fitted the data by a stretched exponential
switching field distribution is indicated by vertical bars. '

B. Switching time measurements

P(t)=e 7" )

their respectiverms deviation o of the switching distribu-
tions. In contrast to this, for switching time experiments, wewhere 7 defines the mean waiting time atigives the de-
increase at a given temperature the magnetic field until th¥iation of the system from the model of a single energy
set point is reached. Then we measure the time it takes untlarrier (3=1). The field dependence ofis well fitted by
magnetization switches; this process is repeated again aboilte empirical lawr(T,H) = roc(T)exd =H/Ho(T)], where
100 times, and we obtain switching time histograms of thethe positive constants andH, depend on the temperature.
nucleation and the annihilation process. Integration of thes&he plus sign is for the nucleation process and the minus
histograms gives the probabilities of nucleation and annihisign for annihilation process. Figuréa® shows the field de-
lation. pendence ofr for the domain-wall nucleation process. The
temperature dependence ldf, for the nucleation and anni-
hilation processes is presented in Figh)9H, decreases for
increasing temperature, which is different from an Arrhenius

At each temperature the switching fields are obtained fofaw whereH, would be proportional to the temperature. Fig-
field sweeping rates between 0.01 and 100 mT/s. As exure 10 shows the temperature dependencgé Git 7= 10 9.
pected for thermal activated switching, the mean nucleatioffor the domain-wall nucleation procesg, is about 1,
field increases with increasing temperat@@el—6 K) (i.e.,  whereas for the domain-wall annihilation procegss about

the nucleation takes place earlier at higher temperatures?. |n both cases3 decreases for temperature below 1 K.
whereas the annihilation field decreagefy. 5 as the do-

main wall moves more easily through defects. However, for
temperatures below 1.5 K, the temperature variation of the
annihilation field flattens and then decreases below 1 K. Fig- After studying the dynamical magnetization reversal of
ures &a) and &b) show the sweeping rate dependence of thendividual particles, the question arises of which manner the
mean nucleation and annihilation switching fields. Again, agproperties of a macroscopic sample are based on one-particle
expected for thermally activated switching, the switchingproperties. To answer this question, we fabricated a sample
field decreases with increasing sweeping tate the case of  consisting of 1.8 10" identical elliptic Co particles of about

the nucleation process and increases in the case of the antiie same dimensions and material as the individual particle
hilation process. A simple fit of the experimental data can bestudied above. These particles are placed on a Si substrate
obtained byHgy=a+b In(v), where the constants andb  with a spacing of 2zm. Because of this large spacing, dipole
are dependent on temperature. Surprisingly, the con$tant interactions between particles are negligible. Figure 11
increases for decreasing temperature. Furthermore, the wid#dhows the hysteresis loop of the array of Co particles when

A. Switching field measurements

VI. ARRAY OF Co PARTICLES
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FIG. 8. Probability of not switching of magnetization as a function of the time at different applied fields for domain-wall nucleation at
(a) 0.1 K and(b) 6 K and for domain-wall annihilation dt) 0.1 K and(d) 6 K. Solid lines are fits to the data with a stretched exponential
as given by formulg3). The fitting parameterg and 7 are indicated in the graphs. The mean-square edt®r the fits in(a)—(d) are
between 0.0002 and 0.005.

the field is applied parallel to the long axis of the particle.maximum is less than 0.5 mT between 2 and 10 K, which is
This hysteresis loop shows the same characteristics as tlgite similar to the individual particléFig. 5. Common
hysteresis lop of one particléFig. 2), i.e., nucleation and models of magnetization relaxation show that, at low tem-
annihilation of domain walls. Because of switching field dis- perature, the magnetic viscosity is nearly proportional to the
tributions mainly due to surface defects and a slight distributemperaturé® In our case we found an unusualTliempera-
tion of particle sizes, shapes, etc., the domain-wall nucleture dependence & (Fig. 14). For temperatures higher than
ation and annihilation are no longer discontinuous, but takd0 K, the magnetization relaxation is smaller than the sensi-
place along a continuous curve with a width of about 10 mTtivity of the magnetometer (10° A m?).

Magnetization relaxation experiments of the arttyese
measurements are equivalent measurement to the switching
time measurements for one particleere performed using a
commercial SQUID magnetometgvlietronique Instruments, We propose that the magnetization reversal of our par-
sensitivity better than 10° Am? (107 emu)]. In the fol- ticles is governed by two mechanisms. The first one comes
lowing, we consider only the nucleation process of the dofrom sample defectésurface roughness, crystalline defects,
main wall. First, we apply a magnetic field of 150 mT to impurities, etc), creating a multivalleyed energy landscape.
saturate the sampl@nitial magnetic state After 15 min, the  These defects are less important at high temperatures when
field is decreased within 1-2 min to the desired relaxatiorthe thermal energyk(T) is much larger than the energy land-
field (5 mT<H<25 mT). Then, the relaxation of the mag- scape fluctuations due to the defects. At lower temperatures,
netization was measured during 3 h. We found a logarithmiavhenkT becomes of the order of the energy fluctuations or
relaxation in the time interval of £0s<t<10* s as seen in smaller, the magnetization reversal becomes sensitive to
Fig. 12. From these measurements, it is possible to obtain thbese fluctuations. As a consequence, the system can have
magnetic viscosity, defined &=dM(t)/d[In(t)]. Figure 13 different ways to overcome the energy barrier which may
shows the relaxation field dependencesdbr different tem-  differ slightly from one cycle to another. During the hyster-
peratures. The data can be well fitted by a Gaussian linesis loop, the system chooses randomly a path through the
shape, and the coercive field can be defined by the maximumnergy landscape. It moves along a valley lowering its en-
of this curve. The width of the Gaussian is between 7.5 mTergy, but it cannot change its valley as the thermal energy is
at 2 Kand 5 mT at 10 K. The temperature dependence of theot sufficient to jump over saddle points. As the thermal

VII. DISCUSSION
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( ) —*%—nucleation

o= annihilation . . .
0.15 - the surface governing the domain-wall nucleation than de-

fects in the particle influencing the domain-wall annihilation.
The second mechanism governing the magnetization re-
versal of our particles is due to the fact that these particles
are relatively large compared with the exchange correlation
---------- length. Therefore, at the edge of a particle, the moments are
TP not collinear with the bulk magnetization and, on lowering
the field, the magnetization reverses via fanning and/or vor-
tex formation of the moment€. These formations may not
be stable near the switching fields and may relax slightly,
which can be seen as a relaxation of the energy barrier. It is
FIG. 9. () Field dependences of the mean switching timat  thermally activated; i.e., it is more and more blocked for
different temperatures for domain-wall nucleation. The data are mdecreasmg temperatures. The relaxation is particularly strong
ted to the empirical lawr(T,H) = 7oc(T)exp(* H/Ho(T)). (b) The 1, yhe case of domain-wall annihilation as the domain wall in
temperature dependence ldf, for the nucleation and annihilation the particle involves a lot of spinghe length of the domain
process. For an Arrhenius law, would be proportional to the wall is of the order of the particle lengthThis mechanism
temperature. may be the origin of3>1, of the decreasing sloggT) for
energy lowers, this effect will become more and more |mporInCreaSIng temperaturgsweeping rate dependence of the
tant and may be at the origin of the increasing width of the™ean switching fieldsHsy=a-+bin(v)], and of the de-
switching field distribution (Fig. 7). Furthermore, this Cfref(ljsm% of thg Constarh’:co(T)h for increasing tenr:peratures
mechanism may be responsible for the decreasg ufith 5_("_3|_ H)= ipce{rz Te)g(i[+0H /Ht ('?)]}r)nelggall ;V:/tltrcr]all;%nfllil-me
temperature 8<1). It is interesting to note that the width of 0 0 '
the switching field distribution of domain-wall nucleation is ﬁ;%‘? tlrr:etgerri/n:)g%::#éleege?ﬁg(::Iréieaﬁ(f)r:h; ngrgggze\zgé;os-
much larger than the width of domain-wall annihilation. The s
reason rr?ay be due to the fact that there are more defects 6||qn at very short times is faster at higher temperatures than

0.1

0.05

B T T | | T M(10 °A ') .
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FIG. 10. Temperature dependence of the stretching exponents FIG. 12. Relaxation of magnetization of the array of Co par-
B (for 7=10 9 as used for fitting the probabilities of not switching ticles atH=17 mT. The slop&=dM/d[In(t)] defines the magnetic
[Eq. (3)]. viscosity.
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FIG. 13. Field dependence of the magnetic viscosity G- 14. Temperature dependence of the magnetic viscosity

S=dM/d[In(t)] for several temperatures. The data are fitted byS=dM/d[In()] at 11 and 17 mT. The data are fitted by aT1/
Gaussian functions. dependence. The inset shows the magnetization=di0* s as a

function of temperature.

at lower temperatures. As a consequence, the relaxation at

longer time is slow because there are not many particles lefiucleation and annihilation processes. Dynamical measure-
which can still relax. When the temperature is decreased, th@ents show thermally activated switching fields. Switching
relaxation becomes more and more blocked at very shofime probabilities are faster than exponential. Furthermore,
times. As a consequence, the relaxation at longer time can glaxation measurements of an array of Co particles show an
faster as there are more particles left over. In other words, thenusual II' temperature dependence of the magnetic viscos-
fast relaxation of magnetization occurring at the beginning ofty-

the experiment is more and more delayed as the temperature These results can be described by two mechanigins:

is lowered. Therefore the increasing magnetic viscosity aParticle defects are responsible for a multivalley energy land-
lower temperatures is possible because there are more p&cape revealed as the thermal energy lowers. This mecha-
ticles left which nucleate a domain wall in the experimentalnism may be at the origin of the increasing width of the
time interval(loz s<t<10*s). The fact of more unswitched switching field distribution(ii) As the particles are relatively
particles at lower temperature can also be seen in the inset &irge, the energy barrier is slightly relaxing when a field is
Fig. 14 showing the magnetizationtat 10* s as a function applied which is near the switching field. This mechanism
of temperature. The experimental results can also be déhay be responsible for the enhanced exponential switching
scribed in terms of linear response to a small field near th@robabilities (3>1).

nucleation field3
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