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The dynamical reversal of the magnetization in perpendicular magnetized nanostructures with typical lateral
sizes of about 100 nm has been studied by magneto-optical Kerr effect on time scales extending from the
quasistatic regime down to 20 ns. By modeling the reversal dynamics using a thermally activated nucleation
process, it has been shown that the barrier height depends on the inverse of the applied field. A clear saturation
of the dynamical coercive force at a value close to the anisotropy field was observed in the nanosecond range.
This study allows a new interpretation of magnetization reversal in perpendicular systems and leads to criteria
of stability in magnetic recording media.
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Controlling the magnetization reversal in thin magnetic @
layers is one of the fundamental issues in magnetic data stor- AE=Ey\1-7-] (2)
age. Since the data transfer rate in hard disk drives ap- "

proaches the GHz range, the reversal of an individual bifypere £ and H, are the nucleation energy and nucleation
should be achieved in the nanosecond time scale or evefy yespectively. This approach is often known as the Shar-

less. O\_/er t.he last decade, sevgral s_,tudies have add.resse_d rtBEk model, which is widely used in interpreting the dynamic
magnetization reversal dynamics in storage media Us'ngoercivity of recording medi&8 Unfortunately, many dy-

tools based on microsquidmagneto-optical Kerr effe€t o mical measurements on thin layers, which present large

(MOKE) or _magnetoresistance e_ffeéts.ln the ~ sub- agnetic aftereffects, cannot be explained with this model.
nanosecond time scale, these studies have focused on ;g@ a matter of fact, the SW formulation is based on a balance
E(reclege55|onal reversal of magnetization subject to a pulsefforyeen the Zeeman and anisotropy energies, both depend-

ing on the angle between the magnetization and the easy axis

At longer time scales and for nanoparticles, it has beeny’ 5 simple uniaxial cage Despite the clear evidence of
shown that the reversal follows the Néel-Brown activationyomain wall formation in the nucleation process, the ex-

law and that the barrier height depl)end_ence on the fie!d Waéhange energy is not taken into account in this model. A way
of the Stoner-Wohlfart(SW) form.” This last assumption 4 iniroqguce its effect on the reversal dynamics is to use the
applies when the particle size is below the domain wallg cajjeq droplet theory, where the free energy is expressed
Wldth g, @ necessary condition to observe a coherent rotat-)y a balance between volume and surface energy terms.
tion of the spins. In tge SW model and in some other theowgy, ing from Barbara’'s approaétan analytical formulation

retical development$? the barrier heightAE follows a  o¢yhe parrier height for the nucleation event can be obtained.

power law with the applied fielth. The value of its exponent rpe free energy for a cylindrical droplet of reversed magne-
a is between 3/2 and 2 depending on the orientation of th‘:ﬁzation in a perpendicular magnetized system is

field with respect to the easy axis, and is written as
E(r) = 27ty — 2 uortHM, (3

H 2
AE:Keff<1—H—> , 1)

K wherer is the radius of the cylindet, the thickness of the

magnetic layerMg the magnetization, angl the surfacegor
domain wal) energy, which is proportional to the square root
particle, ancHy the anisotropy field. of the product between the exchangeand the effective

In infinite magnetic layers, the reversal takes p|aceanisotropy constari{y;. If the size of the nucleus is below

through nucleation and domain wall propagation. In theth€ critical radiusrc given by J:E(rc)=0, the droplet col-
the nucleus is able to expand by domain

propagation process, the energy barrier is associated with tHaPSes: Aboverc, ant
depinning of the domain wall from the pinning centéfhe wgll propagation. The .free energy for a cylindrical nucleus
nucleation process is usually described as a coherent reverddh @ critical radiusrc is

of the magnetization inside an activation volurfveith an

activation length larger tha#i;) with a barrier height chosen E(ro) = aty? (4)

as for the SW model &7 2uHM’

where K is the effective anisotropyy the volume of the
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It is well known that nucleation takes place on local de-was carried out by Néel and Browr?in the case of ferro-

fects whereA or K¢ are reduced due to impurities, disloca- magnetic systems. In this papeg,is kept constantl n9.

tions, or grain boundaries. As a result, the surface tengion  Under a constant negative applied field, the magnetization
is minimal on the defect and increases in the surroundinglecreases exponentially from its positive saturated state to
area. Considering that the highest gradientydé at a dis- the negative one. This description of magnetic aftereffects
tancerq of the nucleation center, it is possible to define acan be adapted to the case where the field varies with a
critical field associated with this slope by constant sweep rate. Each branch of the hysteresis loop is a
succession of aftereffect experiments where the time taken

Ho = 1 9y _ (5) by the magnetization to relax to the equilibrium is governed
2uoMs 9N max by the field sweep rate. The differential equation describing
The barrier height for reversal becomesE=E(ry,Ho) gwse time evolution of the magnetizatidvi can be expressed

—-E(r,H). When the wall energy depends on position, the

droplet radius is related to the field by Y H  4H
= -—, 11
; 1 a(y) ®) fM M + Mg fo dH (1)
= —_— s T——
ZMOHMS ar dt
Replacing the value af andrg in the expression of the free In this last expression, the initial configuration of the
energy(3), it becomes magnetization is chosen saturated along the easy axis, i.e.,
perpendicular to the film plane. The external field is applied
AE=27t(rgyo—ry) — it r()(M) r(M) _ in the opposite directiondH/dt denotes the applied field
a I, ar sweep rate and will be called in the rest of this paper.

) Using the barrier forn9), it is easy to calculate the form of
the M vs H hysteresis branch
Expression(7) is a Taylor development of the energy with

respect tar, which can be rewritten as % =2 ex;{— 1 eXpHA)
S ToU 0
ar d{ a(r
AE=27t(rg—r) (M) —w—(rﬂ) (8) -A A
ar ), dr\oor /o xexp Hexp—- - AT 05|~ L (12
At first order, the energy barrier is proportional to the differ- B )
encer —r,, which leads to the simple expression W'ftot‘ta_i\jté?tyz)/(ZMSkBT) and I' defined as I'la,Z]
= [t eTdt.
AE = ty? 1 1 9) The thermal activation effects as well as the field depen-
B 2uMgl H Hp ' dence of the barrier height can be evaluated by magnetic

) . aftereffect or temperature experiments. In this paper, we car-

Aharoni and Baltensperger have numerically calculatedieq out dynamic coercivity measurements on patterned and
the total magnetic energy in the case of cylindrical andnnatterned Pt/Co films exhibiting a strong perpendicular-
spherical nucleation centers in a bulk ferromagfiéor cy- 1o plane anisotropy. The patterning has been performed by
lindrical centers, their numerical calculations have showny|eciron-beam lithography and etching techniques onto Si
that the dependence of the energy on the applied field i§afers. The size of the structures varied betweenx1000
close to the one obtained by the droplet model when thenq 100« 400 nn? with an edge-to-edge spacing constant of
external field is small with respect to the anisotropy field.ahout 100 nm. The deposition of the multilayered structures
The agreement is even better for a spherical nucleus. In thgjo\ing the nanostructuration of the Si was performed by
droplet model, the problem is treated by calculating the bar'magnetron sputtering. In previous studies, we have shown
rier height between the initial and the final magnetic configu+5t each dot is exchange decoupled from its neighbors even
ration neglecting the way the magnetization rotates inside thg e magnetic layer covers the top of the dots, their sides,
nucleus. This may lead to a difference in energy between thgq the trenches between thé#he dependence of the co-
phenomenological and micromagnetic approaches. ercive field on the applied field sweep rate was measured

Though the applied field reduces the barrier height whening the MOKE setup. Hysteresis loops were acquired with
its amplitude increases, favoring one orientation of the mags;g|g sweep rates from 1 to 10 MT/s corresponding to
netization, it is not the only effect acting on the reversal. The.gyersal times ranging fro 1 s to 20 ns. Thexternal field

temperature also activates the overcoming of the energy bafzas generated using a ferrite electromagnet below 2 kT/s
rier and its effect on the reversal time follows an Arrhenius;nq with microcoils in the fastest dynamical regime. The

law current through these micromachined coils was produced by
AE a voltage discharge through a capacitors bnk.
T=Texp | — |, (10) As the magnetic signal measured by MOKE is integrated
Bl .
on the laser beam area, the hysteresis loops represent, for the
wherekg is the Boltzmann constarit, the absolute tempera- patterned layers, the contributions of a large number of dots
ture, andr, an attempt reversal time. The calculationgf  (the spot-size radius was about 50f). Figure 1 shows
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. . FIG. 3. Temporal Kerr signal acquired at the center of the mi-
FIG. 1. Right branches .Of hystere5|s loops measured by pOIafgrocoil for an array of 106 400 nn? magnetic dot§squares The
Kerr effect for several applied field sweep rates onto an array OF Jntinuous line is an image of the current pulsed in the coil
magnetic 10X 100 nn? dots. The spot size was of about 508 of g P '

diameter. . .
since the nuclei can form on smaller defects. In contrast,

several hysteresis loops for an array of ¥0000 nn? dots in the dots, the nucleation rate stays almost independant of
and for differenty. By measuring the average coercive field because of the reduced size of the structures. The main con-
of the array, we can determine the variation of the dynamicajiPution to the reversal time is the nucleation one. This
coercivity of the average particlé This evolution is piotted 125t @ssumption was confirmed experimentally since the

on Fig. 2a) and compared with the case of the meattemed:oercivity of the dots arrays was found to be almost indepen-
layer on Fig. 2b). At first sight, the general shape of both dent of the dot size over a rather large range of 640-90

variations looks quite similar although the increase in the!M- ASsuming the existence of only one nucleation center
coercive field in the investigated range of field sweep ratd€r dot. i.., one barrier per dot, and neglecting the propaga-
(from 1 mT/s to 2 kT/3is quite different(of the order of 15  tON Process, we can use expressid®) to calculate the

for the unpatterned layer and of 3 for the dofEhis is ex- average coercivity. As discussed previously, _the initial nucle-
plained by a different magnetization reversal in both struc2ion appears on a local defect corresponding to a local re-
tures. In the continuous layer, the reversal is mostly achievefluction of anisotropy or exchange. We describe this reduc-

by the propagation of domain walls after the nucleation!On DY introducing a reduction factas in y with e<1.
barriers are overcome. At low frequencies, only a fewThe other parameters such as the magnetization, the ex-

nucleation centers are sufficient to provoke the complet€hange and the anisotropy were determined from other

H — 11 —
reversal. Whenv increases, the nucleation rate increase€Xperiments  (A=0.28x 107" J/m, Keg=2.2X 10° 3/, _
andMg=1.4X 10°PA/m). A good agreement between experi-
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Applied field sweep rate (T/s) FIG. 4. Evolution of the average dynamical coercive field vs the

field sweep rate for the magnetic ddsgjuaresand for the unpat-
FIG. 2. Evolution of the average dynamical coercive field vs theterned layer(doty on the entire field sweep range. The continuous
field sweep rate for the magnetic dg® and for the unpatterned line a fit using expressiofil2) in the text fore=0.7. The dashed
layer (b). The continuous line ofa) is a fit using expressiof12) in line is another fit using the SW-type mod@xpression(2)) with
the text forHy=0.7H,. E,=60kgT andH,=0.085 T(see Ref. 16 for the formula

100402-3



RAPID COMMUNICATIONS

MORITZ et al. PHYSICAL REVIEW B 71, 100402ZR) (2009

mental points and the calculated curve is obtained fomodel could also be used to model the dynamic reversal of
€=0.7 andHy=gH, as shown in Fig. 2. the continuous layer provided the distribution of defdets-

To reach reversal times closer g microcoils were used plitude and densityand domain wall velocity were known.
to generate the pulsed magnetic field. Figure 3 shows thg, particular, this means that the droplet model presented

current pulse sent into the microcoil as well as the magnetig, oo may be more adapted than the widely used Sharrrock
response. The reversal is achieved before the voltdge model® for the interpretation of the dynamic coercivity of

reaches its maximum valiya, The field ratev is the av- recording media over a large range of characteristic field
erage slope of the initial ramp, the field strength being cal- 9 9 9

culated via the current. By increasiig,, it is also possible SWeep rate. _ o _ N

to vary the field rate and thus, to obtain several hysteresis [N conclusion, by investigating the dynamical coercivity
loops corresponding to different Figure 4 shows the varia- ©0f (Pt/Co multilayers over 12 orders of magnitude, we were
tion of the dynamical coercivity for the patterned and unpat-able to show that the nucleation process, in perpendicular
terned layers over 12 orders of magnitudesvoéxplored magnetized layers, follows an activation law proportional to
with the ferrite electromagnet and the microcoils. In the fastthe inverse of the applied field. In addition, it was shown that
est dynamical regime, where the reversal is achieved in 2fh arrays of deeply submicronic dots, there is only one nucle-
ns, both dynamical coercive fields are close to the anisotropgtion center per dot. When the transition time is closegto
field Hx whereas they were quite different at low frequenciesthe coercive fields of the patterned and unpatterned layers are
[see Figs. &) and 2b)]. The continuous line in Fig. 4 shows poth found to be equal tély, which is the field strength
the calculated coercive field using expressidd) for the  required to switch the magnetization by coherent rotation.
samee andH, than previously determined. To compare with The evidence of a H activation law in perpendicular sys-

a SW-type model, we have calculated the coercive field Ustems should lead to other criteria for the magnetic stability in
ing the barrier form(2) with «=2 and we have plotted it in  perpendicular media since the grain size or the dot size are
Fig. 4 as well(dashed line, see Ref. 13 for the formula Used |arger than the domain wall width.

It is clear that assuming a power-law dependence of the en-

ergy barrier on the applied field does not allow to reproduce We wish to acknowledge the Région Rhoéne-Alpes and
the experimental data in the entire field sweep rate rangdpstitut de Physique de la Matiere Condensée for financial
whereas the droplet model fits them very well. The dropletsupport.
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