RAPID COMMUNICATIONS

Switching-mode-dependent magnetic interlayer coupling strength in spin valves
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We have studied the magnetization reversal dynamics of spin valves and magnetic tunnel junctions deposited
on step bunched silicon substrates with a strong topological modulation. Our measurements show that the
magnetization reversal is dominated by domain wall propagation at low field sweep rates and nucleation
processes at high sweep rates. The magnetostatic orange peel coupling present in quasi-static conditions
between the magnetic layers disappears when switching by nucleation becomes dominant. Micromagnetic
simulations show that this phenomenon can be explained taking into account the modulated topology of the
substrate.
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The recent interest in magnetic trilayers in which two fer-  The trilayers studied in this paper were deposited on step
romagnetic(FM) layers are separated by an ultrathin non-bunched Sil11) substrates disoriented by 4° along the
magnetic spacer layer is fueled by the occurrence of a variety112] direction® A spin valve with layer structure Si/
of exciting _effects I|.ke_ giant gnagneftoresstaﬁcwnnel Cu(0.3)/Au(3)/Co(5)/Cu(10)/RgNigy(5)/Cu(2)/Au(L.5)
magnetoresistancespin injection; or spin torque transfér, prepared by molecular beam epitdymagnetic tunnel
which are all highly interesting for applications and funda_’%l:mction with layer structure Si/Cu(0.3)/Co(15)h8(2)/

mental studies. The observation of these effects requires in-= : : :
dependent manipulation of the magnetization direction of the &xNigo(15)/Au(5) was deposited by rf sputterifyThe

two magnetic layers, which interact by magnetic interlayelnumbers in brackets mean thickness in nm. The cross sec-

coupling. For thicknesses of the non-magnetic spacer la }ona_l tra_nsm_ission electron microscopy image of the_ tunnel
Ping 9 P yél}bunctlon in Fig. Xa) shows that the topology of the Si sub-

above a few nanometers, the magnetic interlayer coupling i L9 )
dominated by the so-called Ke“orange peel” coupling. strate, consisting of large terraces separated by steps, is well

This magnetostatic interaction appears when the topologicdfansferred to the ferromagnetic layers. The atomic force mi-
profiles (or “roughnesses] of the two interfaces of the Croscopy image shown in Fig(l) for the alumina barrier
spacer layer are correlated. The interaction between magnetieveals a topological modulation along {Hel2] direction of
charges deposited at the sides of topological “bumps” at theéhe substrate. Due to the nucleation mode of the step bunch-
two interfaces then favors the parallel alignment of the maging mechanisnt! terraces take the shape of elongated el-
netization of the two FM films. lipses with a characteristic length of aboutuIn and an
The fast switching of the magnetization direction in mag-average width of 63 nm. The height of the steps, which are

netic trilayers like spin valves and magnetic tunnel junctionspresent both in the and they directions[Fig. 1(b)], is about
is an issue of increasing importance for applications. Whileg nm.

several studies have7 focused on the static behavior of the oy previous studies of magnetization reversal using
orange peel couphn@, there is a lack of experimental stud- {jme-resolved x-ray magnetic circular dichroig¥MCD)*2

ies regarding its dynamic behavior, and it is usually assumegl caled that in these samples the magnetic coupling be-
that the coupling is independent of the speed with which the

magnetic field is applied. In this paper we show that, in the
case of spin valves and magnetic tunnel junctions with alE)}
strong topological modulation, the Beorange peel coupling
can drastically reduce when the applied field sweep rate i<g
increased. This reduction is caused by a change in the mac
netization reversal mechanism, which is dominated by
propagation of domain walls in the quasi-static regime and4| e, 0
by nucleation of magnetic domains at high sweep rates. By
extending Nel's mode? to include the details of the sample  FiG. 1. (@) Cross sectional transmission electron microscopy
topology and micromagnetic interactions on the nanometéimage of the magnetic tunnel junction of structure
scale, the strength of the observed coupling can be explainetb(15 nm)/ALO5(2 nm)/FeNi(15 nm).(b) Atomic force micros-
and the sweep-rate dependence of the magnetic coupling caopy image of the tunnel junction taken after deposition of the
be understood. alumina barrier.

0163-1829/2004/6928)/1804024)/$22.50 69 180402-1 ©2004 The American Physical Society



Y. PENNECet al.

s [ a) - 1T/s
£ ~ 10T/s
E_ —=-200T/s
e {|-+-300Tss
% 500 T/s
5
N
18F7 0.5
- 15: N : 410.4
& 12 o\ 1 '
2 12: M 0.3 n'lm
9 0 1.3
EU ok ?_) 102 2
[ FeNi H ]
N c i 0.1
r A A A A A A S d
q 2yl T EERETTT EERTTTT EERTTTT EERTTT RERTT

u  100x  10m 1
dH/dt (T/s)

FIG. 2. (Color online (a

easy axis for several field sweep ragid/dt. (b) dH/dt depen-

T EERTTT BERT =N 00

100 Ok

Hysteresis loops of

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 180402ZR) (2004

o B |
0 10 20 30 40

time (ns)

FIG. 3. (Color onlineg X-PEEM images showing the domain
the structure of the permalloy layer of the spin valve sample after ap-
Co(5 nm)/Cu(10 nm)/FeNi(5 nm) spin valve measured along theplication of magnetic pulse$a) pulse 1 ms long and 2 mT higtb)

and (c) pulses 20 ns long with sweep rate values and amplitudes

dence of the coercivitiebl; of the FeNi and Co films and of the shown in pane(d). The pulsed field direction is indicated (a) and

interlayer magnetic couplinglg obtained from the shift of the mi-
nor hysteresis loop of the FeNi layer. The lines are guides to the

eye.

tunnel junction using triangular shaped magnetic fields wit
sweep ratesdH/dt) ranging from quasi-static up to 2 kT/s.

is parallel to the easy magnetization axis.

The dynamic Kerr measurements reveal that the magnetic

coupling between the two ferromagnetic layers, extracted
tween cobalt and permalloy layers observed in quasi-statiftom the shift of the permalloy minor hysteresis loop, dras-
conditions strongly decreases when magnetic pulses of sonigally decreases at high sweep rates, starting from values
nanoseconds duration are applied. To determine the mechgorresponding to the transition between the two magnetiza-
nism leading to this effect, we have measured by longitudinalion reversal regimefFig. 2b)]. For dH/dt above 300 T/s
Kerr effect the hysteresis curves of the spin valve and thdh€ coupling vanishes. This is in agreement with our time-

Due to the elongated shape of the terraces, both samplggumed'

show a clear in-plane uniaxial anisotropy, with the easy mag;
o . . or
netization axis parallel to the long axis of the terracgs ( h
direction in Fig. 1b)). The hysteresis curves measured with
the field parallel to the easy magnetization axis show, for al

Hesolved XMCD data, which showed that for sweep rates
around 16 T/s the two magnetic layers were virtually un-

To confirm experimentally the existence of two regimes
magnetization reversal at low and high sweep rates, we
ave performed x-ray photoelectron emission microscopy
l(:X—PEEM) measurements of the spin valve sample. X-PEEM
ombines XMCD and PEEM to image the magnetic domain

dH/dt values, two transitions associated with the successivgyrycture of thin films with element selectivity. Measure-

reversal of the permallogsmaller coercivity and the cobalt

ments were carried out at the UE56-2 helical undulator

layer (larger coercivity. For low sweep rates the permalloy peamline in the synchrotron radiation source BESS{BHr-
minor hysteresis loops are shifted with respect to zero fieldin). The set-up of the microscope is described in Ref. 15. By
by about 0.4 mT. This shift is a measure of the magnetostatiuning the x-ray photon energy to the Eg absorption edge,
coupling of the permalloy layer with the cobalt layer, in- the domain structure of the permalloy layer was visualized.
duced by the layer topology. Some representative hysteresia Fig. 3@ we show the domain structure obtained after

loops of the spin valve sample are presented in Fig. Zhe

saturation in the negativ@ark) direction and application of

FeNi and Co coercivities and the magnetic coupling betweem quasi-static 1 ms long and 2 mT high pulse in the opposite

the two layers are reported in Fig(k? as a function of

direction. One or two reversed domains have nucleated and

dH/dt. Upon increasing the field sweep rate, the loops gesubsequently their domain walls have propagated. If much
less square and the coercive fields. increase. For low shorter pulses with sweep rates of the order df T3 are
sweep rates, this increase of the coercivity is slow and logaapplied[Figs. 3b) and(c)] the reversal mechanism changes
rithmic in dH/dt. For sweep rates around 100 T/s the in-drastically and a large number of small reversed domains is
crease of the coercivity with field sweep rate becomes muchreated. AIH/dt increases their density increases and their
faster. This behavior has been explained in the literature isize decreases, indicating that at high sweep rates magneti-
terms of a transition between two different reversalzation reversal by nucleation becomes more and more impor-
regimes->1* At low sweep rates the magnetization reversesant. These observations were confirmed by recent time-
mainly by domain wall propagation while at higher sweepresolved X-PEEM measurements on the spin-valve satfiple.
rates successive nucleations of small reversed domains doniihese results strongly support the hypothesis that the disap-
pearance of the orange peel coupling at high sweep rates is

nate the reversal.
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associated with the transition to a magnetization reversal re- o n i
gime dominated by nucleation. E i \ - 1'2'\

In order to explain the difference in magnetic coupling for = 40 JJ = = .
the two reversal modes, the detailed topology of the samples E / \ E ¥ \\.
has to be taken into account. We have first used the model & 2 ;“_. :g: 150“;; = e,
proposed by Nel? corrected for the finite thickness of the & off'/"‘“i‘-, =i %41 T
magnetic layer§,to calculate the static magnetic coupling il 00
between the two ferromagnetic layers separated by the non- 20 0 20 40 "0 25 50 75 100

x'(nm) d (nm)

magnetic spacer. In order to apply &ls model to the step

t(?pOlogy of our samples, we hav? used a Founer,ser,'es C_)f FIG. 4. (Color onling (a) x-component of the stray field emitted
sm.us.mdal roughness proﬂ!es. Since the magnetization iy a 5 nmthick Co film arounl a 6 nm widetopological step,
pointing along the long axis of the terraces, the coupling.aicylated for a constant height of flight of 5 risguarel 10 nm
takes place only at the steperpendicularto this axis, at  (circleg and 15 nm(up triangle$ from the Co surface. Inset: sketch
bOth endS Of the terraces. ThIS mOde| reSU|tS |n Va|ueS fOI’ tth the prof”e of the Co |ayer and its magnetizat(mrows around
coupling, localized at the steps, of 34,3 for the spin valve  a topological step perpendicular to the easy magnetization axis. The
and 104uT for the magnetic tunnel junction, but the averagedashed line shows a typical constant height of flight lifi.Cal-
coupling integrated over the terrace area is practically zero. kulated coupling field between FeNi and Co layers for different
should be noticed that since quasi-static reversal takes placpacer thicknesses. The line is a guide to the eye.
through the nucleation of reversed domains and the subse-
quent propagation of domain wall§ig. 3@], the coupling 5 nm. This “demagnetizing step” acts as a pinning center,
is not given by the mean value of the magnetostatic energtending to isolate the terraces one from another. This could
stored in one terrace, as in &lis static model, but by the explain why reversal following the Stoner-Wolfarth model
interaction of the domain wall with the steps localized at thehas been observed in other samples deposited on step
end of the terraces. The coupling field calculated at thesbunched substraté$.If domain wall propagation is inhib-
centers is however an order of magnitude smaller than thied, the terraces can act as independent particles which sat-
experimental value of 0.4 mT. A reason for this discrepancyisfy the Stoner-Wolfarth model criteria, since they show
could be that in Nel's model the coupling takes place be- uniaxial anisotropy and lateral dimensions below the domain
tween two relativelyflat surfaces, with the roughness ampli- wall width.
tude small with respect to the spacer thickness. In our case We now consider the propagation of a FeNi domain wall
the height of the steps is of the same order of magnitude as the easy axis directiorx(axis) over a step parallel to the
the spacer thickness. hard magnetization axis. In this case, the magnetization di-
To overcome the limitations of N#s model, we have rection at the center of the domain wall is parallel to the step
performed two-dimensional micromagnetic simulations toand therefore does not charge it. The step acts as a pinning
describe the quasi-static FeNi magnetization reversal ienter for the propagation of the domain wall, because of the
terms of the interaction between a domain wall propagatindocal magnetic coupling with the underlying Co layeve
in the permalloy layer and the magnetostatic charges deposall this a “coupling step). Our simulations show that the
ited on the steps at the FeNi/Cu and Co/Cu interfaces. Thmagnetization direction in the Co layer follows the topologi-
numerical approach is based on the solution of the Landaizal profile leading to the deposition of magnetic charges in
Lifschitz-Gilbert micromagnetic equation, which involves the Co layer in the region of the steps. Figutae)4ghows the
Zeeman energy and exchange and dipolar interactiohse  calculated stray field generated by these charges. Its distribu-
only anisotropy term considered in the model is the one intion is asymmetric with respect to the center of the step, and
duced by the shape of the terraces. its maximum intensity can reach several tens of mT at 5 nm
In the case of our strongly modulated anisotropic systemdistance from the Co surface. The coupling field between
we have to differentiate between the propagation of a domaifreNi and Co is then calculated as the difference in energy
wall in the direction perpendicular or parallel to the easybarrier for the propagation across the step of a 100 nm wide
magnetization axigrespectively, they and x directions in  domain wall in FeNi in the directions parallel and anti-
Fig. 1). We first consider a FeNi domain wall propagating parallel to the Co magnetization direction. The values of the
along the hard axis direction, which needs to cross a stepoupling field as a function of the distance between the two
parallel to the long axis of the terraces. Since such a step iayers are shown in Fig.(8). For 10 nm distance the value
parallel to the Co magnetization direction, no magneticof the coupling field is about 0.8 mT, in much better agree-
charges are deposited on it and no magnetic coupling is irment with the experimental value of 0.4 mT than the one
duced between the two layers. We can then neglect the preebtained with Nel's model.
ence of the underlying Co layer and only consider the FeNi Combining the experimental results and the simulations,
layer. When the Nel-type domain wall is located at the step, we can now explain the disappearance of the magnetostatic
the magnetization at its center points in the direction perpeneoupling for high field sweep rates. At low speed, the FeNi
dicular to the step and creates magnetic charges on it. Ireversal is dominated by domain wall propagation and the
order to propagate, the domain wall has to cross an energgtray field associated with local charges deposited in the Co
barrier associated to the demagnetizing field created by thedayer at the steps is responsible for the magnetic coupling. At
charges. A value of 3.5 mT is found for FeNi thicknesses otigh sweep rates, magnetization reversal is dominated by
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nucleation. The reversed domains appear inside the terracean cause a drastic decrease of the “orange peel” coupling
where the coupling is practically zero. No propagation of awhen the field sweep rate is increased. This decrease takes
domain wall over the steps is necessary to reverse the mag!ace when the switching mode changes from domain wall
netization and the coupling becomes ineffective. propagation to nucleation, since the local character of the
In conclusion, we have shown that to explain the magjnteraction.does not affect nucleation events. For coupled
netic properties of coupled magnetic layers with strong topoSystems with a smoother morphology the difference between
logical modulations, demagnetizing field effects at nanometduasi-static and dynamic coupling will be less pronounced.
ric scales have to be taken into account. In order tdiowever, given the different time and length scales that are
understand the dynamic behavior of the magnetization revefMPlied, the use of parameters obtained from quasi-static
sal of Co/spacer/FeNi trilayers deposited on step bunched gheasurements to explain dynamic reversal should be taken
substrates, the static interpretation of the magnetostatic OW'th care.
ange peel coupling has to be modified. The coupling is We are grateful to J. Humbert and A. Vasrer their help
highly localized and caused by the interaction between thand expertise in sample preparation. Thanks to J.-L. Maurice
FeNi domain wall and the stray field of the Co layer aroundfor the TEM experiments. J.C. acknowledges the support of
the steps. We have shown that the difference in reversahe European Union through Contract No. HPMF-CT-1999-
mechanism dominating quasi-static and dynamic reversdl0151.
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