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Magnetization dynamics in microscopic spin-valve elements: Shortcomings
of the macrospin picture
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We have studied ultrafast magnetodynamics in micropatterned spin-valve structures using time-resolved
x-ray photoemission electron microscopy combined with x-ray magnetic circular dichroism. Exciting the
system with ultrafast field pulses of 250 ps width, we find the dynamic response of the free layer to fall into
two distinctly different contributions. On the one hand, it exhibits localized spin wave modes that strongly

depend on the shape of the micropattern. A field pulse applied perpendicular to the exchange bias field along
the diagonal of a square pattern leads to the excitation of a standing spin wave mode with two nodes along the
field direction. This mode is strongly suppressed for a pattern of elliptical shape. On the other hand, the
integrated response of the free layer roughly follows a single-spin model with a damping constant of «
=0.025 independent of the shape and resembles the response of a critically damped forced oscillator.
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A magnetic spin valve (SV) represents a very important
functional structure in modern magnetism. SVs are exten-
sively used as read heads in magnetic storage devices. Their
functionality depends crucially on the interplay of magnetic
coupling phenomena. In its simplest version, a SV is com-
posed of two ferromagnetic (FM) layers separated by a non-
magnetic (NM) spacer layer mediating a usually antiferro-
magnetic indirect exchange coupling,'> which determines
the magnetic configuration of the layer stack. In a more re-
fined approach, the magnetization in one of the FM layers
(hard layer) is additionally stabilized by a strong coupling
(exchange biasing) to an antiferromagnet. The orientation of
the magnetization vector in the other—the free—FM layer is
then sensed by the giant magnetoresistance (GMR) effect.??
In more complex systems, further coupling mechanisms such
as orange peel or edge coupling may take place.* Thus,
micron-sized spin valves are extremely interesting structures
from a fundamental point of view, as they provide a unique
access to the interplay between different types of magnetic
coupling in both static and dynamic experiments.

Advanced magnetic recording schemes and spintronics
push the switching time into the gyromagnetic regime. Ul-
trafast magnetization excitations in soft magnetic microstruc-
tures thus recently attracted particular attention.’~'? New
switching concepts involving the spin transfer torque!!-'?
also rely on gyromagnetic processes. For microscopic
elements with a small magnetic anisotropy and a well-
defined shape, the high-frequency behavior is governed by
confined spin wave eigenmodes.>*!* Quantitatively, the
magnetodynamic response may be described by the

Landau-Lifshitz-Gilbert ~equation, ~dM/di=—y(M X H,y)
+(af MS)(M X dM/ dr), with the magnetization M, the gyro-
magnetic ratio 7, the Gilbert damping parameter «, and the
saturation magnetization M.'* The effective field I:Igff con-

tains all coupling contributions and exerts a torque on M,
which initiates its precessional motion, if the Fourier spec-
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trum of the exciting external field pulse comprises significant
components of the precessional eigenfrequency of the
system.!? This also holds for a spin torque or a photon angu-
lar momentum transfer. Due to the pulsed nature of these
excitations, their frequency spectrum usually contains sev-
eral eigenfrequencies of the system.

In this paper, we quantitatively analyze the magnetization
dynamics in micron-sized spin-valve structures. We mea-
sured the time-dependent spatial distribution of the magneti-
zation using x-ray magnetic circular dichroism with photo-
emission electron microscopy (XMCD-PEEM).2-28 We
show that although the averaged magnetization vector reacts
on external field pulses according to a single-spin model with
critical damping, local modes are excited depending on the
shape of the spin-valve structure. The fact that the damping
coefficient is independent of the shape favors the model of a
nonlocal magnetization damping.

Despite their lateral extension, the magnetization reversal
in spin-valve elements was successfully described by a co-
herent precessional path,'> assuming a global magnetization
value and a high damping coefficient. This finding is surpris-
ing, considering the fact that the dynamical behavior of the
local magnetization driven by the local effective field H,
could influence the response of a spin-valve sensor and the
damping coefficient. Besides the shape-induced demagneti-
zation field, H,p contains contributions from the correlated
roughness at the FM/NM interfaces'¢ and stray fields from
inhomogeneously magnetized regions in one of the
layers.!”' An inhomogeneous interlayer thickness may
cause a laterally varying indirect coupling field. Finally, the
dynamic magnetization reversal in the free layer may affect
the magnetization configuration in the hard layer.?’ The free
layer in spin valves was found to show an increased damping
coefficient,'®?! which was attributed to a nonlocal spin
pumping model.>>?* A competing damping process, how-
ever, is given by the local excitation of additional short-
wavelength and high-frequency spin wave modes.?** In
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FIG. 1. (Color online) Sketch of the sample geometry as a cross
section (a) and top view (b). Snapshots of the micromagnetic simu-
lation (Ref. 30) at 1100 ps shown on the schematic waveguide are
discussed in the text. Hy;,, and H denote the exchange bias and
pulse field directions, respectively.

general, a local variation of the precessional magnetization
motion will lead to unwanted magnetically induced noise in
the response of a spin valve?' or any other fast-switching
magnetic structure.”” Therefore, the understanding of the lo-
cal magnetization dynamics in complex layer stacks is ex-
tremely important, as the dynamics may be determined in a
complicated way by the various magnetic coupling effects in
a thin film structure.”> The control of a holds the key for
optimized magnetic switching procedures.?!

The samples studied stand as examples of complex mag-
netic layer stacks and represent advanced spin-valve struc-
tures (Fig. 1), designed to optimize the GMR effect. They
have been successfully implemented into commercial de-
vices by NAOMI/Sensitec (Mainz). The layer stack was de-
posited on Cu(100 nm)/SiO,/Si(111) substrates. Subsequent
lithography steps lead to the final structure of a coplanar
waveguide (20 um width of the central lead) with micro-
scopic spin-valve elements of several shapes on top. The
magnetically soft CoFe/NiFe free layer is separated from the
CoFe hard layer by an ultrathin Cu interlayer providing an
antiferromagnetic coupling field of 0.6 mT, as derived from
the easy axis loop (H||y). The hard axis loop (H|x) reveals a
nearly reversible magnetization rotation. From the initial
slope of the hard axis loop, we deduce a total anisotropy field
of 1.5 mT. The difference might be ascribed to a uniaxial
anisotropy due to the field applied during the sample prepa-
ration.

The time-resolved experiments were performed by strobo-
scopic illumination of the sample with circular polarized

(f’cim) x-ray pulses at the Ni L3 absorption edge produced by
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electron bunches in the synchrotron ring (fpwpm=3 ps, low-
a mode at BESSY II, Berlin) with a repetition rate of
500 MHz. In this way, the response of the element is tested
via the top electrode of the spin-valve structure. The field
pulses are synchronized by means of an electronic delay ¢,
which was varied in steps of 20 ps, matching the overall time
resolution.?® For each image, the sample is thus excited and
probed every 2 ns. To acquire an image, we typically inte-
grate the signal for 30 s, thus averaging over 1.5Xx 10"
pump-probe cycles. The gray level in the XMCD-PEEM im-
ages is given by the scalar product M,*M-P,,,,.

In the ground state, the exchange bias field forces the
microscopic SV elements into an almost uniform magnetiza-
tion state (weak contrast in Fig. 2, 0 ps). Only in the vicinity
of the edges does the magnetization turn parallel to the
boundaries, thus comprising a positive (negative) value of
M (1) and avoiding stray field energy. The magnetic field
pulse of amplitude of 1 mT rotates the magnetization M (r,1)
into the girection of the external field. After the pulse has
passed, M(7,t) rotates through the equilibrium position into
the opposite direction and finally back to its initial direction.
In order to test the homogeneity of the precession across the
structure, we analyze line profiles taken along the diagonal
of the structures [Fig. 3(a)]. These profiles reveal that M(7,t)
is not phase coherent in the case of the square. After an
almost homogeneous initial rotation toward the field direc-
tion (x), M ,(z) starts to decrease at 600 ps in the central part
faster than in the two areas close to the corners (indicated by
the vertical lines). This incoherent rotation leads to the wave
pattern at 1000 ps comprising two nodes along the x diago-
nal. Then, with increasing delay time, M (¢) increases faster
in the center, resulting in the two separated minima (occur-
ring at the same position as the maxima observed at
400-1000 ps). Finally, M, (t) again reaches a homogeneous
value across the square at 1800 ps. In contrast, similar pro-
files across the ellipse shown in Fig. 3(b) reveal an almost
coherent rotation of M(7,t) indicated by an almost constant
value of M, (r) for fixed delay times.

Figure 4(b) compares the time dependence of M''(r) av-
eraged over the total field of view with the local value M:(z)
[M(r)] measured in the central circular area of the square
(ellipse) (indicated in Fig. 2). For better comparison, M"'(r)
was normalized to the same maximum amplitude as the local
values. At first glance, the time dependences Mi(t) are close
to each other and resemble that of a critically damped oscil-
lation. The simultaneous fluctuations of Mi(t) near 600 and
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FIG. 2. Sequence of selected snapshots of the XMCD contrast of a quadratic (5X5 um?) and elliptical (6 X3 um?) spin-valve element
acquired simultaneously at the indicated time delay. The external field (amplitude uoH=1 mT) with time dependence according to Fig. 4(a)
is applied along the horizontal (x) axis. The easy magnetization direction points along the perpendicular (y) axis. The gray level indicates the
magnetization component along the x axis. For some delay times, the magnetization vector in the center of the square particle is indicated
by arrows.
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FIG. 3. Profiles along the lines (a) and (b) indicated in Fig. 2 at
the designated time delays. The magnetization component M (7) is
roughly calibrated by the maximum XMCD value M,, measured
during the sequence of images. For clarity, the profiles are shifted
by unity.

1500 ps are caused by adjustments of the electron optics and
beam injection at the synchrotron.

The local variations of M, () are emphasized in the dif-
ference image shown as an inset in Fig. 4(b) and by the
differences AMx(t)=Mi(t)—MZ'(t), revealing the true dis-
crepancies between averaged and local magnetization dy-
namics [Fig. 4(c)]. Residual small edge domains that do not
participate in the magnetization rotation cause the positive
(negative) constant offset of AM (r) for the ellipse (square).
For the ellipse, AM(r) reveals a broad maximum coinciding

with the strong counterclockwise rotation of M(r,t). This
behavior indicates a slower rebound of AM¢(¢) that can be
explained by the attenuation of the bias field by the in-plane
demagnetization field of the ellipse, which reveals a hard
axis parallel to the bias field. Contrarily, AM;(r) shows an
oscillation with a frequency of 1.7 GHz. The difference im-
age shown in the inset of Fig. 4(b) relates this frequency to a
spin wave mode identified by the two circularly shaped black
areas coinciding with the maxima (minima) of the profiles
indicated by the vertical lines in Fig. 3(a). Because of the
presence of this higher-order spin wave mode, the magneti-
zation vector rotates faster in the region of these maxima
(minima) compared to the nodes positioned in between, thus
leading to a change of the rotation direction of the magneti-
zation vector across the square particle for certain delay
times. The wavelength of this mode along the diagonal
amounts to 3.5 um, i.e., half the value of the diagonal of the
square particle. For the elliptical particle, such a higher-order
mode is not observed. The direction magnetization rotation
does not change sign across the diameter.

The fundamental eigenmode frequency of the square esti-
mated from a similar measurement using smaller and shorter
field pulses takes a value of f=0.8 GHz in the field-free time
range. Neglecting lateral demagnetizing fields and assuming
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FIG. 4. (Color online) (a) Field pulse H,() (open circles) with a
repetition rate of 0.5 GHz. Magnetization component M (t) pre-
dicted by the macrospin (MS) model with low (dashed line) and
high (dotted line) damping coefficients. M () calculated by a mi-
cromagnetic simulation (Ref. 30) (SIM) for the square pattern is
shown by the full line. (b) M (¢) averaged over the complete field of
view [M7'(1), open diamond] and in the central area of the square
spin-valve platelet [M}(r), full diamond] and of the elliptical par-
ticle [M(1), full circle] versus time delay. The inset shows a differ-
ence image between images acquired at times 1160 and 1260 ps. (c)
Magnetization variation AM,=M’'—M" for the central areas of the
square (open diamond) and the ellipse (open circle).

a macrospin model, the ferromagnetic resonance frequency
for exchange biased films is given by

2af=yWMHy, (1)

with the gyromagnetic ratio y and H,=Hy;, +H, including
the exchange bias field Hy;,, and an induced in-plane uniaxial
anisotropy H,. For the saturation magnetization M,
=1.3 T, we assumed a weighted average of the bulk values
for FeNi and CoFe. Under these conditions, the observed
eigenmode frequency corresponds to H,=0.6 mT, in agree-
ment with the quasistatic value of Hy;,, derived from the easy
axis magnetization curve.

Single-spin (macrospin) simulations considering the com-
plete magnetic layer stack suggest that the rotation of the
pinned layer can be safely neglected. The single-spin model
has to be adjusted with a high damping constant of
a=0.025 and H,=0.6 mT in order to approximate M (r)
[see Fig. 4(a)]. The damping coefficient agrees with results
reported in Ref. 18 for the free layer of a very similar spin-
valve element. Contrarily, a damping constant of a=0.01,
which is closer to values reported for the unbiased free
layers,'? results in a maximum of M (f) at 1800 ps (dashed
curve) that is clearly not observed in our experiment. A full
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micromagnetic simulation® of the square using @=0.01 and
replacing the exchange bias stack by a constant field yields a
closer agreement with the experimental results. It also repro-
duces the relatively large rebound maximum of M (¢) in con-
trast to the macrospin result.

The snapshots of the micromagnet simulation [Fig. 1(b)]
reveal the characteristic differences between the square and
the ellipse in agreement with the experiment: While the mag-
netization has already rotated back into the equilibrium po-

sition in the center of the square, M still shows a clockwise
rotated position toward the left and right corners. In contrast
to this behavior, the ellipse shows a homogeneous magneti-
zation direction along the long axis. Clearly, the shape is
responsible for these differences.

In conclusion, using time-resolved microscopy, we find
that the magnetization dynamics of the free layer of a spin-
valve stack deviates significantly from a simple phase coher-
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ent rotation. The dynamic response of the free layer is a
superposition of an averaged critically damped precessional
motion and localized spin wave modes, which strongly de-
pend on the shape of the micropattern. A micromagnetic
simulation qualitatively reproduces the observed spin wave
mode for the square platelet. In principle, higher-order spin
wave modes provide an additional efficient channel for en-
ergy dissipation and thus should result in a higher effective
damping coefficient, as observed in our experiments. We
found the damping coefficient to be independent of the shape
of the spin-valve element, thus favoring the model of nonlo-
cal magnetization damping.
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