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We studied the dynamic magnetization response in rectangu-
lar polycrystalline Permalloy and also epitaxial Co structures
(lateral sizes comprised tens of microns at a thickness of tens
of nanometers) during the action of a magnetic field pulse,
using time-resolved X-ray photoemission electron micros-
copy with a time resolution of 10 ps. In the case of Permalloy
platelets the restoring torque that is necessary for the strobo-
scopic image acquisition is provided by the Landau flux clo-
sure structure representing a minimum of the free energy. We
investigated the dynamic response of 90° Néel domain walls.

1 Introduction The dynamic magnetization response
is of great importance for the understanding of magnetiza-
tion reversal processes involving domain patterns and
complex magnetic configurations. The knowledge about
the microscopic mechanisms determining the time-
evolution of these noncollinear magnetization structures is
necessary for improving the speed of magnetic data storage
devices, for example, of the cells in a magnetic random
access memory (MRAM) device [1]. To address this issue,
magnetic domains and domain walls must be visualized
with a combination of sufficiently high lateral and time
resolution. This combination became recently available
by methods based on polarized soft X-rays, namely,
time-resolved X-ray photoemission electron microscopy
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The main results are: the maximum velocity of the domain
wall is 1.5 x 10* m/s, the intrinsic frequency of the magneti-
zation change in these structures is estimated to be several
Gigahertz. For the case of epitaxial Co platelets grown on
Mo(110) the magnetic uniaxial anisotropy with an easy axis
along Mo[l 10] restores the homogeneous magnetization
structure after each field pulse. We observed a rotation of the
mean magnetization direction within the first 100 ps of the
field pulse.
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(TR-XPEEM) [2—8] and time-resolved X-ray transmission
microscopy (TR-XTM) [9, 10]. The XPEEM permits a sur-
face-sensitive approach to magnetodynamic phenomena,
whereas XTM yields bulk information. Both employ X-ray
magnetic circular dichroism (XMCD) as contrast mecha-
nism.

Characteristic sizes of the magnetic domains range up
to the order of several micrometers. Therefore, a high time
resolution accompanied by a moderate lateral resolution
(several 100 nm) has first been realized in optical tech-
niques, such as magneto-optical microscopy (Kerr/Faraday
microscopy) [11] and magneto-optical scanning near-field
microscopy (SNOM) [12]. In a time-resolved PEEM, how-
ever, the lateral resolution may be better by almost an or-
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der of magnitude [13] (down to about 20 nm). In addition,
the PEEM approach also enables quantitative measure-
ments of the magnetic stray fields [8, 14] including their
dynamics during the magnetic reversal [15, 16] to be car-
ried out. This stray field information complements the re-
sults on the magnetodynamics of domains and domain
walls. In the present paper, we describe XPEEM studies of
the dynamic response of 90° domain walls in Permalloy
platelets and of a homogeneous magnetization in epitaxial
Co platelets with a time-resolution of about 10 ps, using a
special operation mode of the storage ring facility BESSY
in Berlin.

2 Experimental details Fast magnetic field pulses
were applied via the Oerstedt field of a microstrip line
passed by fast current pulses. In the case of Permalloy
platelets, the microstrip line of 50 um width was prepared
by means of optical lithography and subsequent wet
chemical etching of a 250 nm thick Cu film on a SiO,/Si
substrate. A bilayer (40 nm Nig, Fe,y, 2 nm Cu) was depos-
ited on top of this microstrip line by DC magnetron sput-
tering and was microstructured by optical lithography and
ion milling. The Cu cap layer served as a protection against
oxidation and was removed by mild ion etching after intro-
ducing the sample into the photoemission electron micro-
scope. In this paper we concentrate on two rectangular
elements of 40 pm x 20 pm and 40 pm % 10 pm in size,
i.e. aspect ratio of 2:1 and 4:1, respectively. The single
crystalline Mo(110) strip lines were produced in the fol-
lowing way [17]. In the first step, a Mo(110) epitaxial film
(200 nm) was deposited on Al,0,(1120) in UHV by elec-
tron-beam evaporation. During Mo evaporation, the tem-
perature of the substrate was kept constant at 1000 K. In
the second step, the strip line (coplanar waveguide with a
width of 100 um of the central lead) and contacts were pat-
terned by standard photolithography. The sample was
again transferred into the UHV chamber and in the third
step, the Mo strip line was cleaned by repeated cycles of
heating in oxygen atmosphere up to 1300 K, followed by
flashing at 1800 K in UHV until the Auger electron spec-
troscopy (AES) signals of C and O originating from the
Mo surface were below the detection limit. On this sample
a Co layer (20 ML) and a Au capping layer (5 ML) were
deposited by molecular beam epitaxy. Epitaxial growth of
the Co layer was controlled by low energy electron diffrac-
tion (LEED). The Co/Au layer was kept thin enough in or-
der to avoid electrical shorting of the strip line. The final
structuring of the platelets on the central lead was per-
formed by focussed ion beam etching (FIB). We also nar-
rowed the central lead on a length of 1 mm to a width of
20 pum in order to increase the Oerstedt field.

The experiment was carried out using the UE52-SGM
beamline at the BESSY synchrotron radiation source (Ber-
lin). The magnetic image contrast in the Permalloy parti-
cles was obtained via magnetic circular dichroism at the Ni
L, absorption edge (hv =853¢eV). For the time-resolved
measurements, we used the low-alpha multi-bunch mode
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Figure 1 (a) Temporal profile of the magnetic field pulse measured
in situ by small image defocusing Af# 0 (squares represent experi-
mental values). The dashed line denotes a fit with a Fourier series.
(b) Corresponding Fourier decomposition of the pulse profile.

of BESSY, which provides photon pulses with a width
<2 ps and 2 ns separation (repetition rate 0.5 GHz). The
pulse generator used delivered pulse amplitudes of ~7 V
with a full width at half maximum (FWHM) of ~100 ps
(Fig. 1a) at a frequency of 0.5 GHz phase-locked with the
synchrotron frequency. An adjustable delay served to set
the time of image acquisition with respect to the magnetic
field pulse. The jitter measured by comparing synchrotron
trigger and pulse generator output ranged between 8 ps and
14 ps. The rising edge (200 ps) is far shorter than its trail-
ing edge. From previous experiments [5, 18], we know that
the pulse shape on the microstrip line area observed in the
microscope is narrower than measured outside the UHV
system (incl. leads and contacts), thus the rising edge of
the field pulse ~H (¢) can be expected to be significantly
shorter than 200 ps when it arrives at the magnetic struc-
ture. Due to the fast rising edge, frequency components in
the 10 GHz range are contained in the Fourier spectrum of
the field pulse as shown in Fig. 1b. Further details of
the stroboscopic imaging approach performed in the photo-
emission electron microscope are described in Refs.
[5, 16].

The stroboscopic experiment performed here is very
much alike to the experiment shown in Fig. 2 in Ref. [18].

The current pulse in Fig. la was reconstructed from
the deformation of PEEM images of the particles being
studied. The deformation was caused by the passage of the
current pulse through the microstrip line. This method is
described in detail in Refs. [18, 19]. The black squares
show the experimental points. A high sensitivity of this
method of measuring the pulse profile is realized under
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image defocusing Af #0. All following measurements of
the domain patterns were performed at the condition
Af = 0. The Fourier spectrum (Fig. 1b) was determined by
fitting the pulse profile (Fig. 1a) by a Fourier series
A(t) =Y A, sin nwt, A, denotes the amplitudes of the Fou-

rier components n. Obviously, the steep rising edge con-
tains significant Fourier frequencies up to several Giga-
hertz.

3 Experimental results and their discussion The
effect of the magnetic field pulses on the micropatterns is
shown in Fig. 2a—h, which compiles a sequence of images
taken with a time increment of A¢ = 10 ps. The light inci-
dence (projection onto the sample surface) and the pulse
field ~ H (¢) are directed from left to right (parallel to the
short edge of the particles) and bottom-up (parallel to the
long edge of the particles), respectively, as given in the in-
set. Due to the alignment between the local magnetization
and the direction of light incidence, only three distinct con-
trast levels (black, white and gray) appear. The XMCD-
PEEM image in Fig. 2a shows the domain structures of the
particles under study at #= 100 ps, i.e. at the onset of the
field pulse. These structures are schematically shown by
solid lines and are very similar to the initial flux closure
(Landau) domain patterns of the structures involved. Fol-
lowing the evolution of this pattern in time, we observe
that the domain structure is visibly affected, i.e., the mag-
netization distribution is locally deformed. The domain
boundaries shift significantly within the next 10 ps
(=110 ps), see Fig. 2b. The dotted lines in Fig. 2b mark
the new position of the domain boundaries, as given by the
contrast changes from black to white. These field-induced

Figure 2 XMCD-PEEM images of Permalloy particles taken
during the steep rising edge of the field pulse at #=100 (a) and
110 ps (b) as well as difference images calculated from image
pairs taken at 7=110 (c), 120 (d), 130 (e), 140 (f), 150 (g) and
160 ps (h) and #*=¢—At, At =10 ps. Directions of light inci-
dence (projection on the sample surface) and pulse field H are
indicated in the inset.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

changes may be emphasized, if the domain pattern from
Fig. 2a is subtracted from the image in Fig.2b (see
Fig. 2c). Figure 2c—h shows a series of difference images
calculated from image pairs taken at subsequent points in
time =110 (c), 120 (d), 130 (e), 140 (f), 150 (g), 160 ps
(h) and r*=¢—Ar (At =10 ps). The fact that these dif-
ference XPEEM images exhibit distinct features indicates
two important findings. First, the actual time resolution
is significantly smaller than the chosen step width. Sec-
ond, the observed changes are reversible and appear dur-
ing all (or at least most) of the cycles in our strobosco-
pic experiment. The results of measurements given in
Fig. 2a—h correspond to the current pulse leading-edge
(100 ps < ¢ <160 ps), denoted as area I in Fig. 1a.

A closer inspection of the data in Fig. 2 reveals that the
changes during the time sequence are mostly confined to
the domain boundaries. They change more in the larger left
particle than in the smaller right one. In addition, the
changes do not follow a simple trend, but rather an almost
oscillatory pattern, although we are still on the rising edge
of the pulse. This shows up very clearly when comparing
Fig. 2¢ and e, in which the contrast indicating the response
of the domain boundaries is reversed. Therefore, the be-
havior of the magnetization at the domain boundaries is
more complex and cannot be described by a simple linear
motion, i.e. a domain wall shift as in the case discussed in
Ref. [6]. It further proves the significance of the higher
Fourier frequencies contained in the steep rising edge (see
Fig. 1b).

In the further course of the field pulse changes occur at
different locations in the magnetization pattern, as depicted
in the sequence in Fig.3a—g. In the following, we will
concentrate on the dynamic behavior in the region close to
the maximum of the field pulse (Fig. 1a, area II). Near the
flat maximum the overall response is weaker than during
the rising edge which again points on the importance of
the Fourier components with a strong damping of these
high-frequency modes in the particle. In this sequence the

Figure 3 XMCD-PEEM images of Permalloy particles taken in
the region of the pulse maximum at =200 ps (a) and difference
images corresponding to the pairs =220 (b), 240 (c), 260 (d),
280 (e), 300 (f) and 320 ps (g) and t* =1 — At, At =20 ps. Line
AB denotes the 90° Néel domain wall. Near the line AB the con-
trast of the region marked by a thick arrow with white border var-
ies (b—g).
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smaller particle shows a contrast whereas the larger one
yields practically no response. Figure 3b—g demonstrates
the changes in the magnetization distribution in the area
containing the 90° Néel wall marked by the line AB (see
Fig. 3c) between the domains in the Landau pattern. The
difference XMCD-PEEM images taken at the points in
time 7= 220 (b), 240 (c), 260 (d), 280 (e), 300 (f), 320 ps
(g) and * =t — At (At =20 ps), map the evolution in time.
As can be seen, close to the line AB the contrast in the re-
gion marked by the white arrow varies distinctly. This is
caused by a change of the magnetization direction in the
region adjoining the 90° Néel domain wall AB. The dy-
namics of this contrast change is compiled in Fig. 4a. It
gives a series of intensity profiles j(x) through the region
under study extracted from the XMCD-PEEM images
taken between ¢ =200 ps and 300 ps. These profiles are re-
corded along the dotted line being perpendicular to the line
AB (Fig. 3a). Since the grey level in the XMCD contrast is
proportional to cos &, where « is the angle between the di-
rections of magnetization in the particle plane and projec-
tion of direction of illumination onto this plane. The angu-
lar dependence «(x) (Fig. 4a, right hand scale) can be
directly extracted from the intensity profiles j(x) (Fig. 4a,
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Figure 4 (a) Intensity profiles j(x) along the dotted line desig-
nated in Fig. 3a for the XMCD asymmetry images taken at the
times 7= 200, 220, 240, 260, 280 and 300 ps. The right ordinate
gives the angle dependence ¢ (x). The magnetization angle & is
counted from the illumination direction (its projection on the par-
ticle plane) as depicted in the inset. The dashed line denotes the
centre of the region marked by the arrow with white border in
Fig. 3b—g and corresponds to the position of line AB in Fig. 3a.
(b) The local magnetization direction «(¢) in the region marked
by the arrow in Fig. 3b—g as function of time.
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left hand scale). The extremal values & = 180 and 270° on
the right-hand scale correspond to the grey levels for the
magnetization direction being antiparallel and perpendicu-
lar to the projected photon impact direction, respectively.
We clearly see that the profiles & (x) in Fig. 4a shift to the
right and deform as ¢ increases. This is a further indication
that we cannot interpret the series of curves in Fig. 4a in
terms of a quasi-static movement of the 90° Néel domain
wall AB.

The vertical dashed line in Fig. 4a corresponds to
the centre of the region marked by the white arrow in
Fig. 3b—g. From the variation of «(x) along this line, we
can extract the time dependence of the angle & (¢) as shown
in Fig. 4b. An inaccuracy in the determination of the an-
gles can be caused by the fact that not all of the 10" cycles
of the passage of the magnetic field pulse are characterized
by complete repeatability, or there is a non-negligible
out-of-plane component of the transient magnetization. It
means that the real curve «(¢) can be shifted to somewhat
higher angles. As is seen in Fig. 4a, the monotonous char-
acter of the shift of the intensity profile lines j(x) is dis-
turbed from the left to the right with increasing ¢. This can
be induced by the above-mentioned effect as well as by the
wave character of spin wave propagation. The latter reason
is the most probable and it can explain an oscillating varia-
tion of the position and inversion of the contrast of the re-
gion marked by the arrow in Fig. 3b—g.

0ps 500 1000 1500

(a) (b) (c) (d)

Figure 5 Emission of spin waves from 90° Néel domain walls
(simulation using the NIST OOMMEF code [20]). Top panel:
Micromagnetic simulation results showing the time evolution of
the magnetization (bright areas are magnetized to the right, dark
areas to the left) in a Permalloy particle with linearly reduced di-
mensions (4 pm X 2 um x 10 nm) for delay times =0 (a), 500
(b), 1000 (c) and 1500 ps (d). Bottom panel: Corresponding di-
vergence of the magnetization on the surface of the particle.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6 Difference images of magnetization divergence for the
area designated by the white square in Fig. 5 at the times 1 = 550
(a), 600 (b), 650 (c), 700 (d), 750 (e), 800 (f), 850 (g), 900 (h) and
950 ps (i) and t* =1 — At, At =50 ps.

Any change of the magnetic configuration on such a
short time scale is accompanied by the emission of spin
waves. The top panel of Fig. 5 shows the result of a simu-
lation of spin waves generated at a 90° Néel domain wall.
This computer simulation was realized with the help of the
program described in Ref. [20] for a Permalloy particle of
rectangular shape with aspect ratio 2:1. The magnetic
field pulse profile was chosen similar to the measured one
shown in Fig. 1a. The local directions of magnetization are
denoted with small arrows. The calculations were carried
out with a step width of 10 ps. The results of simulation of
spin waves, which are distant from each other 500 ps, are
given in the top panel of Fig. 5. From the comparison of
adjacent images, one sees distinct shifts of 90° Néel do-
main walls and corresponding deformations of the domains
themselves. They agree in the essential features with the
experimentally observed shifts. The stronger local mag-
netic fields are, the larger are the shifts. The magnetic di-
vergence is visualized in the bottom panel of Fig. 5 with a
step width of 500 ps. In more detail, these variations with
steps of 50 ps for the area designated by the white square
in Fig. 5 are illustrated by the difference images of the di-
vergence in Fig. 6.

Considering the high Fourier frequency components in
our experiments, we can assume that particular spin wave
modes are driven almost into a resonant behavior, compa-
rable, for example, to a parametric oscillator. It has also
been shown recently that spin waves may propagate
through domain walls [21]. The overlap of these spin wave
modes and the noncollinear magnetization distribution in
the domain wall itself gives rise to a local variation of the
magnetization and may explain the deformation of the pro-
files observed in Fig. 4a. We can try to estimate the period
of this mode from Fig. 4b. It can be determined from the

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

condition that the magnetization direction in the spin wave
should change by o = 360° during a full period. The period
T is equal to few hundred picoseconds (the frequency is
few Gigahertz) because, as is seen from Fig. 4b, the turn of
the magnetization direction reaches 4° in 10 ps. The char-
acteristic time of the magnetic reversal (a = 180°) is T/2.
A movement of a 90° Néel domain wall means that in the
region of the domains adjacent to the wall, on one side the
magnetization direction turns by the angle of & = 90° and
becomes parallel to the domain magnetization direction on
its other side. It means that the second domain grows on
the expense of the first domain, and in such a manner the
domain wall moves. The characteristic time needed for this
process comprises 7/4, i.e. a few hundreds of picoseconds.
This result generally confirms the data available in the lit-
erature [11]. For example, the study of the magnetization
dynamics of similar samples performed by means of Kerr
effect (square Permalloy particles with edge lengths of or-
der of a few microns and 18 nm thick) showed that the in-
trinsic frequency of the magnetization reversal comprised
modes of a few Gigahertz [11]. Besides, the frequency is
characterized by the dimensional dependence (it increases
as the particle lateral size decreases). Similar results sup-
porting the experimental findings were obtained from Lan-
dau—Lifshitz—Gilbert simulations [11].

The velocity of the 90° Néel wall AB is determined
from the shift along the abscissa of the profiles in Fig. 4a
taken with time increments of Az =20 ps. The maximum
velocity is 1.5 x 10* m/s.

Figure 7 shows the time dependence of the field pulse
generated by the epitaxial strip line on Al,O;. Due to the
small damping in the AL O, substrate compared to the Si
substrate used for the Permalloy platelets the field pulse
shows an equally sharp leading and trailing edge, repro-
ducing exactly the output of the pulse generator. The
maximum field amplitude calculated from the current sig-
nal measured after the pulse has passed the strip line
amounts to 6 mT. Co films grown on Mo(110) show a uni-
axial anisotropy with the easy axis along the Mo[l 10] di-
rection, that in turn is aligned with the strip line axis [17].
The anisotropy constant determined from Kerr magne-
tometry measured before the final FIB structuring is
K, =0.47 x 10° J/m’ corresponding to a saturation field of
HoH =50 mT. The deviation from the results measured for
Mo capped Co/Mo(110) films [17] might be attributed to
the surface anisotropy induced by the Au capping. More-
over, a decrease of the magnetic anisotropy due to struc-
tural damage in the course of the FIB structuring has to be
taken into account.

The uniaxial anisotropy defines the magnetization di-
rection at equilibrium along the strip line. A homogeneous
magnetization state as shown in Fig. 7a is typical for an
epitaxial film. The dark colour of the platelet in Fig. 7a in-
dicates a magnetization component antiparallel to the inci-
dent X-ray beam before the field pulse arrives. During the
start of the field pulse we observe a reversal of the XMCD
asymmetry revealing a change of sign of the horizontal
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Figure 7 Time-resolved XMCD-PEEM of epitaxial Co platelets
on a single-crystalline Mo(110) strip line on Al,05(1120). Top:
Temporal profile of the magnetic field pulse Hy(7). Bottom:
Sequence (a—g) showing the change of magnetization state with
time steps of A# = 20 ps. The series was taken in the rising edge
of the field pulse. Sizes of Co particles on the strip line are
Spumx 10 pm and 10 pm X 5 pm.

magnetization component. Consequently, the magnetiza-
tion has rotated by at least 45° in Fig. 7g. A quasi-static
field of 6 mT would only cause a small rotation of 7° for
the given field and anisotropy. This unexpected large re-
sponse might be attributed to a decreased magnetic anisot-
ropy deviating from the measurement on the unstructured
area of the sample.

In addition, we observe a non-uniform response of the
magnetization. Close inspection of Fig. 7f—g reveals a lar-
ger positive asymmetry (positive horizontal magnetization
component) at the short edges of the rectangle that is ori-
ented with its long axis along the field and at the long
edges of the rectangle that is oriented with its short axis
along the field. This observation indicates a stronger dy-
namic response of the magnetization at the edges where the
field enters and leaves the magnet. This is quite surprising
since one would expect a stronger response just at the other
edges because of the demagnetizing field occurring at the

www.pss-b.com

poles of the magnetic sample. On the other hand the de-
magnetizing field is negligibly small for the ultrathin film
investigated here and a lateral inhomogeneous magnetic
anisotropy due to the structuring might be the reason for
his observation.

4 Conclusions We applied a stroboscopic pump—
probe technique for the investigation of the dynamics of
ferromagnetic particles response to a transient pulse of the
magnetic field (resulting from a current pulse through a
microstrip line). The time resolution is determined by the
photon pulse width as well as the jitter of the bunch-
marker and current pulse generator output. In the per-
formed measurements in the low-alpha multi-bunch mode
of BESSY the photon pulse width was <2 ps and the jitter
was about 10 ps. The resulting total time resolution was
thus essentially restricted by the jitter. It is determined by
the pulse electronics, the length of the connecting cables
etc. and can be decreased down to a few picoseconds. It
means that a time resolution of a few picoseconds can be
achieved with the help of the applied technique.

The high time resolution allowed us to study the dy-
namics of the deformation of 90° Néel walls in Permalloy
structures with a Landau flux closure pattern due to the ac-
tion of a magnetic field pulse on these particles. The char-
acteristic time for magnetization reversal estimated from
this comprises 7/2 (the period T is equal to few hundreds
of picoseconds and the intrinsic precession frequency
f=T"" amounts to a few Gigahertz). We observed a fast
response within 100 ps of the magnetization within an
epitaxial Co platelet grown on an epitaxial Mo(110) strip
line.
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