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Abstract—We investigated the high-frequency modes of 40 ym
wide, 160 nm thick Fe;(CosB12Siio squares using time-resolved
scanning Kerr microscopy. Two modes were identified using
pulsed field excitation while the spatial character of the out-
of-plane and in-plane magnetization component was investigated
using harmonic field excitation. The field dependence of the two
modes has been fitted using the Damon-Eshbach model.

I. INTRODUCTION

The high frequency properties of soft magnetic thin film
elements are essential to the operation of a variety of rf devices
and magnetic field sensors. The response of the magnetization
to high frequency magnetic fields should normally be fast
and homogeneous if optimum device performance is to be
achieved. However patterning modifies the effective magnetic
field within an element and determines the spectrum of dy-
namical modes that may be excited. This mode spectrum must
be characterized and fully understood if the high frequency
magnetic response is to be controlled. A number of theoretical
and experimental publications addressed this problem in recent
years [1-13]. In this paper we report on how time-resolved
scanning Kerr microscopy has been used to understand the
precessional mode spectrum in soft-magnetic square elements.

In Refs. [12], [13], the mode spectrum of square Nig;Feqg
elements of comparable size was investigated using static
Kerr microscopy. There the excitation field was localized in
the center of the element and had in-plane and out-of-plane
components. In our experiment the excitation field is spatially
homogeneous and lies in the plane. Furthermore we use a time-
and vector-resolved setup, allowing us to image the temporal
evolution of the excited modes.

II. EXPERIMENT

The ferromagnetic amorphous film was deposited by mag-
netron sputtering onto a transparent glass substrate and struc-
tured by ion beam etching. The sample consisted of squares
of Fe;pCogB12Si1g with width of 40 pym and thickness of
160 nm arranged into a square lattice with 10 ym edge-to-edge
separation. Sample deposition was performed in a magnetic
field so as to induce a uniaxial magnetic anisotropy parallel
to one of the edges of the squares.

Measurements of the high-frequency dynamics were per-
formed with a time-resolved scanning Kerr microscope setup,
shown in Fig. 1. A quadrant photodiode bridge detector was
used to measure all three components of the magnetization

vector simultaneously. The magnetization was probed with
100 fs pulses from a Ti:Sapphire femtosecond laser system
running at 80 MHz repetition rate and at a wavelength
of 800 nm. The magnetization was excited by the high-
frequency magnetic fields generated around the 80 pum wide
center conductor of a coplanar waveguide fed with pulsed
or sinusoidal current waveforms from a pulse or microwave
generator, respectively. The pulse and microwave generators
were phase locked to the laser so that stroboscopic imaging
could be performed. The output frequency of the microwave
generator is therefore required to be a multiple of the 80 MHz
laser repetition rate. We used two microwave generators for
this purpose. The first microwave generator produced the rf
excitation field of 8.0 GHz or 9.2 GHz, while a second
generator was needed to convert the 10 MHz reference output
of the first generator to the 80 MHz signal used to trigger the
laser system. This setup gave a phase drift between pump and
probe of less than 10 % of a cycle (7r/5) within the scanning
time of several hours for the time-resolved images.

The sample was placed face down on the waveguide with
the laser spot focused on the square element through the glass
substrate so that the exciting field was maximised. A polarizing
beamsplitter and quadrant photodiodes were used to detect all
three components of the magnetization vector simultaneously
as described in Ref. [14]. Audio frequency modulation of the
pump waveform and phase sensitive detection were used to
enhance the sensitivity of the apparatus. To acquire data at
different time delays during the excitation an optical delay
line with a maximum delay of 8 ns was used.

The polar Kerr rotation (proportional to the out-of-plane
magnetization) in the center of the element was detected
for the pulsed field excitation at different external bias field
strengths between 50 Oe and 500 Oe. For lower field values
the magnetization in the sample began to form a domain
structure. By performing a Fast Fourier Transformation (FFT)
the spectra of the dynamic excitation were obtained. These
spectra are shown in Fig. 2. For every field step we identify
two resonant modes that overlap and form a dominant peak
with an additional shoulder. In contrast to Tamaru et al. [12]
no increase in the number of modes with changing external
bias field is found.

To gain insight into the spatial character of the two modes
we replaced the pulse generator with a microwave generator
to excite the sample with harmonic fields at the resonance
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Fig. 1. (a) Experimental setup showing the laser system, synchronizing
clock, optical delay line, and pulse generator. The optical detection of the
Kerr rotation is shown in (b). The sample is placed face-down on a coplanar
waveguide (c). For the harmonic excitation the pulse generator is replaced by
a microwave generator and a second microwave generator is needed to phase
lock the first microwave generator to the laser.
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Fig. 2. Spectra aqcuired for different bias field strengths. Two modes can
be identified in each spectrum which increase with increasing bias field.

frequency. The measurements were performed at 500 Oe bias
field for which the resonance frequencies of the two modes
were found to be 8.0 and 9.2 GHz, respectively. The dynamic
out-of-plane and in-plane magnetization (perpendicular to the
bias field, and perpendicular to the static magnetization M )
are shown in Fig. 3 for different time delays. In both cases
a phase difference between the center and the left and right
regions in the element can be seen. The magnetization at the
edge of the element lags behind that at the centre.

The images of the 8.0 GHz excitation shows a spatially
more homogeneous dynamic response than that of the 9.2 GHz
mode. The magnetization at the edges of the element perpen-
dicular to the static magnetization changes less than in the
center. The magnetic contrast of the images showing the in-
plane dynamic magnetization is reduced in comparison to the
out-of-plane images because of the smaller sensitivity to the
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Fig. 3. Time-resolved images of the two modes at 500 Oe bias field. The
sample was pumped with a sinusoidal magnetic field at 8.0 GHz (a) and
9.2 GHz (b), respectively. For both modes the out-of-plane component and
the in-plane component perpendicular to the static magnetization direction are
shown.

longitudinal Kerr contrast. By measuring the components of
both Kerr geometries for varying x-positions (y = 20 pum) the
magnetization orbits at those positions have been determined.
Those orbits are shown in Fig. 5. Although the absolute
orbit shape can not be determined, because of the different
dependence of the longitudinal and polar Kerr effect upon
the in and out of plane magnetization component, it can be
seen that the relative shape does not change significantly with
distance from the edge of the element. The phase difference
of the magnetization between the center and the edge of the
element is the reason for the different starting position of the
magnetization trajectory. The cone angle of the magnetization
is largest in the center of the element and decreases towards
the edge.

The response to the higher frequency excitation is more
spatially inhomogeneous. The magnetization shows a maxi-
mum in the center of the element and a change of sign in
the regions close to the top and bottom edge. This is also
shown in Fig. 4 with two linescans across the center of the
image taken at O ps for each mode. The linescan along the
static magnetization direction shows a positive out-of-plane
magnetization direction along the whole width of the element,
whereas the linescan along the excitation field (perpendicular
to static M) displays a change of sign close to the edges of
the element.

The linescans perpendicular to the static magnetization
direction were fitted with to the form

y = Ay sin(2rx /A1) + Az sin(2mx/Ag) (1)
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Fig. 4. Linescan through the center of the out-of-plane image of the 8.0 GHz
mode (a) and 9.2 GHz mode (b) at O ps. There is a clear change of sign visible
for the dynamic magnetization of the 9.2 GHz mode along the y-axis. The
lines are a 3 point average of the data points. The same scaling of the data
has been applied throughout the paper.
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Fig. 5. Orbit of the 8 GHz mode at different positions (x = 4, 8, 16, 20 pm;
y =20 pm).

as shown in Fig. 6. The amplitudes for the 8.0 GHz linescan
are A; = 83.4 and Ay = 7.73 giving a ratio of 0.09 between
the higher and lower wavelength mode. In the 9.2 GHz
linescan the amplitudes are almost equal, A; = 29.5 and
Ay = —29.3, but with a different sign as already mentioned.
The wavelengths are almost identical in the two linescans:
A1 = 79.8 ym (8.0 GHz linescan) and \; = 79.5 pum
(9.2 GHz linescan), and Ao = 26.8 um (8.0 GHz linescan)
and Ao = 25.8 pym (9.2 GHz linescan), respectively. The
similarity of the amplitudes of the two modes if the sample is
excited with the 9.2 GHz frequency is also visible in Fig. 7
showing a Lorentzian fit decomposed into the two individual
Lorentzian functions. This means that for the excitation of the
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Fig. 6. Linescan across the out-of-plane image of the 8.0 GHz mode (a) and
9.2 GHz mode (b) at 0 ps and a fit using sine functions with two different
wavelengths. The individual sine curves determined from the fit are also
displayed.

B 40l o FFTat5000e ' "]

N Lorentz1+Lorentz2

g —— Lorentznr 1

£ 084 Lorentz nr 2 1

o

c

< 061 J

o)

°

2 044 1

a

£ 024 ] 1

E 0,042 , : i
0 2 4 6 8 10

f (GHz)

Fig. 7. Fit of the spectrum at 500 Oe to two Lorentzian functions.

magnetization at 9.2 GHz both modes are excited due to the
finite linewidth of the modes and the spatial character of both
modes can be seen in the time-resolved images.

The spatial distribution of each mode along the axis parallel
to the excitation field can be described by a standing wave.
The wavelengths are of the order of the size of the element
so that the waves have a magnetostatic character. This type
of magnetostatic wave is typical of a Damon-Eshbach type
mode [15]. The frequencies of those modes are described by
the following formula:

f= 21\/H(H +Am M) + (27 M,)2(1 — e~2kd)  (2)

s

with gyromagnetic ratio 7, magnetic field H, saturation mag-
netization M, wave number k, and thickness d. The wave
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Fig. 8. Frequencies of the two modes vs. applied field. Fitting of
this data with a Damon-Eshbach model yields M;=9904+70 Oe and
v=18.940.9 MHz/Oe for mode numbers n = 1, 3.

number depends on the mode number n as:

k=nm/w 3)
with the width w of the squares equal to 40 pm. Since the
excitation fields (pulsed and harmonic) in our experiment
are spatially homogeneous only odd-numbered modes are
expected to couple to them. The frequencies of the two peaks
were determined by fitting the spectra with two Lorentzian
functions and are shown in Fig 8. The two modes were fitted
simultaneously using eq. 2 with fixed mode numbers of 1 and
3. The fit is shown in the figure and the resulting values for M
and v are: Mg = 990470 Oe and v = 18.940.9 MHz/Oe. The
wavelength A = 27 /k = 2w/n of those two modes is 80 pm
for the lower frequency mode and 26.7 pum for the higher
frequency mode. Those wavelengths are in good agreement
with those deduced from the linescans shown in Fig. 6.

III. CONCLUSION

In conclusion we have demonstrated how the spatial char-
acter of spin wave modes in patterned microscale elements
can be investigated using scanning Kerr microscopy with
phase-locked harmonic excitation. At fields above the domain
nucleation value two modes could be distinguished. The lower
frequency excitation resulted in a spatially rather homogeneous
response of the magnetization with decreasing dynamical
magnetization amplitude at the edges, whereas the response
to the higher frequency excitation displayed a standing wave
pattern along the excitation field axis that is a superposition
of the n = 1 and n = 3 DE modes of the element. By detecting
the out-of-plane and in-plane Kerr rotation the relative shape
of the magnetization orbit was investigated. It was found
that the orbit does not change its relative shape at different
positions relative to the edge of the element. The variation of
the frequencies of both modes with increasing bias field was
well described by the Damon-Eshbach model.
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