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Observation of the propagation and interference of spin waves in ferromagnetic thin films
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We have observed the propagation of spin waves and spin-wave packets in 20-nm-thick Permalloy films
upon microwave excitation by means of time-resolved scanning Kerr microscopy. Spin waves can be detected
up to 80 um away from the driving coplanar strip line. In doing so, we were able to directly determine the
phase velocities, dispersion relations and group velocities for different geometries of an externally applied
in-plane magnetic field. In addition, we report on the direct optical observation of spin-wave interference with

lateral and time (phase) resolution.
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The elementary excitations in thin ferromagnetic films are
spin waves which possess peculiar dispersion relations. In
particular, at low k vectors in the plane of a thin film and
with the magnetization also in plane, the spin-wave disper-
sion relations show positive and negative dispersion resulting
in positive and negative group velocities. In magnetic sys-
tems, negative group velocity was predicted theoretically'3
and excitations with frequencies lower than the uniform pre-
cessional mode were interpreted as magnetostatic backward
modes.*” In ferromagnetic systems it may be possible to
form a junction between a magnetic entity having positive to
a region having negative dispersion. In fact, in magnetic sys-
tems one can easily jump from one branch of the dispersion
relation to another by changing the direction of the equilib-
rium magnetization while keeping the k vector of the propa-
gating spin waves constant. Stable states for the equilibrium
magnetization can be designed by employing e.g. shape or
magnetocrystalline anisotropy. As magnetic switching be-
tween two stable states can be performed at subnanosecond
time scales,'®!! high-speed elementary spin logic such as
spin-wave switches, isolators, circulators, resonators, filters
or phase shifters may be realized.

In recent years, spin-wave propagation and the propaga-
tion of nonlinear spin-wave packets (bullets or spin-wave
solitons) have been investigated thoroughly for ferrimagnetic
insulators such as yttrium iron garnet (YIG).!? In this insu-
lating material the intrinsic damping can be very small («
=0.0003) allowing the transport of magnetic information
over large distances, in some cases millimeters. Unfortu-
nately, for miniaturization and easy integration into elec-
tronic circuits, this class of materials does not appear to be
adequate, as high-quality YIG crystals are usually grown
from the liquid phase and cannot be sputtered or evaporated.
On the other hand, a material that possesses a fairly small
intrinsic damping (@=0.008) is Permalloy (NigyFe,,). This
material—being a standard metal—may easily be used in
standard lithography processes. In fact, recent publications
employing inductive detection demonstrate the propagation
of spin waves in ferromagnetic thin NigyFe,, films!31>14.16
over rather large distances of up to 50 um or—by second-
harmonic magneto-optical methods—even over distances of
hundreds of micrometers.!” Using time-resolved (TRMOKE)
magneto-optical Kerr effect scanning microscopy the propa-
gation of spin waves has recently been observed directly in
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PACS number(s): 75.30.Ds, 75.50.Bb, 75.70.Ak, 76.50.+g

thin NigyFe, films for two distinct geometries.'®

In this paper we report on the propagation of spin waves
in 20-nm-thick continuous NigyFe,, films. By means of
TRMOKE microscopy, we detect the propagation of spin
waves excited by continuous-wave (cw) or pulsed-
microwave fields up to 80 um away from a coplanar strip
(CPS) line. From the acquired data, we were able to extract
the phase velocities, dispersion relations and group velocities
of spin-wave pulses. The experimentally obtained results can
be reproduced quantitatively by analytical calculations. In
addition, we demonstrate the direct optical observation of the
interference of spin waves in ferromagnetic thin films with
lateral and temporal (relating to the phase of the oscillation)
resolution.

The sample considered in the following consists of a 20-
nm-thick NigyFe,, film with lateral dimensions of 200
X 200 um? patterned onto a GaAs substrate using electron
beam lithography, thermal evaporation and subsequent lift-
off. In a second step, a 200-nm-thick Au CPS is patterned
over one edge of the NigyFe,, film using optical lithography
and lift-off [see Fig. 1(a)].

We use the magneto-optic Kerr effect to detect the mag-
netic excitation of the sample. In doing so, we use a modified
TRMOKE setup similar to the one described in a previous
paper.'®2° The TRMOKE setup with a spatial resolution of
300 nm and a temporal resolution better than 1 ps has been
modified such that a microwave generator is synchronized to
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FIG. 1. (Color online) (a) Sample layout. The CPS is placed
over the edge of the NiggFe, film. (b) Wave-number distribution of
the x and z components of the magnetic microwave field created by
the CPS. The wave-number distribution is calculated numerically
and is very sensitive to the overlap between the magnetic film and
CPS. This overlap is determined by optical microscopy.

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.77.054425

PERZLMAIER, WOLTERSDORF, AND BACK

the 80-MHz repetition rate of the Ti:sapphire laser system,
which enables us to establish a phase-stable correlation be-
tween microwave (MW) excitation and laser probe pulse.
Our frequency resolution is thus limited to 80 MHz. The
amplified sinusoidal signal of the microwave generator is
used to excite the magnetization by the magnetic field gen-
erated by the rf current in the CPS. For some experiments a
frequency mixer is added into the microwave excitation line
which allows us to excite the magnetization with microwave
field pulses (MWPs) as short as 1 ns at a carrier frequency
given by a multiple of the 80-MHz repetition rate. It is im-
portant to note that we use MWP excitation with a phase-
stable starting condition with respect to the laser repetition
rate. The microwave packets are subsequently amplified the
same way as the cw excitation.

The excitation of the magnetic film is detected as function
of various parameters (time, position, bias field, and excita-
tion frequency). Resonance scans are scans in time at one
specific position of the film. By measuring the amplitude of
the z component of the precessional motion of the magneti-
zation in response to the MW excitation as a function of MW
frequency at a fixed MW power, resonance curves can be
recorded and the resonance frequency of the magnetic sys-
tem can be determined. Line scans are scans in time and
position. It is thus possible to observe the propagation of a
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spin-wave packet directly. Finally images as a function of
time can be recorded allowing one to observe the propaga-
tion of spin-wave packets in space and time.

The response of a magnetic structure to an applied field is
given by the magnetic susceptibility. In the case of cw exci-
tation, the high-frequency (hf) susceptibility needs to be con-
sidered which is given by )(,«jycz;%. Here, m; ; denotes the
component of the dynamic magnetization pointing along the
i direction and h; ¢ is the hf magnetic field component along
the j direction. The subscript G represents the particular ge-
ometry of the magnetic excitation. Note that the explicit
forms of m; ; and h; ; depend on the experimental geometry.
In particular two cases are usually considered in the thin film
limit: (i) the Damon-Eshbach (DE) geometry where the di-
rection of the static magnetization M and the propagation
direction of the spin waves k are perpendicular to each other,
but in the film plane, and (ii) the magnetostatic-backward-
volume (MSBV) geometry where the two vectors are collin-
ear within the film plane.

The susceptibilities can be calculated from the effective
magnetic fields—i.e. the external bias field H, the exchange
field, and the demagnetizing field (which is calculated fol-
lowing the approach by Harte?')—and the linearized
Landau-Lifshitz-Gilbert (LLG) equation.
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where A=1.05X10"""J/m is the exchange constant,
moM,=1T the saturation magnetization, H, the external
magnetic bias field, y=17.6 GHz/T the gyromagnetic ratio,
d the thickness of the film, and a the damping parameter of
NiggFe,,. Setting the denominators to zero and solving the
resulting equations for w=2mf and k, one obtains the re-
sponse which is referred to as the “analytic” dispersion rela-
tion in the course of this paper. Combining the above sus-
ceptibilities with the local excitation spectrum of the CPS
which is calculated numerically, the “expected response” of
the magnetic film can be calculated and compared to experi-
mental data.

Thus it is obvious that the response of the magnetic sys-
tem depends on the spatial Fourier components of the rf
driving field generated by the CPS. In the coordinate system
adopted here, the CPS creates high-frequency microwave

fields with components %, and &, [see Fig. 1(b)] around its
profile. Spin waves are expected to propagate from the CPS
along the x direction, with wave vectors k=(k,0,0). An ex-

ternal static magnetic in-plane bias field ITIO is applied to the
sample along the x direction for the MSBV geometry and
along the y direction for the DE geometry.

We can now place the probing laser spot at a position
10 um away from the CPS and record the resonance as a
function of frequency in an applied external bias field of
180 Oe along the y direction (DE geometry). The data are
shown in Fig. 2(a), black circles and black line. A clear reso-
nance peak can be observed at about 4 GHz. The amplitude
mg(fo) of the resulting response at a fixed frequency f,, can
be straightforwardly calculated by integrating the product of
the amplitudes of the wave-number components of the
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FIG. 2. (Color online) (a) Resonance of the NiggFey, film, ob-
tained by scanning Kerr microscopy (black line and black circles)
and calculated response (red line) for a magnetic in-plane bias field
of 180 Oe in the DE geometry. The insets show line scans taken at
the indicated frequencies. The line scans start at the edge of the CPS
and reach 35 um into the continuous film. From the slope of these
scans, the dispersion relation can be determined. The discrepancy
between experiment and theory for frequencies above the resonance
is due to the limited bandwidth of the amplifier-waveguide system.
(b) Maximum magnetic response determined from the experiments
(black circles) and compared to the calculated response (red open
circles). The blue line represents the analytic dispersion relation.

driving magnetic field A(k) and the respective value of the
susceptibility x(fo,k) which leads to
mg(fo): Jihi(k) x,i(fo. k)dk. Note that we always measure the
z component of magnetization in our experimental setup.

We would like to emphasize that in our experiments we
measure forced oscillations of the magnetization. Therefore,
the dynamics can be excited at arbitrary frequencies (even
far away from resonance). The response of the magnetization
is given by the product of the k-dependent excitation [see
Fig. 1(b)] and the k-dependent susceptibility. The k vector
where this product has a maximum is determined in our ex-
periment. In the DE geometry, for instance, with its mono-
tonically positive dispersion, no wave number is defined by
the analytic dispersion below the resonance frequency. How-
ever, in our experiments spin waves can also be driven at
frequencies below resonance and a dominating wave number
can be identified. Our theoretical model reproduces this be-
havior well (see Fig. 2).

While the frequency can be chosen freely with an incre-
ment of 80 MHz, the respective wave number of the excita-
tion is always given by the CPS geometry. This means that
the magnetic film “picks” the wave vector with the largest
susceptibility from the Fourier spectrum of the CPS at a
given driving frequency. In the insets of Fig. 2(a) we show
line scans as a function of time. Using these data the phase
velocity vp;, of the spin waves can be directly determined
from the slope Ax/At of the decaying oscillatory signal. vp,
decreases with increasing frequency The phase velocity can
easily be converted into a k vector: k= —f Plotting fre-
quency versus wave number [see Fig. 2(b)] results in the
dispersion relation for the observed spin waves. The data are
plotted along with the dispersion relation obtained by our
calculation as discussed above. While the analytic dispersion
represents the line of maximum values in the susceptibility
for given k vectors, the experimentally obtained dispersion
deviates from these values. The reason for this is to be found
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FIG. 3. (Color online) Propagation of spin-wave packets. Profile
of the microwave pulse (lowest line) and scans in time of the spin-
wave packet at various distances from the CPS (the distance in
microns is indicated above the individual lines). The curves have
been offset for clarity.

in the inhomogeneous wave-number distribution of the mi-
crowave field and the possibility to excite spin waves with
frequencies lower than the resonance frequency expected for
k=0. This behavior is also well reproduced by our theoretical
model [see Fig. 2(b)].

As expected for the DE geometry, the frequency increases
with increasing wave number. In the MSBV geometry data,
however, only very small wave numbers very close to zero
are observed. The reason for this behavior is the shallow
dispersion of the MSBV. Since the Fourier spectrum of the
excitation mainly contains small k vectors and the dispersion
is flat, it is not possible to significantly excite high-lg-vector
spin-wave modes and the small wave numbers dominate. For
the k-vector range studied in this paper, the dispersion is
much steeper in the DE geometry than in the MSBV geom-
etry. Only the steeper dispersion in the DE geometry allows
one to excite spin waves with lager k vectors.

On the same sample one can now perform experiments
with pulsed-MW excitation. Delay scans at various distances
from the CPS are shown in Fig. 3. It can clearly be observed
how the MW pulse triggers a spin-wave packet that propa-
gates along the x direction and broadens considerably as a
function of time due to dispersion. In addition, the signal is
damped according to the intrinsic damping parameter of the
NigoFe,, film. Nevertheless, we are able to detect a response
at distances up to 80 um from the CPS. From the data of the
pulsed excitation the group velocities of the spin-wave pack-
ets are readily determined. The measured group velocities
vG=;—(;: are highest for the DE geometry (up to 17 km/s),
while they are smaller for geometries in between the DE and
MSBYV geometry and close to zero for the MSBV geometry.
These values are in the same range as the ones found by Liu
and co-workers,'® who found group velocities of 0.1 km/s
for the MSBV and 4.8 km/s for a DE geometry (for a thin-
ner film and at different bias fields).

We now turn to spin-wave interference experiments. For
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FIG. 4. (Color online) (a)—(c) Snapshots of the local magnetiza-
tion configuration describing the decay of the signal) upon cw mi-
crowave excitation at 3.76 GHz with a bias field of 17 mT applied
in the DE geometry. (d) Optical micrograph of the sample used for
spin-wave interference experiments. Note the CPS (lower edge) and
the two legs opening out into the continuous NiggFe, film. The red
line shows the position of the line scan shown in Fig. 5(a). (e)
Distribution of the oscillation amplitude mg(f). The red line indi-
cates the position of the line scan shown in (f). (f) Oscillation am-
plitude mg(f) along the line indicated in (e), individual data points
(black squares), and adjacent averaged curve (red line). As expected
for interference, the maximum of the amplitude is found at a posi-
tion between the two legs (at 20 wm). The first minimum of the
interference and the second interference maximum can be seen as
well.

these experiments samples having two “legs” touching the
CPS were prepared as shown in Fig. 4(b). The phase velocity
of the microwave excitation inside the CPS is large enough
to ensure an excitation of the two spin waves with equal
phase. The external bias field used in our experiments is
strong enough to saturate the magnetization in the sample,
also inside the legs, and at the leg-film junction. This is sup-
ported by micromagnetic simulations (not shown). Spin
waves are created in the legs close to the CPS and propagate
towards the continuous NigyFe,, film. From the legs, spin
waves propagate into the continuous NigyFe,, film where
they can interfere. Thus, our experimental setup resembles a
double-slit diffraction experiment for spin waves. The ex-
perimental results shown here have been obtained in the DE
geometry. In Fig. 4(a) we show images of the dynamic mag-
netic response m.(x, t)=mg(f)e"‘/x0 sin(kx—wt+¢) (x, de-
scribing the decay of the signal) at different phases with
respect to the driving MW field. Obviously the two legs os-
cillate in phase. Spin waves first propagate inside the legs
and then, as they reach the continuous film region, radiate
into the continuous film. Here one observes a behavior that is
different from the undisturbed propagation. Instead of a ho-
mogeneous wave front, fingerlike structures propagate from
the legs. Snapshots of this are shown in Figs. 4(a)-4(c). Due
to the anisotropic propagation (DE-like away from the CPS
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FIG. 5. Interference of spin-wave bursts. (a) Line scan through
one leg of the interference structure at the position indicated in Fig.
4(d), (b) shape of the MWP excitation, and (c) snapshots of the
propagating spin waves recorded at various delay times with respect
to the onset of the MWP.

and MSBV-like parallel to the CPS), a distinct interference
pattern can be observed that does not correspond to the in-
terference pattern of circular wave fronts. Note the nodal
lines (i.e., regions with zero oscillation amplitude) that can
be observed in the snapshots and become even more pro-
nounced when plotting the local distribution of the oscilla-
tion amplitude—i.e., mg(f) [see Fig. 4(e)]. Evaluating the
oscillation amplitude along a line parallel to the CPS [see
Fig. 4(f)], one finds a typical interference pattern with the
main maximum, the first minimum, and the second maxi-
mum of interference.

Finally, we demonstrate MWP experiments on this
sample. In Fig. 5(a) we show line scans as function of time,
recorded at the position indicated in Fig. 4(d). One observes
two spin-wave packets emitted from the legs; the first packet
is directly excited by the microwave driving field, and the
packet originates from the decay of standing waves inside
the legs.”? Broadening of the spin-wave packets due to dis-
persion can be observed. In Fig. 5(b) the driving MW pulse
is shown. Figure 5(c) shows images of the excitation re-
corded at delay times Ar=975, 1425, 2025, 2550 ps after the
MWP. Once again, a cross-shaped pattern is found due to the
interference of the spin-wave bursts. In contrast to the inter-
ference with cw excitation, the spatial position of the pattern
is not fixed in space but propagates away from the CPS due
to the additional dispersion within the spin-wave packet.

In summary, the propagation of spin waves in thin ferro-
magnetic NiggFe,, films can be observed using TRMOKE
microscopy. Phase velocities, dispersion relations, and group
velocities are measured for different geometries of the in-
plane magnetic bias field. An analytical susceptibility calcu-
lation approach reproduces the experimentally determined
dispersion relations. In patterned films, it is possible to di-
rectly observe the interference of spin waves with lateral and
temporal resolution.
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