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ABSTRACT

We report on the investigation of linear and nonlinear spin-wave dynamics in
microstructered Co.FeAl Heusler waveguide using microfocus Brillouin light scattering
(uBLS) technique. A significantly increased decay length of 19.55 wm owing to the
decreased Gilbert damping has been observed for wave propagating in the linear regime.
Furthermore, the localized edge mode caused by the demagnetizing field leads to the
nonlinear generation of high-order harmonics at double and triple excitation frequency at
high powers. The obtained results will provide valuable insights into the understanding of
linear and nonlinear spin wave dynamics in Heusler waveguide, and could potentially be
applied in the implementation of spin wave frequency multipliers for magnonic

applications.
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Magnonics is a newly emerging field aiming at highly efficient information transport and
processing with the collective procession of the electrons’ spin rather than the dissipative
translation of charge-. The wide variety of linear and nonlinear spin-wave phenomena* has
aroused people's extensive interest and attention for their great potential in technical applications.
Up to now, the most commonly used materials in related investigations are polycrystalline
Permalloy (Py) and single-crystal yttrium—-iron—garnet (YIG). YIG has the lowest magnetic
damping’ among all practicable materials but also has several disadvantages severely retarding its
technical application. Typically, high-quality YIG films possessing extremely low damping are
bulk materials with a thickness of a few micrometers due to its complicated crystal structure. In
addition, common methods used for high-quality YIG fabrication are liquid-phase epitaxy” (LPE)
and pulsed-laser deposition" (PLD), which prevent it from mass production on the industrial level.
Therefore, the essential requirements for compatibility with the standardized industrial growth and
patterning process of CMOS technology and scaling-down ability restrict YIG’s application to
demonstrator of some principle schemes only. The issues of growth and microstructuring can be
easily overcome by the utilization of metallic Permalloy. However, it suffers from much worse
damping property that only allows for reliable spin-wave detection in the range of a few
micrometers”. Thus, both YIG and Permalloy can partially fulfill the purpose of practical magnonic
applications.

In order to promote the practical application of magnonics, intensive theoretical and experimental
efforts have been devoted to the development of novel materials**. Among the possible candidates,
Cobalt-based full Heusler compound materials are the most promising alternatives. There exists

tremendous research interest in Heusler compounds stimulated by the fantastic property



combination of high spin polarization, high saturation magnetization, high Curie temperature, and
low magnetic Gilbert damping”. The decreased Gilbert damping not only gives rise to the increased
propagation distances* but also brings about a pronounced occurrence of novel nonlinear effects
due to lower thresholds as already observed in Co.Mn,.Fe,.Si". The Gilbert damping of Co.FeAl
(CFA) is found to be of the order of 0.001*, which is almost the lowest among Cobalt-based full
Heusler compounds. Thus, a systematic study concerning the linear and nonlinear spin-wave
dynamics in ultralow-damping Co.FeAl Heusler waveguide is essential for future magnonic
applications.

In this work, we present a detailed experimental study of linear and nonlinear spin-wave dynamics
in a micro-structured CFA waveguide utilizing microfocus Brillouin light scattering (uWBLS)
spectroscopy. The exponential decay behavior of spin wave intensity is observed along
propagation direction, and the decay length is determined to be much longer than other

ferromagnetic metals at low excitation power. In the nonlinear regime, a localized edge mode is

formed by the inhomogeneous effective field configuration, which leads to further nonlinear
frequency multiplication.
The CFA thin film with a thickness of 20 nm was deposited by magnetron sputtering on single

crystal MgO(001) substrate at RT with a base pressure better than 7x 10+ Torr. After the growth of
CFA, an ex-situ post annealing was performed immediately at 600 C° for 2 h in 4x10* Torr. The

dynamic magnetization response of the unpatterned film was extracted from a flip chip
measurement using vector network analyzer ferromagnetic resonance (VNA-FMR) spectrum. The
resonance frequency f, as a function of resonance field H is shown in Fig. 1(a). A fit to the Kittel

formula,



f:%yo\/(H+Hk)(H+Hk+MS), (D

yields the parameters gyromagnetic ratio |yl =27.32+0.13 GHz/T and saturation magnetization M
= 1039.57+11.52 emu/cc, corresponding to 5.27 w/f.u., which are in record with the reported

values”. The fitted anisotropy field is negligible. It is well established that the FMR full linewidth

at half maximum (FWHM) AH in CFA is anisotropic, with minima along the <110> axis and
maxima along the <100>. Here we present the frequency f dependent AH for the film with applied

field along the [110] direction as shown in Fig. 1(b). With a linear fit using the following equation®
we can determine the Gilbert damping o and inhomogeneous linewidth broadening AH, by

AH = AH, + 27

, )
7]

The fitting gives AH,= 40.71+ 0.65 Oe and a pretty low damping constant a = (1.91+0.07 )x10°
(for comparison a(Ni,Fe,)= 8 x 10)». The slight deviation from rigorous linear relation in

frequency dependent linewidth is deemed to result from the two magnon scattering by the
dislocation defects*. As we can see from the static magnetization measurement performed at 300
K in Fig. 1(c), the coercive field H. is 5 Oe, and the film is saturated above 200 Oe. The saturation
magnetization M. is 970 emu/cc, the slightly lower M. value compared to that obtained from FMR
may be due to the error associated with accurate determining the volume of the sample.

In a subsequent microfabrication process, CFA waveguide of 5 wm width was patterned by laser
writer and ion milling. In order to excite spin dynamics in the spin wave waveguide, a ground-
signal-ground (GSG) coplanar waveguide (CPW) shorted at one end made of Ti (5 nm)/Au (150
nm) was patterned on top of the CFA waveguide. The antenna oriented perpendicularly to the CFA

microstripe was electrically isolated from the waveguides by a layer of SiO., with a thickness of

4



150 nm. A uniform magnetic bias field was applied transversely to the long axis of the waveguide
in the y direction as shown by the sketch in Fig. 1(d), corresponding to the propagation geometry
of Damon-Eshbach waves:.

The microstructered sample was first characterized by transmitting through the antenna a
microwave current at varying frequency under different bias field and measuring the intensity of
the excited spin waves utilizing uBLS at a distance of 3 pm from the antenna in the center of the
waveguide. The microwave power was chosen as P = -2 dBm, which is sufficiently low to avoid
possible nonlinear effects. As seen from Fig. 2(a), spin wave can be efficiently excited in a wide
frequency band. A typical excitation characteristic obtained for H =525 Oe is shown in Fig. 2(b).
It exhibits an intensity peak at f = 6.95 GHz corresponding to the uniform ferromagnetic resonance.
The efficient spin wave excitation frequency band locates between 6.95 and 7.8 GHz, and the
signal goes below the noise level at frequency above 9 GHz.

In the next step, we excited spin wave at a fixed excitation frequency f. = 3.5 GHz which is far
below the FMR frequency at H = 525 Oe, and detected the spin wave intensities over a frequency
region of interest simultaneously with different excitation microwave powers. A color-coded spin
wave intensity map taken at a distance of 1 wm from the antenna in the center of the waveguide is
shown in Fig. 2(c). Starting from a certain power, in addition to the directly excited spin wave at
f. = f. = 3.5 GHz, higher-order harmonics at double- and triple- excitation frequency were also
observed. Fig. 2(d) shows the nonlinear increase in intensity for directed excited spin wave, where
a rapid increase from 15 dBm can be clearly observed. Although the nonlinear generation is a
thresholdless process», a reliable detection should account for the background noise. Fig. 2(e)
illustrates a spectrum taken at a microwave power of 29.5 dBm, in which peaks at 2f.and 3f. appear

in addition to the directly excited one. The intensity at f, = f. can be ascribed to nonresonant forced



excitation by the dynamic microwave field generated by CPW and the higher harmonics are
expected to be excited resonantly by nonlinear magnon-magnon interactions” at the point of
observation.

The spatial maps of the BLS intensity with a spatial resolution of 250 nm can be obtained by
rastering the probing laser spot in the two lateral directions. The color map of two-dimensional
BLS intensity distribution was recorded for spin wave excited at a magnetic field H = 525 Oe,
excitation microwave frequency f = 7.0 GHz and microwave power P = -2 dBm[Fig. 3(a)].
Intensity variation especially nodal line observed across the width of the waveguide can be
explained by multi-mode propagation and the resulting interference mainly caused by the
transverse modes n = 1 and n =3. To further reveal the decay feature of spin wave intensity in CFA
waveguide, BLS intensity as a function of the distance from the antenna for some exemplary
excitation frequencies at H = 525 Oe is shown in Fig. 3(b). The measurements were taken at a
distance in the range from 3 to 10 um to avoid the possible deviation from a simple exponential
decay caused by shadow effect from the ground line of the CPW=>. The BLS intensity was then
integrated over the width of the waveguide to diminish the influence caused by multi-mode

propagation. Solid lines indicate exponential fits to the data following

I(x)=1,exp(” 2%) +c, (3)
Where x is the distance from the antenna, I, denotes the spin wave intensity at x = 0, 0 is the
exponential decay length of spin wave amplitude, and ¢ accounts for the offset given by the
experiment noise level. The fitting procedure yields a decay length rather large compared with
commonly used permalloy waveguide”. This dramatic increase in decay length can be attributed
to the highly reduced magnetic damping of CFA. As seen from Fig. 3(b), the spin-wave decay

length 0 increases with increasing excitation frequencies as the decay becomes slighter. The FMR



lifetime 7 is given by 1/7 =ayu,(H,, + M of / 2). As indicated in Fig. 1(b), the Gilbert damping
remain constant for different spin-wave modes, thus, the decay length exclusively depends on the
group velocity for § =vr. Towards higher excitation frequency, a further increase and eventual

drop in decay length can be expected to follow the same trend revealed for the group velocity *.
These significantly increased decay lengths guarantee a reliable spin-wave signal transmission and
processing over large distances.

In the latter part of this article, we turn to the nonlinear spin wave dynamics emerging at large
excitation microwave powers. The generation of harmonics at multiples of the exciting frequency
can be generally interpreted by the intrinsic nonlinearity of Landau-Lifshitz-Gilbert equation
which governs spin dynamics*. The magnetic system was excited at f. = 3.5 GHz which is far below
the resonance (6.95 GHz) with a bias field of 525 Oe applied. A microwave power of P = 30 dBm
was chosen for the experiment in the nonlinear regime.

Two-dimensional intensity distribution maps for f, = £, f. = 2f., and f; = 3. are shown in Fig. 4. It is
obvious that the directly excited mode is strongly localized at the edges of the spin wave waveguide
as shown in Fig. 4(a). As mentioned above, the resonance frequency in the center of the waveguide
is well above the excitation frequency, thus, the directly excited mode can’t be excited resonantly
and propagates in the center. Close to the edge, the effective field is strongly decreased by the
demagnetizing effects resulting in inhomogeneous magnetization. Therefore, the localized spin
wave mode at f; = f. can be judged as a resonantly excited edge mode".

As can be seen from Fig. 4(b) and (c), the nonlinearly generated high-order harmonics of the
excitation frequency can be clearly observed. It is worthwhile mentioning that the high-order
harmonics whose frequencies are above the lower cutoff frequency are radiated from the edge and

propagate towards the center of the waveguide. The second harmonic generation can be



comprehended qualitatively given the strong demagnetizing field. At high powers, the large-
amplitude precession of the magnetization vector M follows an elliptical trajectory rather than a

circular one due to the dynamic demagnetization effects. As a consequence, the projection of M
on the y axis has a time dependent dynamic component L(m2 —m2)cos[27r(2 el which
4M X Z e

oscillates at a frequency 2f.. The dynamic component then gives rise to a dynamic dipolar field at
the double frequency, which can be treated as a linear excitation source for second harmonic. The
approach described above regarding frequency doubling can be extended to understand the
phenomenon of frequency tripling.

In conclusion, we have investigated experimentally the linear and nonlinear spin-wave dynamics
in microstructered Co.FeAl Heusler waveguide using uBLS technique. Spin wave propagation can
be detected over a large distance and a significantly increased decay length of 19.55 um has been
observed for wave propagating in the linear regime. The profound increase in decay length owing

to the decreased Gilbert damping as low as 1.91x10- is of great importance for a reliable spin-

wave signal transmission and processing over large distances. In addition, the nonlinear generation
of higher-order harmonics has been observed at high powers. A so-called edge mode is localized
at the edges by the demagnetizing field and leads to the emission of high-order harmonics at double
and triple excitation frequency. Our findings may provide insight into the understanding of linear
and nonlinear spin wave dynamics in Heusler waveguide, and throw light on the implementation

of spin wave frequency multipliers for magnonic applications.
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FIGURE LEGENDS

FIG. 1. (Color online) (a) Ferromagnetic resonance frequency over resonance field. (b)
FMR linewidth AH as a function of frequency f with the magnetic field applied in the plane
of film along the [110] direction. The red solid lines in (a) and (b) represent fits to the
experimental data. (c) In plane hysteresis loop of the unpatterned film measured at 300 K.
(d) Schematic illustration of the device structure. The device includes a 20 nm thick 5 um
wide CFA waveguide separated from the CPW by 150 nm of SiO.. The GSG coplanar
waveguide was made of Ti (5 nm)/Au (150 nm) with a signal width (W,) of 4 um, ground
width (W,) of 3 um and the edge-to-edge separation between signal and ground line (g) of
3 wm. The bias magnetic field is applied in the y-direction and normal to the spin wave

propagating direction.

Fig. 2 (Color online) (a) Color-coded measured spin-wave intensity as a function of the
microwave frequency and applied magnetic field. (b) Dependence of the spin-wave
intensity on the excitation frequency for H = 525 Oe. (¢) Color-coded spin-wave intensity
dependent on the excitation microwave power and detection frequency. The measurement
was performed at a distance of 1 um from the antenna in the center of the waveguide for H
= 525 Oe and f.= 3.5 GHz (d) Dependence of the spin-wave intensity on the excitation
power for f, = f. = 3.5 GHz. (¢) An exemplary BLS spectrum taken for a microwave power

of P=29.5dBm.

Fig. 3 (Color online) (a) Color-coded spatial map of the spin-wave intensity for an

excitation frequency of f. = 7.0 GHz, a microwave power of -2 dBm, and an external field



H =525 Oe. (b) Integrated spin-wave intensity as a function of the position along the spin

wave waveguide for different excitation frequencies. Solid lines are exponential fits.

Fig. 4 (Color online) Spatial distributions of pBLS intensity measured at P = 30 dBm for

(a) . = f. = 3.5 GHz and (b) f. = 2f, and (c) f. = 3f.. All have been normalized to their

respective maximum for a given detection frequency.
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