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The acousto-magnetic attenuation of surface acoustic waves (SAW) in an CogyFeyyByy exchange
spring magnet is evidenced experimentally. By high-resolution magnetic imaging using photo-
excitation electron microscopy (XPEEM) and magnetometry measurements, the deflection of the
ferromagnet from its equilibrium state is visualized. Along a harmonic oscillator model with
damping term, the experimental observation of SAW attenuation is attributed to low-frequency
spin wave generation in a magnetic exchange spring. Measuring the SAW attenuation at four
eigenfrequencies generated via on-chip higher-harmonic generation, we obtain a sub-GHz reson-

ance at f, = 538 MHz.
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1. Introduction

Understanding and utilizing spin-accumulation
effects' and spin-pumping mechanisms” are import-
ant and fundamental steps forward to meet future
technological requirements towards novel low-energy
consumption electronics. In that sense, an alternative
methodical approach is surface acoustic waves
(SAW), which could play an important role for
new spin-transport devices on the basis of magneto-
elastic effects analogous to ultrafast magnetization
dynamics in applying short and intense laser pulses to
exchange-biased ferromagnetic systems. The pre-
sented experimental results may prove useful for the
probing and excitation of other noncollinear mag-
netic structures with surface acoustic waves towards
novel, low energy-consumption spintronic devices.
In this work, we describe the experimental
SAW amplitude attenuation in exchange-biased
CogoFeyyBgy upon deflection of the magnetization
from the equilibrium state towards an exchange
spring magnet by on-chip higher-harmonic gener-
ation and relate the observations to results obtained
from high-resolution photoelectron microscopy per-
formed at a synchrotron light source. Direct evidence
is delivered by the SAW amplitude damping ASy;,
the two-gate high-frequency forward transmission

parameter ASy; = Z—":f where b, denotes the wave
emitted from gate 2 and a; represents the incoming
wave at gate 1. Our SAW attenuation experiments
are accompanied by magnetic XPEEM imaging of

the rotational deflection of an exchange spring.

2. Experimental Methods

An exchange-biased CogiFeynByy layer of 20nm
thickness was prepared on an iridum-manganese
IryMng, underlayer. This bi-layer was deposited by
H-field assisted magnetron-sputtering at room
temperature onto a epitaxy-ready polished and
degassed single-crystal lithium niobate substrate
with a special rot.-128°-cut that offers the capability
of piezo-electrically launched Rayleigh-type surface
acoustic waves. In detail, a tantalum base layer of
2nm thickness was followed by 5nm Niy,Feg, and
20 nm of anti-ferromagnetic IryyMng,, thus yielding
an exchange-bias of pHpypange-Bias=3-6 mT for a
20nm thick CogoFey By ferromagnet deposited on
top. More details on the magnetic properties of this
system can be found in Seemann et al.* For
launching surface acoustic waves, interdigitated

SAW transducers were deposited directly onto the
lithium niobate substrates by evaporating 5nm of
titanium and 20nm of gold employing optical
lithography and a subsequent lift-off technique. The
lithographically patterned fundamental SAW
wavelength was 30 microns, corresponding to an
eigenfrequency of f, = 112 MHz.

2.1. Magnetic Imaging

Magnetic imaging of the CoFeB layer was performed
by photoemission electron microscopy XPEEM,
exploiting the element specific X-ray magnetic cir-
cular dichroism (XMCD) effect at the L3 resonance of
Cobalt at 778 eV, as schematically shown in Fig. 1(a).
An angular deflection of +10° from the direction of
the exchange bias field was determined in the mag-
netic equilibrium state.

2.2. SAW Attenuation

The SAW amplitude attenuation was measured at
four frequencies generated by higher-harmonic gen-
eration. The on-chip harmonic generation allows for
four different probe frequencies, fqaw = 112 MHz,
336 MHz, 560 MHz and fqyw =784 MHz, respect-
ively, as shown for a magnetic field applied per-
pendicular to the exchange bias field in Fig. 1(b).
The experimental data for the attenuation param-
eter is plotted with an offset for clarity.

The magnetic contrast displayed in Fig. 1(c)
represents the magnetization component pointing
along the incidence direction of the X-ray beam. The
sample was mounted on a special sample holder®
that allows for magnetic in-plane fields applied to the
sample up to 50 mT during imaging. At remanence,
we observe magnetic ripple domains, which most
likely originate from magnetic frustration at the fer-
romagnetic-antiferromagnetic  interface.® With
increasing field perpendicular to the exchange-bias
direction the ripple domains are removed, while the
magnetization rotates into the field direction. The
stripe-shaped magnetic domain ripples visualize the
rotation of the CoFeB ferromagnet, depicted also by
the encircled symbol in the lower left corner of the
magnetic images representing the alignment of the
total magnetization.

3. Results and Discussion

The transmission properties of the SAW are recorded
in terms of attenuated amplitude AS,; representing
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the real part in the Gaussian system. The maximal
attenuation of the surface acoustic waves due to the
rotational deflection of the CoFeB magnetization
from its equilibrium state upon applying a magnetic
field perpendicular to the exchange bias direction is
observed at a frequency of fqaw = 560MHz
[Fig. 1(a)]. While the attenuation shows its largest
negative value of ASy; = —0.25dB at the fifth har-
monic fqaw = 560 MHz, the attenuation remains
below a value of ASy; = —0.1dB for the first, third
and seventh harmonic frequency.

Therefore, employing the frequency of the fifth
higher-harmonic for SAW attenuation measurements

(b)
Fig. 1.

is considered preferable due to the pronounced
sensitivity and signal-to-noise ratio. Our exper-
imental technique to assess the SAW attenuation
within the CoFeB thin film is based on a pulsed-
source Fourier transform measurement. The Kra-
mers—Kronig relations lead to an expression for the
SAW velocity dependent on the attenuation of the
SAW based on sub-GHz spin-wave excitations
within the noncollinear rotational twist of the
CoFeB magnetization. The acousto-magnetic at-
tenuation obtained experimentally from the SAW
transmission parameter Sy; and consequently-based
on the Kramers—Kronig relations® — the phase

(©)

Schematic of the surface acoustic wave attenuation experiment and the magnetic imaging by XPEEM (a). The amplitude

damping AS,; of the surface acoustic waves after transmission through the CogyFeyBsyy ferromagnet (b) detected as a function of
magnetic field applied in-plane and perpendicular to the direction of the exchange bias field. By on-chip higher-harmonic generation
the deflection of the exchange spring magnet was probed by four frequencies. A maximal SAW amplitude attenuation was observed
for fgaw = 560 MHz. Magnetic ripple domains recorded by XPEEM reveal the correlation of the acousto-magnetic attenuation and
the rotating ferromagnet forming an exchange-spring structure (c). The perpendicular orientation of applied field and exchange bias
field is displayed in the XPEEM image taken at 16 mT, the arrows represent the direction of the local magnetization and the encircled
M in the lower left corner illustrates the orientation of the total magnetization at the field value given (color online).
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velocity ¢ at which the SAWs are propagating
through a thin film of magnetic material is a func-
tion of the magnetic domain state,’

2 w ’
CU = @ / ‘521((“} )| dw/. (1)

Ac = c(w) — - 5

0

The attenuation of SAW in the exchange-biased
CoFeB exchange spring magnet originates from a
decreased SAW phase velocity, which is caused by
spin—wave excitations akin to an harmonic oscillator
with damping term. The equation of motion for
an infinitesimally small deviation Adgyys of the
magnetic moment m from its field dependent equi-
librium position M, of the exchange spring structure
is given by

. 0?m
m = go [m} ) (2)

wherein ¢ denotes the gyromagnetic ratio and «
represents the tensor of materials parameters, see
Ref. 8.

The characteristics of the magnetic field-
dependent SAW amplitude attenuation as displayed
in Fig. 1(b) can be separated into two effects
occurring consecutively one after another. Starting
at zero magnetic field, the AS,; for the equilibrium
state of the magnetic ripple domains exhibits a high
transmissivity for the 560 MHz SAW and conse-
quently a low relative amplitude attenuation corre-
sponding to a high relative SAW phase velocity, cf.
Eq. (1). The dissipation of the SAW power by spin—
wave excitation is therefore low. This changes dra-
matically by applying a magnetic field perpendicular
and in-plane to the exchange bias direction. At an
applied magnetic field of 1 mT the AS,; attenuation
parameter reaches a global minimum representing
also a global minimum of the SAW phase velocity
and a maximum in deposited SAW power. This
pronounced effect is attributed to the gradual
alignment of spins within the magnetic ripple
domains enabling an considerably enhanced effi-
ciency in spin—wave emission at 1 mT applied mag-
netic field. The reduced magnetic long-range order
along kgaw in comparison to the SAW wavelength
of approximately 7 um in the equilibrium state at
zero field therefore has low susceptibility to SAW-
induced spin wave emission. Increasing the magnetic
domain size along kqsw and removing the magnetic
domains changes the CoFeB ferromagnet to the

high-susceptibility state of SAW power dissipation
by spin wave excitations. Surpassing the magnetic
field threshold necessary to deflect the CoFeB layer
rotationally from the pinned direction parallel to the
exchange bias direction gradually reduces the SAW
power dissipation by sub-GHz spin waves which
saturates at 16 mT corresponding to the magnetic
saturation observed by XPEEM. The increased
magnetic stiffness of the CoFeB ferromagnet in zero
applied field comparable to the magnetic stiffness
upon saturation is attributed to frustrated spins
originating at the ferromagnetic—antiferromagnetic
interface as described in Ref. 6. Our experimental
results indicate good qualitative agreement with
recent theoretical predictions by Saeki on the basis
of time-convolutionless equations with external
driving terms expressed by thermo-field dynamics
(TFD), i.e., the TCLE method.”"'” This theory has
its origin in quantum field theory and enables in-
vestigations of the linear response of a many-body
system interacting with its environment such as a
heat reservoir, phonon or magnon reservoir. Con-
sidering a ferromagnetic spin system with uniaxial
anisotropy that is interacting with a phonon reser-
voir and with an external magnetic driving field, a
transverse magnetic susceptibility is derived ana-
lytically and examined numerically. The results of
the TCLE theory predict increased peak heights of
the line shapes in the resonance region near zero field
for low frequencies, a phenomenon that we have
observed experimentally in our SAW attenuation
experiments in the sub-GHz frequency regime. The
TCLE theory also confirms within the damped os-
cillator model decreasing peak heights in combi-
nation with motional broadening of the line shapes
for increasing characteristic frequency of the phonon
reservoir. Large magnitudes of spin according to the
TCLE method lead to enhanced peak heights for
low frequencies and decreased peak heights for
high frequencies, both of which is the case in our
experimental observations upon increasing the
experimental magnetic field applied perpendicular
to the exchange bias field of the CoFeB thin film

[Fig. 1(b)].

4. Conclusion

In conclusion, based on the Kramers—Kronig re-
lations we attribute the experimentally observed
SAW attenuation to a decreased phase velocity of
the surface acoustic waves driven through the
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CoFeB due to sub-GHz spin-wave excitations. Using
synchrotron light monochromatized to the Co-L3
edge in combination with high-resolution XPEEM
we have imaged magnetic ripple domains as a con-
sequence of a strong exchange bias field acting
on a thin film of CoFeB. The stripe-shaped ripple
domains allow us to visualize the deflection of the
magnetization upon applying a magnetic field in-
plane and perpendicular to the direction of the
exchange bias field, thus generating an exchange
spring, i.e., a noncollinear rotational twist within
the ferromagnet which is pinned at the interface
to the iridium-manganese anti-ferromagnet. The
SAW experiments were performed at four eigen—
frequencies generated by on-chip higher-harmonic
generation and yield a sub-GHz spin wave resonance
at fy = 538 MHz. Our experimental results verify in
large parts the predictions of quantum field theory
(TCLE method) for transverse susceptibilities of
ferromagnetic spin wave interaction with phonon
and magnon reservoirs.
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