Generation of a localized microwave magnetic field by coherent phonons in a
ferromagnetic nanograting
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A high-amplitude microwave magnetic field localized at the nanoscale is a desirable tool for various
applications within the rapidly developing field of nanomagnetism. Here, we drive magnetization
precession by coherent phonons in a metal ferromagnetic nanograting and generate ac-magnetic
induction with extremely high amplitude (up to 10 mT) and nanometer scale localization in the

grating grooves.
acoustic waves.

We trigger the magnetization by a laser pulse which excites localized surface
The developed technique has prospective uses in several areas of research and

technology, including spatially resolved access to spin states for quantum technologies.

The exploration of magnetism at the nanoscale continues
to be a rapidly developing field. Magnetic recording with
ultrahigh densities [1] for data storage, magnetic resonant
imaging with nanometer resolution [2, 3] for medicine
and biology, addressing the magnetic states of atoms [4—
8] for quantum computing, and ultrasensitive magnetic
sensing [9] are the most prominent examples within the
multifaceted research field of nanomagnetism. Most of
the proposed concepts and prototypes utilize oscillating
(ac-) magnetic fields with frequencies from millions up to
hundreds of billions of cycles per second (10%-10'! Hz).
The oscillating magnetic fields are used to override the
coercivity of ferromagnetic grains [10], to set atomic mag-
netic moments to a desired state [2, 3, 9], and to encode
quantum information into spin states [4-8, 11]. These
examples utilize conventional methods for the generation
of ac-magnetic fields: an external rf-generator in com-
bination with a microwire [2-5, 9-11] or a microwave
cavity [6-8, 11]. This methodology cannot be applied
at the nanometer scale. A key breakthrough would be
nanoscale generation of high-amplitude, monochromatic
ac-magnetic fields. This would open the possibility to
address neighboring nano-objects, e.g. spin qubits, in-
dependently, and to reduce the energy consumption in
magnetic devices. It is however a challenging task to
reach this goal because current technologies do not allow
one to control the frequency, bandwidth and amplitude
of an ac-magnetic field on the nanoscale.

An efficient way to generate a high-frequency ac mag-
netic field is to induce coherent magnetization preces-
sion in a ferromagnet. The magnetization of ferromag-
netic metals may be as large as 2 T. Precessional motion
with frequencies of 10 GHz allows the generation of high-
amplitude microwave magnetic fields on the picosecond
time scale. The magnetization precession can be driven

by dc- spin polarized currents [12]. This approach is real-
ized in microwave generators based on spin torque nano-
oscillators, but has severe limitations, e.g. in combin-
ing large amplitudes and high frequencies [13]. Coherent
phonons, bulk [14, 15] or surface [16, 17] acoustic waves,
have been successfully used for exciting the magnetiza-
tion precession in ferromagnetic films. The effect of a
surface acoustic wave (SAW) on the magnetic order in
a ferromagnetic structure can be sufficiently strong to
switch the magnetization at very low energy cost [18-
20]. Thus, the coherent magnetization precession res-
onantly driven by a monochromatic SAW may achieve
large amplitudes and provide a strong ac- magnetic in-
duction. Generation of acoustic waves with a narrow
band in the frequency range of magnetization preces-
sion may be achieved by fabricating structures hosting
localized phonon (nanomechanical) modes, e.g. ferro-
magnetic phonon cavities [21]. In such structures the
coherent phonons drive the magnetization precession for
extended times achieving ac-magnetic field quality fac-
tors >100 [21]. However, in unpatterned ferromagnetic
films the ac-magnetic field remains localized inside the
ferromagnetic material due to demagnetization and can-
not be utilized in the environment, even at nanometer
distances. The recipe for the transformation of magneti-
zation precession to magnetic induction in free space is
to fabricate a patterned ferromagnetic film as we report
in the present work.

The aim of this Rapid Communication is to introduce a
new paradigm for nanomagnetism by fabricating a grat-
ing on a nanometer thick ferromagnetic layer for the
generation of an ac-magnetic field in free space on the
nanometer scale with an amplitude ~ 10 mT and a qual-
ity factor > 100. We excite the nanostructure with fem-
tosecond optical pulses in order to generate SAWs, which
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Figure 1. (a) Schematic figure to illustrate how surface acous-
tic waves excited by a fs-pulsed laser drive the magnetization
precession in a ferromagnetic grating. The strongly localized
high amplitude ac-magnetic field can control the state of a
spin qubit located inside the groove (schematically shown as
sphere). (b) Schematic figure of the grating; (c) SEM image
of Grating A and (d) orientations of Gratings A, B and C.

drive the magnetization precession, as shown schemati-
cally in Fig. 1(a). The stripes and grooves in the metal
ferromagnetic film form a lateral grating. At equilibrium,
the magnetization M lies along a direction determined
by the magnetic anisotropy and the external magnetic
field B. In the absence of the external magnetic field, the
magnetization M lies preferably along the stripes. The
coherent magnetization precession excited by the optical
pulses generates an ac-magnetic field at a frequency f s
which depends on B and has a value of ~10 GHz. The
ac- induction B¢ is determined by the precessional mag-
netization amplitude AM and is highly localized in the
groove. The SAWs excited by the same optical pulses
in the metal grating [22] contribute to excitation of the
magnetization precession [16, 17] and drive it during the
phonon lifetime in the grating. The frequencies of the
excited SAWSs, f,n, are set by the grating parameters
and the elastic properties of the ferromagnetic film and
substrate. At resonance, when fp;, = far, we expect max-
imum amplitude of the ac-magnetic field.

For the practical realization we use a grating fabri-

cated from a ferromagnetic metallic alloy of iron and gal-
lium (Galfenol). Galfenol has a saturation magnetiza-
tion Mo=1.8 T and a large magnetostriction [23]. These
properties make Galfenol a perfect candidate for strain-
controlled microwave spintronics [24].

We fabricated the gratings in a 100—nm thick Feg; Gaig
film, deposited by magnetron sputtering on a (100) —
GaAs substrate. The film is crystalline, and possesses a
bulk-like magnetostriction and cubic magnetocrystalline
anisotropy with orientation of the crystallographic axis
along those of the GaAs substrate [24]. Three gratings
with a design shown in Fig. 1(b) were fabricated in the
film by focused ion beam milling. They had a lateral size
of 5 x 5pum?, a groove width a = 40 nm and a lateral
period d = 150 nm. We studied gratings with different
depths and orientations relative to the in-plane crystal-
lographic axes. The orientation of the structures relative
to the crystallographic directions and the chosen coordi-
nate system are shown in the bottom panel of Fig 1(d).
We focus mainly on the structure with grooves of depth
h =40 nm oriented along the [100] crystallographic di-
rection (Grating A). Figure 1(c) shows the scanning elec-
tron microscopy image of this grating. The second struc-
ture, Grating B, has the same orientation, but shallower
grooves, h = 8 nm. The third structure, Grating C, has
deep grooves, h = 40 nm, but is oriented along the [110]-
direction, thus, rotated in the film plane by 45° relative
to Grating A.

We modeled the optical excitation of SAWs in the grat-
ings using the COMSOL Multiphysics® software [25] us-
ing the elastic parameters from Refs. [26, 27]. We focus
on the low-frequency modes which can be brought into
resonance with the magnetization precession and find
their spectrum to be strongly dependent on the grating
orientation and depth. In Grating A several modes are
optically excited simultaneously, but only one of them,
at frequency f,n~13 GHz has a superior quality factor
> 100. In Grating B with h=8 nm there are two lo-
calized SAW modes with f,,~14 and 16.5 GHz, which
are optically excited. They have similar quality fac-
tors > 100, but considerably smaller amplitudes than
in Grating A for the same excitation density. Grating C
has two spectrally closely lying long-living modes around
fpn=19 GHz. The large difference in f,, with chang-
ing the grating orientation (Gratings A and C) origi-
nates from the strong elastic anisotropy in Galfenol [26].
Detailed information about the optically excited SAW
modes may be found in the Supplemental Material [28].

The external magnetic field, B is used to tune the pre-
cession frequency fas across the phonon frequencies fpp.
To describe the in-plane orientation of B, we introduce
the angle pp relative to the x-axis ([100]-direction) in ac-
cordance with Fig. 1(d). To monitor the magnetization
precession, we use a magneto-optical pump-probe tech-
nique. Both pump and probe were split from the same
optical regenerative amplifier (wavelength 1030 nm, pulse



duration 200 fs, pulse repetition rate 5 kHz). The pump
pulse focused to a spot with 50 um diameter excites the
grating area with an energy density of 10 mJ/cm?. The
linearly polarized probe pulse is focused to a spot with
1.5 pm diameter. The detected signals of transient Kerr
rotation reflect the time evolution of the normal compo-
nent of the precessing magnetization, AM,(t) [29].

Figure 2 summarizes the main experimental results for
the Grating A. The upper curves in Fig. 2(a) and (b)
show the typical precessional signal and its fast Fourier
transform (FFT), detected in a non-patterned film area.
There, the optically excited precession decays with a
characteristic time 7 = 0.1 ns, independent of the di-
rection and strength of the applied magnetic field [30].
The corresponding FFT spectrum consists of a single line
with 8-GHz spectral width. Its spectral position shifts to
higher frequencies with the increase of B [30].

The signal detected in Grating A is significantly dif-
ferent from the case of the plain Galfenol film. The
three lower curves in Fig. 2(a) show AM,(¢) measured
for three values of the external magnetic field applied
at pp=45°. The magnetization precession lasts much
longer compared to the non-patterned film. We observe
oscillations over a time interval longer than 3 ns. In the
FFT spectra [Fig. 2(b)] of these signals, we see a narrow
line with spectral width of about 0.4 GHz (lower limit set
by the duration of the monitored time range) centered at
f~15 GHz. Its spectral position does not change with
B. The frequency f=15 GHz is close to the calculated
frequency f,n of the localized SAW mode in this struc-
ture. This leads us to the conclusion that the long-living
magnetization precession results from a long-living SAW
in the patterned film. The 2 GHz difference between
the calculated (f,5) and experimentally measured values
may be due to some uncertainty of the elastic parameters
of Galfenol, which depend sensitively on the alloy compo-
sition and temperature [26]. There is a second line visible
in the spectra at B=125 and 225 mT. This line is broader
than the one at f=15 GHz and its spectral position de-
pends on B. We attribute this line to the rapidly decay-
ing free precession excited by the optical pump pulse.
The amplitude of the precession signal, i.e. the maxi-
mum value of AM,(t), depends on magnetic field. At
B=175 mT we reach the resonance condition f,, = fu
where AM,(t) has maximum amplitude. Its FFT spec-
trum shows only one spectral line with 0.4 GHz width.
This is the main experimental result of the present work
and we explain it by a magneto-phonon resonance in the
studied ferromagnetic grating.

Figure 2(c) shows the frequency-field map of the pre-
cession in Grating A, where the evolution of the two spec-
tral lines with changing field is presented in more detail.
One line gradually shifts to higher frequencies with in-
creasing B while the spectral position of the other line
at f=15 GHz is field-independent. Figures 2(d) and (e)
show the field dependences of the spectral positions of
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Figure 2. Temporal evolution of the magnetization signals
(a) and their FFTs (b) measured in Grating A for various
applied fields B. The red dashed line in (b) indicates the fre-
quency of the localized SAW mode. (c) 3D plot showing the
frequency-field evolution of the precession spectra in Grating
A. (d) Field dependencies of the spectral positions of the two
lines in the precession spectra of Grating A. (e) Spectral am-
plitude at f,n = 15 GHz vs B. (f) and (g) Calculated spatial
distributions for the y and z projections of the ac-magnetic
field generated by the SAW-driven magnetization in Grating
A.

these two lines and the spectral amplitude of a Lorentzian
fit to the resonance in the FFT spectra at f=15 GHz, re-
spectively. At B=175 mT, corresponding to the crossing
of the two frequencies, only one line appears in the spec-
trum and its amplitude reaches maximum value. In ad-
dition to the main maximum at B=175 mT in Fig. 2(e),
there are two more maxima at lower fields of 25 and
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Figure 3. Results for Gratings B (a,b) and C (c,d). Panels
(a) and (c) show temporal precession signals and their FFTs
are shown in panels (b) and (d). Red and black vertical ar-
rows indicate frequencies of localized SAW and ferromagnetic
resonance, respectively.

100 mT. We attribute these maxima to resonances of the
long-living SAW with high-order magnon states that are
quantized along the z-axis [31]. The related details are
beyond the scope of the present paper.

The ac-magnetic induction generated by the precess-
ing magnetization exists also outside of the Galfenol film.
Figures 2 (f) and (g) show the calculated spatial distribu-
tions of the in-plane and out-of-plane amplitudes, By“and
Bg¢, respectively, generated by the precessing M at the
resonant condition (B=175 mT). The spatial distribu-
tion of B?¢ is determined by the film pattern, and also
by the nonuniform profile of the long-living SAW mode.
For the detailed description of the model used in the cal-
culations see the Supplemental Material [28]). B2 is
highly localized within ~10 nm and for our pump exci-
tation density reaches an amplitude up to 10 mT at 15
GHz frequency. Moreover, By¢ and B¢ oscillate coher-
ently giving rise to an elliptical polarization induction. In
the Supplementary Video [28] this is illustrated together
with the oscillation pattern of the SAW strain. We want
to emphasize that the model calculations based on the
structural and anisotropy parameters of the grating are
in good agreement with the experimental data. The cal-
culated precession amplitude AM, /My averaged over the
1.5—pm area of detection is 0.9%, which is close to the
measured value.

For Grating B and C we also observe resonant driving
of the magnetization, but the efficiency is much smaller
than in Grating A. Figures 3(a) and (b) show the signal
AM,(t) and its FFT spectrum, respectively, measured in
Grating B at ¢pp=45° and B=200 mT. The long-living
17 GHz precession and the corresponding narrow spectral
line are clearly seen, but the amplitude is smaller than in

Grating A. The small amplitude of the ac-magnetic field
in the shallow grooves is consistent with the calculated
frequency and amplitude for the localized SAW (see [28]).
The results for Grating C, which is rotated by 45° relative
to grating A, are shown in Fig. 3(c) and (d). The lower
efficiency and faster decay of the precession compared
to Grating A are due to the elastic anisotropy and the
correspondingly smaller torque generated by the SAW.
The ultrafast heating and dynamical strain generated
by the optical pulse modify the magnetic anisotropy
and induce the precessional response of the magnetiza-
tion [30]. Here, for analysis of the long-living precession
driven by the localized SAW we concentrate only on the
modulation of the magnetic anisotropy by the compo-
nents u;; (4,j = ,y,%,) of the dynamical strain tensor,
namely the torque produced by the strain components of
the SAW on the magnetization [28]. We consider only
cubic magneto-elastic terms and assume that the mag-
netic field is strong enough resulting in close to parallel
alignment of Mg and B (see [28] for details). Then, in
Grating A with grooves orientated along [100], the torque
density produced by the SAW has only a z component

Q. = —b1 Myuy, sin(2¢p), (1)

where b; is the magneto-elastic coefficient. We see that
the magnetization precession is driven only by the strain
component u,, and the driving efficiency depends on the
external magnetic field direction. @, is maximum at
wp=45° and zero at ¢p=0 and 90°, which agrees with
our experimental observations. Further, it is easy to show
that in Grating C no strain components in the SAW con-
tribute to driving the magnetization precession. Exper-
imentally, the AM,(t) detected in Grating C (Fig. 3(c)
and (d)) shows a finite SAW-induced precession, but its
contribution to the detected signal is much weaker than
in structure A (compare the signals in Grating A and C at
t > 0.5 ns). The residual driving effect may be due to an
in-plane uniaxial component of the magnetic anisotropy
of the Galfenol film [32] and the related contribution of
the next higher order magneto-elastic terms, which are
not included in Eq. (1) [33].

To conclude, we have proposed a concept for a
nanoscale source of microwave magnetic field localized
within ~10 nm which shows high amplitude and nar-
row spectral width corresponding to a quality factor
higher than 60. The physics of the proposed concept is
based on driving the magnetization precession by coher-
ent phonons in a laterally patterned ferromagnetic metal
film. At resonance, the magnetization precession with an
amplitude up to 1% of the saturation magnetization pro-
duces an oscillating induction of ~10 mT, much higher
than available by existing microwave sources. The most
important feature of the proposed concept is the abil-
ity to concentrate the strong ac-magnetic field on the
nanoscale. Varying the pattern parameters of the ferro-
magnetic film should allow one to realize control of the



ac-field in neighboring elements of the nanostructure by
exciting different localized phonon modes. Driving by
coherent phonons may be isolated from thermal effects
by exciting the SAW through a bulk hypersonic wave
approaching the nanostructure from the substrate [34].
The high sensitivity of the precession amplitude to the
strength and orientation of the external magnetic field
near the resonance condition allows one to tune the mag-
netization efficiently in and out of the magneto-phonon
resonance. This opens a new way to manipulate mag-
netic states in nanoobjects. One can imagine a nanoscale
chip, which combines a femtosecond semiconductor laser
triggering the SAW that drives the magnetization preces-
sion in order to control single spin nanodevices located
in the grooves of the patterned film, as shown in Fig. 1la.
Specific examples are: nitrogen-vacancy spin states in di-
amond nanocrystals, spin molecules, and colloidal quan-
tum dots. Their incorporation into the grooves of the
SAW-driven ferromagnetic nanograting will allow con-
trol of their spin states by the ac-magnetic field. This
provides attractive and exciting opportunities for further
research and applications.
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