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We report the experimental observation of multiple standing spin modes in a three-dimensional (3D)
optomagnonic nanocavity formed by a nanometer-sized iron-garnet nanocylinder. We show that launch-
ing of the standing spin modes is achieved due to a high confinement of the optically generated effective
magnetic field caused by the localized optical resonance. Quantization and spin-wave mode inhomogene-
ity are achieved in each of the three spatial dimensions. The presented approach opens horizons for 3D
optomagnonics by combining nanophotonic and magnonic functionalities within a single nanocavity.
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I. INTRODUCTION

Optomagnetism [1-3] is important for ultrafast, local,
and reconfigurable spin control. This opens opportunities
for fast and energy-efficient information processing [4,5],
including quantum information technologies [6,7], logi-
cal elements [8,9], memory [10—14], dynamic holography
[15], and other spin-based devices [16]. Optomagnetism
is based on the action of the femtosecond laser pulse
on the spin system of a magnetic material, which may
lead to different scenarios of spin dynamics, including the
excitation of spin precession and spin waves [17—22] and
magnetization reversal [11,13,14,23].

Miniaturization is one of the key problems in optomag-
netism due to a diffraction limit. To overcome this limit and
excite spin dynamics at the nanoscale, various nanoplas-
monic [24-29] and dielectric magnetophotonic [30-35]
structures may be used to localize light at the spots of
subwavelength dimensions. At the same time, the limited
size of the optomagnetic cavity imposes selection rules
on the spin wavevector and results in its quantization and
the appearance of a set of standing spin modes. While
for micrometer-sized objects the magnetostatic splitting of
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such modes’ eigenfrequencies is small [36], the situation
drastically changes with the further miniaturization of the
device size down to the nanometer scale. The considerable
splitting of the frequencies of different spatial eigenmodes
arises, in this case, due to the interplay of the magne-
todipole and exchange interactions [32,34]. As a result,
magnets smaller than a micron can be thought of as opto-
magnonic nanocavities supporting both localized optical
and spin modes.

The optical impact on spins can be described in terms of
an effective magnetic field induced by light inside a magnet
[2]. Localization and the direction of the optically induced
effective magnetic field can be easily tuned in the nanos-
tructure by varying the parameters of the laser pulse. It
allows one to selectively excite the desired modes [32,34].
This is an important advantage of the optomagnetic means
compared to the traditional ones using the ferromagnetic
resonance technique and microwave antennas [37-—39].
Apart from that, addressing a single nanomagnet via a
microscopic nanoantenna requires its precise positioning,
for example, via the movable substrate [40], increasing the
complexity of the setup and likely limiting the operation
rate.

Recently demonstrated high-order spin modes excited
optomagnetically by laser pulses in smooth films [41,42]
and nanophotonic structures [32,34] are standing spin

© 2024 American Physical Society
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waves across the film thickness, while in the lateral direc-
tion they still possess quasihomogeneous profiles.

Here, we take the next step forward and report opti-
cal excitation of standing spin modes in optomagnonic
nanocavities confined in all three spatial dimensions. We
demonstrate that a femtosecond laser pulse in a magnetic
nanocylinder acts like a pointlike source of magnetization
dynamics due to the excited localized optical modes of the
nanocylinder providing a highly confined effective mag-
netic field. Due to this, a set of nanocavity spin modes of
different orders with different frequencies is launched.

II. METHODS

A. Sample fabrication

First, bismuth-substituted iron-garnet Bij¢LugsGd; s
Fe42Alp 01 (BIG) film of 515 nm thick was deposited via
magnetron sputtering on a SiO; substrate. The nanocylin-
der arrays were then fabricated via e-beam lithography
and argon-ion-beam sputter etching. The nanocylinder pat-
terns were written on 550-nm-thick positive e-beam resist
(ZEP-520A) by 100-keV e-beams (VISTEC EBPG 5000+)
exposed to a uniform dose of 140 wC/cm? after proximity-
effect correction. Since ZEP is a nonconducting polymer
resist, a 30-nm-thick conducting gold-layer coating was
sputter deposited on top and grounded via conducting
copper tape to avoid distortions of the e-beam due to elec-
trical charging during the e-beam writing procedure. The
exposed resist was developed in an amyl acetate solu-
tion after the removal of the gold layer in gold etchant
solution first. The nanocylinder resist patterns were then
printed onto the BIG film by slow sputter etching at a
rate of 2.5 nm/min in an argon-ion mill system (Intl-
vac Nanoquest; beam parameters: beam voltage, 200 V;
accelerating voltage, —24 V; beam current, —70 mA; and
plasma forward power, 71 W). The sample stage was
cooled to 6°C throughout etching to prevent hardening of
the resist. Finally, the remaining thin layer of the resist was
removed by using resist remover, N-methyl-2-pyrrolidine
solution, heated at 80°C.

B. Time-resolved optomagnetic measurements

Spin dynamics in the sample was experimentally mea-
sured using a time-resolved magneto-optical pump-probe
scheme. Pump and probe pulses were generated by an
Avesta TOPOL parametric oscillator pumped by a Yb-
doped Avesta TEMA laser [(80 £ 5)-MHz repetition rate,
180-fs pulse duration]. Pump pulses of 730-nm wavelength
were utilized to excite the system, and linearly polarized
probe pulses of 525 nm were used to detect spin dynamics
via the Faraday effect. Delayed pump pulses were modu-
lated using a photoelastic modulator (Hinds Instruments
PEM 100). The polarization changes of the probe pulse
passed through the sample due to the Faraday effects were
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FIG. 1. Configuration of magneto-optical pump-probe exper-
iments. Unit cell of the nanostructure under in-plane external
magnetic field is excited by circularly polarized pump pulse and
probed by linearly polarized light.

measured using an autobalanced optical receiver (Nir-
vana 2007) in a lock-in detection scheme. The sample
was placed in the in-plane field of an electromagnet. The
scheme of the measurement configuration is presented in
Fig. 1.

C. Optical simulations

Electromagnetic simulations of optical modes inside
the unit cell of the considered all-dielectric nanostructure
were carried out by numerical solution of Maxwell equa-
tions using the rigorous coupled-wave analysis approach
[43,44]. Bloch boundary conditions were applied to the
unit cell to simulate an infinite array (along the x and
y axes, see Fig. 1). A plane-wave excitation was uti-
lized. The dispersion of BIG dielectric permittivity was
taken into account [45]. Permittivity spectra of BIG for the
550-1000-nm spectral region are presented in Fig. 2. The
refractive index of SiO, was equal to 1.45.

D. Micromagnetic simulations

We built a numerical model of a bismuth-substituted
iron-garnet nanocavity using the micromagnetic platform
mumax3 [46]. Micromagnetic modeling was first per-
formed for a smooth 515-nm-thick film to verify the mate-
rial parameters, such as saturation magnetization, M, =
160 kA/m; anisotropy constant, K, = 2000 J/m?; and
exchange stiffness, 4., = 7.5 x 10712 J/m. The resonant
frequencies of magnetization precession obtained for the
different values of the external field show good agreement
with the experimental results (Fig. 3).

In a real experiment, a femtosecond laser pulse creates
a short effective magnetic field via the inverse Faraday
effect. This field acts like a knock, launching several spin
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FIG. 2. Dielectric permittivity spectra of BIG.

modes of the magnetic system. The analysis of these spin
modes was performed by the following method of finding
the eigenfrequencies and modes of the magnetic cavity.
First, the Hexo(f) o sin(2rfyt) /(27 fot) excitation mag-
netic field pulse with a broadband spectrum was applied to
the central part of the nanocylinder. Fourier analysis of the
time-dependent magnetization component, m,(f), revealed
several peaks corresponding to the resonant spin-mode fre-
quencies, f;. To study the profiles of the modes with these
J; resonance frequencies, a harmonic time-varying exci-
tation magnetic field, Hey o sin(27mf;f), was applied to
the central area of a nanocavity. After N ~ 15 > 1 peri-
ods of the excitation magnetic field, the spin dynamics
reached the stationary regime with m;(x, y, z) distribution,
corresponding to the mode at this frequency. This is a
standard technique in mumax3 (see Ref. [47]) that allows
for eigenmode analysis. As the spatial distribution of Hex,
coincides with the calculated Higg, a comparison of fre-
quencies obtained in experiments and simulations allows
us to identify the modes that are excited by a laser pulse.
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FIG. 3. Resonant frequencies of magnetization precession in a
smooth film obtained for different values of external magnetic
field experimentally and numerically. Composition and thick-
ness of iron garnet are the same as those used for nanocavity
fabrication.

III. RESULTS AND DISCUSSION

Optical excitation of the confined spin waves is per-
formed by illuminating an array of bismuth-substituted
iron-garnet nanocylinders with femtosecond laser pulses.
The nanocylinders are 450 nm in diameter and 515
nm in height. They are periodically arranged in a two-
dimensional square lattice with a period of P = 900 nm
(see Sec. II for fabrication details). The large separation
between the cylinders makes both optical [48] and mag-
netodipole interactions between them negligible. Thus,
both the optical and spin-mode properties of the system
are mostly determined by the properties of an individual
nanocylinder.

The transmittance spectrum [Fig. 4(a)] of a nanocylinder
exhibits a set of optical resonances excited in a dielec-
tric nanocylinder. These resonances may be described as
the Fabry-Perot resonances of the guided modes of the
cylindrical waveguides [48]. The electromagnetic field
of light is strongly localized inside the nanocylinder.
Consequently, circular polarization of the incident pulse
induces the effective magnetic field via the inverse Fara-
day effect [2] (IFE) Hipg o< Im [E x E*] directed predom-
inantly along the z axis, which is also localized within the
nanocylinder, as shown in the insets of Fig. 4(a) and in
Fig. 4(b).

For optical excitation of the spin modes, we choose the
resonance at a wavelength of A = 730 nm. This wave-
length is in the optimal spectral range for the magneto-
optical figure of merit, which is due to a sort of trade-off
between the high gyration values and the low damping
of the iron-garnet material itself. It allows one to per-
form optical pumping quite efficiently and to avoid thermal
effects. Since at this wavelength iron garnets are rather
transparent, the main impact of circularly polarized pulses
on spins is due to the inverse Faraday effect [2].

Figure 4(b) shows a strong confinement of the effec-
tive magnetic field, Hypg, induced by a laser pulse via
the IFE in the central part of a cylinder. While the vol-
ume of the nanocylinder itself is Vey = 8 x 1072 pm’,
the effective volume of the laser-induced IFE field, calcu-
lated as Vipg = [ Hipg(r)dV/ max |Hipg|, is an order lower,
Virg = 7.6 x 1073 wm?. This causes the optical pump to
act as a pointlike source, exciting multiple standing spin
modes.

A similar situation is observed at other wavelengths.
For example, the transmittance maxima at about 800
nm [Fig. 4(a)] are also caused by interference inside a
nanocylinder. The effective volume of the laser-induced
IFE field is Vipg = 3.0 x 107> pm?. At the same time, the
distribution of the IFE field is quite different. Remarkably,
one of the field antinodes is located at the cylinder surface.

Nanocylinders were magnetized up to saturation by an
in-plane magnetic field, Hey, applied to the sample in
plane, perpendicular to the axes of the cylinders. It is
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FIG. 4. Optical excitation of spin modes. (a) Experimental transmittance spectra of the nanocylinder array. Insets represent regions
inside the nanocylinder where the z component of the iz field is maximal, shown as the isosurfaces at the e~! level. (b) Distribution
of the Hjpp field’s z component (normalized to its maxima) inside a nanocylinder calculated at A = 730-nm wavelength shown at
three central cross sections of a cylinder. (c) Nanocylinder static magnetization under external magnetic field, Hex = H,, applied

perpendicular to its axis.

important that the height, %, and diameter, d, of the cylin-
der are similar to each other, # ~ d, so that the aspect
ratio of the nanocavity is close to 1:1. This makes the
contribution of the demagnetizing fields quite prominent.
The resulting magnetization direction inside the cylinder
is inhomogeneous [Fig. 4(c)]. A significant tilt of the static
magnetization from the Hey direction, an increase of the
normal, and a decrease of the in-plane magnetization com-
ponents emerge near the cylinder walls. Such a peculiar
magnetization distribution makes the frequencies of the
modes sensitive to their localization and amplitude distri-
bution inside the nanocavity. The difference in spin-mode
frequencies excited in a nanocavity is important, since it
allows us to identify and study the modes separately.

The effective magnetic field generated by the femtosec-
ond laser pulse via the IFE deflects the magnetization
from its equilibrium value, and thus, launches the spin
dynamics. The high confinement of this field makes opti-
cal excitation similar to a pointlike source, and thus, makes
it possible to excite a set of standing spin modes with
inhomogeneous and sign-changing profiles. The frequen-
cies of these modes are different from each other for the
following reasons. First of all, according to the numerical
simulations of demagnetizing fields (see Sec. II for micro-
magnetic simulation details), the magnetization of the
cylinder is nonuniform, and in-plane components decrease
near the cylinder walls [Fig. 4(c)]. Thus, the frequencies
of the modes localized near the cylinder walls would be
smaller than the ones localized at the cylinder center. Apart
from that, the more inhomogeneous a mode profile is, the
more significant the exchange-field contribution is, and the
higher the spin-mode frequency is.

Simultaneous excitation of multiple spin modes results
in a complex beating pattern of the temporal dependence
of the magnetization precession itself [Fig. 5(a)]. The

Fourier spectra show several distinct peaks corresponding
to the eigenfrequencies of the excited modes [Fig. 5(b)]. A
detailed analysis of the excited-spin-mode profiles with the
corresponding frequencies is provided below. Hereafter,
we mark these peaks as (ny, n,, ), according to the nature
of the standing spin modes and the corresponding number
of nodes along the x, y, z spatial directions.

The eigenfrequencies of the spin modes depend on the
external magnetic field, H.x, applied to the nanocylinder.
Experimental results [Fig. 5(c)] show a good qualitative
correspondence with the numerical simulations [Fig. 5(d)],
while some quantitative differences might be caused by
inaccuracies in nanocylinder fabrication processes. The
numerical simulations of spin dynamics were performed
using mumax3 software [46] (see Sec. II for details). At the
same time, the analytical description of the nanocylinder
eigenmodes is quite complicated. On one hand, as the ratio
of the height to the diameter of the nanocavity is nearly 1:1,
there are 3 degrees of freedom. On the other hand, demag-
netizing fields are significant, and the axial symmetry is
broken by the external magnetic field, Hey, applied perpen-
dicular to the nanocylinder axis. Good agreement between
the experimental results and numerical simulations makes
it possible to perform a numerical analysis of the profiles
and types of spin modes excited in a nanocavity.

Figure 6 shows the three-dimensional (3D) profiles and
central cross sections of the m. oscillating component of
the standing spin modes launched in a nanocavity by a
femtosecond laser pulse (see Fig. 5). One might see that
all three standing spin modes excited in a nanocavity have
quite complex profiles, and a sign change is observed in all
three spatial directions. This confirms that spin dynamics
in the 3D optomagnonic nanocavity really has 3 degrees of
freedom. Let us discuss the nature of the excited standing
spin modes in more detail by analyzing the mode profiles
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FIG. 5. Spin dynamics in the nanocylinder excited by a fem-
tosecond pulse. (a) Magnetization precession and (b) its Fourier
spectra measured for 120-mT external magnetic field by the
transient Faraday rotation of the probe pulse for 730-nm (red
curves) and 800-nm (blue curves) pump pulses. (¢c) Magnetiza-
tion precession and (d) its Fourier spectra measured for different
external magnetic fields by the transient Faraday rotation of the
probe pulse for 730-nm pump pulses. Peaks corresponding to the
excited standing spin modes are marked in (b),(d) as (n,, n,, 1.),
according to the number of nodes along a certain direction (see
details in the text). Magnetic field dependence of the frequen-
cies of standing spin modes obtained (e) experimentally and (f)
numerically.

and identifying the number of nodes, n,, n,, and n, in the
corresponding spatial directions.

The amplitude of the standing spin mode with the low-
est frequency [(2, 0, 0)] is high near the nanocavity edges.
Such a mode is similar to the edge spin mode of a disk
[49,50]; therefore, due to the demagnetization fields, it has
a lower frequency than the other modes. At the same time,
although the magnitude of m, decreases in the central part,
it obviously has two nodes along the x direction, while
the phase in the y and z directions is quite homogeneous,
so that it might be identified as the n, =2,n, =0,n, =0
edgelike standing spin mode.

The mode marked as (0, 0, 0) is characterized by a quite
homogeneous distribution of the m. component inside a
nanocavity. This makes it analogous to the fundamental
mode of a nanocavity, except for some inhomogeneities
at the nanocylinder edges. Therefore, this mode can be
identified as the quasihomogeneous mode of a nanocavity.

The mode with the highest frequency observed in both
experiments and simulations is characterized by two nodes
in the y and z spatial directions, so that it might be iden-
tified as the (0,2,2) standing spin mode. This is quite a
remarkable result, since such a mode has a nearly zero
average value of (m.) = 1/Vy f Vg (r)dr. On the other

hand, the spatial scale of the mode-profile inhomogene-
ity is about 150 nm. An ability to efficiently excite modes
with such an amplitude distribution is due to a high local-
ization of the optically generated effective magnetic field
[Fig. 4(b)]. Actually, the distance between the two neigh-
boring nodes of this mode is close to the Hirg spot size
inside a cylinder, which makes it the highest-order mode
excited in this configuration.

The beating precession patterns with multiple peaks
in their Fourier spectra are observed for two different
wavelengths, i.e., 730 and 800 nm [Figs. 5(a) and 5(b)].
Both fundamental (0, 0, 0) and edgelike (2, 0, 0) modes are
excited with quite high efficiency. However, the (0,2,2)
standing spin mode is almost absent from the spectra of
the dynamics launched by a 800-nm laser pulse. This is
due to IFE field localization both in the center and at the
surface of a nanocylinder, which provides the same torque
for these areas. At the same time, the sign change along
the nanocylinder axis profile of this mode requires either
a more localized spin-wave source or a sign-changing
torque inside this volume. Thus, variation of the laser
wavelength might lead to the tuning of the spin modes’
excitation efficiency. This is an important point from a
practical point of view. We report the experimental obser-
vation of the optomagnetic excitation of standing spin
modes that are quantized and inhomogeneous in all three
spatial dimensions of a nanocavity. Due to the submi-
cron size and consequent contributions of the exchange
interaction and demagnetizing fields to spin dynamics, the
frequencies of these modes differ significantly. Moreover,
one may control the spin modes’ frequency splitting and
magnitudes by the design of the nanocavity shape, for
example, fabrication as nanocubes and nanoprisms. This
opens wide opportunities for multichannel optomagnonic
devices working simultaneously with several spin modes
at different frequencies.

High confinement of the optically generated effec-
tive magnetic field makes it possible to excite stand-
ing spin modes with inhomogeneous and sign-changing
profiles. Qualitatively, the amplitude, 4, of the certain
spin mode with m.(r) distribution launched by the exci-
tation magnetic field, Hex(r), can be estimated as an
overlap integral, 4 o f y Mz (V) Hexe (r)dV. Thus, if spin
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FIG. 6. Spin-mode 3D profiles (top panel) and central cross sections (bottom panel) of the m, oscillating component of (a),(d) edge-

like standing spin mode (2, 0, 0); (b),(e) quasihomogeneous mode (0, 0, 0); and (c),(f) standing spin mode (0, 2,2). Each distribution
is normalized to m, maximum of the corresponding spin mode. External magnetic field is 110 mT.

dynamics is launched by a quasihomogeneous optically
induced or microwave magnetic field, Hex(r) ~ const,
high-order modes with n; > 0 characterized by (m.) ~
0 are excited with small amplitudes (see Ref. [32], for
example).

In the studied nanocavity, the magnitudes of the excited
standing spin modes are nearly the same [Fig. 5(b)],
although two of them, (2,0, 0) and (0, 2, 2), are character-
ized by very inhomogeneous profiles. One can numerically
characterize the homogeneity of the spin-mode profile with
a value of n = (m;)/(|m.|), with n = 1 for the homoge-
neous modes and n — 0 with an increase of the inho-
mogeneity. In our case, n = 0.9 for quasihomogeneous
mode (0,0,0), and n = 0.5 and n = 0.2 for (0,2,2) and
(2,0,0) modes, respectively. Excitation of such inhomo-
geneous standing spin modes is possible due to a high
confinement of the optically generated inverse Faraday
effect field.

Notably, the frequencies of the observed spin modes
can be tuned by the design of the nanocavity shape.
To illustrate this statement, we considered three types
of shapes: cuboid, hexagonal, and triangular prisms. For
each nanocavity, the height equals that of the nanocylinder

(515 nm). Each nanocavity has a differently shaped cross
section, which is perpendicular to the nanocavity axis.
Characteristic edge lengths for these shapes were chosen
to provide similar cross-section areas. The characteristic
length of the cross-section side equals 450 nm (cuboid
— square cross section), 186 nm (hexagonal prism —
hexagonal cross section), and 450 nm (triangular prism
— triangle cross section). Spin-wave spectra for each
of the proposed shapes excited by a source localized
at the center contained three resonant peaks [Fig. 7(a)].
Figures 7(b)-7(d) show the peak positions as a function
of external magnetic field. At low external fields (e.g.,
at 70mT), the frequencies of the (2,0,0) mode are sepa-
rated by 0.5 GHz [Fig. 7(b)]. Notably, there is almost no
separation between the mode frequencies for the cuboid
and triangular prism. Similar behavior is observed for the
(0,0,0) and (0,2,2) modes [Figs. 7(c) and 7(d)]. In the lat-
ter case, the frequency split does not exceed 0.25 GHz. The
increase of the external magnetic field up to 120 mT makes
the mode frequencies for the hexagonal prism and cylinder
almost degenerate, while remaining separate for the cube
and triangle. Consequently, the decrease in the number of
sides of the cross section detunes the frequencies of the
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FIG. 7. Mode frequencies for different shapes of a nanoele-
ment in comparison with the nanocylinder. Black represents a
triangular prism, blue represents a hexagonal prism, green repre-
sents a cuboid, and red represents a cylinder. External magnetic
field is 110 mT.

modes from the nanocylinder case. The frequency shift can
exceed 1 GHz.

An optically localized resonance produces an effective
magnetic field concentrated in the center of a nanocavity.
At the same time, the utilization of nanophotonic structures
[31] with other types of optical modes and other opto-
magnetic effects [2], such as the inverse Cotton-Mouton
effect or the inverse transverse magneto-optical Kerr effect,
might open wide possibilities for performing launching of
the other orders of spin modes via different shapes and
phase profiles of the exciting magnetic field. Moreover,
nanophotonics provides a powerful means to easily tune
the types of excitations by changing the characteristics
of the femtosecond pulses, such as their polarization and
wavelength, which allows us to switch between different
optical modes in one nanocavity.

IV. CONCLUSION

We report an experimental observation of standing spin
modes that are quantized and inhomogeneous in all three
spatial dimensions. The recipe for their excitation involves
femtosecond laser pulses illuminating an optomagnonic
nanocavity at a wavelength of some optical resonance of
the nanocavity. The optically induced field of the inverse
Faraday effect is localized at the scale of a few hundred
nanometers, thus providing a necessary pointlike instant

impact on spins and launching a set of different stand-
ing spin modes. Among them, the most interesting mode
is the one with nodes in both lateral and longitudinal
directions. Apart from that, its averaging along the whole
nanocylinder is close to zero. Its excitation most vividly
demonstrates the advantages of nanophotonics optomag-
netism with respect to conventional means of spin-wave
excitation. The presented approach opens opportunities
for multichannel optomagnonic devices tunably launching
several spin modes at different frequencies. The observed
inhomogeneous distribution of spin modes is also promis-
ing for cavity optomagnonics [51], for which the coupling
between optical modes and magnons was demonstrated
recently [52].
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