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Plasmon-Enhanced Optical Control of Magnetism at the
Nanoscale via the Inverse Faraday Effect

Sergii Parchenko,* Kevin Hofhuis, Agne Aberg Larsson, Vassilios Kapaklis,
Valerio Scagnoli, Laura Jane Heyderman, and Armin Kleibert*

The relationship between magnetization and light has been the subject of
intensive research for the past century. Herein, the impact of magnetization on
light polarization is well understood. Conversely, the manipulation of magnetism
with polarized light is being investigated to achieve all-optical control of mag-
netism, driven by potential technological implementation in spintronics.
Remarkable discoveries, such as the single-pulse all-optical switching of mag-
netization in thin films and submicrometer structures, have been reported.
However, the demonstration of local optical control of magnetism at the nano-
scale has remained elusive. Herein, it is demonstrated that exciting gold nano-
discs with circularly polarized femtosecond laser pulses lead to ultrafast, local, and
deterministic control of magnetization in an adjacent magnetic film. This control is
achieved by exploiting the magnetic moment generated in plasmonic nanodiscs
through the inverse Faraday effect. The results pave the way for light-driven
control in nanoscale spintronic devices and provide important insights into the

materials such as electron—electron, elec-
tron—spin, and electron-lattice interac-
tions. Importantly, femtosecond laser
pulses can be used to rapidly quench the
magnetization within a subpicosecond
time frame due to ultrafast heating.”!
Here, the ultrashort laser pulse drives the
material to an out-of-equilibrium state by
decoupling the spin, electron, and lattice
system during the excitation process,
inducing ultrafast demagnetization (DM)
dynamics.”! Another remarkable effect of
the interaction of ultrashort pulses with
magnetic materials is all-optical switching
(AOS) where the magnetization state can
be reversed at the picosecond time scale
by means of photoexcitation.”) Currently,

generation of magnetic fields in plasmonic nanostructures.

1. Introduction

The manipulation of magnetic states in materials using light has
been the subject of intense research for several decades.? With
the development of high-intensity pulsed light sources, it is now
possible to modify the magnetization within time scales compa-
rable to the fundamental electronic interaction times in magnetic

AOS is considered to be primarily driven

by heating effects,” and a variety of mate-

rials and engineered structures are known

to undergo AOS, either as a stochastic mul-
tipulse process or single-pulse toggle switching.l’~’!

Another way to manipulate the magnetization with light is
through the inverse Faraday effect (IFE), where circularly
polarized light acts as an effective magnetic field that changes
the net magnetic moment of the system.I'>'"! The sign of the
effective magnetic field associated with light due to the IFE
depends only on the handedness of the circular polarization,™?
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hence making it a promising approach for ultrafast optospin-
tronic applications.['>'* Indeed, in several studies, it has been
shown that magnetization precession can be triggered by the
IFE,121315717] ap1d the role of the IFE in AOS with single and
multiple pulses is the focus of ongoing theoretical and experi-
mental research.l”1#2!]

Despite the impressive progress in understanding the interac-
tion of ultrafast laser pulses with magnetic matter and the tech-
nological drive to achieve ultrafast, contactless control of
magnetism, there are important challenges for the implementa-
tion of all-optical magnetization control in real applications. First
of all, for most applications, it will be necessary to address nano-
scale structures that are much smaller than the optical wave-
length of the exciting laser sources.”? Indeed, heat-assisted
AOS was demonstrated on the micrometer®® and nanometer
scales,”**°! but deterministic control of the magnetization on
the nanoscale is yet to be achieved. Another challenge is that
a strong magneto-optical response is typically required to gener-
ate a substantial magnetic moment by the IFE, but achieving this
is not easy because the associated strong optical absorption is
typically unfavorable for the IFE. This is because the IFE field
in metals is generated when the electromagnetic field of the opti-
cal wave acts on the electrons in the medium, inducing electron
motion in the direction of the electric field associated with
incoming illumination.”**”) If too many photons are absorbed,
however, the driving force for this effect is suppressed. For this
reason, in previous experimental demonstrations of large ampli-
tude magnetization dynamics driven by the IFE, the focus has
mainly been on inducing this effect in magnetic dielectrics with
strong magneto-optical response while using optical excitation
below the bandgap at low absorption. Thus, achieving IFE-driven
control of magnetization in absorbing media such as metals and
at the nanoscale is an active area of research and development,
with potential benefits for prospective nanoscale devices, includ-
ing lower energy requirements and increased operation speed.

One way to achieve effective control of the magnetization by
light at the nanoscale is to employ plasmonic nanostructures.
These structures can be used to concentrate the electromagnetic
field of incident light down to the nanoscale,?®** resulting in a
higher coupling efficiency to the material near the nanostruc-
tures. This capability opens up new possibilities for achieving
effective control of magnetization at the nanoscale using light.
Moreover, when using circularly polarized light and suitable
geometries, plasmonic nanostructures have been predicted to
generate effective magnetic fields with magnitudes of the order
of one Tesla,?***>% and recent experimental demonstrations
using plasmonically active gold nanoparticles have generated
transient magnetic moments of ~0.95 ug per gold atom.? In
this case, the magnetic moments originate from the motion of
the electrons, which follow the electric field of the incident laser
pulse. However, for technological applications, it is crucial to
understand whether the magnetic moment generated by light
in plasmonic nanostructures can be harnessed to impact the
magnetic moment of the adjacent magnetically ordered sample.

In this study, we employ finite-difference time-domain
(FDTD) simulations in conjunction with two-color pump-probe
experiments to showcase the deterministic and nanoscale manip-
ulation of magnetization within a ferrimagnetic TbCo film coated
with arrays of plasmonic gold nanodisc on the ultrafast timescale.
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The experiments presented here are conducted using a single-
excitation wavelength, while precision in modulating the plas-
monic excitation efficiency is achieved by varying the dimensions
of the nanostructures. This approach circumvents potential inter-
ference from the wavelength-dependent optical response of the
material, thus ensuring that plasmon-induced effects remain dis-
cernible. Furthermore, our investigations are carried out on sam-
ples exhibiting a magnetic multidomain state, as opposed to a
uniformly magnetized state. This deliberate choice enables the
suppression of certain non-IFE contributions, facilitating the
unambiguous detection of IFE in both the bare TbCo film
and its gold nanodisc-coated counterpart. Consistent with our
simulations, we observe that the plasmonic IFE-driven control
of the adjacent magnetic medium exhibits greater efficacy in
proximity to the plasmon resonance compared to on-resonant
excitation. Our findings not only pave the way for achieving ultra-
fast magnetism control at the nanoscale, but also underscore that
this control is attainable in metallic systems with low absorption,
mitigating concerns related to sample overheating.

2. Results

2.1. Finite-Difference Time-Domain Simulations

First, we explore the conditions necessary to achieve local IFE
amplification in gold nanodiscs on the magnetic support in
the vicinity of the localized surface plasmon resonance
(LSPR).?* Specifically, the system under examination consists
of gold nanodisc arrays with a thickness of 15nm on top of a
20 nm-thick Tb,4Co¢ alloy film on a SiO, substrate, similar to
the samples under experimental investigation (see Figure 2a—c
and Experimental Section).’® The simulations are carried out
for nanodiscs with radius R varying from 30 to 120 nm and
for different excitation wavelengths ranging from A=300 to
1300 nm utilizing FDTD calculations. The simulations consider
circularly polarized light pulses with a duration of 35 fs at per-
pendicular incidence, as schematically shown in the inset of
Figure 1a, and include periodic boundary conditions with
50 nm edge-to-edge spacing between the nanodiscs to mimic
the experimental conditions and the investigated samples
(see Experimental Section for more details). It should be noted
that, although the calculations consider pulsed optical excitation,
they do not take the ultrafast excitation effects such as out-of-
equilibrium conditions and the associated temperature changes
in the electronic, spin, and lattice systems into account.[*

The calculated transmission through the sample for a range of
A and R reveals that the LSPR resonance depends on 1 and R as
expected for metallic nanostructures in the present size range.*
Specifically, we find the onset of resonant LSPR absorption at
about 4=850nm and a nanodisc radius R of 30nm and an
almost linear trend toward 4=1300nm and R=90nm for
the resonance (red dashed line). We also find weak collective
plasmon modes at lower wavelengths (indicated by yellow dashed
lines), which we will not further consider in the following.*® In
Figure 1b—e, we show the calculated spatial distribution of elec-
tric field E and magnetic field H generated by circularly polarized
light with 2 =1030 nm for nanodiscs with R =50 and 100 nm,
which give resonant and nonresonant excitation, indicated by
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Figure 1. FDTD calculations of LSPR excitation with circularly polarized light. a) 2D map of the absorption as function of the excitation laser wavelength,
4, and the radius of the nanodiscs, R. The red dashed line indicates the LSPR branch. The yellow dashed lines indicate collective plasmonic modes. Purple
and black crosses indicate 4 and R used in panels (b—e), respectively. The wavelength of the pump and probe laser beams used in the time-resolved
experiments are indicated with red and green arrows, respectively. The inset in panel (a) shows the sample geometry used for the calculations and in the
experiments below. b—e) Spatial distribution of electric field E (b,c) and magnetic field H (d,e) generated in plasmonic nanodiscs with R =50 nm (b,d) and
with R=100nm (c,e) when excited with circularly polarized light with 2=1030 nm.

the purple and the black cross in Figure 1a, respectively. Note
that these graphs display the total spatial distribution of the E
and H fields in the sample from the incoming light but not
the IFE contribution specifically. For R =50 nm, when the opti-
cal excitation matches the LSPR mode, we find a strong concen-
tration of the electric field E at the edges of gold nanodiscs
(Figure 1b) as well as a concentration of the magnetic field H
at the interface between the plasmonic nanodiscs and the mag-
netic thin film (Figure 1d) as expected for resonant plasmon exci-
tation.** Interestingly, for a nonresonant excitation of the larger
nanodiscs with R=100nm, we find only a very small
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concentration of the E field (Figure 1d) but still a sizable enhance-
ment of the H field at the edges of the nanodiscs (Figure 1le). All
calculations in Figure 1 are carried out for left-handed polariza-
tion, but the results are the same for right-handed polarization.

2.2. Time-Resolved Experiments and Magnetic Domain
Configuration of the TbCo Film

In order to address experimentally the LSPR of gold nanodiscs on
a magnetic TbCo film and the impact of circularly polarized laser
pulses, we perform ultrafast time-resolved investigations using a
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two-color pump-probe approach. The samples are lithographi-
cally prepared gold nanodisc arrays with R varying from 30 to
100 nm on top of a TbCo film with out-of-plane magnetization
on a SiO, substrate (see Experimental Section) similar to the
sample geometry used in numerical calculations (see inset to
Figure 1a). The arrays have lateral dimensions of
300 x 300 pm, ensuring that they are larger than the footprint
of the laser pulses, which is about 200pm in diameter.
Scanning electron microscope micrographs of arrays of nano-
discs with radii R=30nm and R=100nm are shown in
Figure 2ab, respectively. The 50nm edge-to-edge spacing
between the neighboring nanodiscs ensures highly dense arrays
covering 45-55% of the TbCo film surface depending on the disc
radius. Thus, a large proportion of the TbCo film is affected when
exciting the nanodiscs, increasing the detectable magnetic signal.

The experimental geometry for the time-resolved experiments
is depicted in Figure 2c. Femtosecond laser pulses with circular
polarization and 4 = 1030 nm are used for optical excitation and
linearly polarized pulses with 4 =515nm are used as a probe.
Polarization analysis with a balanced photodetector is used to
track transient changes in the magnetization of the TbCo film
via the Faraday effect, while intensity measurements of the trans-
mitted probe pulses are used to measure the transient absorption
of the sample. The pump wavelength and the investigated range
of nanodisc radii circumvent the excitation of collective plas-
monic modes (see Figure 1a), which could otherwise couple

Pump, 1030 nm
Probe, 515 nm

L
C HIFE C HIFE
e 1 |
i IFE only

www.adpr-journal.com

to the LSPR mode.’”! Moreover, the probe pulse wavelength
is far from the plasmon resonances as shown in Figure 1a, min-
imizing the effect of the plasmon excitation in the gold nanodiscs
on the polarization state of the probe pulse.****) Furthermore,
there is a major challenge to separate magneto-optical contribu-
tions from Au discs and TbCo. The magnetic field generated in
plasmonic nanodiscs will also magnetize the gold nanodiscs and
bring an additional contribution to the measured Faraday rota-
tion signal and both signals are expected to have the same
pulse-like shape. However, the reported Kerr magneto-optical
response of gold in reflection geometry at our probe wavelength
is about 0.67 mdeg/Tesla,!* which is two orders of magnitude
smaller than the one for TbCo alloy of about 63 mdeg/Tesla.'*"
This assessment relies on comparing the static magneto-optical
response of the TbCo and Au film. For the case of nanostructured
plasmonic systems and optical excitation with ultrashort laser
pulses, this comparison may not be fully applicable due to prob-
ing the dynamics in out-of-equilibrium state. Nevertheless, we
expect that the rotation of the polarization of the probe beam
due to IFE magnetized gold is smaller when compared to that
induced by the change of magnetization state in TbCo, and
we probe mostly the response of the TbCo film due to the exci-
tation of the gold nanodisc/TbCo film system. In addition, both
the excitation and probe beams are incident normal to the sample
surface and have a pulse duration of ~250fs, and the pump flu-
ence during the experiments was kept at & =0.5mJcm™? to

(e) %
ct CRI
MCD only
2 1! ‘A
A L' o ’
i () 2000
§ 1500
g 1000
E
; f = 500 l

0
-0.2 -0.1 0 0.1 0.2
XMCD contrast (arb. units)

Figure 2. TbCo film with patterned gold nanodiscs and schematics of the time-resolved experiments. a,b) Scanning electron microscopy images of Au
nanodiscs on top of a TbCo film with R =30 nm and R =100 nm, respectively. The red scale bar on both images corresponds to 300 nm. The spacing
between neighboring nanodiscs is 50 nm for both arrays. ¢) Experimental geometry for the time-resolved magnetization dynamics experiments. The
sample was excited with a circularly polarized 2=1030 nm pump beam and the magnetization change was tracked following the Faraday rotation
of a linearly polarized 1 =515nm probe beam. d) Schematics indicating the difference between MCD and IFE-related transient modification of the
magnetization, AM, in magnetic domains with opposite orientation of the magnetic moments. The laser-induced magnetization state is denoted with
filled arrows and the equilibrium magnetization state with open arrows. During the MCD effect, the magnetization in domains with opposite orientation is
suppressed with different efficiency when pumped with circularly polarized pulses, while the IFE causes modification of the magnetic state that is only
related to the helicity of the circularly polarized pump and is equal in magnetic domains with opposite orientation of magnetization. e) A representative
magnetic domain configuration in the TbCo film was visualized taking advantage of the XMCD effect at the Co L; edge recorded by means of X-ray
photoemission electron microscopy. Blue and yellow domains correspond to regions with the magnetization pointing upwards or downwards, respec-
tively. The red scale bar corresponds to 2 pm. f) Histogram of the XMCD contrast values derived from the magnetic contrast map in panel (e).
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prevent damage to the nanostructures, which would occur at
higher fluences. The experiments were conducted in the absence
of an external magnetic field. More information on the experi-
mental procedure is available in the Experimental Section.

In order to detect the LSPR-enhanced effect of IFE on the mag-
netic state of the sample, we have chosen a magnetic configura-
tion, that differs from that used in most investigations on
ultrafast magnetization dynamics, which are typically carried
out on uniformly magnetized samples. In the latter case, the
absorption of the pump pulse leads to a dominant signal due
to ultrafast DM, which may mask the IFE. Furthermore, when
using circularly polarized light pulses, the absorption and the
associated DM become polarization dependent due to the mag-
netic circular dichroism (MCD) effect, which presents an addi-
tional challenge to isolate the IFE contributions from the
measured signal.*” In order to overcome these difficulties, we
perform the experiments on a TbCo sample with nearly equal
amounts of My, and Mgow, domains. The DM process in the
absence of MCD for such a configuration occurs simultaneously
in both types of domains and, hence, the integrated Faraday rota-
tion experienced by the probe pulse remains zero at all times.
Also, when taking the MCD effect into account, the DM averaged
over both types of domains is the same for both polarizations, C"
and CR, respectively, and hence, the Faraday rotation averaged
over a multidomain sample remains again zero at all times
(Figure 2d upper panel). It should be noted that the dynamics
and efficiency of the laser-induced DM are expected to be the
same in both single and multidomain states. In contrast, the
[FE will generate the same transient AM in the excited sample
region independent of the local domain orientation, M,, or
Maown, With its sign depending only on the polarization of the
pump pulse (Figure 2d lower panel).

The actual domain configuration of the investigated TbCo film
is shown in Figure 2e and is obtained by combining X-ray MCD
(XMCD) at the Co L; edge with X-ray photoemission electron
microscopy (see Experimental Section for more information
about the experimental procedure). The image reveals irregular
domains with magnetization pointing up (in blue) and down (in
yellow). The typical domain size is of the order of several micro-
meters, and hence much smaller than the pump and probe laser
spot footprint, so avoiding the situation where large magnetic
domains would result in a dominant DM and MCD effects is
important. However, a detailed statistical analysis of the image
pixels shows a smaller imbalance in M, and Mgown, Which is
likely to be due to pinning effects (Figure 2f). It should also
be noted that, while the gold nanodiscs do not appear in the mag-
netic contrast images, we observed no spatial correlation between
the magnetic domains and the gold nanodisc arrays. Also, meas-
urements in a multidomain state require materials with a high
coercive field to ensure that the domain pattern is not redistrib-
uted after each laser shot (see data in Figure S2, Supporting
Information).

2.3. Two-Color Pump-Probe Investigations

Figure 3a shows the transient transmittance change AT, mea-
sured at the probe wavelength for the sample covered with a gold
nanodisc array (R=50nm) and for both pump-pulse
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polarizations, CR and Ct, which reflect the dynamic changes
in the nonmagnetic, optical properties of the sample arising from
the excitation of the electronic system. Notably, the absence of
polarization dependence is noteworthy and corresponds to what
is anticipated in a multidomain state, where the MCD effect can-
cels out. The peak change in transmission, AT™®, is observed at
a delay time of around 0.2 ps and is directly proportional to the
absorption of the sample. Figure 3b shows AT™** as a function of
nanodiscs radius, normalized to its value for R=30nm (black
squares), and exhibits a dependence, consistent with the com-
puted absorption (red line) obtained from the FDTD calculations
described earlier. Experimentally, the maximum absorption is
identified at R=60nm, aligning with the predicted LSRP at
the pump wavelength in our specific samples.

Figure 3c showcases the pump-induced Faraday rotation in
the probe beam, that is, the transient change in magnetization,
AM, for a sample covered with 50nm gold nanodiscs, while
Figure 3d presents the same for the bare TbCo film for compari-
son. In both cases, a distinct helicity-dependent evolution of AM
is observed on top of a time-dependent signature resembling the
characteristic signal of thermally induced DM, peaking a few
hundred femtoseconds after the pump pulse. Notably, the data
highlight a more pronounced polarization dependency in the
nanodisc-decorated portion of the sample compared to the bare
TbCo film. Note that, in both Figure 3c,d, the time traces mea-
sured after excitation with opposite circular polarization display
no difference between the AM signal at late delay times, further
confirming the absence of MCD contribution to the measured
signal. At the same time, excitation with linear polarization fits
in between time traces after excitation with circular polarization
(see Figure S1, Supporting Information).

For further analysis, we separate the IFE-related change of the
magnetization A Mg and the DM component AMpy, as follows.

AMgg(t) = AMci(t) — AMcx(t) 1)
AMpy (£) = AMei(£) + AMcx (8) 2)

where AMci(t) and AMcr(t) are the time-resolved signals when
pumped with left- and right-handed circular polarization, respec-
tively. The respective data are plotted in Figure 3ef. Figure 3e
includes for comparison the data for a 100 nm gold nanodisc
sample, which reveals similar dynamics, but different ampli-
tudes of AMpy and AMipg compared to the sample with
50 nm gold nanodiscs. The pulse-like shape of the A Migg signal,
having a width of %300 fs which is comparable to the pulse dura-
tion, is as expected for an IFE-driven magnetization change.*’!
Comparing the data in Figure 3c,e with the bare TbCo film in
Figure 3d,f, shows that the IFE-related modification of magneti-
zation in TbCo is much stronger when the gold nanodiscs are
present. However, the IFE peak position in bare TbCo is shifted
in time compared to time zero, which is unexpected as the IFE is
expected to occur during pump excitation. The IFE-driven mag-
netization change in the TbCo film is due to the transfer of angu-
lar momentum from light to electrons. With a 515 nm probe, we
are mostly sensitive to the magnetization of the Tb sublattice that
consists of magnetic moments associated with localized 4f elec-
trons and delocalized 5d electrons./**~*% At the same time, optical
excitation with 1030 nm at the first instance is absorbed by 3d
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Figure 3. Magnetization dynamics following laser excitation of TbCo in the presence of gold plasmonic structures. a) Transient transmittance signal after
the pump excites the part of the sample with arrays of gold nanodiscs with R =50 nm and probed with 515 nm light. b) Comparison of maximum pump-
induced transmittance changes AT™* as a function of the radius of nanodiscs, R, and calculated absorption. The data for AT"* is normalized to its value
for R= 30 nm. c,d) Time-resolved magnetization change after the pump excites the part of the sample with arrays of gold nanodiscs with R =50 nm and
the bare TbCo film, respectively. The difference between traces measured after excitation with opposite circular polarization of pump light is due to the IFE
(indicated with an orange shaded area). e) IFE and DM components of the magnetization change, AM, for nanodiscs with R =50 nm and R =100 nm.
IFE and DM contributions have different amplitudes for nanodiscs with different radii. The maximum values of each component discussed in the text are
indicated. The width of the IFE contribution is ~300 fs which is comparable to the pulse duration. f) IFE and DM components for bare TbCo film. Note
that the maximum of AM,g occurs at a later time delay compared to nanostructures.

electrons of Co and 5d electrons of Tb. Only later the excitationis  comes from the nanodiscs itself but not in the TbCo film, as the
transferred from 5d to 4f electrons of Tb which contributes  effect in case of Au/TbCo system is instant with pump pulse.
mostly to magneto-optical signals at 515nm. Simultaneously

there is an exchange of angular momentum between Co and

Tb after laser excitation that is responsible for all-optical magne- 3, Discussion

tization reversal in rare earth-transition metal alloys./) The com-

bination of these two processes, in our opinion, causes the delay  In the present experiments, the plasmon-assisted optical modifi-
of the IFE signal for bare film and also indirectly confirms that  cation of the magnetic state in the thin-film/nanodisc system fol-
the amplification of the IFE effect in the case of Au/TbCo system  lowing optical excitation involves three distinct contributions.
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1) The polarization-independent signal AMpy, exhibits a signa-
ture indicative of a pulse-induced ultrafast DM process. This sig-
nal is discernable in our experiments due to the slight imbalance
between M, and Mown, as discussed above. The size-dependent
behavior of the maximum DM AMpy™®, shown in Figure 4a,
reflects the resonant absorption of the pump pulses and the
associated heating due to the concentrated electric field in
the CoTb film near the gold nanodisc edges as expected
from AT™* and the FDTD calculations (see Figure 3b).
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|- plasmonic IFE $
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Figure 4. Comparison of different components of the magnetic signal as a
function of nanodisc radius and wavelength. a) Maximum of AM,g and
AMppm components of the laser-induced magnetization change as a func-
tion of the radius of nanodiscs, R, obtained from time-resolved experi-
ments. The data are normalized to their value for R=30nm for better
presentationbility. The schematics above panel (a) indicate the different
contributions to the AMe signal for nanostructures with different radii.
Purple and red arrows represent the contributions from the plasmonic IFE
and the IFE in the TbCo film, respectively. b) Normalized spectral depen-
dence of E and H field for nanodiscs with R = 85 nm, calculated with FDTD
method. The red dashed line indicates the pump wavelength.
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The polarization-dependent signal A M;gg reflects the IFE-driven
impact on the magnetization of the TbCo. This effect is a com-
posite of 2) ordinary IFE in the TbCo film (Figure 3f) and 3)
plasmonic IFE in the gold nanodiscs. We distinguish two mech-
anisms of how the plasmonic nanodiscs may affect the magneti-
zation of TbCo: 1) the magnetic field generated in Au nanodiscs
directly affects the magnetic state of TbCo and 2) injection of
spin-polarized electrons from Au to TbCo film changes the mag-
netization. We consider the first mechanism as the dominant
one as an Al,O; protective layer on top of ThCo film would
prevent the spin transfer from gold to the magnetic film.!*”)
Conventionally, plasmon-assisted light-matter interaction is
thought to be influenced by the concentration of the electric field
of incident light at the nanostructures, leading to increased
absorption under plasmon resonance conditions. However,
unlike AMpy™, AMpg™™ does not adhere to the radii-
dependent absorption profile; it remains elevated, even at larger
radii. Note, that the contribution from IFE in the TbCo film to the
AMigg signal is still expected to follow the radii-dependent
absorption profile because its efficiency linearly depends on
the absorbed power (see Figure S2a, Supporting Information).
Thus, the discrepancy mentioned above must originate from
the plasmonic IFE contribution. The schematics above
Figure 4a illustrate the amplitude of the different contributions
to the AMpp signal when pumping nanodiscs with different
radii, with the IFE in TbCo and plasmonic IFE represented by
red and purple arrows. This experimentally observed difference
can be clarified by examining the spectral dependence of E and H
fields, which were calculated for a nanodisc with R=85nm
(refer to Figure 4D). It is essential to note that directly comparing
the radius-dependent distribution of E and H at a constant wave-
length proves challenging due to normalization issues arising
from the equal spacing between nanodiscs, resulting in different
areas included in calculations. The spectral evolution of these two
fields demonstrates distinct shapes, with the maximum positions
shifted by ~20 nm relative to each other. Specifically, at the pump
wavelength of 1030 nm, the relative intensity of the H field sur-
passes that of the E field, exerting a considerable influence on
magnetization under nonresonant conditions. A similar trend
emerged when analyzing the spectral dependence of E and H
field distributions calculated for various radii, yet the most sig-
nificant difference was observed for nanodiscs with R =85 nm.
Despite the strongest photon—plasmon coupling occurring at
the LSPR, the efficiency of plasmonic IFE generation is impeded
by pronounced optical absorption. The generation of IFE in met-
als is propelled by electron dynamics that track the electric field of
incident light. When an electron absorbs a photon, two key
effects ensue: 1) the electric field value diminishes and 2) the
thermal energy of the electron increases, potentially rendering
it less responsive to the driving force of the incident light’s elec-
tric field. Both of these processes contribute to the suppression of
IFE in highly absorptive media. In contrast, our findings suggest
that altering the excitation wavelength slightly away from the
plasmon resonance, where absorption increases less, may aug-
ment the efficiency of plasmonic IFE. The described processes
can be partially analogized to the spectral dependence of IFE
in metals. Notably, calculations have demonstrated that the high-
est efficiency of IFE in metals is anticipated at the photon ener-
gies of excitation light where absorption is minimized."*®!

© 2024 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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Furthermore, it is worth comparing the findings reported here
with the study on Au nanoparticles from ref. [33]. The IFE
description is very often based on a comparison of magneto-
optical constants of the direct and IFE. In materials, a maximal
IFE is expected in the spectral region with high direct Faraday
effect. In Figure 2 of ref. [33], the maximum of direct Faraday
effect is observed below plasmon resonance. This is very similar
to our observation for R= 100 nm where we also see the max
plasmonic IFE effect action on TbCo film below the plasma res-
onance. Hence, the arguments regarding the correlation between
direct and IFE in materials could be also extended to the descrip-
tion of plasmonic IFE.

Furthermore, as explained in the Experimental Section, the
AM value used to present the time evolution of the magnetiza-
tion state could not be normalized to the saturation magnetiza-
tion due to the fact that the TbCo film is in a multidomain
configuration. Thus, we can only approximately estimate the
IFE-related magnetization change. In order to estimate the effi-
ciency of DM after excitation with a laser fluence of 0.5 mJ cm 2,
we used a TbysCoy, sample with identical geometry but slightly
different concentration and, thus, a smaller coercive field
(Hc =250 mT) that could be saturated with the applied magnetic
field in our setup (see Supplementary Information). In our
experiments, with pump fluence of 0.5 mJcm™2, we suppress
about 5% of magnetization if the wavelength of the laser pump
is not at the plasmon resonance of the Au nanodiscs with
R=100nm or for a bare TbCo film. This agrees with previous
experimental works on ultrafast magnetization experiments in
TbCo.*-*Y Furthermore, in a multidomain state, the magneto-
optical sensitivity is proportional to the imbalance of the “up” and
“down” domains. The imbalance of magnetization determined
from data in Figure 2f is about 8%. Furthermore, for
R=100nm, we have roughly the same magnitudes of AMpy,
and A Mg components, meaning that the change of the magne-
tization state due to plasmonic IFE is on the order of 0.5% of M at
equilibrium. Following the same arguments, we can estimate the
IFE in the bare film. The A Mg signal is 10 times weaker com-
pared to the AMpy signal in the TbCo film without nanodiscs.
This means that the IFE-driven modification of magnetization in
TbCo is about 0.05% of M. This provides a very tentative estimate
of the extent of the plasmonic IFE action in a TbCo film, particu-
larly considering the uncertainty in determining the exact contri-
butions of the probed signals and must be taken with care.
However, even at this stage, we can conclude that the plasmonic
IFE effect surpasses that of regular IFE in TbCo by about an order
of magnitude.

4. Conclusion

In summary, we have demonstrated that plasmonic nanostruc-
tures can be exploited to increase the optomagnetic response
and control the magnetization state of the adjacent media
through the plasmonic IFE in a way that can be controlled by
light polarization. This opens up new possibilities for the manip-
ulation and control of magnetic materials using light, which has
numerous implications for the development of next-generation
data storage, data processing, and sensing devices. The observa-
tion that plasmonic nanostructures can be used to control the
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magnetization, even when the conditions for plasmon resonance
excitation are not perfectly met and could be related to different
spectral dependencies of plasmon-related absorption increase
and plasmonic IFE. Specifically, off-resonant plasmon excitation
provides a means to efficiently generate a magnetic field while
avoiding a significant increase in absorption, which is a major
advantage for heat-sensitive applications. For example, there
are several approaches proposed to manipulate the state of quan-
tum systems that rely on the effective magnetic field generated by
light for controlling superconducting quantum bits®*** and for
controlling photonic networks that operate on neuromorphic
principles.® Here, a minimization of absorption to avoid deco-
herence would be highly beneficial. The striking observation that
plasmonic IFE is significant even away from the plasmon reso-
nance implies that further unexpected plasmon-related effects
might be discovered when conditions for plasmon resonance
excitation are not perfectly met. Such unexpected phenomena
would lead the way to novel applications involving the optical
control of quantum states on the nanoscale. At the same time,
following the discussion in Results, this work also indicates fur-
ther challenges that must be addressed when revealing the action
of plasmonic IFE on adjacent material. The plasmonic antenna
and magnetic media are expected to have the same pulse-like
shape temporal response. Thus, in the future, it will be important
to find the methods to directly separate the effect of the plas-
monic IFE on the magnetization from the contribution associ-
ated with the plasmonic antenna itself.

5. Experimental Section

Sample Preparation: The sample consisted of a set of several
300 x 300 pm arrays of gold nanodiscs with different radii on top of a
TbCo film. An amorphous 20 nm-thick film with a nominal composition
of TbysCos6 Was sputter-deposited with a DC magnetron using Tb and
Co targets in an argon atmosphere onto a SiO, substrate. A 2 nm-thick
Al,O3 capping layer was deposited on top of the TbCo film to prevent oxi-
dation. The thin-film preparation method, as well as the structural and
magnetic characterization, are described in detail in ref. [35]. TbCo is a
ferrimagnetic alloy with two antiparallel magnetic sublattices consisting
of Tb and Co atoms. For the given concentration of magnetic elements,
the film had an out-of-plane magnetic anisotropy with a coercive field
around Hc = 800 mT. This relatively high Hc was favorable for our experi-
ments as the magnetic domain structure was more robust to optical exci-
tation. Arrays of gold nanodiscs with radii varying from R=30nm to
R =100 nm, and with a thickness of 15 nm, were prepared using electron
beam lithography and thermal evaporation with subsequent lift-off.

FDTD Calculations: Numerical calculations of the optical response of
plasmonic nanodiscs were performed with the Ansys Lumerical FDTD
software. The structure used in the calculations reflected the actual sample
geometry of TbCo (20 nm)/Al,O3 (2nm)/ Au nanodisc (15nm). The
magneto-optical properties of the Tb,4Coy¢ alloy film, that is, the polari-
zation- and magnetization-dependent modification of the refractive index,
were not taken into account. A schematic of the system geometry used for
the calculations is shown in the inset of Figure Ta. The source of circularly
polarized light was obtained from a combination of two sources of linearly
polarized light with orthogonal polarization direction and a phase shift of
/2. We used Bloch boundary conditions in the x- and y-directions, which
were perpendicular to the propagation direction of the circularly polarized
light. Along the z-direction, which is parallel to the propagation direction of
the light, we used perfectly matching layer boundary conditions. The cell
size was chosen to be 2 x 2 x 2 nm®.

XPEEM Characterization: Magnetic domain imaging was carried out at
the Surface/Interface: Microscopy beamline at the Swiss Light Source
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85UB0|7 SUOWIWIOD dA1Ea1D 3|ced ! dde ay) Aq peusenoh afe saoILe YO 9SN JO So|NnJ Joj ARig 1T 8ulUO A3|I UO (SUONIPUOI-PUR-SLLBILI0D A3 |IM"Afeiq1pul|UO//:SANY) SUONIPUOD pue swie | 8y 88S *[6202/80/8T] U0 Aigiauluo A3|IM Ylol|qiqrIuweZ - AS3A Ag £8000v202 1dpe/z00T 0T/10p/Wod* 8| 1M Aleiq 1 pul|uo peoueApe//sdny Wwolj papeojumod ‘T ‘SZ0Z ‘€6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHOTONICS
RESEARCH

www.advancedsciencenews.com

using the PEEM end station. Magnetic contrast was extracted using the
XMCD effect by taking the asymmetry between two photoemission elec-
tron microscopy images recorded with left and right circularly polarized
X-rays with the photon energy set to E=779eV, which corresponded
to the Co L; absorption edge.

Time-Resolved Experiments: Optical pump-probe experiments to deter-
mine the magnetization dynamics were performed in transmittance
(Faraday) geometry. Ultrashort laser pulses were generated with an
ActiveFiber Yb pulsed fiber laser with a 200 kHz repetition rate and a fun-
damental wavelength of A = 1030 nm. The wavelength of the optical pump
was A=1030nm with circular polarization. Linearly polarized probe
pulses with 2 =515 nm were obtained by frequency doubling using a beta
barium borate nonlinear crystal. The pump beam was focused to a spot
size of 200 pm and the probe beam size was about 150 pm. Both beams
propagated collinearly and impinged on the sample at the normal inci-
dence. The pump fluence was 0.5 mj cm™2 and the probe beam fluence
was about 1/50 of the pump fluence. Transient Faraday rotation and trans-
mission of the probe beam were measured with a balanced detection
scheme using a Zurich Instruments digital lock-in amplifier. Note that
the transient magnetization change AM, which is proportional to the
Faraday rotation, is given in arbitrary units but not relative to the saturation
magnetization. Normalization of the AM to the saturation magnetization
M was not possible for experiments performed on a sample in a multi-
domain state. Our study is based on comparing the time evolution of
the magnetic signal obtained when pumping nanodiscs of different radii
but with the same spatial separation. This means that the area of the TbCo
film covered with plasmonic nanodiscs of different radii varies and the
fraction of the probed area varies with the radius of the nanodiscs. In order
to compensate for this, we corrected the time traces to the fraction of the
sample surface covered by nanostructures. We used several dichroic mir-
rors and bandpass filters to suppress any pump light signal and to make
sure that only the probe pulse was detected.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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