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ABSTRACT: We report on how observation of the Goos—Hinchen
(GH) shift can be used to spatially resolve the transverse magneto-optical
Kerr effect (TMOKE) enhancement in all-nickel magnetoplasmonic
crystals (MPCs). First, the excitation of surface plasmons in the MPCs
leads to a 15.3 ym (184) GH shift. Then, in the presence of a transverse
magnetic field, the modulation of the lateral spatial intensity distribution of
the reflected light [TMOKE(«x)], caused by the GH shift, reaches 4.7% in
the experiment. The spatially resolved TMOKE(x) values are several times
higher compared to those from conventional TMOKE measurements in ’
the MPCs. The concept of the spatially resolved magneto-optical effects <y ”“’w
under GH shift can be further extended to other magnetophotonic
nanodevices for additional enhancing magneto-optical effects, sensing, and
light modulation applications.
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Bl INTRODUCTION magneto-optical effects have not considered the spatial
intensity distribution of reflected or transmitted beams.
However, it is well known that the reflected light exhibits a
lateral spatial shift, called the Goos—Hanchen (GH) shift (or
the GH effect),” with respect to the direction predicted by
geometrical optics. The strong SP field localization assists in
the observation of the large GH shift. SP excitation in noble-
metal-based plasmonic crystals enhances the GH shift up to
several hundreds of wavelengths.m’25 Moreover, the GH effect
has been enhanced in different kinds of nanophotonic devices
such as photonic c1’ystals,26’27 metamaterials,”®*’ and meta-
surfaces.”’ Since the discovery of the GH effect, it has found
wide applications in SP-based sensors,”** active optical
switchers,”>** and optical differentiation devices.** Incorporat-
ing the magnetic materials into plasmonic and nonplasmonic
platforms allows for the active control of the GH effect by an
external magnetic field. The magnetic-field-induced modu-
lation of the GH effect has been observed in nonplasmonic
structures such as colloidal ferrofluid/air,> ferrite®” interfaces,
glass prism/magneto-optical waveguide structures,”® magneto-

The magneto-optical Kerr and Faraday effects play a key role
in state-of-the-art nanophotonics. They allow the intensity,
polarization, and phase of light to be controlled by an external
magnetic field." Since the values of magneto-optical effects are
small for conventionally magnetically active materials,” their
enhancement presents the main challenge in the modern
magneto-optical research.”~> One of the ways to enhance the
magneto-optical effects is to excite surface plasmons (SPs).’
They represent collective oscillations of electromagnetic fields
and conduction electrons propagating at the interface between
a metal and a dielectric. The strong sensitivity of the SP to the
dielectric permittivity at the metal/dielectric interface enables
SP wavevector modulation in the presence of the magnetic
field””' The magnetic field control of SP propagation
becomes feasible by implementing magnetic materials in
plasmonic crystals or thin metal films. Such magnetoplasmonic
systems open up a range of approaches for controlling
magneto-optical effects. In particular, the enhancement of the
magneto-optical Kerr and Faraday effects has been observed in
magnetoplasmonic crystals (MPCs)"' ™' which are periodi-
cally corrugated metal surfaces and one- or two-dimensional
arrays of plasmonic nanoparticles. In order to additionally Revised:  February 29, 2024
enhance the magneto-optical effects augmented by SP Acce_Pted‘ February 29, 2024
excitation, much research has been devoted to minimizing of Published: March 18, 2024
absorption losses'’~'” and controlling the radiative losses of

SPs.”** Most works on the resonant enhancement of
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Figure 1. (a) Schematic of the experimental setup for measuring the angular dependence of reflectance and the GH effect. Inset: the SEM image
(top) with a scale bar of 1 ym and the AFM cross section of the MPC (bottom). (b) Experimental (blue dots) and simulated (red dots) angular
dependence of the MPC reflectance. (c) Intensity distribution of light on the MPC surface for p — (red curve) and s — (green curve) polarizations
as the horizontal cross sections of the CMOS camera images shown in the inset. Incident angle is 6 = 24°.

photonic crystals in the GHz spectral range,”” and in B RESULTS AND DISCUSSION
plasmonic thin films consisting of noble and ferromagnetic
metals.*’

In this work, we demonstrate how the GH effect in MPCs is

GH Effect in Ni MPC. The experimental angular depend-
ence of the MPC reflectance is shown in Figure 1b. Rayleigh
anomaly appears near 6 = 26° and manifests itself as a small

capable of spatially resolving and ultimately benefiting the SP- maximum. It is associated with the —1* diffraction order when
assisted intensity modulation of light under an external it propagates along the MPC surface. Reducing the incident
magnetic field. First, the existence of the GH effect in one- angle fulfills the phase matching condition for excitation of the
dimensional all-nickel MPCs is shown. This effect is directly —1* SP, which propagates in the negative direction. SP
observed in the MPCs due to SP excitation. Then, by applying excitation results in a dip in the reflectance at § = 24°. The
an external magnetic field to the MPCs in transverse geometry, same minimum is present on the simulated angular reflectance
we found that the spatial intensity distribution of the light dependence of the MPC (red curve and dots in Figure 1b),

performed in the Lumerical FDTD commercial package.”' The
Gaussian beam with a beam waist of 10.3 um, an angular
divergence of 1.5° and A = 848 nm was used as a light source
in the simulations. The modeled MPC surface consists of 125
periods and represents the harmonic function with a period of
590 nm and a corrugation depth of 117 nm. The monitor
placed above the light source registers the MPC reflectance at
B EXPERIMENTAL METHODS a given angle of incidence.

To reveal the GH effect in the MPC under SP excitation, the
spatial intensity distributions captured by the CMOS camera
are shown in the insets in Figure lc for s— and p— polarization.
The angle of the incident light coincides with the reflectance
dip (8 = 24°) for p— polarized light. For s — polarization, the
camera image has only a single spot associated with the mirror
reflected beam. Under p — polarization, the spatial distribution

beams is significantly modified under the GH effect. The
observed lateral variation of the intensity [TMOKE(x)] is
several times higher than that in the case of the conventional
TMOKE measurements that reveal the total changes of the
reflected beam intensity under a magnetic field.

The MPC under analysis is represented as a one-dimensional
nickel periodic grating with a quasi-sinusoidal surface profile
(see the SEM image and the AFM cross section in Figure la).

The fit of the AFM cross section by harmonic function (red
dots) reveals the corrugation depth of 116 + 10nm and a
period of 575 nm. The detailed fabrication description can be

found in Supporting Information SI1. Such a corrugation on the camera is modified compared with s — polarization. The
depth ensures the equality of radiative and absorption losses of light intensity distribution on the MPC surface consists of two
the excited SPs in the MPC, leading to the highest values of spots that manifest the GH effect in the nickel MPC under
electromagnetic field localization and the transverse magneto- excitation of the — 1* SP.
optical Kerr effect (TMOKE).”' The red and green curves in Figure lc show the horizontal
The measurements of the angular dependence of the intensity cross section of the camera images along the beam
reflectance and the GH effect were carried out by the centers obtained at p— and s— polarized incident light,
experimental setup shown schematically in Figure la and respectively. The maxima of thf’ two spots Of the p — polariz.ed
detailed in Supporting Information SI2—SI4. Light from the reflected beam are shifted in the positive and negative

directions with respect to the single maximum of the specularly
reflected s — polarized beam. The appearance of the positively
shifted beam is associated with a nonresonant mirror reflection
; of the incident light, while the negative shifted beam is
surface. The focused beam has a beam waist of 10 um associated with the —1% SP excitation. The GH shift D is
approximated by the Gaussian beam function. The angular defined as the distance between the two maxima in the lateral

collimated laser diode with a wavelength of 1 = 848 + 2 nm
passes through the liquid crystal retardation waveplates. The
generated p— or s— polarized beam is focused onto the MPC

divergence of the beam is approximately 3°. The Si detector direction of the reflected p — polarized beam. It is obtained as
measures the intensity of the reflected beam, whereas the D = d cos 0, where d is the distance between the two maxima
CMOS camera (ThorLabs DCC 1545 m) captures the spatial measured on the camera. The GH shift is equal to D = 15.3 ym
distribution of the reflected beam intensity. at the resonant angle of light incidence (6 = 24°).
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Figure 2. Angular dependence of the image cross section of the p — polarized reflected beam, experimental (a) and simulated (c). (b) Simulation of
the electric field distribution IE(x, y)| under the GH effect in the MPC. (d) Experimental (blue curve) and simulated (red curve) cross sections of
intensity profiles taken at the dashed lines marked on (a,c), respectively.

Angular Dependence of the GH Effect. The angular
dependence of the GH effect and its dependence on SP
excitation are demonstrated by the cross section of the camera
images of the reflected p — polarized beam. The experimental
angular dependence is shown in Figure 2a in the range from 0
= 22° to 0 = 26°. There is only one maximum on the
dependence at off-resonant incident angles (6 > 25° and 6 <
23°), which means that the GH effect is no longer pronounced.
However, one maximum is split into two near the SP resonant
angle from 6 = 23° to @ = 25°. It manifests the GH effect
enhanced by SP excitation. The maximum experimental GH
effect is observed at § = 24° and equal to D = 15.3 pum.

The GH effect in the MPC was also simulated in the
Lumerical FDTD commercial package.’ The parameters of
the source and the MPC are the same as those in the angular
reflectance dependence simulations. The monitor placed above
the light source (12 ym from the MPC surface) registers the
electric field distribution |E(x)| along the x-axis. Figure 2b
shows the electric field distribution |E(x, y)! in the xy-plane at 6
= 24°. The incident light beam excites the —1% SP by the —1%
diffraction order. The reflected beam is split into two, with the
lateral distance D between them (distance along the x-axis),
indicating the presence of the GH effect. One beam shifts in
the negative direction due to the excitation of the—1% SP,
which propagates in the negative direction as well. The
simulated angular dependence of |IE(x, y)I* is shown in Figure
2c. The simulated results follow the same trend as the
experimental ones. The GH effect is observed near the incident
angle of @ = 24° corresponding to SP excitation. In the
simulation, the maximum GH effect is D = 15.9 um at 0 =
24.2°. SI4 in the Supporting Information shows that the
change of the corrugation depth in the range from 90 to 125
nm preserves the GH shift value in the MPC. In contrast, the
spatial distribution of the intensity I(x) of the reflected beams
is modified, and a good agreement with the experiment is only
observed at h = 117 nm.
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Combination of the Transverse Magneto-Optical Kerr
and GH Effects. Figure 3a illustrates the idea of a magnetic-
field-induced intensity modulation under the GH effect. Two
static magnets with opposite directions are applied to the plane
of the incident light in the transverse geometry, thus
corresponding to the conventional measurements of
TMOKE. In the conventional TMOKE, the intensity changes
under an external magnetic field are integrated over the whole
beam area, and such measurements are not sensitive to the
spatial distribution of the reflected beam. In our experiment,
the spatial cross section of the reflected beam intensity was
recorded at each direction of the magnetic field I(x, + H). The
normalized difference of the intensity cross section I(x, + H)
under two opposite transverse magnetic field directions defines
the spatially resolved TMOKE (x)

I(x, + H) — I(x, — H)
I(x, + H) + I(x, — H)

TMOKE(x) = 2 X X 100%

(1)

Figure 3b,c demonstrates the experimental intensity cross
sections of the reflected beam I(x, + H) (black and red curves,
respectively) recorded at the two opposite directions of the
magnetic fields and TMOKE(x) (blue curves) measured at 6 =
23.8° and 0 = 24.3°. These two incident angles correspond to
the angular vicinity where the GH effect is at a maximum
(Figure 2a). Moreover, they are on the decreasing and
increasing sides of the angular reflectance dependence,
respectively (Figure 1b). I(x, H) and I(x, — H) differ from
each other. TMOKE(x) dependences (blue curves in Figure
3b,c) reflect the quantitative values of the difference between
I(x, + H) and I(x, — H). The maximum TMOKE(x) values are
reached at the minimum positions on the intensity cross
sections I(x, + H). The maximum TMOKE(x) values are 4.7%
at 6 = 23.8° and —4.0% at 6 = 24.3°. Figure 3d shows the full
angular dependence of TMOKE(x) in the range of the
incident angles from 6 = 22° to 6 = 26°. TMOKE(x) decreases
when the incident angle detunes from the resonant one. Its

https://doi.org/10.1021/acsphotonics.3c01844
ACS Photonics 2024, 11, 1619-1626


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c01844/suppl_file/ph3c01844_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01844?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01844?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01844?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c01844?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c01844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

(b) Experiment TMOKE (%)
200 T 6
| 6=23.8°
@ s oo I’
2
Intensity % 100 17 0
cross-section = r
= 8 50| —1-3
. E r
BN 0 1 L -6
Q] 0 20 40 60
x (m)
(e) Simulation TMOKE (%)
T T 60
: 0=24.15°
. FX —~0.04F 40
c
<3 _qstgp Ni MPC 2 20
External transverse < 0.02 0
magnetic field ©®H @-H =
2 -20
2
£0.00 . . -40
0 20 40 60
X (Hm)

(c) Experiment TMOKE (%)  (d) TMOKE (%)
200 ——— —6 4.72
9=24.3°
= 150
=}
g S
& 100 <
= @
% 50
£
0
0 10 20 30 40 50 60
X (Mm)
() Simulation TMOKE (%)  (a) TMOKE (%)
. . 60 24.9 50.0
9=24.2°
~0.04f 40 246
=
3 20 5243
< =
5002 0 Zaa0
3 20
5 237
£0.00 -40
234
0 20 40 60 26 28 30 32 34 36
X (Mm) X (Km)

Figure 3. (a) Sketch of the spatial resolution of TMOKE observed under the GH effect in the MPC. Experimental (b,c) and simulated (e,f)
intensity cross sections I(x, = H) for various incident angles under an external transverse magnetic field applied to the MPC in opposite directions:

black and red curves correspond to I(x, + H) and I(x, —

H), respectively; blue curves are TMOKE(x) determined by eq 1. (d,g) Experimental and

simulated angular dependence of TMOKE(x) in the MPC; spatial slices of the colormaps along the dashed lines marked as b,c,e,f are depicted in

(b,c) and (ef) graphs.

maximum spatial position on the incident angle is almost
independent. Thus, the existence of the GH effect significantly
modulates the TMOKE(x) spatial distribution.

The angular dependence of TMOKE(x) was simulated in
the Lumerical FDTD package. The anisotropic tensor of Ni
dielectric permittivity with nondiagonal components ¢,, = ig
and ¢, = —ig, where g is Ni gyration constant, was 1ntroduced
in the model meant to simulate the angular dependence of the
GH effect. The Ni gyration constant g = 0.062 — i0.3354 at A =
848 nm was taken from ref 2. TMOKE(x) reaches the
maximum positive value of 54.9% at an incident angle of 6 =
24.15° and x = 29.2 ym. This angle is located on the left side of
reflectance minimum. For an incident angle of 6 = 24.2°, which
coincides with the growing part of the reflectance angular
dependence, TMOKE(x) changes the sign and reaches up to
—50%.

The appearance of an inhomogeneous spatial distribution of
TMOKE(x) emanates from a modification of the SP
wavevector value under an external magnetic field in the
transverse geometry. The magnetic field leads to a shift of the
SP resonance angle in the MPC.**”*" The change in the
resonance angle also results in the angular shift of the GH
effect angular dependence I(x) shown in Figure 2a,c.
Therefore, under the opposite directions of the magnetic
field, the intensity cross sections I(x, + H) and I(x, — H) differ
from each other.

The maximum TMOXKE(x) values are achieved close to the
minimum I(x, = H) values, which emerged from the GH shift.
Such enhancement of the intensity modulation in the vicinity
of the minimum can be explained through the theory of the
GH effect.”® Under the GH effect in the MPC, the incident
beam transfers its energy to the SP. SP propagates along the x
axis and simultaneously radiates back into far-field in the
direction of the specular reflected beam. There is a critical
distance, x,, at which the maximum intensity is carried by the
SP field into the MPC. It is defined by the ratio, wa, between
beam waist w and propagation losses of an optical mode a.
The SP propagation losses are high for the nickel MPC under
study, providing wa > 1 and x, & D/2. A higher
electromagnetic field localization near x, = D/2 leads to

1622

greater magnetic-field-induced changes of the back-reflected
light intensity. The difference between the maximum TMOKE-
(x) values in the experimental and simulated results is related
to a mismatch in the angular beam divergence caused by the
diffraction of the beam. The lower beam divergence used in the
simulations results in a higher coupling efficiency of the
incident Gaussian beam with SPs. It leads to a deeper
minimum of I(x) (see the difference of the dip on the red and
blue I(x) curves in Figure 2d) and therefore to a higher
maximum TMOKE(x) value compared with the experimental
result. The simulations in the Supporting Information (SIS)
show that an increase in the Gaussian beam divergence up to
6° decreases the TMOKE(x) values compared to the similar
ones observed in the experiment. However, the larger angular
divergence of the beam leads to a mismatch of the spatial
distribution of the intensity I(x) in comparison with the
experimental one. Moreover, Figure S5 in the Supporting
Information (SI4) demonstrates that only a significant change
of the corrugation depth from h = 117 nm reduces the spatially
resolved TMOKE(x) values.

Comparison of the Spatially Resolved TMOKE(x) with
the Conventional TMOKE. Finally, we compare the
observed TMOKE(x) values with the conventional TMOKE
measurements for the nickel MPC. TMOKE was measured as
a normalized difference between the intensity of the reflected
light I(+H) taken at the opposite magnetic field directions in
the transverse geometry

I( + H) — I(-H)

TMOKE = 2 X
I( + H) + I(-H)

X 100%

)

I(+H) was measured by the silicon detector simultaneously
with TMOKE(x) (more information on the measurements can
be found in the Supporting Information, SI16). The
experimental TMOKE angular dependence of Ni MPC is
shown in Figure 4a as red dots. The TMOKE values possess
sign change behavior near 8 = 24° associated with the angular
shift of the reflectance dependence under an external
transverse magnetic field. Near this angle, TMOKE is higher
than for other nonresonant angles. The maximum TMOKE
value is 1.8%. Blue dots show the angular dependence of the

https://doi.org/10.1021/acsphotonics.3c01844
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Figure 4. Experimental (a) and simulated (b) angular dependences of
the TMOKE(x) maximum values (blue dots) and the conventional
TMOKE (red dots).

maximum TMOKE(x) values (Figure 3c). TMOKE(x) has the
same sign change trend as TMOKE. The observed maximum

Table 1. Maximum TMOKE(x) and the Conventional
TMOKE Values in the MPC

type experiment, max % simulation, max %
TMOKE(x) 4.7 54.9
TMOKE 1.8 22

TMOKE(x) value of 4.7% exceeds the conventional TMOKE
by 2.6 times (see Table 1). The comparison of the simulated
angular dependence of TMOKE and the TMOKE(x)
maximum values is shown in Figure 4b. TMOKE and
TMOKE(x) also have sign changing behavior associated with
the excitation of the —first SP. The maximum simulated
TMOKE(x) value of 54.9% significantly exceeds the maximum
TMOKE value of 2.2%, which qualitatively reproduces the
experimental results. This increase arises from the spatial
redistribution of SP energy near the MPC surface, which
cannot be probed by the conventional TMOKE measurements.
It should be noted that the angular dependence of TMOKE(x)
is sharper than one of the conventional TMOKE. The found
spatially resolved magneto-optical effects open up the direction
to improve the sensitivity of magnetophotonic devices.

B CONCLUSIONS

To conclude, we show that the one-dimensional nickel MPC
demonstrates the directly observed GH effect, which manifests
itself in two reflected beams spatially separated by a distance D.
The observed experimental shift between the mirror-reflected
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and shifted beams reaches up to D = 15.3 ym (184) and can be
associated with surface plasmon excitation. In the external
transverse magnetic field, the spatial distribution of intensity
under the GH effect is noticeably modified at the position
between the two reflected beams. The spatial resolution of
TMOKE(x) leads to the maximum modulation intensity of
4.7% observed in the experiment. In comparison with the
conventional TMOKE measurements, the maximum values of
the spatially resolved TMOKE(x) are 2.6 times superior. Our
findings can improve the functionality of magnetoplasmonic
devices operating as sensors**™>® and light modulators.”*™>’
The spatially resolved magneto-optical effects associated with
the GH shift can also be revealed in a wide range of
nanophotonic devices such as magnetophotonic crystals,”*>’
plasmonic,"”" and low-loss all-dielectric metasurfaces.”> %
Moreover, the observation of the GH shift can additionally
boost the nonlinear magneto-optical,’’ ~”" ultrafast magneto-
plasmonic,””~"* and magnetoacoustic effects.”*”®
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