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ABSTRACT

We study the steering of visible light using a combination of magneto-optical effects and the reconfigurability of magnetic domains in
yttrium-iron garnet films. The spontaneously formed stripe domains are used as a field-controlled optical grating, allowing for active spatio-
temporal control of light. We discuss the basic ideas behind the approach and provide a quantitative description of the field dependence of
the obtained light patterns. Finally, we calculate and experimentally verify the efficiency of our magneto-optical grating.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0074391

Optical components are used for focusing, filtering, steering, and
manipulating the polarization of light. Their properties are typically
obtained by fabrication of three dimensional objects, having specific
refractive indices, dichroism, or birefringence effects.1 However, the
mechanical assembly of reconfigurable components forming an optical
device can limit its long-term stability and reliability. Flat optics has,
therefore, been pursued in an attempt to remedy these shortcomings.
The effort has given rise to a revolution in the field of optics, building
upon developments in the fields of plasmonics, metamaterials, and
nanofabrication.2–5 Metamaterials facilitate the shaping of optical
wavefronts1,6,7 through the structuring of near-fields in a designer
manner, thereby offering control of the far-field response.8 These can
also be reconfigured using electric and magnetic fields, temperature,
mechanical agents as well as chemical reactions.9 Magnetically con-
trolled metamaterials are of special relevance in this context due to
their reconfigurability, flexibility in design, and the fast response of
opto-magnetic effects.10,11 Therefore, investigating ways in which tai-
lored magnetic textures can be harnessed for the design of useful opti-
cal responses is of particular interest.11–15 In fact, related approaches
for magnetic holography recording and the subsequent steering of
light were initiated in the 1970s using garnet materials,16–23 MnBi
alloys,24–26 and EuO.27

In light of the metamaterial approach and opportunities, we here
revisit the use of yttrium-iron garnet (YIG)16,18,22 for obtaining one of
the most basic functions of an optical component: deflection of light.

The steering is obtained by applying an external magnetic field,
influencing the spontaneously formed stripe-like magnetic domains,
which, in turn, affect the intensity of the angular distribution of the
transmitted light. We describe the connection between the magnetic
texture of the YIG film and the deflected light, establishing a descrip-
tion of the relation between the real space magnetic domain structure
and the reciprocal space, as seen from the scattered light patterns.28–31

We also quantify the efficiency of the YIG-based grating. The ideas
and results discussed here can be utilized for the design and develop-
ment of a new generation of flat, reconfigurable, and potentially fast
optics10 through the control of magnetic order and textures at the
mesoscale12 using thin film technology and nanolithography.32–37

The investigated YIG film (30 mm� 3 mm � 7:3 lm) was
grown by liquid phase epitaxy on a 500lm thick gallium gadolinium
garnet (GGG) substrate.38,39 The angular dependence of the transmit-
ted intensity was determined using a specially designed magneto-
optical diffractometer based on a h� 2h goniometer (Huber 424
2-circle goniometer). The sample was mounted in the center of a
quadrupole magnet, providing vectorial magnetic fields up to 42mT.
The sample was illuminated using a supercontinuum laser (Fianium
SC-400-2) with a wavelength range of 400–1100nm or a monochro-
matic laser (Coherent OBIS) with a wavelength of 530 nm and a power
of 20 mW. Two Glan–Thompson polarizers (Thorlabs GTH10M)
were used for setting the polarization of the incoming beam and for
analyzing the rotation in the detected light. The signal was modulated
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to allow lock-in detection (SR830) and recorded using a Si photodiode
detector (Thorlabs DET100A). A beam splitter was employed for
monitoring the intensity of the source, providing on-the-fly normali-
zation of the intensity of the incoming light. For the field dependence
measurements, the sample was first saturated, ensuring a reset of the
magnetic domain configuration, and thereafter brought to the targeted
field before performing a detector scan. Hysteresis curves were mea-
sured for both in- and out-of-plane applied magnetic fields using a
magneto-optical Kerr effect (MOKE) magnetometer. Finally, a Kerr
microscope was used for magnetic imaging. To image the remanent
magnetization state, the samples were first demagnetized in a time-
dependent magnetic field of decaying amplitude. The microscopic
data presented here are polar-MOKE (P-MOKE) contrast images in
reflection.

Magnetic stripe domains are formed in the YIG film as shown in
Fig. 1, constituting a one-dimensional grating-like structure for the
out-of-plane magnetization component. The stripe domains can be

oriented40 along any direction within the sample plane, using external
in-plane magnetic fields (see also supplementary material videos). The
direction of the applied in-plane magnetic field also affects the mag-
netic texture by primarily altering the grating periodicity (K) [Fig.
1(b)] with the primary domain width (s) selectively affected, depend-
ing on the in-plane field direction and magnitude.11 For the remainder
of this Letter, we will concentrate on the case where in-plane magnetic
fields are applied to the YIG film along the y-direction as defined in
Fig. 2.

The layout of the magneto-optical scattering experimental setup
is illustrated in Fig. 2. The Faraday effect acting upon the light (polar-
ized along the y-direction) transmitted through the YIG film results in
a rotation of the polarization. Having domains of opposite out-of-
plane magnetization components yields rotations of opposite signs.
The interference between the light with opposite rotation of the polari-
zation gives rise to a diffraction pattern, closely resembling that of a
conventional optical grating. However, the interference arises from the
phase difference of the partial waves and not a modulation in the
transmitted intensity along the grating direction. Assuming a linear-
response regime, we can further calculate the intensity of the transmit-
ted diffracted beam though the YIG film. Defining F as the Faraday
rotation and d as the film thickness, the rotation will be u ¼ Fd.
Domains of opposite magnetization rotate the polarization in opposite
directions (u1 ¼ þFd for Mþ and u2 ¼ �Fd for M�), resulting in a
periodic modulation of the electric field components. Consequently, a
maximum achievable efficiency in terms of change in the beam power
can be estimated, knowing the attenuation coefficient a and by using
(see the supplementary material for full derivation)41

gmax ¼
4
p2

e�2
2F
a

� �2

sin2
ps
K
: (1)

For the YIG film used here: F¼ 2200 deg/cm (experimentally
determined, see the supplementary material) and a¼ 1417 cm–1 (mea-
sured absorption coefficient, see the supplementary material), resulting
in gmax ¼ 1:6� 10�4 for a wavelength of k¼ 530nm. This value is

FIG. 1. The magneto-optical grating. (a) Hysteresis loops of the YIG sample for out-of-
plane (upper panel) and in-plane (lower panel) applied magnetic fields. (b) An in-plane
magnetic field couples to the in-plane component of the magnetization in the YIG film,
altering the periodicity K while maintaining the ratio f ¼ s=K ¼ s0=K0 between the
domains. The full micromagnetic characterization of the YIG film using magnetic micros-
copy is detailed in the supplementary material videos.

FIG. 2. Schematic description of the magneto-optical scattering setup and the field
dependence of the binary magnetic YIG grating. The YIG film is illuminated using a
supercontinuum laser beam at normal incidence (450–900 nm), while placed
between two Helmholtz coils, providing a field along the y-direction. The laser
beam is linearly polarized before reaching the sample. An analyzer is positioned in
front of the detector, which can be moved in the zx plane, as depicted on the right
side.
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comparable to, yet higher than certain reported results in the literature,
for example, MnBi magnetic gratings,24–26,42 yet smaller than the val-
ues reported for Bi-substituted garnet materials.17–19 It is worth noting
that these improvements can imply additional chemical synthesis
complexity and an intricate interplay between the magnetic properties
and film thickness, which impact the angular deflection window and
magneto-optical efficiency.17,18 The actual experimental value of
the efficiency for our YIG film was determined to be g exp ¼ 1:47ð6Þ
� 10�4 in reasonable agreement with the calculated value.

Figure 3(a) displays the wavelength and angular dependence of
the transmitted light, and in Fig. 3(b), we show the angular depen-
dence of the intensity at two wavelengths (660 and 530nm) along with
the position and the intensity of the first diffraction peak. We note the
close to perfect scaling of the angular position of the peak and the
wavelength of the incoming light as well as the strong wavelength
dependence of the intensity of the diffracted light, reminiscent of the
YIG intrinsic magneto-optical activity (see the supplementary mate-
rial). The in-plane field dependence of the diffracted light is illustrated
in Fig. 4. As the applied field is increased, the grating periodicity
decreases, leading to an increase in the diffraction angle for any given
order, while a decrease in the intensity is also recorded. The latter can
be traced to Fig. 1(b), originating from a reduction in the P-MOKE
contrast as the field increases.

The stripe domains disappear, as does the diffraction, when the
sample is saturated. Starting from remanence and with the field
applied parallel to the sample surface, a linear dependence of the angu-
lar position of the first order diffracted beam with the applied field
strength is observed, almost the whole way up to magnetic saturation,
as shown in the inset of Fig. 4. At the same time, the intensity of the
diffracted beam is generally decreasing with the increase in the applied
field, ultimately reaching zero at magnetic saturation. The decrease in
the diffracted intensity originates from a reduction in the out-of-plane
magnetization, thus decreasing the difference in the rotation of the
polarization angle in the stripe domains. Note that the azimuthal rota-
tion of the in-plane applied field starting from saturation results in the
rotation of the scattering plane, since the stripe domains form parallel
to the new field direction (see the supplementary material video).

Finally, we describe the temporal response of the YIG magneto-
optical diffraction. For this purpose, we used the experimental protocol
illustrated in Fig. 5(a). The time-dependent response depends on the
field protocol as well as the position of the detector. Having chosen a
detector angle within the angular position window of the first order
peaks, we applied a sine-wave magnetic field on top of a field offset,
effectively driving the sample between its saturated and remanent
states. This results in a time dependency, as exemplified in the left

FIG. 3. Wavelength dependence of the magneto-optical scattering and the rema-
nent magnetic state, where K � 3:2 lm. (a) The diffraction peaks move when the
laser wavelength is changed as in the conventional optical grating. (b) Fitting the
angular position of the first order peak against the laser wavelength yields the recip-
rocal lattice unit value q0 ¼ q=ð2pÞ ¼ 1=K (see the supplementary material for
details) shown in the inset, which closely follows the observed periodicity as
observed by magneto-optical microscopy (Fig. 1).

FIG. 4. Field dependence of the magneto-optical scattering for in-plane applied
fields along the y-direction (Fig. 2). All patterns were recorded using a wavelength
of 530 nm. The inset shows the field dependence of the position and the intensity of
the first diffraction peak. The intensities have been normalized to the first diffraction
order in the absence of an applied magnetic field (0 mT).
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column of Fig. 5(c). Here, we notice the large difference in response,
solely arising from the choice of the detector angle. In fact, the relative
positioning of the detector within the first order peak window produ-
ces signals with mixed spectral load and possibilities for beammodula-
tion options involving tunable weighing of the harmonic content.
Changing the amplitude and the sign of the applied field, i.e., perform-
ing partial or extended loops, is expected to add another degree of free-
dom, allowing further tailoring of the spatiotemporal steering of light.
An interesting outlook also resides in the use of driving frequencies
beyond the current quasi-static framework.

The concepts discussed here can be used when designing mag-
netically controlled flat optical devices. A foreseeable major potential
for improvement lies in the field of magnetic metamaterials,10,34,37

where the necessary magnetic domain structures can be designed and
engineered utilizing lithography. For reasonably large diffraction
angles to be achieved, the width of the domains must be comparable
or larger than the wavelength of the light, for which nanopatterned

magnetic metamaterials offer an ideal setting.12 This can be done in
combination with conventional magnetic materials rather than target-
ing specific magnetic materials with the required, intrinsic domain
structures such as the YIG presented here. Additionally, a variety of
magnetic materials suitable for fabrication of such metamaterials
exhibit all-optical switching properties, where ultra-fast laser pulses
may be used to set the magnetic state in nanoarrays43,44 or films of
these materials.45–47 In this way, light cannot only be acted upon by
metamaterial architectures but also be used to set this action by
writing-in the necessary mesoscopic magnetic structure. Advanced
design and control of such metamaterials will allow for more intricate
schemes of light control,47,48 not only in terms of the scattering but also
over properties of light such as angular and orbital momenta,49–52

holding strong promises for information technology related applications.

See the supplementary material for a detailed derivation of the
magneto-optical grating equations and efficiency along with

FIG. 5. Frequency modulation using magneto-
optical gratings. (a) Combining the detector
angular placement with a field oscillation at a
given amplitude and frequency, it is possible
to alter the spectral intensity content of the sig-
nal as shown in (b) by changing the beam
sweeping sequence over the detector (c). In
all cases shown here, an oscillating field of
5 mT amplitude, 5 mT offset, and 0.1 Hz fre-
quency was used with the laser wavelength
set to 530 nm. The recorded intensities are for
the first diffraction order and detector angles
of h1 ¼ 8:8�; h2 ¼ 10:2�, and h3 ¼ 11:0�.
The intensities have been normalized to the
highest intensity of the first harmonic (0.1 Hz).
This highlights the tunable harmonic content,
enabling modulation on frequencies above the
field driving frequency.
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experimental data on the photon energy-dependent Faraday rotation
and absorption coefficient. We further present details on the calcula-
tion of the scattering patterns for real-space magnetic microscopy
data. Two videos are included, presenting the field dependence of the
magnetic domain structure alongside the resulting reciprocal space
patterns and the experimentally observed light beam deflections while
applying magnetic fields.
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