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ABSTRACT: The magnetic-field-induced modulation of the spatially resolved reflected light
intensity in one-dimensional magnetophotonic crystals (MPCs) under the Goos−Han̈chen
(GH) effect is observed. The excitation of Bloch surface waves in MPCs leads to the GH
effect manifesting as the appearance of a second reflected beam shifted by 50.5λ relative to the
specular one. Applying a magnetic field in a polar configuration induces the conversion of
transverse electric Bloch surface waves into transverse magnetic waves that propagate into the
far field. This modulates the spatial distribution of the reflected light intensity being obtained
under the GH shift in MPCs with a modulation value of up to 19.6%. The observed values are
2 orders of magnitude higher than the conventionally measured modulation based on the
intensity changes of the total reflected light beam.

KEYWORDS: magnetophotonic crystals, Goos−Han̈chen effect, Bloch surface waves, magneto-optical effect, magnetic dielectrics,
magneto-optical modulation

■ INTRODUCTION
The high sensitivity of resonant optical effects in nanophotonic
structures to external stimuli may significantly expand the
possibilities for active control of light properties. One notable
example of these phenomena is the Goos−Han̈chen (GH)
effect, also known as the Goos−Han̈chen shift, involving a
lateral displacement of the reflected beam along the interface in
comparison with the position predicted by geometric optics.1,2

Typically, the GH shift remains limited to only a few
wavelengths of incident light in the case of dielectric interfaces
and metal surfaces3 due to the low field localization of
evanescent waves. However, the GH effect can be enhanced up
to several hundreds of incident light wavelengths by the
excitation of propagating surface plasmons4 in thin metal
films,5 plasmonic crystals,6,7 metamaterials,8,9 and metasurfa-
ces.10 Dielectric nanostructures have low optical losses and
thus enable even greater enhancement of the GH effect
through the excitation of Bloch surface waves (BSWs) and
defect modes in photonic crystals,11−17 unidirectional guided
modes in photonic crystal slabs,18,19 as well as bound states in
the continuum in all-dielectric metasurfaces.20−24 The GH
effect in these resonant optical structures is sensitive to
external conditions, thus allowing for tunability achieved
through the application of electric fields,25,26 thermal heating,27

and optical pumping.28 Incorporating magnetic materials into
the resonant optical structures makes it possible to use a
magnetic field for remote and ultrafast control of resonance
features.29−38 Enhanced magnetic-field-induced changes in
light intensity and polarization, known as the magneto-optical

Kerr and Faraday effects, have been observed in both
magnetoplasmonic39−49 and magnetophotonic50−60 structures.
Integrating magnetic materials into resonant photonic
architectures also provides an effective route for a dynamic
tuning of the Goos−Han̈chen effect, offering control over its
magnitude and direction under external magnetic fields.61−70

Recently, it was shown that the spatially resolved transverse
magneto-optical Kerr effect associated with the GH shift in
nickel magnetoplasmonic crystals exceeds the conventionally
measured value by 2.6 times.71 Despite their advantages,
ferromagnetic magnetoplasmonic crystals suffer from high
absorption, which limits the electromagnetic field penetration
into the magnetic medium and suppresses the achievable
magnitude of magneto-optical effects. In these systems, the
field is predominantly localized at the surface of the magnetic
material, restricting its interaction with the volume. In contrast,
one-dimensional magnetophotonic crystals (MPCs) represent
the optically transparent resonant structures defined by low
losses. MPCs are typically photonic crystals complemented by
magnetic dielectric materials. A magnetic layer may be
embedded into a photonic crystal as a defect layer or act as
one of the materials in a pair of layers.72−75 It is also possible
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for the magnetic layer to border the surface of a photonic
crystal. Such MPCs support either BSWs, also called optical
Tamm states,76 that propagate at their interface, or localized
defect modes. Both BSWs and defect modes exhibit a long-
time interaction and high field localization in the magnetic
layers, providing high tunability of the near-field intensity and
polarization when an external magnetic field is applied. This
significantly boosts the magneto-optical Kerr and Faraday
effects in MPCs.77−80 However, the benefits of the spatial
resolution of the magnetic-field-induced intensity modulation
under the presence of the GH effect in MPCs have not yet
been revealed.
In this work, we experimentally and numerically demon-

strate the magnetic-field-induced modulation of the spatial
intensity distribution associated with the GH shift in the MPC.
The excitation of the Bloch surface waves gives rise to the GH
effect, which manifests itself as two reflected beams spatially
shifted relative to each other. Applying an external magnetic
field to the MPCs in a polar configuration significantly
modulates the spatial intensity distribution of the reflected
beams under the GH effect. The magnetic-field-induced
modulation of the spatial intensity distribution in the MPCs
exceeds the value of the modulation observed in the
conventional measurements that include the intensity changes
of the total reflected beam.

■ RESULTS AND DISCUSSION

Sample, Experimental Setup, and Simulations
Figure 1a shows the SEM image of an MPC slice. The MPC
consists of 7 pairs of SiO2 and Ta2O5 layers with bismuth-
substituted yttrium iron garnet (Bi:YIG) on top. The
thicknesses of the layers are 130 nm, 90 nm, and 1060 nm,
respectively.
The scheme of the experimental setup is shown in Figure 1b.

Light from a laser diode (CPS670F from Thorlabs) with a
wavelength of λ = 675 nm passes through a Glan−Taylor
prism (G-T) and a liquid crystal plate (LCP, LCC1113-A from
Thorlabs), generating either s- or p-polarized beams by a liquid
crystal controller (LCC25 from Thorlabs). After passing
through a lens (L1) with a focal length of f = 30 mm, the
light propagates through a right BK7 glass prism and a layer of
immersion oil, focusing on the MPC surface. This enables the
excitation of BSWs in the Kretschmann configuration.78 The
focused laser beam is approximated by a Gaussian function

with a beam waist of 10 μm. After reflection from the sample,
the beam passes through a magnifying system consisting of two
lenses: L2 with f = 13 mm and L3 with f = 125 mm. The spatial
intensity distribution of the reflected beam is detected by a
CMOS camera (DCC1545M from Thorlabs). The 50:50
nonpolarized beam splitter between lenses L2 and L3 delivers
light to the Si-detector (DET36A/M from Thorlabs), which
measures the total intensity of the reflected beam. A static
external magnetic field is applied to the MPC in polar
configuration (along the y-axis) using a servo rotation stage
with a fixed neodymium magnet. The magnetic field strength is
equal to 1500 G at the position of the focused beam. To
change the angle of the incident light (θ), the laser, G-T, LCP,
and L1 were fixed on the one arm of the goniometer while the
glass prism with the MPC was mounted on the other. The Si-
detector and the CMOS camera were not rotated. The
goniometer consists of two rotation stages from Sigma-Koki
that allow for a 0.1° step of the incident light angle.
To simulate the angular dependence of the MPC reflectance

and the intensity cross-section of the reflected beams, the
finite-difference time-domain method (Ansys Lumerical
FDTD) was used.81 A Gaussian beam with a central
wavelength of 675 nm, a beam waist of 10 μm, and an angular
divergence of 0.9° was used as a light source. To take into
account the narrow spectral line of the laser diode radiation,
the reflectance and intensity cross-sections were calculated as
average values at 674.9 nm, 675 nm, and 675.1 nm for each
incident angle of light. A monitor that detects the total MPC
reflection and the reflected intensity cross-section at a
particular incident angle was placed above the source. Both
the source and the monitor were placed into a glass substrate
with a refractive index of 1.51. The model of the MPC
consisted of 7 pairs of SiO2 and Ta2O5 layers with thicknesses
of 132 and 93 nm, respectively. The refractive indices were
1.46 and 2.1, respectively. The layer on top of the periodic
structure has a thickness of 1059 nm, a refractive index of n =
2.21, and an extinction coefficient of κ = 0.0014. The latter was
taken into account for the scattering of light on the
inhomogeneities of the Bi:YIG layer. The modulation of the
reflected light intensity under an external magnetic field in
polar configuration was simulated by implementing anisotropy
into the dielectric permittivity tensor of the Bi:YIG layer. The
anisotropic dielectric permittivity tensor of Bi:YIG has the
following components:

Figure 1. (a) The SEM image of the MPC slice. (b) Schematic of the experimental setup for measuring the angular dependences of the reflectance,
the GH effect, and the spatially resolved magnetic-field-induced modulation of reflected light intensity in the MPC. CMOS camera images of
reflected light at θ = 58.1° under s (top) and p (bottom) polarizations are shown on the left side of the experimental setup. The experimental
intensity cross-sections in Figure 2 were taken along the red dashed line on the CMOS image. (c) Experimental (blue dots) and simulated (green
dots) angular dependence of the MPC reflectance in the case of the focused Gaussian incident beam with s-polarization. The gray dashed curve
shows the experimental angular reflectance of the MPC observed with unfocused s-polarized incident laser diode radiation.
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where ε = (n + iκ)2. The off-diagonal components are εxz = ig
and εzx = −ig, where g is the gyration constant of Bi:YIG. The
value of the Bi:YIG gyration constant is g = 0.0035 at λ = 675
nm.82

MPC Reflectance

The experimental (blue dots) and the simulated (green dots)
angular dependences of the MPC reflectance are shown in
Figure 1c for an incident focused Gaussian beam with s-
polarization. To achieve visual agreement between the
experimental and the simulated results, the simulated curve
was multiplied by a factor of 0.75 that includes unaccounted
reflections from the faces of the prism in the simulations. The
minimum reflectance observed for both curves at an incident
angle of θ = 58.1° indicates the excitation of a BSW. There are
no resonant features in the MPC reflectance for the p-polarized
incident Gaussian beam in this range of angles. Focusing of the
incident radiation broadens the resonance line width. The
intrinsic line width of the resonance, shown by a gray dashed
curve, was measured without focusing L1 and objective L2
lenses. The angular width of the resonance is approximately 1°,
which is comparable to the divergence of the focused incident
beam.
GH Effect in MPC

Two camera images in Figure 1b show the spatial distribution
of the p- and the s-polarized reflected beams at θ = 58.1°
corresponding to the minimum of angular reflectance for s-
polarization. In the case of p-polarized incident light, there is
only a spot associated with the beam specularly reflected from
the MPC, whereas for the s-polarized incident light, the camera
image has two spots, indicating the GH effect. The left spot
arises from the nonresonant specularly reflected beam, while
the right one is associated with the excitation and propagation
of the BSW. The GH shift is defined as the distance (D)
between the maxima of the reflected intensity along the plane
of the MPC surface (see Figure 1b). The experimental cross-
section of the beams along their centers (along x-axis in the xy-
plane) at a resonant angle of 58.1° is shown in Figure 2a by the
green curve. The GH shift is equal to D = 34.1 μm (50.5λ).
The red curve in Figure 2a demonstrates the simulated
intensity cross-section I(x) of the reflected beam at a resonant
angle of 58.1° corresponding to BSW excitation. The simulated
value of the GH shift equals D = 34.8 μm (51.5λ). To clearly
show the appearance of the two reflected beams, we simulated
a two-dimensional electric field distribution |E(x,y)| (Figure
2b) at a wavelength of 675 nm and an incident angle of θ =
58.1°. This demonstrates that the incident Gaussian beam
excites the BSW in the MPC layers, which propagates along
the MPC surface (x-axis). Six electric field antinodes within the
Bi:YIG layer indicate the excitation of the sixth-order
transverse electric (TE) BSW. The resonant excitation of the
BSW causes high field localization, which splits the reflected
beam into two: the left beam reflects from the MPC surface as
if it was a mirror, and the right one undergoes a lateral shift
along the interface, revealing a GH shift with a value D
between the maxima along the plane of the MPC surface.

Angular Dependence of the GH Effect
The map in Figure 2c shows the angular dependence of the
intensity cross-section of camera images along the centers of
the reflected beams. Two separated intensity maxima indicate
the appearance of the GH effect. They are observed near the
light incident angle corresponding to the BSW excitation
(57.7° < θ < 58.5°). When the incident angle is outside of the
resonant range (θ ≥ 58.5° and θ ≤ 57.8°), there is only one
maximum, which indicates the disappearance of the GH effect.
The simulated angular dependence of the intensity cross-
sections of the reflected light in Figure 2d exhibits a similar
trend to the one experimentally observed. The dashed white
lines on both maps correspond to the intensity cross-sections
in Figure 2a, with the maximum GH effect being equal to D =
34.1 μm (50.5λ) in the experiment and D = 34.8 μm (51.5λ) in
the simulations. The comparison of the experimental and
simulated angular dependences of the GH effect, obtained
from the intensity cross-section, is presented in Figure S1 of
the Supporting Information (SI1). Figure S2 in the Supporting
Information (SI2) shows the angular dependence of the GH
effect, calculated using the phase-stationary method with a
plane wave as an incident light source.
Modulation of the Spatial Intensity Distribution under the
GH Effect
The schematic of the magnetic-field-induced modulation of the
spatial intensity distribution of the reflected beam under the
GH effect is illustrated in Figure 3a. To modulate the spatial
intensity distribution of the reflected light from the MPC
under the GH effect, a magnetic field is applied in a polar
configuration (along the y-axis) as shown in Figure 3a. The
appearance of the off-diagonal terms εxz and εzx in the Bi:YIG
dielectric permittivity tensor converts the Ez component of the
TE BSW into Ex and Ey components. As MPC does not
support any resonant transverse magnetic (TM) BSWs at this
wavelength and incident angle, the converted light propagates

Figure 2. (a) Experimental (green curve) and simulated (red curve)
intensity cross-sections of the s-polarized beam reflected from the
MPC under resonant excitation of the BSW (θ = 58.1°). (b)
Simulation of the spatial electric field distribution |E(x,y)| under the
GH effect in the MPC. (c) Experimental and (d) simulated angular
dependences of the intensity cross-section of the s-polarized beam
reflected from the MPC. The dashed horizontal lines in (c) and (d)
correspond to the intensity cross-sections in (a).
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into the far-field as a TM wave. This process is illustrated in
Figure 3b by simulations of electric field distributions. The
TM-polarized beam with |Ex| and |Ey| components (two
bottom images) appears under the magnetic field in a polar
configuration. It is generated from the BSW TE electric field
localized into the Bi:YIG layer and propagates into the far-field.
This TE to TM mode conversion underlines the modulation in
the spatial distribution of the reflected beam’s intensity. To
measure the modulation magnitude, we record the spatial
intensity cross-section of the reflected beam with I(x,H) and
without I(x,0) the magnetic field H. The value of the
modulation is defined by the following equation:

=
+

×x
I x H I x
I x H I x

( )
( , ) ( , 0)
( , ) ( , 0)

200%
(2)

Δ(x) represents the average of the 50 individual Δ(x)
measurements. Figure 3c shows the cross-sections of the
reflected beam intensity with (I(x,H), green curve) and
without (I(x,0), black curve) the magnetic field at a resonant
incident angle of θ = 58.1°. The difference in the intensity
cross-sections with and without the magnetic field, shown in
the inset in Figure 3c, clearly demonstrates the magnetic-field-
induced modulation in the vicinity of the intensity minimum.
The blue dots (Δ(x)) represent the quantitative difference
between the two spatial intensity distributions. The maximum
modulation in the experiment is equal to Δ(x) = 19.6 ± 1.5%.
Moreover, it is observed at the minimum of the intensity cross-
sections I(x,H) and I(x,0). The minimum value of the spatial
distribution of intensity corresponds to the area of the highest
electric field localization associated with BSW excitation in
MPC layers (see Figures 2b and 3b). Therefore, the highest
Δ(x) location is near the minimum of the reflected intensity, as
the magnetic field induces TE to TM mode conversion, which
increases with field localization inside the magnetic layer.

Figure 3e depicts the experimental angular dependence of
Δ(x) over the range 57.6° < θ < 58.6°. The white dashed line
corresponds to the maximum value of Δ(x) cross-section,
which is depicted in Figure 3c. The value of Δ(x) decreases
rapidly to zero if the incident angle deviates from θ = 58.1°.
The simulation results of Δ(x) qualitatively coincide with

the experimental ones. Figure 3d shows that the maximum
magnitude of the spatial intensity modulation (blue curve) at
the resonant angle of θ = 58.1° equals to Δ(x) = 32.2% and lies
near the minimum of the intensity cross-sections (black and
green curves). Figure 3f also demonstrates the maximum Δ(x)
value at the incident angles where the GH effect occurs. The
differences between the maximum values of the experimental
and simulated Δmax(x) can be attributed to the presence of
surface roughness in Bi:YIG, different values of the gyration
constant g of Bi:YIG, and differences in the spectral width of
the incident radiation. Figure S3 in the Supporting Information
(SI3) shows simulations of Δ(x) curves for various values of
gyration constants. Δ(x) increases with increasing εxz and εzx
values. It should be noted that the enhancement of Δ(x) is
accompanied by an enhancement in the absolute magnetic-
field-induced modulation of the spatial distribution of
intensity, ΔI(x) = I(x,H) − I(x,0), which can be seen in
Figure S4 in the Supporting Information (SI4). The highest
maximum of ΔI(x) occurs near the position where the field is
localized in the Bi:YIG layer, due to the excitation of the BSW
wave.
Comparison of Magnetic-Field-Induced Spatially Resolved
Intensity Modulation Δ(x) and Full Intensity Modulation Δ
The advantage of spatially resolving the magnetic-field-induced
intensity modulation under the GH effect becomes evident
when compared to the modulation conventionally obtained
from the total reflected beam. The latter is defined by the
following equation:

Figure 3. (a) The schematic of the magnetic-field-induced modulation of the spatial intensity distribution under the GH effect in the MPC. (b)
The top two images correspond to the simulations of |E(x,y)| without and with a magnetic field. The bottom two images show |Ex(x, y)| and |
Ey(x,y)| components induced by a magnetic field in polar configuration. (c) Experimental and (d) simulated intensity cross-sections I(x,H) (green
curve) and I(x, 0) (black curve), measured at the resonant angle with and without an external magnetic field, respectively. Blue curves represent the
spatially resolved magnetic-field-induced modulation Δ(x) of the reflected light intensity. (e) Experimental and (f) simulated angular dependences
of Δ(x) in the MPC. The dashed lines correspond to Δ(x) shown in (c) and (d).
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where the I(H) and I(0) are the overall intensities (I(H) and
I(0) ∼ ∫ I(x,z)dxdz) of the reflected beam with and without an
external magnetic field, respectively. The experimental angular
dependences of the reflectance (pink square dots) and Δ (blue
open dots) are shown in Figure 4a. The corresponding

simulations are demonstrated in Figure 4b. The simulation
conditions were the same as those for the spatial intensity
distribution under the GH effect. As the simulation was
performed in a two-dimensional area (xy-plane), I(H) and I(0)
are therefore proportional to the integral of the spatial intensity
distribution along the x-axis (I(H) and I(0) ∼ ∫ I(x)dx). The
maximum Δ is observed in the vicinity of the MPC reflectance
minimum for both the experiment and the simulations. The
blue filled dots in Figure 4a and b indicate the angular
dependences of Δ(x), taken at the x-coordinate corresponding
to its maximum values (x = 40.4 μm in the experiment and x =
45 μm in the simulations). The maximum experimental value
is equal to Δ = 0.08%, which is 245 times less than the
maximum of the spatially resolved value Δmax(x) = 19.6%. The
simulated value of Δ is 0.06%. It is 537 times less than Δmax(x)
= 32.2%, which qualitatively coincides with the experimental
results. Thus, the observed magnetic-field-induced modulation
of the spatial intensity distribution under the GH effect
significantly exceeds the conventional one.39−60

■ CONCLUSION
In conclusion, we have experimentally demonstrated the
presence of the GH effect in one-dimensional magneto-
photonic crystals, which leads to the appearance of two
reflected beams separated by a distance D. At the resonant
excitation of Bloch surface waves, the GH shift reached up to D
= 34.1 μm (50.5λ). Moreover, under an external magnetic field
in polar configuration, the spatial intensity distribution under
the GH effect is significantly modified due to the conversion of
a TE BSW to TM waves. The maximum modulation observed
in the experiment was Δ(x) = 19.6% at the position of
maximum field localization, where the minimum intensity
occurred between the two reflected beams. In comparison with
the conventionally measured modulation of the total reflected
beam, the maximum of the spatially resolved modulation Δ(x)
is 245 times higher. Therefore, these findings can advance the
sensitivity of magneto-optical sensors and the performance of
magneto-optical modulators.
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