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Enhanced Magneto-Optical Effects in Epsilon-Near-Zero
Indium Tin Oxide at Telecommunication Wavelengths

Kenji lkeda,* Tianji Liu, Yasutomo Ota, Nobukiyo Kobayashi, and Satoshi Iwamoto*

Epsilon-near-zero (ENZ) materials exhibit near-zero permittivity and induce
various intriguing linear and nonlinear optical phenomena. Magneto-optical
(MO) effects, which are notoriously weak in the optical domain, have been
predicted to be significantly enhanced in ENZ materials, which can facilitate
the realization of compact nonreciprocal devices. However, to date, enhanced
MO effects have been predominantly observed in effective ENZ media, which
are commonly based on complex combinations of photonic nanostructures. It
is difficult for these effective media to achieve isotropic ENZ responses, which
severely limits their use in the development of ENZ-MO devices. Here,
enhanced MO effects in pristine indium tin oxide (ITO) with ENZ properties at
technologically important telecommunication wavelengths are demonstrated.
MO transmission (reflection) spectroscopy of ITO films with different ENZ
wavelengths reveal Faraday (Kerr) rotation peaks around the respective ENZ
(EN-one) wavelengths, demonstrating that these observations are due to the
intrinsic properties of the ITO materials. The demonstrated mechanism of the
MO effect enhancement is universal and can be applied to various ENZ
materials, including those incorporating ferromagnetic materials. Native ENZ
materials with enhanced MO responses will greatly expand the opportunities
for the development of novel nonreciprocal nanophotonic devices, such as
on-chip optical isolators and one-way topological waveguides.

rigorously regulated light.'*l At optical

wavelengths, MO effects are known to
be rather weak in transparent materials.
Therefore, most MO devices in the opti-
cal domain require long interaction lengths
and are bulky. This has been a roadblock
in the development of compact optical inte-
grated circuits with MO isolators, which are
considered essential for various optical de-
vices operating at telecommunication wave-
lengths, including wavelength-stabilized in-
tegrated lasers. One common approach for
enhancing the effective MO interactions is
to use optical resonance.>* Telecom mi-
croring resonators incorporating MO mate-
rials have been examined for building com-
pact isolators; however, they sacrifice the
operational bandwidth.[1+1°]
Epsilon-near-zero (ENZ) materials!
represent an alternative method for increas-
ing the effective MO interactions. ENZ me-
dia possess a relative permittivity e close to
zero (—1 < e <1)'77] and are known to exhibit
various linear and nonlinear optical phe-

16,17]

1. Introduction

Magneto-optical (MO) effects break the time-reversal sym-
metry and play a pivotal role in realizing nonreciprocity in
photonics. MO devices are becoming increasingly important for
building complex and functional optical systems that require

nomena, including efficient subwavelength
waveguiding!'®1°! and supercoupling.[*>2]
Huge nonlinear optical processes in the
near-infrared (NIR) region have also been observed in some
ENZ media including indium tin oxide (ITO)!?!l and Al-doped
zinc oxide.?] Enhanced MO effects are another anomalous as-
pect of ENZ materials, which have long been predicted even
through a well-known equation of MO Faraday rotation found
in textbooks:!?}l the small diagonal part of the e tensor will
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enhance the MO Faraday rotation, which is governed by the off-
diagonal part of €. In early studies, ENZ-enhanced Faraday/Kerr
rotation and circular dichroism were studied theoretically.[2+-2¢]
Optical devices such as optical isolators!®®! and topological one-
way waveguides!?’] have also been designed based on the hypo-
thetical ENZ-MO materials.

Experimental studies on ENZ-MO media in the NIR region
have mostly been conducted using effective ENZ materials based
on optical metastructures.[?*30 Enhanced MO effects have been
observed in effective ENZ media based on judiciously designed
periodic nanostructures or complex combinations of metals and
dielectric materials. Such effective media are composed of as-
semblies of nanophotonic elements, each of which occupies a
space comparable to or even larger than the wavelength scale,
exhibiting effective ENZ properties as a whole. Moreover, the op-
tical responses of such effective media are likely anisotropic.[28-3!
Combined with the difficulty in nanofabrication, it is difficult to
employ nanostructure-based ENZ media for the development of
ENZ-MO devices. To unleash the potential of ENZ-MO media,
isotropic and continuous ENZ materials capable of enhancing
the MO effects are indispensable. However, there have been no
reports on enhanced MO effects in continuous ENZ media at
technologically important telecommunication wavelengths.

In this study, we demonstrated that ITO thin films exhibit
ENZ-enhanced MO effects at telecommunication wavelengths.
We prepared ITO films with different ENZ wavelengths in the
near-infrared range by controlling the oxygen concentration.
We experimentally observed that the Faraday rotation and Kerr
rotation in the ITO films are enhanced at around their ENZ
wavelength and around the epsilon-near-one (EN-one) wave-
length, respectively. Such an ENZ-enhanced MO effect would
not be limited only to ITO, but would also be observed in other
transparent conducting oxides exhibiting ENZ properties. The
peak Faraday and Kerr rotation angles were 0.19°/um and 0.65°
at a magnetic field strength of 800 kAm~!, which are surpris-
ingly large values given that ITO is a paramagnetic material. We
envision that the MO effect can be further enhanced by incor-
porating ferromagnetic nanogranules.l*!! Our results contribute
to the progress in ENZ photonics and pave the way for novel
applications of ENZ materials.

2. Results and Discussion

2.1. Effect of Diagonal Element of Permittivity Tensor on MO
Effects

Figure 1a shows a conceptual schematic of the experimental con-
figuration. A magnetic field H was applied perpendicular to the
specimen (Faraday configuration). When the specimen exhibited
an MO response, the polarization plane of the incident light,
which was linearly polarized, was rotated after being transmitted
through or reflected by the specimen. The rotation angles of the
polarization plane in the transmission and reflection are referred
to as the Faraday rotation angle 6 and Kerr rotation angle 6y, re-
spectively. The permittivity tensor of the specimen under a mag-
netic field along the z-direction can be expressed as:

€ &y O
€ =|-¢, &, O (1)
0 0 ¢
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Notably, both €,, and ¢, are generally complex. When ¢,, is
sufficiently smaller than e, which is the case for ordinary mate-

rials, 6y and 8, are approximately obtained as follows:[?]

0, = Re<”7L—’> @)

0 = Re<—(5m71”)y F) (3)

Here, 4 and L are the wavelength of the incident light and sam-
ple thickness, respectively. These results suggest that 6, and 0y
will increase as the diagonal element of the permittivity tensor ap-
proaches zero. In addition, Equation (3) indicates that 6, will also
be enhanced when the diagonal element is close to 1. For a ma-
terial with a permittivity tensor represented by Equation (1), the
complex refractive indexes for the left-handed and right-handed
circularly polarized light, N, are calculated as:

Nt = 8xx * igxy (4)
The difference between N, and N_ causes the rotation of
the polarization plane. For the simple configuration shown in
Figure 1a, neglecting the effect of the substrate, the Faraday rota-
tion angle is calculated as follows:

0, = Re{’%(NJr—N_)} (5)

The amplitude reflectivity at the sample surface, 7, is repre-
sented as:

~ N1 ;
e = N;+1 = ri e’ (6)
where 0 and 6, are real numbers. The Kerr rotation angle is then
given by:
O = == )
Figure 1b,c show 6;/L and 6y calculated using Equations (5)
and (7), as a function of the real part of ¢, Re(e,, ), respectively,
for various dielectric losses (the imaginary part of ¢, Im(e,,)).
In the calculations, ¢, = 1x107*i and A1 = 1.55 um were used.
As expected, the increase in 6y at around Re(e,,) = 0 and in 6y
at around Re(e,,) = 0 and 1 are clearly observed. These results
show that MO effects can be effectively enhanced by controlling
Re(e,,) at the operating wavelength. Another important observa-
tion is that the enhancement in the rotation angle becomes less
prominent when the dielectric loss increases. Figure 1d shows
how significantly the dielectric loss weakens the enhancement
in the rotation angle, indicating the importance of preparing low-
loss ENZ materials to clearly observe the enhancement of the MO
effects.

2.2. ITO Films for ENZ Materials at Telecommunication
Wavelengths

ITO films were prepared on a quartz substrate using a ra-
diofrequency sputtering system. Figure 2a shows the optical
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Figure 1. MO effect in an ENZ material. a) Schematic explaining MO effects in Faraday configuration. b,c) Dependences of Faraday rotation angle per
length ¢ /L and Kerr rotation angle 6y on the real part of ¢,,, Re(¢,,), for different dielectric losses Im(e,,). d) Maximum Faraday and Kerr rotation angles
as a function of Im(e,,). For the Kerr rotation angle, the peak value around Re(e,,) = 11is plotted.

photographs of several ITO thin films deposited at the substrate
temperature of 400 °C and with different oxygen gas flow ratios
during sputtering. ITO films have visible light transmittance,
and the color of the film’s changes with the oxygen flow ratio.
This change in color reflects the blue shift of the optical absorp-
tion edge of the ITO owing to the increase in carrier density. A
lower amount of oxygen supplied during deposition increases
the concentration of oxygen vacancies in the film, resulting in
an increase in the carrier density.[3%]

The spectra of the complex diagonal permittivity of the ITO
thin films with different O, flow ratios are shown in Figure 2.
The real part of the diagonal permittivity, Re(e,,), decreased and
became zero at a specific wavelength depending on the O, flow
ratio (Figure 2c). The ENZ wavelength, where Re(e,,) = 0, was
~1350 nm for the ITO film deposited with O, flow ratio of
1%, and became longer as the O, flow ratio increased, exhibit-
ing strong tunability of the ENZ wavelength covering the entire
telecommunication band. The Drude model, which describes the
optical response of free carriers, indicates that the ENZ wave-
length depends on the plasma frequency, which is proportional
to the square root of the carrier density.*}! Thus, the observed
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redshift of the ENZ wavelength can be attributed to a decrease in
the carrier density in the ITO films with a higher O, flow ratio.
The carrier density of the ITO films is of the order of 102 cm3,
which is two orders of magnitude larger than that of highly doped
InAs exhibiting ENZ-enhanced MO responses at approximately
A =17 um.B¥ In contrast to Re(e,,), the imaginary part of the di-
agonal permittivity, Im(e,, ), in the wavelength region of interest
increases gradually as the wavelength increases owing to free-
carrier absorption at longer wavelengths (Figure 2d).

As discussed above, a smaller Im(e,,) is desirable for investi-
gating the ENZ-enhanced MO effects. Figure 2b shows the dielec-
tric loss, Im(e, ), at the ENZ and EN-one wavelengths of the ITO
films. The dielectric loss decreases as the ENZ (EN-one) wave-
length decreases. This trend is consistent with that observed in
previous studies (see Figure S3, Supporting Information). It is
noteworthy that the dielectric losses at the ENZ wavelengths are
relatively small when compared with those in previous reports,
as shown in Figure S3 (Supporting Information). The low dielec-
tric loss can be attributed mainly to high carrier mobilities owing
to the high crystallinity of the ITO films deposited at a high tem-
perature of 400 °C.
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Figure 2. ITO films and their complex diagonal permittivity’s. a) optical photograph of ITO films. b) Dielectric loss at ENZ and ENO wavelengths. c,d)

Complex diagonal permittivity of ITO films (c, real part, d, imaginary part).

2.3. MO Effects in ENZ-ITO Films

We measured the Kerr rotation angle 6, and Faraday rotation an-
gle per unit length, 6;/L, for the ITO films conforming to the
Faraday geometry at room temperature. A schematic of the polar
Kerr rotation measurements is shown in Figure 3a. In this study,
the rotation angle of the polarization plane of the reflected light
for S-polarized light incident at an angle of 10° was measured.
Figure 3b shows the spectra of §; measured with a magnetic field
of 800 kA m~! for ITO films deposited with different O, flow ra-
tios. As expected from Figure 1c, a peak in 6, was observed for
each sample near its EN-one wavelength, which is indicated by
the arrow in Figure 3b. A corresponding peak was not observed
for the film with 6% O, ratio because the EN-one wavelength was
located beyond the measurement wavelength range. The sign of
the peak for the ITO film with a 5% O, ratio was opposite to that
of the others. Besides the main peak, we observed sub-peaks at
~1170 and 1330 nm in ITO films with 2% and 4% O, ratios, re-
spectively. The sign flipping and the formation of sub-peaks could
be caused by the interference between the reflected lights at the
ITO surface and at the interface between the ITO and quartz sub-
strate. Besides the remarkable increase in the Kerr rotation angle
at around Re(e,,) = 1, a slight enhancement at around Re(e,,) =
0 was also expected, as shown in Figure 1c. However, no clear
signs of an increase in the rotation angle were observed at the
ENZ wavelengths in the experiment. Because of the remaining
loss, the absolute value of €, was not zero, even at the ENZ wave-
length, making the enhancement effect weaker and more sensi-
tive to the loss than that at the EN-one wavelength.

Figure 3c shows the dependence of 6 on the applied magnetic
field for the ITO film deposited at an O, ratio of 3%. 8 increases

Adv. Optical Mater. 2024, 12, 2301320 2301320 (4 of 8)

as the magnetic field increases and reaches 0.67° at 800 kAm~".

Although the rotation angle varied with the applied field, the
peak wavelength of 8, was almost independent of the magnetic
field. 6y at the peak wavelength for each ITO film is plotted as a
function of the applied magnetic field in Figure 3d. 8, varies in
proportion to the magnetic field and no hysteresis is observed.
These results strongly indicate that the large 6y at the peak orig-
inates from neither the ferromagnetism of the ITO films!*! nor
any other magnetic interaction enhancing the off-diagonal per-
mittivity, but from the enhancement effect associated with the
change in diagonal permittivity.

The Faraday rotation angle per unit length, /L, was mea-
sured in the transmission configuration at normal incidence un-
der a magnetic field of 800 kAm™'. Figure 4 shows the mea-
sured 0 /L spectra of the ITO films. In the wavelength range
of interest, the free-carrier absorption in ITO increases and the
transmitted optical signal weakens as the wavelength increases.
The smaller the detected signal, the poorer is the signal-to-noise
ratio. Therefore, 0/ L specific to the wavelength range where the
optical transmittance is larger than 1% is plotted in Figure 4
(transmittance data are shown in Figure Sla, and Faraday data
for all measurement ranges are shown in Figure S2, Supporting
Information, respectively). The ITO films with O, flow ratios of
1%—4% showed a broad peak. The peak wavelength shifted to-
ward longer wavelengths as the ENZ wavelength of the films in-
creased, but was located ~100 nm nearer than the corresponding
ENZ wavelength. For the ITO films deposited with O, flow ratio
of 3%, the maximum 6 /L of 0.19°/um was observed at 1490 nm.
The shift in the peak wavelength from the ENZ wavelength is
attributed to the remaining loss. As seen in Figure 1c, Re(e,,),
where the maximum enhancement occurred, became larger as

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Polar Kerr rotation of ENZ-ITO films. a) Schematic of the polar Kerr measurement. b) Kerr rotation spectra of ITO films. c) 6 spectra of ITO
film with O, deposition ratio of 3% at different magnetic fields. d) Magnetic field dependence of 6 at the peak wavelength. 6y in b, c and d are plotted
after subtracting the Kerr rotation of the quartz substrate from the measured value.
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Figure 4. Faraday rotation angle, 0¢/L, spectra of ENZ-ITO thin films.
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Im(e,,) increased. In addition to the shift in the ENZ wavelength,
the peak shape was asymmetric. While the rotation angle grad-
ually increased at wavelengths below the peak wavelength, it
rapidly decreased above the peak wavelength. This asymmetric
line shape was reasonably reproduced in the rotation spectra cal-
culated using the measured ¢, as discussed below. In contrast,
for the ITO films with O, flow ratios of 5% and 6%, only a mono-
tonic increase in 6/L was observed because the expected peak
wavelengths for those films were outside of our measurable spec-
tral range.

2.4. Calculated Kerr and Faraday Rotation Spectra

To further confirm that the enhanced Kerr and Faraday rotations
at particular wavelengths originated from the dispersion in the
diagonal dielectric constant, we calculated the spectra of the ro-
tation angles using the measured e,, shown in Figure 2c and d.
Figure 5a and b show the calculated spectra of the Kerr rotation
angle, 6, and Faraday rotation angle, 6./L, with s-polarization
(along the y-direction in Figure 3a), respectively, for ITO films
with different O, flow ratios. In the calculations, to capture the
basic properties of the MO response in ITO films, we adopted

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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a simple model assuming infinitely thick ITO films and used
a fixed €,, = 1 x 107*i. Even this simple model can explain the
fundamental features observed in the experiment, as discussed
below. Incident angles of 10° and 0° were used for the Kerr and
Faraday rotation calculations, respectively. The results in Figure 5
were obtained using the commercial software based on the fi-
nite element method, COMSOL Multiphysics. The modeling and
calculation details can be found in Experimental Section. Calcu-
lations with fixed e,, reproduced the features observed in the
experiments qualitatively. The main peak in the Kerr rotation
spectrum appeared near the EN-one wavelength for each sam-
ple (Figure 5a). In the Faraday rotation spectra (Figure 5b), an
asymmetric peak appeared, and its wavelength was a few tens
of nanometers shorter than the ENZ wavelength. Figure 6a and
b depict the measured and calculated peak wavelengths of 6y
and 0;/L together with the EN-one or ENZ wavelengths. It can
be clearly seen that the peak wavelengths in the Kerr and Faraday

Adv. Optical Mater. 2024, 12, 2301320 2301320 (6 of 8)

rotations follow the shift in the EN-one and ENZ wavelengths, re-
spectively. These results strongly indicate that the enhanced MO
responses observed in this study are not due to the resonant en-
hancement of the off-diagonal permittivity but the reduced diag-
onal permittivity near the ENZ wavelengths.

Although the overall trend of the spectral response of the MO
effect was well explained, some quantitative discrepancies re-
main. A major discrepancy relates to the magnitudes of the rota-
tion angles. Both the Kerr and Faraday rotation angles measured
in the experiments were five to ten times larger than those in the
calculations. The electronic states at the surface differ from those
in the bulk because the crystalline symmetry in the bulk is bro-
ken at the surface. This may have resulted in a larger e,,.**) The
optical cavity effect is another possible explanation of this phe-
nomenon. Interference fringes were observed in the transmis-
sion and reflection spectra (Figure S1, Supporting Information),
indicating the formation of optical resonance. Analysis taking the
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finite thickness of ITO films will be necessary to investigate the
optical cavity effect as well as the detailed features in MO spectra
such as the sign and the presence of sub-peaks in the Kerr ro-
tation spectra. In addition to the discrepancy in the rotation an-
gles, the peak wavelengths of the Faraday rotation deviated from
those in the calculations using the measured complex permit-
tivity. This can be attributed to the variation in the optical con-
stants of the ITO films along the thickness direction. The non-
uniform composition and crystalline structure along the growth
direction induce variations in the carrier density,[*”] resulting in
a distribution of the ENZ wavelength along the light propaga-
tion direction. Further investigations are required to clarify the
origin of these discrepancies. Nevertheless, the experimental re-
sults and their qualitative agreement with the calculations pre-
sented herein (Figure 6) clearly demonstrate the enhanced MO
effect in continuum ENZ materials.

3. Conclusion

In this study, we demonstrated the enhancement of the MO effect
in ITO thin films exhibiting the ENZ effect at optical communica-
tion wavelengths. The low-loss ITO films exhibited an enhanced
Faraday effect near the ENZ wavelength and a sharp peak of the
Kerr rotation angle in the wavelength region where the dielectric
constant was close to one. Enhanced MO effects can be observed
in other ENZ materials, such as semiconductor oxides. The en-
hanced MO effects in continuum ENZ materials can be utilized
to realize various integrated photonic devices, including on-chip
isolators and topological one-way waveguides. We believe that our
results will not only open up possibilities for new applications of
ENZ materials but also contribute to further progress in ENZ
photonics science.

4. Experimental Section

Materials:  ENZ-ITO films were prepared using an RF sputtering sys-
tem (SPF-210B, Anelva) with an ITO (Sn: 5 wt.%) target. The films were
deposited on 50 X 50 mm quartz substrates in an Ar + O, atmosphere
(O, ratio: 1%—6%) at a pressure of 1.0 Pa. The thickness of the films was
1.5-2.0 um. The carrier density of the ITO films was controlled by varying
the ratio of the O, atmosphere. The oxygen vacancies in the ITO films were
varied by changing the flow ratio of the Ar and O, gases during deposition
to fabricate films with different carrier densities.

Measurement Procedure of Diagonal Permittivity: The diagonal permit-
tivity's of the ITO films were determined using spectroscopic ellipsometry
(Uvisel Plus, Horiba) at wavelengths ranging from 200 to 2065 nm. The
Lorentz and Drude models (Equations (8) and (9)) were used for the anal-
ysis of the diagonal permittivity,3338] wherein y is the electron scattering
rate; € and e, are the free space and infinite frequency permittivity, re-
spectively; @, @y, and w are the plasma angular frequency, resonant an-
gular frequency, and angular frequency, respectively.

2

— p
Elorentz = €0 + 2 2\ (8)
(wofw )JrlyLa)

;

: ©)

o(w+iyp)

@
€Drude = €0

MO Effect Measurement: The Faraday and Kerr rotation angles were
measured using the rotating analyzer method (BH-501F, Neoark) over
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the wavelength range of 1000-1650 nm. All the measurements were per-
formed at room temperature.

MO Effect Calculation:  All the calculations shown in Figure 5 were per-
formed using the finite-element-method-based software package COM-
SOL Multiphysics. A frequency-domain solver was used to solve Maxwell’s
equations in a 2D model. The Floquet periodic boundary condition and
scattering boundary condition were separately exploited along the x-
direction and z-direction, as shown in Figure la. For the incident y-
polarized light (s-polarization), the Faraday and Kerr rotation angles were
evaluated using the following equations!?3l:

1 arctan(2Re(y))
o ——— AN

6 =
2 -yl

o= +1 (10)

g = EX/(;os(a) i)
Y

Here, a is the incident angle in the xz-plane. E, and E, are the x- and y-
electric field components at the reference point, respectively. o is the sign
of the rotation angles; 6 = —1and ¢ = 1for 0 ; and 6 y in the configura-
tion of Figure 1a, respectively. The reference point on the transmission or
reflection side was used to extract the Faraday or polar Kerr rotation angle.
To calculate the Faraday rotation angle, the distance between the refer-
ence point and bottom surface of the ITO films was larger than several
wavelengths. Similarly, to calculate the Kerr rotation angle, the distance
between the reference point and excitation source of the film was greater
than half the wavelength.
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