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ABSTRACT

Nonreciprocal optical devices based on magneto-optical ferrites in their low-loss regimes have been widely investigated as a promising plat-
form for integrated photonics. Nonreciprocity in such devices originates from circular birefringence, leading to frequency splitting of forward
and backward modes and, as a result, nonreciprocal transmission. In this paper, we propose an alternative approach to realize nonreciprocal
devices based on magneto-optical circular dichroism and relying on the very presence of optical absorption. Our approach relies on the phe-
nomenon of spin-Hall effect of light, which gives rise to chiral near field interactions of light carrying transverse angular momentum with
matter, which, in lossy regimes, yields a disparate absorption for forward and backward optical modes. As an example of practical applica-
tion, we design an optical isolator based on ring resonator integrating Ce:YIG ferrite, and we demonstrate isolation near 880 nm absorption
line due to the ionic electric dipole transition. A Ce:YIG film asymmetrically placed on the inner side of the ring yields different critical cou-
pling conditions due to the chiral nature of evanescent light for forward and backward waves, leading to nonreciprocal absorption and trans-
mission. The proposed approach to nonreciprocity may significantly broaden the possible choice of magneto-optical materials for
nonreciprocal devices, enabling operation even in lossy regimes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057558

Non-reciprocal devices, such as optical isolators and circulators,
play a critical role in optical applications by enabling unidirectional
propagation of optical signals.1 A variety of approaches to nonreci-
procity, e.g., nonlinear optics and spatiotemporal modulation2–7 and
Weyl insulator,8 have been proposed to achieve optical nonreciprocity,
but the traditional approach based on magneto-optical (MO) materials
remains an industry standard.9–20 Recently, due to the increasing
importance of integrated photonics, a number of on-chip nonrecipro-
cal devices consisting of MO garnets, such as bismuth substituted
yttrium iron garnet (Bi:YIG) and cerium substituted YIG (Ce:YIG),
have been proposed.21–24 For integrated photonics, it is important that
thin MO garnets can be fabricated in high crystal quality on semicon-
ductor substrates.16,21,25 Specifically, integrated ring resonators with

high quality (Q-) factors have been shown as a promising plat-
form,26–34 and non-reciprocal MO ring resonators and isolators on sil-
icon were experimentally demonstrated,10,13,35–37 yielding a large
isolation ratio due to frequency splitting caused by the Faraday effect.

The nonreciprocal response of optical devices relies on a specific
gyroelectric form of the permittivity tensor of MO materials in the
presence of a magnetic field, which, for the field applied in the y-direc-
tion, can be expressed as

ê ¼
e0xx þ ie00xx 0 e0xz þ ie00xz

0 e0yy þ ie00yy 0

�e0xz � ie00xz 0 e0zz þ ie00zz

0
BB@

1
CCA; (1)

Appl. Phys. Lett. 118, 241104 (2021); doi: 10.1063/5.0057558 118, 241104-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

https://doi.org/10.1063/5.0057558
https://doi.org/10.1063/5.0057558
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0057558
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0057558&domain=pdf&date_stamp=2021-06-15
https://orcid.org/0000-0001-7758-9691
https://orcid.org/0000-0002-9725-6445
https://orcid.org/0000-0002-4297-5274
https://orcid.org/0000-0002-7689-216X
mailto:akhanikaev@ccny.cuny.edu
https://doi.org/10.1063/5.0057558
https://scitation.org/journal/apl


where the off diagonal components reflect the magnetization-induced
optical activity of the material. A traditional approach to nonreciproc-
ity with MO materials relies on circular birefringence, i.e., the Faraday
effect, providing frequency splitting due to the imaginary part of the
off diagonal terms e00xz in the permittivity tensor (1). The device opera-
tion based on this principle typically shows best performance in a
lossless (or nearly lossless) regime (e00xx � 0 and e0xz � 0), and its per-
formance deteriorates when either direct material loss (described by
e00xx) or circularly dichroic loss (described by e0xz) increases. This limits
the application of most ferrite materials, which are typically lossy
across most parts of the optical spectrum. As an example, for optical
telecommunication wavelengths, the material of choice is Ce:YIG due
to its small loss. However, losses in Ce:YIG start to dramatically
increase for shorter wavelengths. In fact, in the most extreme scenario,
the off diagonal permittivity tensor component can become purely
real, implying a purely dichroic MO regime. Thus, Faraday rotation
does not occur in such a regime, but light of opposite handedness expe-
riences different absorption. Here, we demonstrate that nonreciprocal
devices can be designed to operate in such purely dichroic regimes.

Our concept relies on the spin-Hall effect of light and the chiral
nature of evanescent fields38–40 of guided waves [Figs. 1(a) and 1(b)]
and a specific chiral interaction of such field with dichroic MOmateri-
als. As a practical example, we design a nonreciprocal device formed
by a waveguide coupled to a ring resonator, where such chiral light-
matter interactions give rise to the different critical coupling condi-
tions for forward and backward propagating waves and, as a result, to
nonreciprocal absorption and transmission.

In what follows, we use Ce:YIG, which exhibits the Ce3þ–Fe3þ

electric dipole transition at 880nm,41,42 at this wavelength, it is charac-
terized by a purely dichroic permittivity tensor with components
exx ¼ ezz ¼ e0xx þ ie00xx ¼ 5:4þ i0:04 and exz ¼ e0xz þ ie00xz ¼ 0:04,
which were measured experimentally for Ce:YIG grown by laser depo-
sition.43 The proposed isolator based on the ring resonator is illus-
trated in Fig. 1(c). Silicon nitride (SiN) was chosen as the material for
both waveguide and ring, in order to avoid material loss for the wave-
length of choice (880nm). Importantly, the Ce:YIG film has a refrac-
tive index (n ¼ 2:32), higher than the one of SiN (n ¼ 2), and thus
was designed to be thin enough so that the optical energy is confined
within the waveguide/ring system and does not leak out due to

excessive coupling to Ce:YIG. At the same time, this ensured that the
Ce:YIG film causes only a weak perturbation to the modes of the ring
resonator, yet sufficient for the nonreciprocal device operation.

The MO film, magnetized by a magnetic field perpendicular to
the plane of the structure (y-direction), is placed only on the inner side
of the ring resonator [Fig. 1(c)]. The propagating TE waves in the
waveguide are known to be characterized by rotating (left- or right-
handed) polarization of the evanescent in-plane (xz-plane) field on the
sides of the waveguide,44 as schematically indicated in Figs. 1(a) and
1(b). Importantly, reversal of the propagation direction leads to the
reversal of the handedness of the near field. As shown below, a combi-
nation of this direction-dependent chirality of the near field with the
dichroic response of the MO film yields a directional dichroic
response, i.e., gives rise to different absorption rates of modes propa-
gating in two opposite (forward and backward) directions.

We begin our analysis by considering a waveguide loaded by a
MO film on one side, with the field distribution shown in Fig. 2(a),
and whose modes will be used to study the modes of the ring resona-
tor. As an illustration, Figs. 2(b) and 2(c) show that indeed, due to the
spin-Hall effect of light, the forward propagating mode in the wave-
guide sustains predominantly left-handed circularly polarized (LCP)
near field in the propagation plane on the right side and a right-
handed circularly polarized (RCP) near field on the left side. For the
backward propagating mode, the handedness of the field is reversed.
We note that for the ring resonator geometry, this would indicate
opposite handedness in the near field on the inner and outer sides of
the resonator [Fig. 1(c)].

As a consequence of such chiral near field, an MO film placed on
the left side of the waveguide will predominantly perceive the RCP
near field of the forward propagating modes and the LCP near field
for the backward propagating mode, giving rise to different absorption
for forward and backward modes due to the circularly dichroic loss.

The nonreciprocal attenuation loss in the waveguide can be cal-
culated using a coupled mode theory (CMT),45,46 based on the modal
profile obtained using first-principles finite-element (FEM) modeling.
Two-dimensional simulations for the cross section of the SiN
(eSiN ¼ 4) waveguide and Ce:YIG film (eMO ¼ 5:4þ i0:04) on a SiO2

(eSiO2 ¼ 2:1) substrate have been performed using the FEM tool
COMSOL Multiphysics (RF Module) in order to obtain the electric
field distribution of the modes. The field distributions at 880 nm are
shown in Fig. 2 for modes propagating out of the xy-plane, and clearly
showing the chirality of the field, where LCP [Fig. 2(b)] and RCP [Fig.
2(c)] fields are localized on the opposite sides of the waveguide.

The correction to the wavenumber due to the addition of MO
Ce:YIG film was obtained using CMT from the fields calculated in
COMSOL Multiphysics. Due to the dichroism in the MO film, the
major correction is to the imaginary part of the propagation constant,
which, for forward (þ) and backward (�) propagating waves, can be
expressed as Im bþ=�

� �
¼ a7D=2, indicating disparate nonreciprocal

loss for the two cases, where a ¼ Im neff 2pk
� �

and

D ¼ b0�0
W0

ð
MO

dS ERCPj j2 � ELCPj j2
� �

Im eRCP � eLCP½ �
h i

: (2)

Here, the energy of the (unperturbed) guided mode is given by

W0 ¼
Ð
dS E0 rð Þ
�� ��2e0es rð Þ
h i

; E0 is the normalized electric field of the

modes, and es rð Þ is the relative permittivity.

FIG. 1. (a) and (b) Schematics of the chirality of evanescent fields sustained by
propagating waves in an optical waveguide for (a) forward and (b) backward direc-
tions. (c) Schematic model of the proposed isolator based on a ring resonator inte-
grating a dichroic MO material. The MO ferrite film is placed on the inner side of
the ring in order to break the symmetry and to give rise to chiral interactions of the
propagating modes with the circularly dichroic ferrite.
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The in-plane circularly polarized electric field components in Eq.
(2) are defined as ELCP ¼ Ez þ iExð Þ=

ffiffiffi
2
p

and ERCP ¼ Ez � iExð Þ=
ffiffiffi
2
p

.
The difference in the permittivity perceived by LCP (eLCP ¼ exx þiexz)
and RCP near fields (eRCP ¼ exx � iexz) in Eq. (2) can be expressed as
eLCP � eRCP ¼ 2e0xz . The non-dichroic attenuation a originates from
the diagonal part of the permittivity tensor and is the same for forward
and backward modes. Finally, the attenuation coefficients Im bþ=�

� �
are evaluated by integration of the fields extracted from FEM solver
and were found to be Im bþð Þ ¼ 226 1=m for the forward and
Im b�ð Þ ¼ 3760 1=m for the backward propagating modes. Details
about the CMT are provided in the supplementary material.

Now we consider a ring resonator formed by bending the wave-
guide into a ring such that the Ce:YIG film is on the inner side of the
ring. In this case, the difference in attenuation between forward and
backward guided modes translates into different absorption rates for
clockwise (CW) and counterclockwise (CCW) modes of the ring reso-
nator [see Fig. 1(c)], which can be used to different critical coupling
conditions for these modes. Thus, to achieve nonreciprocal transmis-
sion based on this mechanism, we consider the ring to be side-coupled
evanescently to a SiN (without garnet) waveguide, which will provide
two ports to couple to the ring-resonator [Figs. 1(c) and 3]. The trans-
mission through the system via forward (þ) and backward (�) propa-
gating modes in the waveguide can then be analyzed with the use of
CMT27

Tþ=� ¼
a2þ=� � 2aþ=�rcos uð Þ þ r2

1� 2aþ=�rcos uð Þ þ aþ=�rð Þ2
; (3)

where aþ=� ¼ e�Im bþ=�ð ÞL correspond to CW/CCW modes of the
nonreciprocal ring resonator excited by forward/backward modes in
the waveguide, respectively, L ¼ 2pR is the round trip length in the
resonator, and the phase u ¼ Reðbþ=�ÞL accounts for the propaga-
tion in the ring. We note that there is no difference in u between
CCW and CW waves, since ReðbþÞ ¼ Reðb�Þ, thus in our case (as
opposed to the conventional approach based on MO circular dichro-
ism), the resonances for forward and backward modes remain
spectrally degenerate even in the presence of magnetization. The self-
coupling coefficient r in Eq. (3) satisfies the relation r2 þ j2 ¼ 1,
where j is the cross coupling coefficient describing the coupling
strength between the ring and the waveguide. Therefore, the coefficient
r is independent from material loss, and it can be adjusted by tuning
the gap between the waveguide and the ring. The critical coupling con-
dition for the backward propagating mode in the system is achieved
when r ¼ a�, in which case backward transmission through the sys-
tem vanishes T� ¼ 0. However, in the case of a dichroic ring resona-
tor, this condition cannot be satisfied simultaneously for the case of
forward propagating mode due to the different loss experienced by
CW and CCW modes in the ring resonator aþ 6¼ a�, thus enabling
transmission of the forward mode. As a result, the system operates as
an isolator.

FIG. 2. Electrical distribution in the cross section of the waveguide in Fig. 1(a) at k ¼ 880 nm in the xy plane (k ¼ þkz). The width and height of the SiN waveguide are
wcore ¼ 400 nm and hcore ¼ 200 nm, respectively. The thickness of Ce:YIG film is tMO ¼ 30 nm, and the width is wMO ¼ 400 nm, the same as the SiN waveguide. (a)
Normalized electrical fields, (b) LCP electrical fields in the xz plane, and (c) RCP electrical fields in the xz plane.

FIG. 3. (a) Transmission spectra passing through the ring resonator. The parameters are L ¼ 2pR, R ¼ 8lm, and r ¼ 0:98a�: (b) The dependence of transmission and iso-
lation from the ratio a�=r-ratio at resonance wavelength kres ¼ 878:7 nm. The maximal isolation is achieved near critical coupling conditions.
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The transmission through the dichroic ring resonator near one of
its resonances (kres ¼ 878:7 nm) in the forward and backward direc-
tions as calculated from the CMT is shown in Fig. 3. The difference in
transmission intensity stemming from the MO dichroic response
between forward and backward directions is close to 20 dB. Notably,
there is no spectral difference between the corresponding CW and
CCW resonances, as it would be expected in the case of nonreciprocity
based on MO circular birefringence.36,37

We note that the thickness of the MO film and its positioning
play crucial role in the design and should be optimized to be thick
enough to yield a sufficient dichroic response. On the other hand, if
the MO layer is too thick, it will excessively perturb the guided modes,
in which case they start to leak into the Ce:YIG leading to excessive
losses and shift spectrally. In the case of the positioning of the MO
film at the bottom of the waveguide/ring, which is more fabrication
friendly design, we found the optimal thickness to be 30 nm.

In our case, to take advantage of the enhanced dichroic loss, the res-
onance of the ring resonator was tuned to be spectrally close to the
Ce3þ–Fe3þ electric dipole transition in Ce:YIG. By tuning the gap
between the waveguide and the ring resonator, the system was optimized
to operate at the near-critical coupling condition for backward excitation
(coupling to the CCW mode of the ring) r ¼ 0:98a�. For this case, the
transmission at the resonance wavelength ðkres ¼ 878:7 nm) was
�0:861 and�20:2 dB for the forward and backward directions, respec-
tively. The�20 dB isolation can be farther increased by coming closer to
the critical coupling condition (r ¼ a�), but at the cost of lower forward
transmission due to stronger coupling of the forward propagating wave-
guide mode to the CW mode of the ring resonator [Fig. 3(b)]. For the
case shown in Fig. 3(a), the forward propagating signal only slightly cou-
ples to the ring resonator, and this coupling is still far from critical, which
yields relatively high transmission of�82%.

We note that the proposed approach to nonreciprocity envisions
even broader range of applications for systems with photoinduced cir-
cular dichroism such as 2D transition metal dichalcogenides.47 In this
case, one can envisage the possibility of an all-optical control of nonre-
ciprocity such as switching of the direction of isolation. Nonetheless,
the design based on 3DMOmaterials proposed here has its own bene-
fits since it can be easier to fabricate by conventional nanolithography
and deposition of the MO materials, and it does not require an exter-
nal laser pump to induce a dichroic response. Thus, we believe that the
proposed design will find its use in optical systems where the static
nonreciprocal response suffices.

In summary, here we explored the possibility of realizing an opti-
cal isolator based on purely dichroic non-reciprocal (magneto-optical)
response. The proposed device consists of an optical ring resonator
loaded by a thin layer of Ce:YIG material on the inside and side-
coupled to an optical waveguide. We numerically demonstrated strong
isolation near the frequency of Ce3þ–Fe3þ electric dipole transition,
for which the response of the MO material is purely dichroic. Unlike
previous devices, whose functionality is based on circular birefringence
and spectral splitting of the modes (and of the associated reflection
maxima), here we rely on critical coupling conditions that differ for
CW and CCW modes in the MO dichroic ring resonator. Thus, the
critical coupling condition can be satisfied for one direction only, while
the other one exhibits high transmission. The scheme used here shows
possibility to reach isolation of �20 dB with forward transmission
exceeding 80%.

We believe that the proposed principle based on MO dichroism
can be useful to design isolators from the abundant variety of lossy
MO materials, thus expanding the range of frequencies over which
such materials can be applied. In addition, it may allow the use of
materials that were so far disregarded due to their lossy character in
various spectral domains. The same concept of nonreciprocal device
operation can be applied in the microwave domain, where many fer-
rites exhibit strong dichroic responses, especially near ferromagnetic
resonances, and have so far been avoided due to loss.

See the supplementary material for details of the perturbation
theory and a numerical demonstration of an isolator based on a 2D
COMSOLMultiphysics model.
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