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ABSTRACT: Tunable resonator is a powerful building block in fields like color filtering and
optical sensing. The control of its polarization characteristics can significantly expand the
applications. Nevertheless, the methods for resonator dynamic tuning are limited. Here, a
magnetically regulated circular polarized resonant microcavity is demonstrated with an
ultrathin ferrimagnetic composite metal layer Ta/CoTb. We successfully tuned the cavity
resonant frequency and polarization performance. A huge magnetic circular dichroism (MCD)
signal (∼3.41%) is observed, and the microcavity valley position shifts 5.41 nm when a small
magnetic field is applied. This resonant cavity has two-stable states at 0 T due to the magnetic
remanence of CoTb film and can be switched using a tiny magnetic field (∼0.01 T). Our result
shows that the ferrimagnetic film-based tunable microcavity can be a highly promising
candidate for on-chip magneto-optical (MO) devices.

Generating colors or images via on-chip resonant cavity
and other micro/nano-structures has attracted plenty of

research interest within the past decades.1−3 These well-
designed structures, including nanoapertures arrays,4 metallic
plasmonic arrays,5−9 nanodisk arrays,10−12 asymmetric Fabry−
Peŕot cavities,1,13 dielectric gratings,14 and electrochromic
polymer films,15,16 have been proved to be facile and feasible in
the fields of imaging, printing, and color filtering. Among them,
the Fabry−Peŕot microcavity structure, realized with asym-
metrical metals and dielectrics, has drawn considerable
attention due to its low optical loss, high surface quality,
ease of preparation and cost-effectiveness. For instance, a
metal−insulator−metal (MIM) color filter was reported with a
high transmittance peak intensity of 60% and a narrow
bandwidth of ∼40 nm,1 providing a new promise for on-chip
color filtering. Furthermore, the dynamic control has partly
been achieved in a Fabry−Peŕot microcavity structure by
adjusting external conditions such as pH, alcohol concen-
tration,17 and temperature.18 And the dynamic control may be
used in advanced functionalities like sensing and monitoring.
However, the real-time regulation as well as the initial state
recovery still are two main challenges for the applications of
dynamic controlling.
Meanwhile, specific architectures with polarization-depend-

ent response are in great need for future information
encryption,19 optical anticounterfeiting18 and other applica-
tions.20−22 Research on the magneto-optical (MO) effect has
been one of the main topics studied,23,24 and large MO
responses can further be used in dynamic regulation, magnetic

information storage, magnetic field detection, etc.24−29 A series
of attempts have been made to design and fabricate the
magnetic field-controllable microstructure, which is non-
destructive, recoverable, and real-time corresponsive. For
example, with yttrium iron garnet microspheres, the MO
coupling, i.e., polarization rotation via the Faraday effect, was
verified, and therefore a 20 pm resonant peak shift was
demonstrated.30 In another work, the Kerr amplitude was
amplified in a microcavity,31 and the linkage between the
modes of microcavity and the magnetism of material is further
confirmed by MO Kerr tests in a MIM resonator.32

Nevertheless, the mechanism of generating large MO signals
has not been fully studied in a resonant microstructure.
Magnetic circular dichroism (MCD), as an important MO
effect, has a great ability to intrinsically explore the nexus
between microstructure and MO properties.33 For example,
the g-factor of Mn2+-doped (CdSe)13 clusters has been
calculated, and it has promoted the understanding of MCD
properties of doped semiconductors in a quantum nanostruc-
ture.34 Different MCD signals have been demonstrated in
different gold nanorod structures, which pave a new way to
achieve tunable MO response in an optical microstructure.35
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Herein, we report a magnetic dynamic regulation of resonant
valley position utilizing an asymmetric MIM interference
microcavity, and the top layer is made of ultrathin artificial
ferrimagnetic multilayer composite Ta/CoTb film. A signifi-
cant MCD signal reaches up to ∼3.41% when an external
magnetic field of 1 T is applied. The MCD signals are
proportional to the spectral difference of left and right-handed
circularly polarized light (LCP and RCP) at different
wavelengths. Since the light is reflected back and forth in the
resonant microcavity, the MCD signal is amplified by a factor

of nearly 10 compared to pure CoTb material. We further
investigate the origination of the large MCD signal and match
the valley position shift of MIM microstructure with
ferrimagnetic material properties of CoTb material.

■ METHODS
MIM resonant microcavity consists of two reflective metal end
faces and a transparent dielectric layer in between. We
modified the conventional structure by replacing the non-
magnetic upper reflector with an ultrathin ferrimagnetic Ta/

Figure 1. (a) Schematic illustration for the magnetic MIM resonant microcavity. (b) MCD spectra for the microcavities with different thicknesses
of the Ta metal layer. (c) Schematic diagram for the MO testing configuration.

Figure 2. (a) Reflectance and (b) MCD spectra (red line, B = 1 T) for the magnetic MIM microcavity. ①, ②, and ③ are comparative samples,
respectively. ① is for the comparation between with and without magnetic layer. Its structure is 16 nm Ta/ZnO/Al. ② is for the microcavity with or
without an intercalation layer. Its structure is 2 nm Ta/12 nm CoTb/2 nm Ta/ZnO/Al. ③ is for CoTb with and without microcavity structure. Its
structure is 4 nm Ta/12 nm CoTb/SiO2/Si substrate. (c) Schematic diagram for the MCD origin. (d) Simulated light field distribution and
absorption loss results of the as-proposed structure.
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CoTb metal film, as shown in Figure 1a. The optical
interference medium layer, composed of oriented and
transparent polycrystalline zinc oxide (ZnO), was grown
using DC magnetron sputtering on a ∼150 nm Al substratum.
After that, the CoTb layer was deposited using codeposition
magnetron sputtering under a base pressure of 2 × 10−8 Torr.
Besides this, a Ta metal film was sputtered on the top surface
as an oxidation-preventing layer and magnetism-inducing
layer.36,37 We tested the MCD characteristics of samples
with different thicknesses of Ta metal film, which retain a
determinate thickness to ensure long-term oxidation resistance,
as shown in Figure 1b. Under the premise of preventing
oxidation and magnifying the MCD spectrum signal, the
thickness of the Ta layer was chosen as ∼4 nm. The MCD and
reflection properties of samples were characterized via a home-
built MCD measurement setup. The monochromatic incident
light was generated by a supercontinuum white light source,
separated by a monochromator, and modulated into LCP and
RCP via a linear polarizer and photoelastic modulator (PEM).
The spectra range varied from 550 to 1050 nm, and the light
spot size was ∼1 μm. At the same time, a magnetic field
parallel to the incident light was applied. The schematic
diagram of the measurement system is illustrated in Figure 1c.
The resonant valleys of the sample are at ∼548 and ∼908

nm (shown in the gradient color line of Figure 2a). The valley
positions and the full width half-maximum (FWHM) (shown
in Table 1) are obtained by the Gaussian fitting. Among them,
the ∼548 nm resonance valley is in a higher-order mode, which
appears in visible wavelength when the intermediate dielectric
layer ZnO gets thicker.1 For an individual semiconductor
material, having an exciton absorption peak with smaller
FWHM tends to gain a larger MCD signal. The MCD signal

can be expressed as Δ ≅ − ΔR EMCD
R
e w

0 ,38 where the spectral

line width w can be defined as =w2 FWHM/ ln4 .38 The
reflection signal and the energy splitting are represented as R0
and ΔE respectively. We conjectured that it would be the same
in the microcavity structure. In the MIM resonant microcavity,
the bandwidth is related to the thickness of the upper metal
layer. In comparison with the traditional Fabry−Peŕot cavity, a
cavity with thinner upper metal would lead to broader
bandwidth owing to the weaker confinement.1 However, if
the upper metal is too thick, the incident light would be
directly reflected by the upper metal layer without reaching the
resonator. Therefore, we adjusted the thickness of the upper
metal by considering narrowing bandwidth and enlarging the
reflection valley signal of the resonator.
The separate 4 nm Ta/12 nm CoTb metal layer on silicon

produces a monotonously upward MCD signal as large as
∼0.0025 with a 1 T external magnetic field (blue line in Figure
2b). As the time symmetry is broken under the external
magnetic field, the energy band of spin-up electrons and spin-
down electrons split, and the refractive indices of LCP and

RCP are different at the same wavelength, bringing about the
difference reflection spectrum between LCP and RCP.
However, the spectrum would not form typical MCD signal
going through the zero point, as there is no characteristic
absorption valley across the entire visible wavelength for the
ferrimagnetic metal CoTb.
In our magnetic resonant microcavity structure, an extremely

huge MCD signal as large as ∼0.03 in 902 nm with the same
external magnetic field is achieved, as depicted in the red line
in Figure 2b. It is worth mentioning that the MCD signal is
surprisingly enlarged by more than 10 times. As can be seen,
the wavelength position of the middle zero value between the
positive peak and negative valley is corresponding to the
absorption resonance valley position. The MCD signal is
directly dependent on the absorption curve of LCP and RCP.
When the absorption valleys of LCP and RCP shift, the MCD
spectrum would be an antisymmetrical shape shown in Figure
2c, presenting like the derivative of absorption valley. The
distance between the negative valley and positive peak as well
as the magnitude of signal in MCD spectrum is related to the
valley shift of LCP and RCP. The energy difference between
these two resonant valleys is defined as ΔEC, which is similar to
the energy splitting ΔE of the energy band under an external
magnetic field in a semiconductor material. We calculated the
ΔEC of valleys in ∼548 and ∼908 nm through the formula
mentioned before, the results are shown in Table 1, and the
ΔEC in ∼908 nm is much bigger than that in ∼548 nm. This
probably results from the different equivalent refractive index
of LCP and RCP in ∼908 nm being bigger than that in ∼548
nm for metal CoTb. Therefore, the MCD signal in ∼908 nm is
much larger than that in ∼548 nm, though the resonant valley
is wider. In a resonant cavity structure, the resonant valley
corresponds to the mode of resonant cavity, and therefore the
emergence of MCD spectroscopy signifies that the mode of
resonant cavity shifts. Specifically, as light is repeatedly
reflected between the top metal layer and bottom metal
layer, light with specific wavelengths is resonated and
enhanced, producing a resonance valley. There is an equivalent
optical path difference of the structure Δd (Δd is defined as
Δd = d+ − d−. Among them, d+ represents the optical path of
LCP, while d− represents the optical path of RCP) caused by
the different refractive indices of magnetic material CoTb for
LCP and RCP.
For the sake of confirming the origin of the energy splitting

of microcavity, we added a 2 nm metal Ta intercalation layer
between CoTb layer and ZnO layer and thinned the upper
oxidation protection layer metal Ta to 2 nm to keep the total
thickness of the upper compound metal layer unchanged. An
MCD signal is generated at wavelengths of ∼936 and ∼568
nm. Although the signals are reduced and the FWHM are
enlarged, their peak and valley structures still exist as shown in
the purple line of Figure 2b. Therefore, it can be considered
that the generation of the MO signal has nothing to do with

Table 1. Valley Position, FWHM, and ΔEc with External Magnetic Field of Different Samples

component of sample valley position (nm) FWHM (nm) ΔEc (meV)

4 nm Ta/12 nm Co60Tb40/350 nm ZnO/150 nm Al 908 284 8.14 (1T)
548 104 3.78 (1T)

2 nm Ta/12 nm Co60Tb40/2 nm Ta/350 nm ZnO/150 nm Al 936 256 2.20 (1T)
568 170 2.25 (1T)

4 nm Ta/12 nm Co60Tb40/510 nm ZnO/150 nm Al 810 260 11.62 (1T)
4 nm Ta/12 nm Co70Tb30/510 nm ZnO/150 nm Al 790 263 2.86 (1T)
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magnetization of the intermediate layer ZnO, including
magnetic Co-doped ZnO caused by the CoTb sputtering
process and magnetic proximity effect on ZnO. Also, for the
nonmagnetic resonant cavity (black line in Figure 2b), though
there are two resonant valleys almost the same as the sample
with magnetic upper layer, there is no MCD signal. Therefore,
the large MCD signal is derived from the difference in the
refractive index of the magnetic material CoTb for LCP and
RCP, the principle of which is drawn in Figure 2c.
To better understand the MCD signal mechanism, we

simulated and visualized the electric field distribution and
absorbed loss, which is shown in Figure 2d. Among them, the
simulation is based on the measured birefringence and
dichroism of CoTb and ZnO materials by spectroscopic
ellipsometry. The light field is mainly distributed in the
transparent ZnO layer because most of the light would form a
standing wave and be localized in the middle layer in the
reflection process between the upper and bottom layers. Since
the cavity effect enhances the electric field, there is a great loss
in the upper layer. The light would repeatedly reflect back and
forth on the upper and bottom metal interfaces, and the upper
metal CoTb would absorb the light continually as exhibited in
Figure 2d. That is to say, the absorption of the magnetic
composite upper layer Ta/CoTb is far larger than that of the
normal low-loss media in a MIM resonant cavity, while a
conventional cavity would modulate transmission and
reflection spectra through effective optical path of quarter
wavelength but without absorption involved. Among them, the
main absorption comes from the interface between the upper
metal layer and the intermediate dielectric ZnO layer, which
explains the reason for the decrease of the MCD of the sample

with a 2 nm Ta intercalation layer before. Meanwhile, we
speculate that the difference in signal size between the positive
peak and negative valley in MCD spectroscopy is produced by
the different absorption values of LCP and RCP in the CoTb/
ZnO intermediate layer.
Furthermore, we tested the MCD spectrum applying

different external magnetic fields, and got an almost completely
symmetrical MCD spectrum about the positive and negative
magnetic fields, as shown in Figure 3a. Besides, we calculated
the magnitude of the resonance valley position shift Δλ under
the influence of different external magnetic fields as shown in
the purple point of Figure 3b. As displayed in the red line in
Figure 3b, we also obtained the magnetic hysteresis loop with
an out-of-plane magnetic field using MCD measurement at the
wavelength of 904 nm, which is consistent with Δλ in shape.
The coercive force is ∼0.01 T, and the equivalent saturation
MCD signal is 0.03. Due to the multidomain flipping,39 it
would feature a rectangular loop with tailings, which is not
completely rectangle like conventional ferromagnetic materials.
It is worth noting that, when the magnetic field is 0T, there are
two stable magnetization states (noted as −0T and +0T state,
determined by the magnetization process), which can be
switched with a tiny magnetic field. This kind of bistable
property originates from the out-of-plane remanence and can
be very useful for magnetic storage,40 polarization encryption.
At the same time, as the magnetic field increases, the
magnetization of the sample can be continuously controlled
as well as the MCD signal, which indicates that it is promising
to achieve a dynamic color-changing filter or polarized image
display with magnetic field regulation when the device
performance is further enhanced in the future.

Figure 3. (a) External magnetic field-dependent MCD spectra (where 0T refers to the zero field before magnetization, −0T refers to the magnetic
field rising from the negative field to the zero field, and +0T refers to the magnetic field falling from the positive field to the zero field). (b)
Calculated wavelength valley shifts as a function of magnetic field intensity and the room-temperature magnetic hysteresis loop for the MCD device
under a 904-nm-light illumination with an out-of-plane magnetic field. The inset presents an enlarged hysteresis loop result.

Figure 4. (a) MCD spectra for the resonators with different middle layer thicknesses (B = 1 T). The inset shows the photos for colors of these two
samples. (b) MCD spectra for the resonators with different Co components. The inset shows their reflectance spectra.
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In order to further demonstrate its application prospects, we
prepared samples with different thicknesses of the intermediate
layer of ZnO, and obtained their MCD spectrum, as shown in
Figure 4a. The valley position shifted from ∼908 to 810 nm, as
the thickness of the intermediate layer t increased from 350 to
510 nm. The color of samples changed visibly to the naked eye
as shown in the illustration of Figure 4a. The MCD signal in
∼810 nm reaches a large value of 4.42%, which means we
could magnetically tune the resonant valley position (color)
around different wavelengths we chose. It shows the potential
for future applications in the full visible spectrum. A huge
MCD signal is necessary to truly implement the application of
magnetic MIM cavity. We deemed that the magnetization
property of the magnetic metal layer is critical to the MCD
signal. Hence, we changed the CoxTby composition of the
magnetic layer and acquired the MCD spectra, as shown in
Figure 4b. The resonant valley positions of the two
microcavities with different components are slightly different,
which may be due to the inevitable thickness difference from
the set value during the preparation process. However, the
signal size is much smaller, which indicates that the magnetic
response of microcavities is strongly influenced by magnetic
materials. Thus, we can modify the MO response by changing
the CoxTby components. More detailed studies are needed to
reveal the relationship between components and MCD
spectrum in the future, which is beyond the scope of this
paper. Nevertheless, it undoubtedly shows the potential to
control the mode of resonant cavity under different circum-
stances.
In summary, we designed and demonstrated a magnetically

tunable resonant microcavity with a ferrimagnetic CoTb metal
upper layer, and systematically investigated its MO properties.
A main resonance absorption valley at ∼908 nm is observed,
and an MCD signal larger than 3.41% is achieved when the
applied magnetic field is 1 T, which is 10 times larger than the
signal of CoTb individually. At the same time, the resonant
cavity realizes a bistable state under the zero magnetic field,
which can be converted by a very small external field (∼0.01
T). It is inferred that the large MCD signal originates from the
different reflection properties of magnetic metal top layer for
LCP and RCP light, as well as the continuous light reflection at
the upper metal interfaces. The CoTb reflection differences for
various circularly polarized lights are amplified within the
multiple reflection process. Besides this, a direct connection
between the resonance valley position shift and the hysteresis
loop is observed. The potential tuning capacity of this resonant
microcavity is further demonstrated by adjusting the dielectric
thickness. Notably, this nondestructive dynamic tuning
technique is achieved based on a magnetic microcavity
structure with high reversibility and also a high universality
in device fabrications, paving a new way for future sensors,
multicolor indicators, and information encryption.
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