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Abstract: Terahertz magneto-plasmonics plays a crucial

role in platforms for isolation and sensing applications,

operating at terahertz frequencies. In spite of recent efforts

to enhance magneto-optic effects using metasurfaces, the

mechanism for optimizing these effects remains unclear

in the terahertz regime. Here we investigate terahertz

magneto-optic effects using 100 nm-thick iron slot anten-

nas with varying widths, ranging from 20 μm to 300 nm.

Interestingly, as the width of slot antenna decreases,

this enhancement peaks around 1 μm, after which the

effect diminishes for smaller widths. Based on the effec-

tive medium theory, the slot antennas exhibit a maxi-

mum Faraday rotation angle near the epsilon-near-zero

region. Although the field enhancements in the slot become

stronger with the sub-micron widths, the magneto-optic

effect may decrease with increasing effective dielectric con-

stant due to gap plasmon effects in the sub-micron region.

Our findings provide essential criteria for designing ferro-

magnetic metasurfaces with enhanced Faraday rotations at

terahertz frequencies.
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1 Introduction

Plasmonics enables themanipulation of light by structuring

materials at the nanoscale to control light-matter interac-

tions effectively [1]–[3]. In the terahertz (THz) regime, the

resonant behaviors of slot antennas are explained by local-

ized surface plasmons (LSPs) [4], [5], and the resonance of

the slot antennas is determined by the shape of the slot

antenna. Magneto-Optical (MO) effects, such as Faraday and

Kerr rotations, could be enhanced by plasmonic structures,

and this is so-called magneto-plasmonics [6]–[11]. The MO

effect enhanced by plasmonic structures has beenutilized in

applications such as optical isolation and sensing [12]–[17].

TheMO enhancement has largely been studied in the visible

and near-infrared regions, where MO effects are typically

driven by interband transitions [18]–[22]. However, ferro-

magnetic metals, unlike noble metals such as Au and Ag,

often exhibit high losses for surface plasmon-polaritons in

the visible range, which limits their ability to achieve strong

enhancements [23]–[26].

Enhanced MO effects are also required in the THz

regime, where the needs for isolator systems and sens-

ing platforms are similar to those in the visible spectrum

[27]–[31]. In the THz range, the optical conductivity of fer-

romagnetic metals is typically comparable to that of noble

metals, despite the fact that their optical conductivity is rel-

atively low. As a result, ferromagnetic metals can be utilized

to develop multifunctional plasmonic metasurfaces that

incorporate both noble-metal-like performances and fer-

romagnetic properties. By structuring ferromagnetic mate-

rials to tailor their optical response to the external mag-

netic fields, one can enhance MO effects and facilitate effec-

tive light-matter interactions [23], [32]–[35]. For example,

a prior work has shown that circular hole patterned Co

films enhanced Kerr rotation in the THz range, which is a

reflective MO effect [36]. However, the mechanism in detail

for maximizing THz magneto-plasmonic enhancements has

not yet been fully understood despite these findings and

substantial research efforts [27], [28], [37], [38].

In this study, we investigate how THz metasurfaces,

such as slot antennas, patterned in ferromagnetic films

influence enhancement of MO effects in the THz range.
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Specifically, we observe a transmission-typeMO effect, Fara-

day rotation, through slot antennas patterned in an iron

film. To realize this, iron slot antennas with varying its

widths were fabricated using electron beam lithography

and lift-offprocesses. The fabricated iron slot antennaswere

experimentally characterized by a transmission-type tera-

hertz time-domain spectroscopy (THz-TDS) [39]. The effec-

tive medium of the ferromagnetic slot antennas can exhibit

epsilon-near-zero (ENZ) properties, where the real part of

the diagonal term of the dielectric function approaches zero

near the peak position in the transmission spectrum. It has

been demonstrated in the telecommunication wavelength

range that MO effects can be significantly enhanced near

this ENZ region [40]. In our results, the largest Faraday rota-

tion angle was observed near the peak position in the spec-

trum, and interestingly, the angle increased as the width of

the slot decreased, reaching a maximum at a 1 μm width,

even though the Faraday rotation angle decreased when the

width reduced to less than 1 μm. This phenomenon arises

from the increased effective dielectric constant of the envi-

ronments surrounding the slot antenna as the slot width

decreases, enabled by the gap plasmon effect. Our results

offer criteria for optimizing THz MO effects and provide

important guidance in the design of magneto-plasmonic

metasurfaces at THz frequencies.

2 Results and discussion

As shown in Figure 1, the ferromagnetic Fe film was pat-

ternedwith slot antenna arrayswith the slotwidthsax , rang-

ing from 20 μm to 300 nm, the slot length ay of 50 μm, the
horizontal period lx of 73 μm, and the vertical period ly of
83 μm. The resonance frequency of the slot antenna primar-
ily depends on the slot length ay [41]–[43]. The structural

parameters of the slot antenna were designed to obtain the

maximum THz transmittance with the highest Q-factor at

near 1 THz using an inverse design based on deep learning

algorithms [44], in order to avoid overlap between the peak

and dip positions on the transmittance spectrum. In Figure

1a–d, we have shown how the slot antennas were patterned

using electron beam lithography, followed by the deposition

of a 100 nm thick Fe film using an electron beam evapo-

rator, and fabricated using lift-off process (see the details

in the Methods section). In Figure 1e–k, scanning electron

Figure 1: Fabrication of iron slot antennas using electron beam lithography. (a) A 500 nm-thick negative resist is spin-coated on Si substrate.

(b) The resist pattern is completed through electron beam lithography and develop processes. (c) Fe 100 nm/Cr 5 nm is deposited using an electron

beam evaporator. (d) The slot antennas were fabricated by removing the resist through a lift-off process. (e) The optical microscopy image of the slot

antenna array. ax is the width of slot, ay is the length of slot, lx is the period along the x-axis, and l y is the period along the y-axis.

(f–k) Scanning electron microscope (SEM) images of slot antenna patterns with the widths of (f) 20 μm, (g) 5 μm, (h) 3 μm, (i) 1 μm, (j) 500 nm,
and (k) 300 nm, respectively.
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microscope (SEM) images of the slot antennas are presented,

showing that the desired widths have been achieved. As

shown in Supplementary material S1, the X-ray diffraction

(XRD) analysis of the deposited bare iron film indicates that

it is amorphous, and the magnetoresistance measurement

reveals an out-of-plane coercive field of 84.4 mT.

When x-polarized light passes through a ferromagnetic

material along the z-axis, it can experience Faraday rotation,

causing y-polarization. In this case, the dielectric constant of

the ferromagnetic material can be expressed in the form of

a tensor with off-diagonal terms as follows:

𝜖Fe =
⎛
⎜
⎜
⎜
⎝

𝜖xx 𝜖xy 0

−𝜖yx 𝜖yy 0

0 0 𝜖zz

⎞
⎟
⎟
⎟
⎠

where the diagonal terms of 𝜖xx = 𝜖yy = 𝜖zz are isotropic

dielectric constant. When an external magnetic field is

applied in the z-direction, the magneto-optical material

exhibits an off-diagonal term, 𝜖xy = 𝜖yx . It should be noted

that the film remains structurally isotropic; however, the

dielectric tensor is influenced by the MO effect induced by

the external magnetic field. When an external magnetic

field is not applied, the diagonal terms are maintained, but

the off-diagonal terms become zero.

In Figure 2a, we performed transmission-type THz-TDS

to determine howmuch the polarization of transmitted light

through the iron slot antennas rotated compared to the

incident x-polarized light. Especially, the detector crystal of

ZnTe was mounted on a motorized rotator to directly mea-

sure its polarization rotation [45]–[47]. Beforemounting the

sample, the photo-conductive antenna and the ZnTe detec-

tor were aligned to themaximum at 0◦, and then the sample

was mounted and aligned precisely. After that, each sam-

ple was measured by rotating the motorized rotator with

detection crystal between−20 and+10◦ with intervals of 2◦.
As a result of comparing the peak amplitude at each angle

with and without an external magnetic field, the Faraday

rotation angle was determined (see the details in the Fara-

day rotation analysis of Supplementary material S2). The

(a) (b)

(d)(c) (e)

Figure 2: Experimental method for Faraday rotation measurement. (a) Schematic of a conventional THz-TDS setup. A femtosecond Ti:sapphire laser

with a wavelength of 800 nm and up to 4 W output power excites a photoconductive antenna that generates THz pulses. (b) The THz pulse travels

through the sample is detected by a ZnTe detector mounted on a motorized rotator. (c–d) Schematic of Faraday rotation effect by the iron slot

antennas (c) without and (d) with an external magnetic field, where 𝜃F is the Faraday rotation angle. (e) Measured Faraday rotation angles of the iron

(Fe) slot antennas with the varying widths between 0.3 and 20 μm are compared with the Faraday rotation of gold (Au) slot antennas with the width of

1 μm.
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sample was placed on a 3 mm× 3 mm aperture, and an out-

of-planemagnetic field of approximately 90 mTwas applied

using a donut-shaped neodymium magnet (Figures 2c and

d).

The measured Faraday rotation angles, as shown

in Figure 2e and Table 1, demonstrate the ax-dependent

enhancement of the MO effect. As the slot width decreases,

the Faraday rotation continues to increase until the width

reaches 1 μm, demonstrating significant improvement. The
Faraday rotation angle is enhanced by approximately 160 %

when comparing the results for the width of 1 μm to the

width of 20 μm. This enhancement may be due to the strong
light-matter interaction confined within sub-wavelength

structures [48]–[50]. It is interesting, however, to note that

the enhancement tends to decrease as slot widths decrease

below 1 μm. This behavior illustrates that while reduc-

ing the gap size up to a certain threshold improves MO

response, going below that threshold (especially down to the

nanometer scale) introduces additional physical phenom-

ena that can hinder performance, including strong plas-

monic absorption or field localization that confines energy

too tightly.

The gold slot antenna at ax = 1 μm exhibited a Faraday

rotation angle close to zero within the margin of error,

which was about 20 times smaller than that of the pat-

terned Fe film samples. Furthermore, when we compare

the unpatterned Fe film with the patterned Fe film, the

iron exhibits extremely high conductivity in the THz range,

resulting in a transmitted electric field amplitude of less

than 1 % even for thin films of 50 nm [51]. In such cases,

the transmitted amplitude is too low to distinguish differ-

ences in angle dependence. The experimental results in Sup-

plementary material S3 contain the measured peak ampli-

tudes for each sample with all rotation angles of the ZnTe

detector, and it demonstrates the challenges in determining

the Faraday rotation angle in the bare Fe film. It should

be noted that as a result of patterning the bare Fe film,

Table 1: A table of the Faraday rotation angles measured for the Fe slot

antennas with the varying widths between 0.3 and 20 μm and the Au slot

antennas with the width of 1 μm.

Samples Faraday rotation angle

Au, ax = 1 μm 0.02◦

Fe, ax = 20 μm 0.25◦

Fe, ax = 5 μm 0.34◦

Fe, ax = 2 μm 0.38◦

Fe, ax = 1 μm 0.4◦

Fe, ax = 0.5 μm 0.38◦

Fe, ax = 0.3 μm 0.36◦

it will be possible to measure the Faraday rotation angle,

whichwasdifficult tomeasurewith a transmission-type THz

setup.

For a more detailed understanding of the slot width-

dependent Faraday rotation angles, we compared transmit-

ted amplitude spectra of the Fe slot antennas with varying

widths when the magnetic field is on and off, using the

THz-TDS experiments (Figure 3a). To verify the MO effects

induced by the off-diagonal term in the dielectric function

of ferromagnetic Fe film, we reproduced the MO effect with

andwithout themagnetic field using full-wave optical simu-

lations, as shown in Figure 3b (see the details of the numeri-

cal simulation inMethods) [52]. The simulation results are in

good qualitative agreement with the experimental results.

The observed resonance behavior and enhancement of MO

effects can be attributed to LSPs, that cause the charge

distribution and current flow within the slot antenna. The

slight difference between transmitted amplitudes in the

experiments (Figure 3a) and the simulations (Figure 3b) is

attributed to stitching errors during the e-beam lithography

process. Due to the diffraction limit of UV light, nanometer-

scale patterning is difficult to achieve using photolithogra-

phy. A large area of 5 mm× 5 mm is patterned using e-beam

lithography, which can pattern only 400 μm × 400 μm at

one position of the sample stage. This stitching error that

occurs when moving from one position to the neighbor

position, leads to broader spectral features and lower peak

amplitude (see the details of stitching errors in Supplemen-

tary material S4).

Figure 3c illustrates the maximum changes due to

switching onandoff themagnetic field for each sample,with

the largest difference near the peak position. Furthermore,

theMO effect has been enhanced as the slot width decreases

down to 1 μm. Interestingly, however, we observed that

with even smaller widths of a few hundred nanometers,

the enhancement of the Δtres diminishes. The reason why

the Δtres is maximized at 1 μm width will be discussed

later. In Figure 3c, the experimentally observed Δtres of
approximately 8 % at 1 μm sample requires an angle of 𝜃 =
cos−1(0.92) = 23⚬. This is significantly larger than the rela-

tively small Faraday rotation angle of 0.4◦. When the dielec-

tric tensor includes the off-diagonal term, it can influence

the diagonal terms of the refractive index. As a result,Δtres
observed is greater than what would be expected solely

based on the Faraday rotation angle. The absorbance of the

slot antenna in Figure 3c was obtained through simulations

under zero magnetic field (For the details of absorbance

and absorption coefficient spectra, see the Supplemen-

tary material S5). Interestingly, the absorbance reaches its

maximum value at the slot width of 1 μm, due to plasmonic
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Figure 3: Transmitted amplitude spectra and magneto-optical enhancement of Fe slot antennas. (a) Measured and (b) simulated transmitted

amplitude spectra of the Fe slot antennas with the varying slot widths when the magnetic field is on and off ( B⃗
on
and B⃗

off
). (c) The normalized peak

amplitude difference,Δt
res

= |||t
on

res
− t

off

res

|||∕t
off

res
, and the absorbance as a function of slot width. Here, ton

res
and toff

res
are the resonant peak amplitudes

with and without the external magnetic field, respectively. The absorbance is calculated using the formula 1− T − R, where T and R represent

the transmittance and the reflectance without the external magnetic field. (d) The real part of the dielectric constants of the effective medium
(
𝜀eff

)

with the varying widths as a function of frequency. It reveals the occurrence of an epsilon-near-zero (ENZ) region near the peak position.

absorption by the slot antenna that results in a giant Faraday

rotation effect [19], [53].

Using the effective medium theory to model the Fe

slot antennas as a single film, the dielectric constant of the

effective medium can be derived by analyzing the trans-

mitted amplitude and phase information from the simu-

lations. Details on extracting the dielectric constant from

the effective medium (𝜖eff) are provided in Supplemen-

tary material S6, with Figure 3d showing the real part of 𝜖eff

as a function of frequency. It is noted that the real part of

the 𝜖eff approaches zero near the peak position. An earlier

work [40] also showed thatMO effects aremost significantly

enhanced in the vicinity of the ENZ region. Furthermore,

the ENZ region of the effective medium at the width of 1 μm
appears at the highest frequency, which might explain why

the MO effect has been maximized with the 1 μmwidth slot.

Due to the unintuitive behavior appearing at the hun-

dred nanometers widths, we focus on the peak position as it

varies with the width of the iron slot antenna when nomag-

netic field is applied.Here, the slot antenna is not considered

as an effective medium. Instead, we analyze it from the

perspective of the effective index of the surrounding mate-

rials, including air and the substrate. It is important to note

that, according to antenna theory, the peak position is pri-

marily determined by the vertical length of the rectangular

hole, ay [41], [42]. However, small variations in the effective

index surrounding the slot antenna due to thewidth, ax , can

also induce changes in the peak position. According to the

experimental results in Figure 4a, for samples wider than

1 μm, a blue shift occurs as thewidth decreases, whereas for
samples narrower than 1 μm, a red shift is observed as the
width decreases. The simulation results formore slotwidths

in Figure 4b showa similar shift in peak position. The dielec-

tric constant of the material surrounding the slot antenna

influences the resonant feature of the antenna [41]. When

the slot width is even smaller than the wavelength, the gap

plasmon effect will become non-negligible, causing the res-

onance peak shift [54], [55]. Actually, in the widths between

1 and 10 μm, the MO effect continues to be enhanced, while

the decreasing effective index causes a blue shift in the peak

position. Interestingly, the peak shift changes to a red shift

at below 1 μmwhere the gap plasmon effect occurs, and the

MO effect diminishes. Based on our findings, we conclude

that when the effective dielectric constant of the environ-

mental material surrounding the slot antenna is lowest, the

Faraday rotation angle is enhanced the most.
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Figure 4: Resonance peak positions as a function of the slot width are shown in (a) the experiments and (b) the simulations.

3 Conclusions

We experimentally demonstrate that the magneto-plas-

monic effect of iron slot antennas can be significantly

enhanced through precise structural manipulation of fer-

romagnetic iron films at the THz region. By varying

slot widths and applying an external magnetic field, we

achieved an approximately 160 % increase in the Faraday

rotation angle with the slot width of 1 μm compared to

larger gaps. This finding emphasizes the potential of struc-

tural manipulation to improve magneto-plasmonics perfor-

mance effectively. An effective medium analysis revealed

that the peak magneto-plasmonics response occurred near

the ENZ region, which is critical when consideringmagneto-

plasmonics enhancements. Undermagnetic field on/off con-

ditions, both experimental and simulation results showed

that the enhancement of the magneto-plasmonic effect was

most pronounced at the width of 1 μm. Further reduction
below this threshold, however, presented limitations, pos-

sibly resulting from an increase in the effective dielectric

constant of the environmental materials surrounding the

slot due to the gap plasmon effect. Our findings demon-

strate that optimizing structural parameters, particularly

the effective dielectric constant within the slot, plays a crit-

ical role in maximizing the magneto-plasmonic effect. This

workhighlights the potential for tailored ferromagnetic film

patterning to advance magneto-plasmonic applications in

the THz regime, offering insights for further optimization.

4 Methods

Fabrications. The ferromagnetic Fe slot antennas were

fabricated using electron beam lithography. First, a nega-

tive electron beam resist (MA-N 2405) is spin-coated with a

500 nm thickness on a 500 μm-thick undoped silicon sub-

strate. After spin-coating, samples are baked on the hot

plate at 90 ◦C for 1 min 20 s. As the next step, the elec-

tron beam is illuminated on the electron beam resist at

100 μC/cm2 at an acceleration voltage of 30 keV. Subse-

quently, the 100 nm iron film was deposited with 5 nm Cr

adhesion layer on the samples using electron beam evapo-

ration. Finally, the lift-off process is performed to remove

the electron beam resist, and the Fe slot antenna arrays are

completed.

Simulations. The full-wave optical simulations were

performed to analyze the transmitted amplitude spectra of

the Fe slot antennas using the finite element method (COM-

SOLMultiphysics, wave opticsmodule). The Fe slot antennas

with a thickness of 100 nm on a silicon substrate has the

following parameters: horizontal length (or slot width) of

rectangular hole of ax: 0.3–20 μm, vertical length of rect-

angular hole of ay: 50 μm, x-periodicity of lx: 73 μm, and
y-periodicity of ly at 83 μm. The refractive index of the air
inside and above the slot is 1.0, while the refractive index of

the silicon substrate below the slot is 3.4. The diagonal term

of the dielectric function of the Fe film was obtained using

the Drude model [56]. as follows:

𝜖̃xx(𝜔) = 𝜖̃ yy(𝜔) = 𝜖̃zz(𝜔) = 𝜖∞ −
𝜔2

p

𝜔2 + i𝜔𝜔𝜏

where 𝜔p = 0.622 × 104 THz and 𝜔𝜏 = 27.7 THz are the

Drude parameters of a bulk iron [56]. When the external

magnetic field is applied to the iron slot antennas, we used

the off-diagonal terms of the following fitting parameters:

𝜖xy = 𝜖yx = 0.45i ⋅ 𝜖xx , which was selected based on our

experimental results. The perfectly matched layers were

applied to the top and bottom of the simulation region

to prevent unwanted reflections. Periodic boundary condi-

tions were applied to the xz- and yz-boundaries. To process

the significant computational load due to the thin thickness

of the pattern, a quarter geometry was used, and adaptive

meshing was applied.
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