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Millimeter waves are used in automotive radars to detect surrounding objects such as vehicles and
pedestrians. In millimeter-wave automotive radar systems, unnecessary millimeter waves arising from
the radar system itself and other radar sources should be suppressed. Herein, we report an ultrathin
millimeter-wave—absorbing film for the automotive radar frequency band (79 GHz) based on a compo-
site of gallium-substituted epsilon iron oxide (g-Gag 4sFe;s503) nanomagnets, which exhibit a high
magnetic permeability, and carbon nanotubes (CNTs), which exhibit a high dielectric constant. The
composite exhibits a complex dielectric constant (¢ = ¢’ — ig”) of ¢ = 19.4 and ¢’ = 3.3 and a complex
magnetic permeability (u = u' — iy”) of ' = 0.87 and u” = 0.13 at 79 GHz. Using this composite, we
prepared an ultrathin millimeter-wave—absorbing film which shows a reflection loss of —21.4 dB (99.3%
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DOI: 10.1039/d5ma00743g suppression) at 79 GHz with a thickness of 213 + 8 pum. This ultrathin millimeter-wave—-absorbing film

can be easily coated on radar device covers, automotive parts such as bumpers, and infrastructure com-
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Introduction

Millimeter-wave radars have become important devices for
autonomous driving."”? Millimeter-wave radars using the
79 GHz band are widely used in automotive collision avoidance
systems to detect surrounding objects such as automobiles,
motorbikes, bicycles, and pedestrians. Effective use of
millimeter-wave radars requires suppressing noise arising from
the radar system itself and other radar sources, as these noises
may cause detection errors and reduce sensitivity. Therefore,
developing millimeter-wave absorbers is important.>* Thin and
flexible films and ink are especially desirable for millimeter-
wave absorption, as they enable application to radar covers,
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ponents like guardrails and traffic lights.

automotive components such as bumpers, and infrastructure
such as guardrails and traffic lights.

To absorb electromagnetic waves, there are mainly two
mechanisms: magnetic loss due to high magnetic permeability
and dielectric loss due to high dielectric constant.>® This study
aims to develop a millimeter-wave-absorbing thin film that com-
bines both a high magnetic permeability and a high dielectric
constant. For a high magnetic permeability in the millimeter-wave
region, we focus on epsilon iron oxide (e-Fe,0;),”® which shows
millimeter-wave absorption via magnetic loss from zero-field
ferromagnetic resonance at 182 GHz.> " Such a high resonance
frequency arises from the strong magnetocrystalline anisotropy of
&Fe,05,"> > and the resonance frequency of &-Fe,O; can be tuned
across a wide range from 35 GHz to 222 GHz, by substituting Fe**
with the other metal cations such as AI**, Ti*'-Co**, Mn**, Ga*",
In**, Rh**, or combinations of them.>*>' The strategy of the
present work to achieve a high dielectric constant in the
millimeter-wave region is to develop a pseudo-dielectric material
by combining an electrically conductive material and an insulating
material. In this study, carbon nanotubes (CNTs) were selected as
the electrically conductive material, due to their high electrical
conductivity.*** Herein, we report an ultrathin millimeter-wave-
absorbing film based on a composite of gallium-substituted
&-Fe,0; (e-Ga,Fe, ,03) nanomagnets and CNTSs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
High magnetic permeability of £-Ga, 45Fe; 5503 nanomagnets

To adjust the zero-field ferromagnetic resonance frequency of
&-Fe,0; nanomagnets to the millimeter-wave radar frequency,
e-Gag 4s5Fe; 5503 nanomagnets employed (Fig. S1).
&-Gay 45Feq 5503 nanomagnets were synthesized by the sol-gel
method following a previous report.>® The details are provided
in the Experimental section of the SI. Inductively coupled
plasma atomic emission spectrometry (ICP-AES) measurement
indicated that the formula of the obtained sample is Gag 45Fe; 5503.
Caled: Fe, 52.14%; Ga, 18.93%; Found: Fe, 52.07%; Ga, 18.91%.
Transmission electron microscopy (TEM) images showed that the
sample was composed of nanoparticles with a size of 27 = 9 nm
(Fig. 1a). The powder X-ray diffraction (PXRD) pattern with Rietveld
analysis indicated that the sample is composed of pure e&-
Gay 45Fe; 5505 (orthorhombic, Pna2, space group, a = 5.08793(10),
b = 8.7736(2), ¢ = 9.4375(2), and V = 421.289(13)) (Fig. S2 and
Table S1). The magnetic properties were measured using a super-
conductive quantum interference device (SQUID). &-Gay4sFe; 5503
exhibits hard magnetic behavior at 300 K, with a coercive field (H.)
of 7.3 kOe, saturation magnetization of 26.2 emu g~ " at 5 T, and
remanent magnetization of 12.3 emu g~ ' (Fig. 1b).

To evaluate the complex magnetic permeability (u = x' —
ii"), the millimeter-wave absorption spectrum was measured
using a terahertz time-domain spectroscopy (THz-TDS) system.
Fig. 1c shows the diagram of the measurement system. A THz
pulse was irradiated onto the sample and the transmitted THz
pulse was detected in the time domain, and then Fourier trans-
formed into an absorption spectrum in the frequency domain. For
this measurement, powder-form &-Gag 45Fe; 5505 was compressed
into a pellet with a diameter of 13 mmé, a thickness of 2.60 mm,
and a filling ratio of 55 vol%. In the absorption spectrum, a peak
due to zero-field ferromagnetic resonance was observed at 77 GHz
(Fig. S3). The u and ¢ values were evaluated by analyzing the
absorption spectrum, assuming that y obeys the Landau-Lifshitz
equation,® and ¢ is a constant value (SI, section §4). Fig. 1d shows
the frequency dependence of p' and u”. As the frequency
increased, p initially reached a maximum of p/;,. = 1.52 at
75 GHz, then decreased to ' = 1 at the resonance frequency of
77 GHz, continued to decrease to a minimum of p'.;, = 0.48 at
79 GHz, and gradually recovered approaching 1 (Fig. 1d, left).
Meanwhile, " showed a peak at the resonance frequency of
77 GHz, with a maximum value of y’.x = 1.03 (Fig. 1d, right).
As for the complex dielectric constant (¢ = ¢’ — "), the ¢’ and ¢”
values were 11.1 and 0.42, respectively (Fig. S4).

were

High dielectric constant of CNTs in resin

To prepare a high dielectric composite material in the
millimeter-wave region, multiwalled-CNTs (VGCF-H, Resonac
Holdings Corporation) were used as the electrically conductive
material. TEM and scanning electron microscopy (SEM) images
show that the CNTs have an average length of 2 + 1 uym and a
diameter of 130 + 60 nm (Fig. 2 and Fig. S5).

To obtain a high dielectric constant material, CNTs were
dispersed in a cellulose resin as follows. A cellulose resin was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Crystal structure, TEM image, particle size distribution of ¢-
Gao 4sFe1 5503 nanomagnets. (b) Magnetization versus external magnetic
field curve of e-Gag 45Fe1 5503 measured at 300 K. (c) Diagram of the THz-
TDS system. (d) Frequency dependence of ¢’ and u” for e-Gag 45Fe1 5503
nanomagnets, calibrated by the filling ratio.

first dissolved in terpineol, and then CNTs were dispersed in
the solution by homogenization. The resulting suspension was
cast and dried to obtain sheets with CNT concentrations of 0, 5,
6, and 8 vol%. The complex dielectric constant in the
millimeter-wave region was evaluated by THz-TDS. The absorp-
tion spectra were analyzed assuming u = 1 for non-magnetic

Mater. Adv., 2025, 6, 9672-9677 | 9673
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Fig. 2 Schematic illustration (left) and SEM image (right) of CNTSs.

materials. Fig. 3 shows the frequency dependence of ¢ and ¢’
values of the sheet containing 5 vol% CNTs. Both the ¢’ and &”
values were high, e.g., (¢/, ¢’) = (13.7, 2.5) at 79 GHz. Increasing
the CNT concentration increased the ¢ values, e.g., (¢/, &) =
(20.1, 3.7) for 6 vol% CNTs, and (22.1, 5.0) for 8 vol% CNTs at 79
GHz (Fig. S6). The observed high dielectric constants in the
millimeter wave region were analyzed based on the Maxwell-
Wagner-Sillars (MWS) model using the following equation,**°

Ag iC4c

df)zsm_%L+Qhwfﬂ’“_2nmf

where ¢, is the real part of the dielectric constant at f — oo, A¢
is the difference between the static dielectric constant ¢ at f= 0
and ¢, (Ae = &5 — €4), o is the stretching exponent for the Cole-
Cole element, 7 is the median MWS relaxation time, o4 is the dc
conductivity, ¢, is the permittivity of vacuum, and i is the
imaginary unit. The fitting results showed that both A¢ and
o4c increased with increasing CNT concentration, indicating
enhancements in both dielectric and conductive losses (Fig. S7,
S8 and Table S2). The high A¢ values suggest that the conductive
CNTs dispersed in the insulating cellulose resin behave as a
pseudo-dielectric material. This behavior can be explained as
follows: when millimeter waves are irradiated onto the conduc-
tive CNTs dispersed within the cellulose matrix, the electric field
of the waves induces electron flow. These electrons are scattered
at the interfaces between the CNTs and the surrounding
resin, resulting in dissipation of electromagnetic wave energy.
Furthermore, as the CNT concentration increases, percolation
among CNTs progresses, resulting in an increase in conductive

CNT (5 vol%) dispersed in cellulose resin
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Fig. 3 Frequency dependence of ¢’ and ¢” for CNTs dispersed in cellulose
resin with a concentration of 5 vol%.
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loss. Consequently, high ¢’ and ¢” values are achieved in the
millimeter-wave region.

High magnetic permeability and high dielectric constant of a
composite of &-Gay 45Fe; 550; nanomagnets and CNTs

Next, we prepared a composite of £-Ga, 45Fe; 5503 nanomagnets
and CNTs with a volume ratio of e-Ga,_4sFe; 5505 : CNT: cellulose
resin = 35:5:60. SEM images of the composite are shown in
Fig. S9. The ¢ and p values were evaluated by THz-TDS using a
sheet-form sample with a thickness of 545 pm (Fig. S10). As
shown in Fig. 4a, the composite exhibits a high ¢ value of
(¢, &) = (19.4, 3.3). The composite also exhibits a high u value,
where the u' .y and g/ min values are 1.13 and 0.87, respectively,
W' max is 0.26, and FWHM is 3.8 GHz (Fig. 4b). Both ¢’ and p”
contribute to dissipation of the electromagnetic wave energy.

Design of ultrathin millimeter-wave-absorbing film

Next, we designed an ultrathin millimeter-wave-absorbing film.
To achieve high absorption performance with a thin film, the
impedance-matching technique is effective. Here, we consider an
absorber attached to a metal plate (Fig. 5a). When a millimeter
wave is irradiated to the absorber, part of the millimeter wave is
reflected at the surface of the absorber, while the remainder
penetrates the absorber and is reflected at the metal surface. If
these two reflected waves compensate each other in opposite
phases, the millimeter-wave absorption is enhanced. The condi-
tion is described as d = Zapsorber/4 = Aincident /4+/EMt, Where d is the
absorber thickness, Zincigent 1S the wavelength of the incident
millimeter wave, Aapsorber iS the wavelength of the millimeter wave
inside the absorber, and ¢ and u are the complex dielectric
constant and complex magnetic permeability of the absorber,
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Fig. 4 Frequency dependence of (a) ¢ and ¢&”, (b) u’ and W’ for the
composite (e-Gag 4sFer5503: CNT: cellulose resin = 35:5:60) evaluated
from the absorption spectrum of the sheet-form sample.
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Fig. 5 (a) Schematic illustration of an absorber attached on a metal plate.
(b) Three-dimensional map of the simulated RL value for the composite
with respect to the thickness d and frequency f. (c) Frequency dependence
of the RL value for an absorber with a thickness of 231 pm, which is an
impedance matching condition at 79 GHz.

respectively. Reflection loss (RL) is calculated based on transmis-

sion theory, using the following equations.”**>
Z -1
RL[dB] = 201 —
R

Z = % tanh (lﬁ\/ﬂ)

where Z is a normalized input impedance, f is the frequency of
the incident wave, c¢ is the speed of the light, and i is the
imaginary unit.

Fig. 5b shows a three-dimensional map of the simulated RL
value for the composite as a function of the thickness d and
frequency f. The two RL minima are around the resonance
frequency, which are due to the frequency dependence of u of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Photograph of the fabricated millimeter-wave—absorbing film
on a metal plate. (b) Observed RL spectrum of the film.

e-Gay 45Fe; 550;. As shown in Fig. 5c, a strong absorption at
79 GHz is expected by impedance matching.

Based on the simulation, we prepared a thin composite film
on a metal plate (Fig. 6a). The thickness was evaluated with a
stylus step gauge as 213 £+ 8 um. The RL spectrum of the metal-
backed film showed a minimum at 79 GHz with RL = —21.4 dB,
corresponding to 99.3% absorption (Fig. 6b). The bandwidth at
RL = —10 dB (90% absorption) was as wide as 15.3 GHz. As for
millimeter-wave absorbing materials in similar frequency
region, several absorbers have been reported in addition to
e-iron-oxide-based absorbers, e.g., TiO,/carbon/resin (350 um
thick), permalloy/chlorinated polyethylene/binder (1.4 mm
thick), Al,Os/carbon black/resin (1.1 mm thick), and carbonyl
iron/CNT/resin (2.9 mm thick) composites.?®*"**7¢ In these
absorbers, the absorption properties originate solely from
dielectric loss (including conductive loss). In contrast, the absorber
developed in this study utilizes both magnetic loss arising from &-
Gay 45Fe; 5503 and dielectric loss originating from CNTs, enabling
the realization of a thin absorber with high performance.

Conclusion

In this study, we prepared an ultrathin millimeter-wave absorber
composed of &-Gay 45Fe; 5505 nanomagnets and CNTs dispersed
in cellulose resin exhibiting both high magnetic permeability and
high dielectric constant. The composite exhibited a complex
dielectric constant of (¢, ¢’) = (19.4, 3.3) and a complex magnetic
permeability (¢, ©”) = (0.87, 0.13) at 79 GHz. By employing the

Mater. Adv,, 2025, 6, 9672-9677 | 9675
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impedance-matching technique, a strong reflection loss of
—21.4 dB (99.3% absorption) was achieved at the automotive
radar frequency of 79 GHz. We have confirmed that the present
absorber is stable even after 10 years. The solution-based coating
process also allows easy application onto various metal surfaces
with curved or complex structures, e.g., radar device covers,
automotive parts such as bumpers, and infrastructure compo-
nents such as guardrails and traffic lights. Moreover, by adjusting
the composition of the metal-substituted &-Fe,O3, the absorption
frequency can be tuned for further applications such as sixth-
generation wireless communication networks (6G).*”>' Other
conductive materials such as MXenes,® as well as high dielectric
materials such as graphene oxide,”” are also considered promis-
ing for combination with metal-substituted e-Fe,O; to achieve
thin, high-performance millimeter wave absorbers.
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