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Abstract

The Brewster's law predicts zero reflection of p-polarization on a dielectric surface at a particular angle. However, when
loss is introduced into the permittivity of the dielectric, the Brewster condition breaks down and reflection
unavoidably appears. In this work, we found an exception to this long-standing dilemma by creating a class of
nonmagnetic anisotropic metamaterials, where anomalous Brewster effects with independently tunable absorption
and refraction emerge. This loss-independent Brewster effect is bestowed by the extra degrees of freedoms
introduced by anisotropy and strictly protected by the reciprocity principle. The bandwidth can cover an extremely
wide spectrum from dc to optical frequencies. Two examples of reflectionless Brewster absorbers with different
Brewster angles are both demonstrated to achieve large absorbance in a wide spectrum via microwave experiments.
Our work extends the scope of Brewster effect to the horizon of nonmagnetic absorptive materials, which promises an

unprecedented wide bandwidth for reflectionless absorption with high efficiency.

Introduction

In the early 1810s, Sir David Brewster experimentally
showed that when unpolarized light impinges on a
dielectric interface, the reflected light would be linearly
polarized if the reflected beam is perpendicular to the
refracted one"?. The origin of this Brewster effect lies
in the elimination of reflection that occurs for the
transverse-magnetic (TM)-polarized light at the Brew-
ster’s angle. However, when loss is introduced to the
permittivity of dielectrics, a phase difference between the
electric and magnetic fields appears, which introduces
substantial reflection and breaks the Brewster condi-
tion**. Consequently, for the purpose of reflectionless
absorption, complex engineering on the material perme-
ability and dispersions™® has been generally applied,
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which, however, introduces tremendous difficulty in the
widening of the bandwidth.

Recently, with the rise of metamaterials that go beyond
natural materials in many aspects, a lot of efforts have
been devoted to the reexamination of the Brewster
effect’""”. Generalized Brewster effect has been realized
for enhanced transmission at selected angles'>'”. Wide-
angle Brewster effect has also been realized'* '®. The
bandwidth is relatively limited for resonant meta-
structures' ™', but it can be extended to an extremely
wide spectrum from dc to THz and even higher fre-
quencies for effective media such as the metallic grat-
ings®'". Despite these inspiring achievements, these
generalized Brewster effects still face the same handicap
as the traditional Brewster effect: unavoidable reflection at
the presence of large absorption.

In this work, by designing anisotropic metamaterials,
we reveal an anomalous Brewster effect (ABE) that
allows independently tunable absorption and refraction
in an ultra-broadband spectrum from dc to optical
frequencies. No matter how large the absorption is,
zero reflection can be maintained for p-polarization,
which is impossible in previous traditional and
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Fig. 1 Simultaneous realization of ¢,-independent Brewster effect and &,-controlled transmission in TAMs. a lllustration of the Brewster

effect between a background dielectric &, and a nonmagnetic TAM. Due to the protection of reciprocity, the wave impedance in the left case 6; > 0 is
exactly the same as that in the right case 6 < 0. The transmission in the right (left) case is dependent (independent) on g,,. The upper plane of EFCs of
the background dielectric (black solid lines), and the lower plane of EFCs of the TAM when &, and a are fixed but ¢, is varied (color solid lines),
regarding the cases of b &, # &, and e &, = &, respectively. The colors denote the magnitude of wave impedance |Z|. The black dashed vertical lines
are the equal-|Z] lines, which intersect with the EFCs at points | and II, respectively. The gray arrows denote the wave vectors of the incident and
reflected beams determined by the EFCs of the background dielectric, and the red and green arrows denote the refracted beam determined by the
EFCs of the TAM. Calculated reflectance as functions of 8; and e, for TM-polarized waves incident from free space onto the TAM with ¢ gy = 2 and
a=353°%orfe =1 and a=30° respectively. Simulated distributions of magnetic fields (color) and group velocity (arrows) for the TAM with

d ey =2 and a = 35.3° under 6, = 54.7° (left) or §; = —54.7° (middle and right), or g &y = 1 and a = 30° under 6; = 30° (left) or 6, = —30°

(middle and right), respectively. We set g, = 3 (left and middle) or gx = —3 (right).

generalized Brewster effects. Such an amazing effect is
bestowed by anisotropic metamaterials designed under
the guidance of the reciprocity principle. In this
metamaterial, the anisotropy introduces extra degrees
of freedoms to tune the absorption and refraction
without affecting the Brewster condition. Therefore,
loss-independent Brewster effect can be realized where
the damping can be sufficiently large to achieve almost
total absorption within a thickness of 1-2 wavelengths.
By performing proof-of-principle experiments in the
microwave regime, we have successfully verified the
theory. Our work provides a practical route to solve

the long-standing dilemma between the Brewster effect
and absorption.

The schematic graph of our idea is shown in Fig. 1a. The
anisotropic metamaterial is designed according to the
reciprocity principle. The reciprocity principle requires
that the response of a propagation channel is symmetric
when the source and detection points are interchanged.
For a wave incident and reflected on the surface of a
reciprocal material'®, the switch between the incident
angles of 8; and —6; is equivalent to the exchange between
the source and detection. Therefore, according to the
reciprocity principle, the reflection coefficients are exactly
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the same for incident angles +0;, i.e., r(—8;) = r(6;)'®"".

As a result, when the Brewster effect emerges, it is always
simultaneously satisfied for +6;. However, interestingly,
upon the change between 6; and —6;, the absorption and
transmission can be changed dramatically. And this
makes the ABE possible.

The anisotropic metamaterial is designed such that a
trivial solution of the Brewster effect (with zero loss and
fixed angle of refraction) is obtained at 8; >0 in an ultra-
broad spectrum. At the same time, a nontrivial ABE can
always be obtained at ;< 0, where the absorption and
refraction can be independently tuned by the extra para-
meters introduced by anisotropy. When the material is
lossless, the angle of refraction can be tuned flexibly from
positive to negative. When the material is lossy, ultra-
broadband and controllable absorption can be achieved.
Reflectionless Brewster absorbers can thus be realized by
such nonresonant and nonmagnetic metamaterials, whose
working bandwidth in principle can cover an extremely
wide spectrum from dc to the optical regime. This result
is remarkable as the bandwidth goes significantly beyond
those of current techniques utilizing complex engineering
of the material permeability and dispersions™®, where a
tremendous amount of effort has been devoted. This huge
bandwidth attributes to the inherent frequency indepen-
dence of the Brewster effect.

Results

Without loss of generality, we consider a TM-polarized
wave incident on a nonmagnetic tilted anisotropic med-
ium (TAM) under the incident angle of 8,, as illustrated in
Fig. 1a. The background is a dielectric medium with iso-
tropic permittivity e,. The optical axis (along with the
permittivity component ¢,) of the TAM has a tilt angle a
with respect to the x axis. For 6; >0, we find that there are
two trivial solutions for realizing the Brewster effect
between the background and TAM, which is independent
of &y. One solution for &, #¢, requires a condition of
0; =m/2 —a (a = arctan(y/&,/\/€v)), which is exactly
the condition of the traditional Brewster effect. The other
solution for ¢y = ¢, requires a condition of 8, = a (« is
arbitrary), which is also easily understandable (see Sup-
plementary Information). Intriguingly, in both cases, the
waves incident at 6; > 0 cannot “see” ey as the electric field
of the refracted beam E; is parallel to the direction of &,.
This inspires us to utilize the new parameter e, as a
control parameter without affecting the impedance
matching condition. In the following, we provide a more
comprehensive picture based on the equal-frequency
contours (EFCs) of the TAM.

Figure 1b, e shows the EFCs of the TAM with fixed ¢, and
a for different e, under the conditions of &y #e¢, and
&¢ = &p, respectively. It is seen that in both figures, all the
EFCs of the TAM cross a fixed point in the k, <0 space,
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which is marked as the point I (at k, = /exkosina,
ky = —\/&xko cos &, where ky is the wave number in free
space). When the propagating state at the point I is excited
in the TAM (by a proper incident angle 6; > 0), the electric
field of the refracted wave E, is polarized along the direction
of &y, indicating that the waves cannot be influenced by ¢,.
Here, the wave impedance Z is defined as the ratio of E, /H,,
where E, and H, are, respectively, the x component of
electric fields and the z component of magnetic fields at the
interface (normal to ¥). Through some derivation, we obtain
|Z| = Zycosa/\/ex at the point I for the TAM, which
confirms that |Z| is independent of &,. Here, Z, is the
impedance of vacuum (~377 Q). More importantly, the
same impedance |Z| = Zycosa/,/ey is invariant along a
vertical line of k, = /evkosina for various EFCs, which
goes through point I, when we vary &,. This effect can be
clearly seen in Fig. 1b, e where |Z| is plotted in colors in the
EFCs. Therefore, this vertical line is denoted as an equal-|Z|
line (black dashed lines) here. The analytical proof is sum-
marized in Supplementary Information.

Here, we would like to emphasize that despite the two
trivial solutions of the Brewster effect for ;>0 are
both independent of ey, they cannot provide the flexible
manipulation of refraction or absorption yet as we men-
tioned in the introduction. This is because refracted waves
cannot “see” &, and therefore, cannot be influenced by &,
in any way. However, it becomes interesting when the
reciprocity principle is applied. Now, we consider flipping
the sign of the incident angle from 6; > 0 to 6; < 0 with the
magnitude unchanged. According to the reciprocity
principle, the Brewster effect is guaranteed and indepen-
dent of &y. Therefore, we have another equal-|Z| line at
k. = —\/evkosina, as marked by black dashed lines in
Fig. 1b, e. In the case of 0, <0, the propagating states at
point II are excited in the TAM, where the equal-|Z| line
and EFC intersect. Obviously, the EFC and the refraction
angle both vary significantly with e,.. In this situation, the
electric field of the refracted wave E; is no long parallel to
the direction of &, bestowing tunable refractive behaviors
by changing ey, while no reflection is guaranteed by
reciprocity at the same time. When e, has an imaginary
part, the absorption can be introduced. Therefore, we
have obtained two nontrivial solutions of the ABE with
tunable refraction and absorption.

In the following, we perform numerical simulations to
prove the reciprocity-protected ABE with tunable refrac-
tion in the background of air (i.e., &, = 1). The simulations
were performed by the commercial finite-element-method
software COMSOL Multiphysics. Here, we consider TM-
polarized waves incident on the TAM. First, the TAM is
chosen to be g =2 and a = arctan(\/@/\/e_xf) = 35.3°.
The reflectance on the air-TAM interface as a function of
the 6; and e, is plotted in Fig. lc. Clearly, near-zero
reflection is observed around 6; = +54.7°=+ (90° — a),
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irrespective of ey. We also notice horizontal blue lines
related to omnidirectional Brewster effect, which can be
understood through coordinate transformation'®*°, In Fig,
1d, we plot the distributions of magnetic fields (color) and
group velocity (arrows) for the cases of 8; = 54.7° (left),
0; = —54.7° and &y =3 (middle), and 6; = —54.7° and
gy = —3 (right), respectively. In all three cases, the
reflection clearly disappears. By tuning &y from 3 to —3,
the angle of refraction is evidently changed from positive
to negative, which confirms the controllability of refraction
by tuning &,. Second, we consider a TAM with &y = 1. In
this situation, a can be arbitrary. Here, we take & = 30° as
an example. The reflectance on the air-TAM interface is
plotted in Fig. 1f, which clearly shows e,-independent
near-zero reflection under 8, = +30°, i.e.,, ; = *a. The
reflectionless refraction for 6; = +30° as well as the
controllable refraction for 8; = —30° have also been well
confirmed by simulations, as shown in Fig. 1g.

It is worth noting that when e, approaches infinity, the
EFCs of the TAM turn into two parallel lines with con-
stant wave impedance |Z| = Zy cosa/ /€y, as shown as
cyan color in Fig. 1b, e. Such a case can be realized by
using a tilted aluminum film array, which leads to ultra-
broadband reflectionless negative refraction (see Supple-
mentary Information).

As an important consequence of the above reciprocity-
protected ABE, we can further let ¢y be a complex
number and introduce loss into the system. Such reci-
procity consideration allows us to realize perfect-
impedance-matched absorbing materials with unprece-
dented wide bandwidth, which is extremely difficult via
other approaches, if not impossible. Such absorbers are
denoted as reflectionless Brewster absorbers here. In the
following, we demonstrate the design and realization of
this ultra-broadband reflectionless Brewster absorbers by
using tilted conductive film (CF) arrays.

The tilted CF array is embedded in a dielectric host of ¢4
under a tilt angle of a, as illustrated by the upper panel graph
of Fig. 2a. The separation distance between two adjacent CFs
is a, which is much larger than the thickness of the CFs ¢
(ie., a>>t), but smaller than the wavelength A in the
dielectric host (i.e., a <A). Under such circumstances, the
tilted CF array can be approximately homogenized as an
effective TAM (the lower panel) with &y =¢€; and
&y of = €4 + Iy(®), where y(w) = (Zo/R;)/ (koa cos ) is a
function of angular frequency w. Here, R; is the sheet
resistance of the CFs. Figure 2b presents the equal-frequency
surface of the effective TAM in the three-dimensional k
space composed of the k,, Re (ky), and Im (ky) coordinates,
which is obtained by adopting different values of y(w). The
EFCs regarding the particular cases y(w) = 0 and y(w) = ¢4
are plotted as black and green lines, respectively. In the
absence of material loss (y(w) = 0), the EFC is a circle on
the kfoe(ky) plane. When loss is introduced, the EFC
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separates into two curves extending into the Im (ky) direc-
tion. Interestingly, we find that the EFCs of the TAM with
any y(w) always pass through a fixed point I located at the
coordinates k; = \/gzko sina, Re(k,) = —/gzko cos a, and
Im (ky) = 0 (see the enlarged inset graph), indicating that it
is independent of y(®). Similar to the lossless case, we have
an equal-|Z| surface at k, = /ezko sina, which crosses the
point I, and another equal-|Z| surface at k, = —,/€4ko sina,
whose intersection with the equal-frequency surface turns
into the ring II, as shown in Fig. 2b. At the point I and on the
ring II, the wave impedance is always a constant
|Z| = Zycosa/ /eq. Interestingly, on the ring II, the
induced Im(k,) =0 by y(w)=0 indicates the intriguing
possibility to achieve large absorption without breaking the
impedance matching condition.

We have also performed numerical simulations to verify
the reciprocity-protected ABE with large absorption.
Here, we consider TM-polarized waves incident on the
TAM from an air background. First, the TAM is set as
&4 =2 and a = 35.3°. In Fig. 2c, we plot the reflectance
on the air-TAM interface as a function of 8; and y(w),
which clearly shows a regime of near-zero reflection
around 0; = +54.7°, irrespective of y(w). In Fig. 2d, we
plot the simulated magnetic-field distributions for Gaus-
sian beams incident on a TAM with y(w)=3 at
0; = +54.7°. Clearly, for 8; = 54.7° (the upper panel), the
Gaussian beam transmits through the TAM, with almost
no reflection or absorption. While for 6; = —54.7° (the
lower panel), the Gaussian beam is almost totally absor-
bed by the TAM, with no reflection or transmission.
Second, the TAM is set as ¢; = 1. The reflectance on the
air-TAM interface is plotted in Fig. 2e, in which the TAM
has a = 30°. Clearly, near-zero reflection emerges around
0; = £30°, irrespective of y(w). Interestingly, in this case,
a is arbitrary and the Brewster effect is realized as long as
6; = +a. This characteristic could be valuable for the
absorption of the near field. For a demonstration, in
Fig. 2f, we demonstrate the simulated magnetic-field
distributions when a dipole source is placed above two
inhomogeneous TAMs with variant a along the surface.
The condition of 8; = «a (the upper panel) or §; = —a (the
lower panel) is satisfied everywhere on the surface of the
TAMs, where the y(w) is set as 2 and the orientation of
the axis ¢, is denoted by arrows. Interestingly, in the case
of 0; = a, the radiation waves of the dipole source are
almost totally transmitted through the TAM, with no
reflection. While in the case of 8; = —a, almost all the
radiated waves from the dipole source are absorbed, with
no reflection. This indicates a transition from total trans-
parency to total absorption, simply by varying the orien-
tation of the axis of the TAM. In other words, we first
insert the parallel plates in a way that they do not perturb
the fields as all these parallel plates act as waveguides
without cut-off to allow unit transmittance. Then, all these
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Fig. 2 Ultra-broadband Brewster effect with controllable absorption by using tilted CF arrays. a lllustrations of a tilted CF array embedded in a
dielectric of &4 (upper) as the effective TAM (lower). b The equal-frequency surface of the effective TAM that is formed by varying y(w). The black and
green lines denote the EFCs regarding the cases of y(w) = 0 and y(w) = ¢4, respectively. The gray surfaces denote the equal-|Z| surfaces, which
intersect with the equal-frequency surface at point | and the ring Il (enlarge insets in the right). Calculated reflectance as functions of the 6; and y ()
for TM-polarized waves incident onto the effective TAM with c ¢4 = 2 and @ = 35.3°, or e ¢ = 1 and a = 30°, respectively. d Simulated magnetic-
field distributions when a TM-polarized Gaussian beam is incident onto the effective TAM with &4 = 2, & = 35.3° and y(w) = 3 for §; = 54.7°

(upper) or 6; = —54.7° (lower). f Simulated magnetic-field distributions for a TM-polarized dipole source above an inhomogeneous TAM with fixed
and y(w) = 3 but varied a. The a is adjusted along the surface so that the condition of 6; = a (upper) or 6; = —a (lower) is satisfied
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everywhere. The arrows in (d, f) denote the orientation of the axis g,.

conducting plates have the orientation flipped horizon-
tally, allowing reciprocity-protected zero reflection, while
locally the E-fields have components parallel to the plates
to generate huge absorption.

Experimental observation of ultra-broadband
reflectionless Brewster absorbers

Since the reciprocity-protected ABE is irrespective of
y(w), ultra-broadband reflectionless absorbers of elec-
tromagnetic waves can be realized. In the following, by
using the tilted CF arrays, we experimentally verify this
phenomenon in microwave frequencies. A sample of the

CF array is fabricated, which consists of alternative poly-
methyl methacrylate (PMMA, relative permittivity ~2.6)
and indium tin oxide (ITO) films (thickness ~100 pum, as
CFs) with a separation distance of ¢ =5 mm. The sample
has a tilt angle of & = 31.8°, a thickness of 30 mm, and a
height of 200 mm, as shown by the photo shown in
Fig. 3a. Ultra-broadband Brewster effect appears at 6; =
+58.2° for such a TAM, while absorption only emerges at
0; = —58.2°. In Fig. 3a, we plot the |Im(ky)| in the CF
array (red dots) and the corresponding effective medium
(black lines) as the function of the sheet resistance Ry of
the CFs at 10 GHz. Here, |Im (ky)} determines the
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Fig. 3 Experimental observation of ultra-broadband reflectionless Brewster absorbers in the case of &, .. &,. a The |\m(ky)| in the CF array
(red dots) and the corresponding effective medium (black solid lines) as the function of the R, at 10 GHz. The inset shows the picture of the fabricated
sample consisting of alternative PMMA and ITO films a = 31.8°. The thickness and height of the sample are 30 and 200 mm, respectively. Simulated
b reflectance and ¢ absorbance on the fabricated sample as functions of the 6; and working frequency, respectively. The stars denote the measured
cases in experiments. d Measured electric field distributions under 8; = 58.2° (upper) and 6, = —58.2° (lower) at 7 GHz (left), 10 GHz (middle), and
15 GHz (right). The black thick lines near the sample denote the absorptive foam.

attenuation rate, and a larger |Im(k,)| implies a thinner
thickness requirement for the absorber. In Fig. 3a, the
maximal ’Im (ky) ‘ is found to be around the optimal sheet
resistance ~0.35Zp=132Q for the CF array, which
coincides well with the effective medium calculation,
indicating the validity of effective medium here. In the
experiments, each piece of ITO film has a sheet resistance
of ~370 Q. Therefore, we stacked two ITO films into one,
so that the composite film has a sheet resistance of
~185 Q) (blue dashed lines in Fig. 3a), and relatively good
performance of absorption can be attained. Figure 3b, c
shows, respectively, the simulated reflectance and absor-
bance of the sample. In Fig. 3b, near-zero reflection
emerges around 6; = +58.2° for all frequencies below
16 GHz. Above 16 GHz, the non-reflection effect gradu-
ally deteriorates because the effective medium turns
inaccurate in the short wavelength regime. Nevertheless,
we note that the upper working frequency can be sig-
nificantly raised, even to the optical frequency, by simply
decreasing the scale of the structures, i.e., the separation
distance. While the absorbance in Fig. 3c shows a distinct
asymmetric behavior. Zero absorbance occurs around
0; = 58.2° and high absorbance (>0.9) occurs around
0; = —58.2° in the frequency regime from 7 to 16 GHz.
When the incident angle deviates away from the optimal
angle —58.2°, the absorption is still quite high, showing

some angular insensitivity in the absorption performance.
Here, we note that the relatively low absorbance
below 7 GHz is mainly induced by transmission since the
reflectance is almost 0. Since there is no reflection, and
waves in the TAM decay exponentially with the propa-
gation distance, the absorption at low frequencies can be
easily increased through increasing the sample thickness.

The experimental results are shown in Fig. 3d. In the
experiment, an emitting horn antenna is placed ~0.8
meters away from the sample to generate the incident
waves. We measured the near-field electric fields
before and after the sample by using a probing
antenna. The scanning areas are 700 x 150 mm? each,
located on the central plane of the sample. In the fol-
lowing, we demonstrate the measured electric field
distribution at 7, 10, and 15 GHz (marked by stars in
Fig. 3b, c¢). The upper (lower) panel graph of Fig. 3d
presents the measured electric fields at 6; = 58.2°
(8; = —58.2°). Clearly, there is no reflection in all cases,
demonstrating the ultra-broadband ABE with absorp-
tion. Interestingly, near-total transmission is observed
at 8; = 58.2°, while large absorption is clearly observed
at 6; = —58.2° for all three selected frequencies. In
experiments, we evaluate the absorbance through
integrating far-field power for all directions, finding
absorbance as high as 0.95, 0.98, and 0.99 at 7,
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)| in the CF array

10, and 15 GHz, respectively. The absorbance at other
frequencies in the measuring frequency range
7-15GHz is also quite high (see Supplementary
Information).

In the second experiment, we verify the other nontrivial
solution of the ultra-broadband ABE with absorption for
the TAM designed with e; = 1. In this case, «a is arbitrary
and the Brewster effect is realized as long as 8, = +a. The
TAM sample is composed of alternative foam (relative
permittivity ~1) and ITO films (thickness ~100 um, as
CFs) with a separation distance of 2 = 10 mm. The sample
has a tilt angle of a = 30°, a thickness of 30 mm, and a
height of 200 mm, as shown by the photo in Fig. 4a. In
Fig. 4a, we also plot the |Im (ky)| in the sample (red dots)
and the corresponding effective medium (black lines) as
the function of the sheet resistance R, of the CFs at
10 GHz. The maximal ’Im(ky)| is observed around the
optimal sheet resistance Z, cos a/(koa) = 155 Q. Theore-
tically, the maximal value |Im (ky)| is derived to be
kosinatana. In the experiment, we have exploited a
composite film with Ry ~ 185 Q) consisting of two ITO
films as adopted in the previous experiment (see blue
dashed lines in Fig. 4a). Figure 4b, c shows, respectively,
the simulated reflectance and absorbance of the sample.

Clearly, ultra-low reflection is achieved around 6; = + 30°
for all frequencies below 16 GHz. Near-perfect absorption
is achieved around 6; = —30° in the frequency regime
from 7 to 15 GHz, while there is almost no absorption
around 6; = 30°. Even when the incident angle deviates
away from —30°, the absorption is still quite high. These
results were also confirmed by experimental measure-
ment. The measured electric field distributions are plotted
in Fig. 4d for 6; = 30° (the upper panel) and 6; = —30°
(the lower panel), respectively, at 7, 10, and 15 GHz.
Indeed, near-total transmission is observed at 6; = 30°,
while large absorption is clearly observed at 6; = —30°,
for all three selected frequencies. The inset graphs of
Fig. 4d show the measured far-field radiation patterns
(green and red lines) of the sample. The black dashed lines
denote the reference patterns in the absence of the sam-
ple. Clearly, ultra-broadband ABE with near-perfect
absorption (>0.87 at 7 GHz, >0.95 at 10 GHz, >0.99 at
15 GHz) is obtained.

There are several ways to further improve the absorption
performance of the reflectionless Brewster absorbers
demonstrated above. The simplest method is to increase the
thickness of the samples since the metamaterial absorber
is perfectly impedance-matched to free space. By adding a
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reflector behind the CF arrays, the angular-asymmetric
performance of absorption would be changed into angular-
symmetric large absorption, which may be important in
practical applications (see Supplementary Information). In
the case of ¢; = ¢, the rotation angle & can be arbitrary.
Interestingly, the maximal value {Im(ky)| is derived as
|Im (ky)} = ko sin @ tan &, which tends to infinity as a goes
to 90°. This means that ultra-broadband perfect absorption
can be realized even when a — 90°. Experimentally, we
have also fabricated a sample with ¢; =1 and a = 45°,
showing higher absorption (see Supplementary Informa-
tion). Ultrathin perfect absorbers with extremely thin
thickness can also be obtained based on the TAM with
hyperbolic dispersions (see Supplementary Information).

Discussion

The hallmark advantage of the reflectionless Brewster
absorbers is that they are based on inherently non-
resonant metamaterials, and thus the bandwidth of
impedance-matched absorption can cover the ultra-broad
spectrum from dc to optical frequencies, which is far
beyond those of other absorber techniques™®*'~°. As a
demonstration, in Fig. 5a, we plot the reflection coefficient
at the interface of free space and effective medium of
the reflectionless Brewster absorber studied in Fig. 4 as
the function of the incident angle, showing that zero
reflection at 8; = 30° (trivial case without absorption) and
6; = —30° (nontrivial case with large absorption by the
reflectionless Brewster absorber) from dc to GHz fre-
quencies. There is no lower limit for the working fre-
quency, while the upper limit is determined by the validity
of the effective medium approximation. Through the
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reduction of the microstructure unit (e.g., the thickness
and the separation distance of the CFs), the working fre-
quency range of perfect-impedance-matched absorption
can, in principle, be further widened to cover an unpre-
cedented broad regime from dc to THz, infrared and even
optical regimes (see Supplementary Information). Another
fundamental advantage of the reflectionless Brewster
absorbers lies in the tunability of the magnitude of material
loss as well as the refractive behaviors, which offers sig-
nificant flexibility.

Finally, we would like to emphasize the difference
between the traditional Brewster effect, the perfect electric
conductor (PEC) grating structures® ' and the ABE pro-
posed here. It has been observed that ultra-broadband
Brewster effect can occur in dispersion-less effective media
as well as PEC grating structures. However, when material
loss is introduced, such Brewster effects will gradually
break down, just like the traditional Brewster effect. The
reflection can be dramatic when the loss is large. For
verification, we consider a dielectric medium and a PEC
grating structure exhibiting a Brewster angle at 75° in the
absence of material loss for TM-polarized waves incident
from free space. The period d of the grating and the slit
width w satisfies w/d = cos75°. When we gradually
increase the loss, dramatic reflection occurs at the air-
dielectric and air-grating interfaces, as shown by the
simulation results shown in Fig. 5b. Here, Re(¢) and Im(¢)
denote, respectively, the real and imaginary parts of the
permittivity of the dielectric (Re(e) = tan® 75° to ensure a
Brewster angle at 75°), or the filling material in grating slits
(Re(¢) =1). The inset graphs show the simulated
magnetic-field  distribution when Im(e)/Re(e) = 5.

a
9 =30° GHz
=
o 2 I
§ 6 Al Trivial MHz
o
o
g 3 KHz
. dc
90 60 -30 0 30 60 90
0; (degree)

TAM model.

Fig. 5 The ultra-broad bandwidth of ABE and the dependence of reflection on absorption. a Reflection coefficient as the function of the 6; at
the interface of free space and the effective medium model of the CF array in Fig. 4. The nontrivial solution corresponds to the ABE that enables
flexible large absorption and tunable angle of refraction, while the trivial solution is similar to the traditional Brewster effect, without absorption and
tunable refraction. b Reflectance as the function of material loss at the interfaces of air-dielectric (blue lines), air-PEC-grating (green lines), and air-TAM
(red lines) under 6; = 75°. The TAM is composed of subwavelength tilted CF array in a dielectric host with g5 = tan? 75° and & = —15°. Re(e) and
Im(e) denote the real and imaginary parts of the permittivity of the dielectric, or the filling material in grating slits, or the CF of the TAM, respectively.
The insets show the simulated magnetic-field distributions when Im(e)/Re(e) = 5 for the dielectric and grating models, Im(e)/Re(e) = 500 for the

o
(V)

©
o

Reflectance
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In contrary, when the material loss is introduced to a
TAM consisting of subwavelength tilted CF arrays in a
dielectric host (¢; = tan®?75°, & = —15°, relative permit-
tivity of CFs & = Re(e) + iIm(¢)), the reflection always
remains almost zero irrespective of the magnitude of the
loss, as shown in Fig. 5b. Even when Im(¢)/Re(g) = 500,
the reflection is still negligible, as seen from the magnetic-
field distribution in the inset in Fig. 5b.

In conclusion, in this work, we reveal an ABE for ultra-
broadband reflectionless manipulation of waves, including
tunable absorption and refraction. The ABE, as protected
by the reciprocity principle, guarantees zero reflection for
one polarization at a particular incident angle. At the
same time, the refraction and absorption are flexibly
tunable via the extra degrees of freedoms introduced by
the anisotropy of metamaterials. The ABE bestows
reflectionless Brewster absorbers with an unprecedented
wide bandwidth of impedance-matched absorption. While
conventional wisdom tells us that addition of loss will
destroy the Brewster effect, we have demonstrated that
the mechanism of reciprocity protection escapes from
such a deficiency. This principle of ABE is universal for
any reciprocal materials and for general classical waves.

Materials and methods
Simulations

Numerical simulations in this work are performed using
the commercial finite-element simulation software
COMSOL Multiphysics. In order to simulate the TM-
polarized plane wave under oblique incidence in Fig. 1d, g,
the left and right boundaries are set as Floquet periodic
boundaries, the top boundary is set as port to excite the
incident wave. In Fig. 2d, the Gaussian beam is excited by
the top port boundary. In Fig. 2f, the TAM is illuminated
by an electric dipole source perpendicular to the TAM
surface. The distance of the TAM surface equals the
wavelength in air. In Fig. 2d, f, perfect matched layers are
set in the bottom to absorb the transmission waves in
the TAM.

Experiments

In near-field experiments, an emitting horn antenna is
placed ~0.8 meter away from the sample to generate the
incident waves. A probing antenna is used to probe the
near-field electric fields on the central plane before and
after the sample. The scanning rectangular area is of
700 x 150 mm? (600 x 150 mm?) before and after the
sample in Fig. 3 (Fig. 4). The probing antenna is mounted
to a computer controlled translational stage. Both the
probing antenna and the emitting horn antenna are
connected to a network analyzer (KEYSIGHT PNA Net-
work Analyzer N5224B) for data acquisition. Because of
the selectivity of the probing antenna in measurement,
only the electric fields perpendicular to the propagation
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direction are measured. Therefore, in the scan area before
the sample, the measured electric fields come from the
incident waves and a part of the possible reflection waves.
In order to further confirm the zero reflection and near-
perfect absorption in experiments, we have also measured
the electric fields in the absence of samples and the far-
field power radiation patterns.

In far-field experiments, an emitting horn antenna is
placed 1 m away from the sample to generate the incident
waves. A receiving horn antenna placed at the same dis-
tance is used to measure the radiation pattern. The
receiving horn antenna can be freely moved around the
sample so that we could receive scattering signals in all
directions. Both the emitting and receiving horn antennas
are connected to a vector network analyzer (KEYSIGHT
PNA Network Analyzer N5224B) for data acquisition.
The power radiation pattern in the absence of sample is
measured as a reference.
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