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Artificial magnetism can be realized with metamaterials in high frequencies, which are important for
many applications. However, such metamaterials need to be constructed with metal or high-relative-
permittivity dielectric and thus may exhibit absorption loss. Here, we theoretically propose and experi-
mentally demonstrate a pair of magnetic metamaterials that have inversion symmetry and are generated
from a parent photonic crystal with low-relative-permittivity dielectric (εr < 4). Interestingly, one meta-
material is paramagnetic, the other is diamagnetic, and the product of their effective relative permeabilities
is close to 1 (μe1 > 1, μe2 < 1, μe1μe2 ≈ 1) in a broad frequency range. As a result, fascinating effects,
such as wide-angle and wide-frequency near-perfect transmission and interface states, are observed in the
systems.
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I. INTRODUCTION

Magnetism is a fundamental property of materials,
which is important for many applications [1,2]. Common
materials can exhibit a strong electric response, whereas
their magnetic response is usually very weak, with relative
magnetic permeability μr close to 1 (|μr − 1| < 10−3).
Ferromagnetic and antiferromagnetic materials can exhibit
a strong magnetic response, but usually work in the fre-
quency range below 2 THz [3–5]. For frequencies above
2 THz, all conventional materials will be nonmagnetic
(μr = 1) [2,5,6] .

In recent years, metamaterials have attracted great atten-
tion due to their unique ability for controlling electromag-
netic (EM) waves [7–27]. Unlike conventional materials,
metamaterials are composed of subwavelength building
blocks or meta-atoms, which can be described by effective
relative permittivity εe and effective relative permeabil-
ity μe. By optimizing constituent materials and geometric
parameters of such building blocks, metamaterials can pos-
sess extreme values of effective parameters, greatly broad-
ening the range of EM parameters of materials [7–11].
For instance, using building blocks supporting magnetic
resonance [7–15], metamaterials can be constructed that
can exhibit a magnetic response for frequencies above
2 THz [9,11,15]. However, such magnetic metamaterials
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are usually made of metal or dielectric with high rela-
tive permittivity [Re(εr) > 10], and thus may suffer from
absorption loss.

In this paper, we theoretically propose and experimen-
tally demonstrate a pair of magnetic metamaterials that
are constructed with materials of low relative permittivity
(εr < 4) and can exhibit a magnetic response in a broad fre-
quency range. Here, the two metamaterials are generated
from the same photonic crystal (PC) and thus are called
twin metamaterials. Interestingly, one of the metamate-
rials is paramagnetic (μe1 > 1), the other is diamagnetic
(μe2 < 1), and the product of their relative permeabili-
ties is close to 1 (μe1μe2 ≈ 1). As a result, fascinating
phenomena, such as wide-angle and wide-frequency near-
perfect transmission and interface states, are observed in
such metamaterials.

II. RESULTS

We first consider a one-dimensional (1D) layered PC,
which is invariant in the y-z plane, but periodic along
the x direction, as shown in Fig. 1(a). The unit cell of
the PC consists of four dielectric layers, where layer
j (j = 1, 2, 3, 4) has a thickness dj , relative permittiv-
ity εj , relative permeability μj = 1, relative impedance
Zj = √

μj /
√

εj , and refractive index nj = √
μj

√
εj . Light

is assumed to propagate in the x direction with electric
(magnetic) field in the y (z) direction. The EM field in
layer j can be written as Ey = E+

j p + E−
j /p and H ′

z =
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(a) (b)

(d)(c)

FIG. 1. (a) Schematic of a 1D layered PC, which is periodic
in the x direction and has four dielectric layers in the unit cell.
Here, layer j (j = 1, 2, 3, 4) has a relative electric permittivity εj
and thickness dj , and the lattice constant a = d1 + d2 + d3 + d4.
(b) A unit cell is placed in an effective medium with parameters
of εe, μe, ne, and Ze. (c) Real and imaginary parts of the effective
relative impedance Ze as a function of d1. Here, ε1 = ε4 = 2.4,
ε2 = ε3 = 1, d2 = d3 = 0.22a, and frequency f = 0.277c/a. (d)
The same as (c) but for ε1 = ε4 = 1, ε2 = ε3 = 2.4, and d2 =
d3 = 0.28a.

E+
j p/Zj − E−

j /
(
pZj

)
, where the superscript + (−) repre-

sents the right-going (left-going) wave, H ′
z ≡ Z0Hz, Z0 =

376.73 � is the impedance of vacuum, p = exp[ikj (x −
xj )], kj = nj k0, k0 = ω/c is the wave number in vacuum,
ω ≡ 2π f is angular frequency, f is frequency, c is the
light speed in vacuum, and x = xj (xj + dj ) at the left
(right) surface of layer j . Hence, the fields are Ej ,L = E+

j +
E−

j and H ′
j ,L = E+

j /Zj − E−
j /Zj (Ej ,R = E+

j pj + E−
j /pj

and H ′
j ,R = E+

j pj /Zj − E−
j /

(
pj Zj

)
with pj = exp(ikj dj ))

at the left (right) surface of layer j . Using a characteristic
matrix [28],

Mj =
(

cos
(
kj dj

) −i sin
(
kj dj

)
Zj

−i sin
(
kj dj

)
/Zj cos

(
kj dj

)
)

, (1)

the fields at the left surface of layer j can be related to those
at its right surface:

(
Ej ,L
H ′

j ,L

)
= Mj

(
Ej ,R
H ′

j ,R

)
. (2)

Similarly, the fields at the left surface of the unit cell can
be obtained from those at its right surface:

(
E1,L
H ′

1,L

)
= M

(
E4,R
H ′

4,R

)
, (3)

where the characteristic matrix of the unit cell is given by

M = M1M2M3M4 =
(

m11 m12
m21 m22

)
, (4)

with m11 and m22 being real and m12 and m21 being pure
imaginary.

The Bloch theorem can then be applied to the unit cell:

M
(

E4,R
H ′

4,R

)
= g

(
E4,R
H ′

4,R

)
, (5)

where g = exp (−iqa), q is the Bloch wave number, and
a = d1 + d2 + d3 + d4 is the lattice constant. Hence, we
have

g =
[

m11 + m22 ±
√

(m11 − m22)
2 + 4m12m21

]
/2, (6)

so that the Bloch wave number q = i ln (g) /a and effective
refractive index ne ≡ q/k0 can be calculated. Here, the plus
or minus sign in Eq. (6) can be determined by choosing the
right-going Bloch wave with Re(q) > 0 and Im(q) ≥ 0.

To obtain the effective relative impedance Ze of the
PC, we consider a unit cell that is placed in its effec-
tive medium, as shown in Fig. 1(b). An EM plane wave
is incident upon the unit cell from the left, with electric
(magnetic) field in the y (z) direction. Since the effective
medium is equivalent to the unit cell, no reflected waves
exist on the left, and only the right-going Bloch wave
occurs in the unit cell. Using Eq. (5) and Ze = E4,R/H ′

4,R,
we have

Ze = (g − m22)/m21. (7)

We note that Eq. (6) can also be derived by using
(Ei, Ei/Ze)

T = M (Et, Et/Ze)
T, where Ei (Et) is the E-field

of the incident (transmitted) wave at the left (right) sur-
face of the unit cell. The effective relative permittivity
εe = ne/Ze and effective relative permeability μe = neZe
can thus be calculated for the PC.

When the unit cell does not have inversion symmetry
(so that m11 �= m22), the relative impedance Ze depends on
the direction of the incident wave:

Ze,L = Z∗
e,R, (8)

where Ze,L (Ze,R) is the relative impedance of the PC for a
wave incident from the left (right). Ze,L and Ze,R are com-
plex even in the passing band. When an asymmetric PC
is placed in air, its left and right surfaces will exhibit the
same intensities |r|2 but different phases arg(r) in reflec-
tion [r = (Ze − 1)/(Ze + 1)]. However, if the unit cell has
inversion symmetry (so that m11 = m22), the same relative
impedance can be obtained for incident waves from differ-
ent directions (Ze = Ze,L = Ze,R). The relative impedance
Ze is real in the passing band and pure imaginary in the
band gaps.

Using a parent layered PC (AABB)n, two PCs with inver-
sion symmetry, (ABBA)n and (BAAB)n (called PC1 and
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PC2), can be generated. Such twin PCs can have the same
effective refractive index (ne1 = ne2) but different relative
impedance (Ze1 �= Ze2). It can be proved that for the low-
est band and the first band gap,

√
Ze1Ze2 ≈ Ze0 = 1/ne0,

where Ze0 (ne0 =
√

a−1
∑4

j =1 εj dj ) is Ze (ne) at zero fre-
quency. In the lowest band, ne1 = ne2 ≈ ne0 and μe1μe2 ≈
1. When the relative permittivity of layer A is higher than
that of layer B (εA > εB), PC1 and PC2 will be paramag-
netic (μe1 > 1) and diamagnetic (μe2 > 1), respectively.
Although a slight dependence of the relative impedance
on the termination of the unit cell has been noticed [29],
the reverse magnetism of PC1 and PC2 has not been
discovered in previous studies.

Based on the above theory, we investigate a 1D layered
PC (AABB)n, where layer A (B) has a relative permittivity
εA = 2.4(εB = 1) and thickness dA = 0.28a (dB = 0.22a).
Such materials with low relative permittivity (εr < 4) can
be achieved in various frequency ranges. For example,
glass has a relative permittivity of 2.13 in optical frequen-
cies [30]. Using this parent PC, two kinds of daughter
PCs, (A′BBA′′)n and (B′AAB′′)n (called PC1′ and PC2′),
can be generated. Here, layers A′ and A′′ (B′ and B′′)
have a relative permittivity of εA (εB) and total thick-
ness d1 + d4 = 2dA (d1 + d4 = 2dB). When d1 = d4, PC1′
(PC2′) will become PC1 (PC2).

Figure 1(c) shows the relative impedance of PC1′ as
a function of the thickness d1 of layer A′ at frequency
f = 0.277c/a. The relative impedances of (CAAD)n and
(DAAC)n are found to be conjugate [Eq. (8)], showing
that an asymmetric PC has the same intensities but differ-
ent phases in reflection for incident waves from different
directions. When the unit cell has inversion symmetry
(d1 = d4), Ze will be real (Ze = 1). Similar results are
also found for PC2′, as shown in Fig. 1(d). When d1 =
d4, Ze will also be real, but with a different value (Ze =
0.544). This means that a symmetric PC has the same
reflection coefficients for incident waves from different
directions.

We then focus on the twin PCs with inversion symme-
try, PC1 and PC2, as shown in Figs. 2(a) and 2(b). Since
they originate from the same parent PC, the twin PCs
have the same effective refractive index ne [see Fig. 2(b)].
Here, ne is 1.335 at f = 0 and increases slightly with
increasing the frequency, with a relative change less than
10% in the lowest band. Figure 2(c) shows the relative
impedance Ze1 (Ze2) of PC1 (PC2) as a function of fre-
quency. We can see that PC1 and PC2 have the same
effective relative impedance (Ze1 = Ze2 = 0.749) at f =
0. As the frequency increases, the relative impedance
Ze1 (Ze2) increases (decreases). However, their geomet-
ric mean

√
Ze1Ze2 is nearly unchanged, with a relative

change less than 2.5% in the first band. Therefore, for
normally incident waves from air, the reflection of PC1
[R = |(Ze − 1) / (Ze + 1)|2] is lower than that of PC2, as

(a)

(b)

(d)(e)

(c)

FIG. 2. (a) Schematic of twin metamaterials of PC1 and PC2
[(ABBA)n and (BAAB)n], where layer A (B) has parameters of
εA = 1 and dA = 0.22a (εB = 2.4 and dB = 0.28a). (b) Effec-
tive refractive index ne, (c) effective relative impedance Ze, (d)
reflection R, and (e) effective relative permeability μe as a func-
tion of frequency f . In (d), light is normally impinging upon
semi-infinite PC1 and PC2 that exist in the region of x > 0.
The blue dashed lines in (c),(e) represent

√
Ze1Ze2 and

√
μe1μe2,

respectively.

shown in Fig. 3(d). At f = 0.277c/a, the reflection of PC1
and PC2 is 0 and 8.7%, respectively.

We note that the impedance Ze is the ratio of the electric
field E to the reduced magnetic field H ′. For a given Bloch
wave, the ratio of Ze can be different at different positions
in the unit cell. When the Bloch wave is a standing wave
(|E+

j | = |E−
j |), E or H ′ can be 0 at a certain location (i.e.,

node), corresponding to Ze = 0 or ∞. This is why PC1
and PC2 have different impedances. Such a difference in
impedance reflects that the field of Bloch waves (E and H ′)
has significant fluctuations in intensity, especially in high
frequencies. However, the geometric mean of the surface
impedance of PC1 and PC2 (

√
Ze1Ze2) changes little with

frequency, which is very close to the ratio of the average
electric field E to the average magnetic field H ′ for the
right-going Bloch wave.

Similar bifurcation behavior is also found in the effec-
tive permeabilities of PC1 and PC2, as shown in Fig. 2(e).
At zero frequency, the twin PCs are nonmagnetic (μe1 =
μe2 = 1). With an increase of frequency, the relative per-
meability of PC1 increases (μe1 > 1), while that of PC2
decreases (μe2 < 1). At f = 0.277c/a, the twin PCs can
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(a)

(b) (d)

(e)(c)

FIG. 3. (a) Schematic of a 1D layered structure
(ABBA)5(BAAB)5, where the dielectric layers A and B
have the same parameters as in Fig. 2. (b) Effective refractive
index ne, (c) Im (Ze), and (d) |Ze| of PC1 and PC2 [(ABBA)n
and (BAAB)n] as a function of frequency f . (e) Transmission
spectrum of the structure in (a) at normal incidence. The blue
dashed lines in (c),(d) represent

√
Ze1Ze2. The yellow areas in

(b)–(e) denote the lowest photonic band gap.

exhibit a magnetic response (μe1 = 1.36 and μe2 = 0.74)
much stronger than that of conventional paramagnetic and
antimagnetic materials (|μr − 1| < 10−3). Interestingly,
the product of the relative permeabilities of the twin PCs is
close to 1 in the whole lowest band.

Figure 3 shows the properties of the twin PCs at the
first band gap. Here, PC1 and PC2 have the same gap
range (0.335 < fa/c < 0.427) and same effective refrac-
tive index ne. Im(ne) > 0 in the band gap, denoting
evanescent Bloch waves [Fig. 3(b)]. Figures 3(c) and 3(d)
show the relative impedance of the twin PCs. In the
band gap, the relative impedance becomes a pure imag-
inary number bi with b > 0 (b < 0) for PC1 (PC2). At
the lower gap edge (f = 0.335c/a), PC1 (PC2) behaves
like a perfect magnetic (electric) conductor, with |Ze1| =
|μe1| = ∞ (|Ze2| = |1/εe2| = 0). However, at the upper
gap edge (f = 0.427c/a), PC1 (PC2) is similar to a perfect
electric (magnetic) conductor, with Ze1 = 0 (|Ze2| = ∞).
Interestingly, the geometric mean value of their relative
impedances

√
Ze1Ze2 is still nearly unchanged in the gap.

At f = 0.373c/a, PC1 and PC2 have opposite relative
impedance (Ze1 = −Ze2 = 0.725i). Therefore, an interface
state will appear at this frequency when PC1 and PC2 are
connected together [31]. When light is normally incident

on a structure (ABBA)5(BAAB)5, complete transmission
can be observed in the band gap, as shown in Fig. 3(e).

The above effects can also be realized in higher dimen-
sions. Figure 4 shows an example in two dimensions (2D).
Here, two PCs with inversion symmetry, called PC3 and
PC4, are generated from a parent 2D PC, consisting of a
square lattice of air cylinders in a dielectric background.
Air (dielectric) is located at the center of the unit cell of
PC3 (PC4). The air cylinders have a radius r = 0.375a, the
dielectric has a relative permittivity of 2.4, and the lattice
constant is a. By using a commercial software (COMSOL
Multiphysics) with a finite-element method, we can obtain
the frequency and field distribution for Bloch waves prop-
agating in the +x direction in the twin PCs (with a given
wave number q). Here, the electric field is in the x-y plane
and the magnetic field is parallel to the cylinders (in the
z direction). Using ne = q/k0 and Ze = Ey,a/H ′

z,a with Ey,a
(H ′

z,a) being the average value of Ey,a (H ′
z,a) along the left

(a)

(b) (c)

(d) (e)

FIG. 4. (a) Schematic of twin metamaterials of PC3 and PC4,
which are 2D PCs consisting of a square lattice of air cylinders
in a dielectric medium. The dielectric has a relative permittivity
of 2.4, the air cylinders have a radius r = 0.375a, and the lattice
constant is a. (b)–(e) The same as Figs. 2(b)–2(e) but for PC3
and PC4. The blue dashed lines in (c),(e) represent

√
Ze3Ze4 and√

μe3μe4, respectively.
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border of the unit cell, the effective parameters and reflec-
tion in the lowest band can thus be obtained, as shown
in Figs. 4(b) and 4(c). When diffraction does not occur
(fa/c < 1), the reflection calculated from the effective
parameters will be exactly the same as that from the real
structure for a finite thickness of 2D PC in air (not shown).
We can see that PC3 and PC4 have the same effective
refractive index, but different values of relative impedance,
reflection, and relative permeability. Here, PC3 is param-
agnetic (μe3 > 1), PC4 is diamagnetic ( μe4 < 1), and their
relative permeabilities are nearly reciprocal to each other
(μe3μe4 ≈ 1). We note that in previous studies of meta-
materials, the border of the unit cell cannot pass through
scatterers and the scatterer is usually located at the center
of the unit cell (similar to PC3). Since the case with air
at the center of the unit cell (similar to PC4) has not been
studied, the inverse magnetism of PC3 and PC4 has not
been discovered in previous studies.

To verify the above theory, we perform microwave
experiments on the twin PCs of PC1 and PC2. Four sam-
ples of ABBA, BAAB, (ABBA)5, and (BAAB)5 are fabri-
cated, where A is a layer of polytetrafluoroethylene glass
fiber, B is an air layer, the lattice constant a = 2.72 mm,
and other parameters are the same as in Fig. 2. The sam-
ple is placed between a microwave source and a receiver
[Figs. 5(a) and 5(b)]. Using a vector network analyzer
(Keysight N5245B), the transmission spectra are measured
for the samples at normal incidence, as shown in Figs. 5(c)
and 5(d). We can see that the reflection of PC1 is lower

than that of PC2. PC1 can exhibit very low reflection
at 30.62 GHz due to the impedance matching (Ze1 = 1).
This is different from common reflection dips [at f =
ma/ (2neL) with m being a positive integer] dependent
on the thickness (L = na) of the sample. Using a rotat-
able platform, the transmission spectra are also measured
for the samples at oblique incidence of p waves (with
magnetic field parallel to the surface of the sample) with
f = 30.62 GHz, as shown in Fig. 5(e). It is found that both
PC1 and PC2 can show perfect transmission at the same
incident angle of θb = 57◦. Combining the Brewster angle
and impedance matching effects, PC1 can exhibit high
transmission in a wide range of incident angles [32]. Simu-
lations are also performed with the transfer matrix method
for realistic structures, as shown in Figs. 5(f)–5(h). Good
agreement is found between the experiments and simula-
tions. The difference between Figs. 5(d) and 5(g) may arise
from the imperfection of the experimental samples.

We note that a field-averaging method has been pro-
posed to understand the effective parameters of meta-
materials [33]. For our 1D system, the formulas of the
field-averaging method are ne = c

√
DaBa/(E4,RH4,R) and

Ze = √
E4,RBa/(H4,RDa)/Z0 with Ba (Da) being the aver-

age value of Bz (Dy ) over the unit cell, which are dif-
ferent from our accurate formulas (ne = q/k0 and Ze =
E4,R/H ′

4,R). In fact, our results cannot be understood quanti-
tatively by the field-averaging method. Using the effective
parameters from the field-averaging method, we calculate
the transmission spectra for the above 1D PC samples

(a)

(b)

(c) (d) (e)

(f) (g) (g)

(deg)

FIG. 5. (a) Photograph of an experimental sample. (b) Photograph of the experimental setup, where a sample is placed between a
microwave source and receiver. (c),(f) Reflection spectra of samples ABBA and BAAB at normal incidence, where the lattice constant
a = 2.72 mm and other parameters are the same as in Fig. 2. (d),(g) The same as (c),(f) but for samples (ABBA)5 and (BAAB)5. (e),(h)
Transmission at 30.62 GHz as a function of incident angle for samples (ABBA)5 and (BAAB)5 under illumination of p waves. (c)–(e)
Experimental results and (f)–(h) calculated results.
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in air (not shown). It is found that when the scatterer is
at the center of the unit cell (PC2), the field-averaging
method can provide correct results only in low frequen-
cies (fa/c < 0.1). When air is at the center of the unit cell
(PC1), the field-averaging method is valid only in lower
frequencies (fa/c < 0.02).

III. SUMMARY

In summary, we demonstrate that based on an all-
dielectric parent PC, twin metamaterials can be generated,
which can possess inverse magnetism in a wide frequency
range (i.e., the lowest band). Here, one metamaterial is
paramagnetic (μe1 > 1), the other is diamagnetic (μe2 <

1), and the product of their effective relative permeabil-
ities is close to 1 (μe1μe2 ≈ 1). As a result, fascinating
phenomena, such as wide-angle and wide-frequency near-
perfect transmission and interface states, are observed in
such metamaterials. Since the twin metamaterials only
need to have inversion symmetry and can be constructed
with low-relative-permittivity materials (εr < 4), they can
be realized in high dimensions and in various frequency
ranges including visible frequencies.
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