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We demonstrate the invisibility of a homogeneous ferrite rod and photonic crystals composed of such
rods when an appropriate external static magnetic field (ESMF) is applied. As a naturally occurring effect,
no external tool, including metamaterial and plasmonic covers or active sources, is used to hide the rod.
In the invisible state, the response of the rod to the impinging wave becomes unique, with a 1=4-cycle
response delay of the induced magnetic dipole which lowers its scattering efficiency to the maximum
possible extent. The visible and invisible states can be manipulated by an ESMF. The manipulability
enables photonic crystals composed of such rods to assume different functions in the same electromagnetic
device, such as remaining transparent for the impinging wave or totally reflecting it. The fast switching time
of magnetic systems might make it particularly useful for practical applications.

DOI: 10.1103/PhysRevApplied.6.061001

The hypothesis of electromagnetic (EM) invisibility,
with various alternative approaches proposed and important
technologies advanced in micro- and nanomaterials over
the past decades, no longer belongs to the realm of science
fiction. Metamaterials pave the way to realizing the
invisibility by designing a cloak based on a conformal
transformation of coordinates [1–10], anomalous localized
resonances [11,12], or the construction of complementary
media [13]. Plasmonic shells can also function as a cloak
by producing a scattering cancellation with the cloaked
object [14–18]. Along with metamaterial and plasmonic
covers, active sources are a tool for concealing an object
by elaborately tailoring their magnitudes and phases
[19–21]. These invisibility techniques, with no exception,
rely on the utilization of external tools.
The invisibility technique, based on intrinsic mecha-

nisms rather than external tools, has the potential to develop
EM devices with unique advantages. The intrinsic mecha-
nism of EM scattering can be understood from the view-
point of the response of induced multipoles inside particles
to the impinging field since EM scattering originates from
the reradiation of these multipoles. Therefore, an approach
to making a particle with a particular geometry hide itself
is to excite the desired multipoles inside it so that they
interfere destructively to suppress the scattering [22]. The
alignment of the dark-state frequencies, which are
explained as a consequence of the destructive interference
between multipoles, can result in the invisibility of a
corrugated rod [23]. The Fano resonance state originating
from the interaction between a narrow resonant band and a
broad background can produce multipole-destructive

interference and make a homogeneous high-permittivity
dielectric particle self-invisible [24]. Here, we demonstrate
that the unique response of induced multipoles to imping-
ing waves might be another intrinsic mechanism for
making a particle conceal itself.
It has been shown that the EM response of an isolated

ferrite rod can be very special, with a circular dipole excited
due to its nonsymmetric angular momenta components of
opposite signs �n in Mie-scattering theory [25–28]. This
particular property has been used to achieve unidirectional
EM edge states [29–34] in ferrite photonic crystals. Here,
we study a ferrite rod whose scattering is dominated by the
monopolar and dipolar reradiation which correspond,
respectively, to the contributions of the angular-momenta
components 0 and �1 in a Mie expansion. The response
of the induced multipoles is unique. The dipole has a
1=4-cycle response delay to the impinging field, which
makes itself extremely weak. These multipoles nearly fail
to produce reradiation, and the homogeneous rod becomes
invisible even though no cover or active source is used.
Because of the dependence of the permeability and,
furthermore, its scattering property on the external static
magnetic field (ESMF), the invisible and visible states of
ferrite rods can be manipulated by the ESMF. Compared to
the water-temperature tunability in the invisibility of a high-
permittivity dielectric rod [24], the magnetic manipulation
can have a higher modulation efficiency due to the fast
switching time of magnetic systems, and the technique can
be more easily realized in practical applications.
The invisibility of homogeneous rods might expand the

application versatility of artificially structured EM materi-
als. Here, we study a photonic crystal (PC) composed of
such rods and show that it is also invisible for the impinging
wave with an arbitrary angle of incidence, meaning that the*phyjunjie@gmail.com
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EMwave passes through itwithout being perturbed.However,
it may prevent the EM wave from penetrating itself and
may produce the total-reflection effect when the ESMF is
changed. The ferrite PC in the invisible state operates in a
special photonic passband which has not yet been studied,
though the formation mechanisms [35] and the magnetic
tunability [35–37] of its photonic stop band have been
explored. We show that such a PC might assume different
functions in an optical unit with different ESMFs applied.
The ferrite rods we study have the radius rs and the rod

axis is along the z direction. When fully magnetized, the
ferrite has the magnetic permeability tensor [35,36,38]

μ̂ ¼

0
B@

μr −iμκ 0

iμκ μr 0

0 0 1

1
CA;

μr ¼ 1þ ωmðω0 − iαωÞ
ðω0 − iαωÞ2 − ω2

;

μκ ¼
ωmω

ðω0 − iαωÞ2 − ω2
; ð1Þ

where α is a damping coefficient which has a negligible
value on the order of 10−4 for many ferrites. ω0 ¼ 2πγH0 is
the resonance circular frequency, with γ ¼ 2.8 MHz=Oe
being the gyromagnetic ratio andH0 the sum of the ESMFs
applied in the z direction and the shape anisotropy field,
while ωm ¼ 2πγMs is the characteristic circular frequency,
with Ms being the saturation magnetization along the z
direction. In our calculation, we use α ¼ 5 × 10−4,
Ms ¼ 1750 Oe, and the permittivity εs ¼ 25, typical for
single-crystal yttrium-iron-garnet (YIG) ferrite [38].
We plot in Fig. 1 the electric- (E-) field distribution

around a rod made up of such materials, with rs ¼ 3 mm,
when a transverse-magnetic plane wave with its electric
field polarized along the rod axis is impinging on it. The
impinging wavelength is λ ¼ 116.8 mm. One can see that
the rod is effectively “invisible” when the ESMF H0 ¼
460 Oe in Fig. 1(a), while it becomes “visible” when H0 ¼
476 Oe in Fig. 1(b) for the same impinging wave. The rod
in the invisible state seems so small that it vanishes into its
surroundings, but it seems so large that the impinging wave

is significantly perturbed when the ESMF is changed.
Obviously, the response mechanism inside the rod will
change with the switching between invisibility and visibil-
ity when the ESMF varies since no metamaterial or
plasmonic covers exist outside the rod.
Now let us see what happens inside the invisible

rod based on the Mie-scattering theory. In the Mie
expansion, the impinging and scattered electric fields
can be written as Ei ¼ eiðk·r−ϕ0Þ ¼ P

n i
nqnJnðxÞeinϕ and

Es ¼
P

n i
nbnH

ð1Þ
n ðxÞeinϕ. Here, ϕ0 is the phase shift of the

impinging field, ϕ is the polar coordinate, x ¼ 2πr=λ, and
the n in summation

P
n runs from −∞ toþ∞, with the nth

term denoting the nth angular-momentum channel [39]. Jn
and Hð1Þ

n are the nth-order Bessel function and the Hankel
function of the first kind, respectively. The scattering-field
coefficient bn is connected with the impinging one qn by
the Mie-scattering coefficient αn; i.e., bn ¼ αnqn. The αn
with n ¼ 0, þ1, −1, respectively, is plotted as a function of
the ESMF in Fig. 2(a) since those three components
contribute the most to the scattering. One can see that
they simultaneously tend to vanish when the invisibility
occurs in the vicinity of H0 ¼ 411 Oe and H0 ¼ 460 Oe.
Therefore, these important scattering-field coefficients bn
are very small in the invisible state. On the other hand, the
scattering of the rod keeps changing during one wave cycle.
This flux can be seen from the fact that qn depends on the
phase shift of the impinging wave ϕ0 (when the phase shift
ϕ0 changes from 0 to 2π, equivalently, the wave travels in
one period T). Without loss of generality, the impinging
field is assumed to propagate along the x direction, so
qn ¼ e−iϕ0 . Intuitively, one expects that the stronger scat-
tering will occur when a crest (trough) ϕ0 ¼ 0 (ϕ0 ¼ π)
arrives at the rod center. However, our data show that the
scattering field remains negligibly small for any ϕ0 and
even achieves the smallest value in the crest (trough)
position. This approach draws our attention to the response
of the rod over one wave cycle in order to understand what
leads to the vanishing αn.
The response of a rod depends on how the induced

multipoles inside it respond to the impinging wave [40].
The induced monopole corresponds to the component
n ¼ 0, with the isotropic inner and outer scattered fields
[25]. While the components n ¼ −1 and n ¼ þ1 denote a
clockwise and a counterclockwise rotating magnetic-dipole
moment, respectively, and their superposition will result, in
general, in a linear oscillating magnetic dipole along the
propagation direction [25,26]. When ϕ0 ¼ 0—i.e., when
the crest arrives at the rod center [shown by the solid red
line in Fig. 2(b)]—Figs. 2(c) and 2(d) demonstrate that the
two excited, rotating magnetic-dipole moments inside the
invisible rod have the opposite direction and will, obvi-
ously, cancel each other out. This result shows that the
rod has the weakest response to the strongest field during
one wave cycle. When ϕ0 ¼ π=2 (the magnitude of the
impinging field is zero at the rod center), as displayed by

FIG. 1. The E-field distribution around the rod when (a) the
ESMF H0 ¼ 460 Oe and (b) the ESMF H0 ¼ 476 Oe.
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the dashed blue line in Fig. 2(b), the two rotating magnetic-
dipole moments, illustrated by Figs. 2(e) and 2(f), will
constructively interfere. However, because the impinging
field is zero at the rod center, the linear oscillating magnetic
dipole is so weak that its radiation is negligible. Overall, the
components n ¼ �1 have a 1=4-cycle response delay to
the impinging wave. The response delay is displayed in
Fig. 2(g) by comparing the dipolar-radiation field and the
impinging wave Ei ¼ eiðk·r−ωtÞ in one period T. The delay
makes it impossible to produce the large Mie-scattering
coefficient α�1. It should be emphasized that the response
delay of the angular-momenta components is usually much
smaller than 1=4 of a cycle and not very obvious. The
1=4-cycle delay lowers the dipolar-radiation efficiency to
the maximum possible extent, and therefore the induced

magnetic dipole makes no contribution to the scattering.
The advantage of the response delay is that the suppression
of the scattering does not rely on the introduction of the
corrugation into the rod [23], enhancing the possibility of
applications. At the same time, the scattering from the
component n ¼ 0 is also negligible for two reasons when
the invisibility occurs. First, the Mie-scattering coefficient
α0 becomes very small, as illustrated in Fig. 2(a). This
result shows that it is a very weak monopole. Second, its
isotropic nature results in the weak scattered energy’s being
equally distributed in all directions and decaying to zero
quickly. Since the components n ¼ 0 and n ¼ �1 make a
negligible contribution to the scattering, the homogeneous
rod with no cover will be invisible to an external observer,
as shown in Fig. 1(a).
These weak induced multipoles can only make an

effect on the very-near field of the rod. Thus, we will
evaluate the invisibility performance by examining the
scattered field and its decay from the rod surface. Since the
induced linear oscillating magnetic dipole is oriented
perpendicular to the impinging wave, the near field is
strongest in the impinging direction. Figure 3(a) displays
the scattered electric field along a line in the impinging
direction (the x direction). One can see that the maximum
value E ¼ 0.1 of the scattered field appears at the surface of
the rod and exponentially decays to zero. Compared to the
impinging wave with the maximum value E ¼ 1, the weak
scattering has no effect on it and a good invisibility is
achieved.
When considering practical applications, one expects

multirod systems to also be invisible [17]. We first consider
a single-rod-layer array which has the lattice spacing
a0 ¼ λ=5. Since the very weak induced linear oscillating
magnetic dipole is oriented perpendicular to the impinging
direction, the individual rod scatters nearly no wave in the
direction transverse to the impinging wave. Thus, the inter-
rod interaction will be very weak, even though the rods are
placed in close proximity to one another when the rod array
is perpendicular to the impinging wave. Thus, Fig. 3(b)
shows that the impinging field is not perturbed, and the
whole array is in the invisible state. However, when the

FIG. 3. (a) The comparison between the scattered (red solid
line) and the impinging field (blue dashed line) outside the
invisible rod along the incident direction (the x direction). (b) The
E-field distribution around an array of rods in the invisible state in
the normal incidence case.

–

–

FIG. 2. (a) The absolute value of Mie-scattering coefficients
jα−1j, jα0j, and jαþ1j versus the ESMF when the wavelength
λ ¼ 116.8 mm. (b) The impinging field when ϕ0 changes from
0 to π=2. The inner field in the components (c) [(e)] n ¼ −1 and
(d) [(f)] n ¼ þ1 when the rod center is located at the crest (the
zero-magnitude position) of the impinging wave. The black circle
denotes the rod and the total field is plotted outside the rod.
(g) The time dependence of the impinging field and the field from
the induced dipole. The dipole has a 1=4-cycle response delay
relative to the impinging field.
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impinging direction is changed, the reflection by the array
will be evident. This reflection occurs because
the dipolar radiation has an angular width which causes
the inter-rod coupling when the dipole moments are not
parallel to the array in the small-spacing case (a0 ¼ λ=5).
Furthermore, we expect that multiple-layer rod arrays

can be also invisible since the weak scattering of an
individual rod quickly decays to zero and only has an
effect on the near-field region. As an example, let us
consider a square-lattice PC with a larger lattice spacing,
a0 ¼ λ=2. When H0 ¼ 460 Oe, at which point the indi-
vidual rod is electromagnetically invisible, Fig. 4(a) dem-
onstrates that the impinging wave is unperturbed by the
presence of the PC. However, it is totally reflected in
Fig. 4(d) when H0 ¼ 476 Oe, at which point the rod is
electromagnetically visible. Therefore, such a PC can
effectively tune the propagation direction of EM waves
and can function as an EM switch. For a PC which has a
line defect with a sharp corner, Fig. 4(b) shows that the
impinging wave propagates through the PC without being

perturbed whenH0 ¼ 460 Oe, while the impinging wave is
coupled into the line defect and then travels smoothly
around the corner, as shown in Fig. 4(e). As is common
knowledge, the variation of ESMFs can cause the shift of
photonic band gaps of ferrite PCs [35,36]. Similarly, the
comparison between Figs. 4(c) and 4(f) shows that the stop
band shifts to higher frequencies when the ESMF increases,
and a photonic passband in the invisibility case [Figs. 4(a)
and 4(b)] becomes a complete photonic stop band in the
total-reflection and waveguide case [Figs. 4(d) and 4(e)]. It
should be emphasized that the invisibility state is a special
photonic passband in which the EM properties of the
material appear to be identical to air and the impinging
wave does not have the waveform distortion or the phase
delay. This fact helps us avoid the distortion of signal
carried by the impinging EM wave and improve the
performance of EM devices. In the usual switching effect,
which depends only on the shift of the stop band and does
not involve invisibility, the phase of the outgoing wave has
a delay, in contrast to that of the impinging wave [37].
In addition, a PC can assume different functions when it
operates in the invisibility state or a complete stop band by
tuning the ESMF.
The invisibility of the PC in Fig. 4 occurs for the

impinging wave with an arbitrary angle of incidence.
Figures 2(c)–2(f) show that the direction of the induced
weak dipole moment is always perpendicular to the
impinging wave. Thus, the strongest interaction between
layers happens in the normal-incidence case for a square-
lattice PC. When the scattered waves of a normal incident
wave cannot arrive at the adjacent rod layer, the whole PC
is also necessarily invisible for waves with any other
impinging angles. Here, we choose a larger spacing a0
in order to eliminate the coupling between layers, in
contrast to the case in Fig. 3(b). a0 ¼ λ=2 (in Fig. 4) is
a typical size, which not only makes the existence of the
complete band gap possible but also guarantees the
occurrence of the invisibility for the PC.
The size of the invisible object is limited when meta-

material covers are used because they rely on specific
anisotropic and inhomogeneous material responses. The
invisibility for collections of objects by plasmonic covers
has been studied and it has been shown that an system at the
scale of the wavelength can be invisible [17]. Obviously,
the invisible PC in Fig. 4 may have arbitrary size since
the technique originates from the invisibility of the con-
stituting rods.
In summary, we show the EM invisibility of a homo-

geneous ferrite rod with no cover and an active source. The
invisible state is realized when the induced magnetic dipole
has a 1=4-cycle response delay under an appropriate ESMF.
The visible and invisible states can be manipulated by the
ESMF. PCs composed of such rods can also be invisible for
EMwaves with an arbitrary angle of incidence. This quality

FIG. 4. The E-field distribution around a PC when (a) the
ESMF H0 ¼ 460 Oe and (d) the ESMF H0 ¼ 476 Oe. The
E-field distribution around a PC which has a line defect with
a sharp corner when (b) the ESMF H0 ¼ 460 Oe and (e) the
ESMF H0 ¼ 476 Oe. Photonic band structure of the PC when
(c) the ESMF H0 ¼ 460 Oe and (f) the ESMF H0 ¼ 476 Oe.
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leads to the possibility of improving the performance of
EM devices.
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