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We demonstrate, both theoretically and experimentally, that arbitrary scatterers preserving parity–time-
reversal–duality (P · T ·D) symmetry inherently produce a backscattered wave whose electric field is the
mirror-symmetric counterpart of the incident electric field, up to an amplitude factor, with respect to the
system’s characteristic mirror plane. Specifically, we establish that a general elliptically polarized wave,
when reflected from such structures, exhibits a polarization state related to the polarization ellipse of the
incident wave by a parity transformation. Notably, a circularly polarized wave reflects with spin angular
momentum opposite to that of the incident field, in stark contrast to reflection from conventional
conducting objects. These findings enable several applications such as reflective polarizers and spin-
selective devices.
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Electromagnetic and photonic systems that are invariant
under parity (P), time-reversal (T ), and duality (D) can
support propagation without backscattering, even in com-
plex environments [1,2]. This remarkable behavior stems
from the fact that P · T ·D symmetry enforces antisym-
metry in the system’s scattering matrix when expressed in
the P · T ·D basis, S ¼ −ST . This antisymmetry is a direct
consequence of the antilinear nature of the operator
T̃ ¼ P · T ·D, which behaves analogously to a fermionic
time-reversal operator with T̃ 2 ¼ −1 [1,3].
The antisymmetric scattering matrix ensures that an

electromagnetic wave incident on P · T ·D-symmetric
structures cannot undergo reflection in certain propagation
channels, enabling reflectionless transport in systems with
an odd number of bidirectional modes [1]. This unique
property opens new avenues for designing electromagnetic
devices that leverage robust unidirectional propagation and
efficient energy transfer [1,2,4–7]. Crucially, these reflec-
tionless characteristics persist even in the presence of
non-Hermitian effects, such as material dissipation [8].
Additionally, P · T ·D-symmetric systems are often
associated with nontrivial topological phases, further
enhancing their potential for advanced electromagnetic
applications [1,8–12].
Previous studies have primarily focused on wave propa-

gation in P · T ·D-invariant waveguides, e.g., [1,2,5,7].
In this Letter, we explore the scattering of waves by
P · T ·D-invariant objects embedded in free space.
Remarkably, we demonstrate that P · T ·D invariance
imposes unique characteristics on the scattered fields.
Specifically, we show that the wave backscattered by
any P · T ·D-invariant scatterer is always polarized along
a direction that differs by a mirror transformation from the

incident field. We refer to this phenomenon as polarization
inversion. Furthermore, we reveal that, unlike conventional
materials, P · T ·D-invariant objects reverse the spin
angular momentum of the wave, causing the incident
and backscattered fields to rotate in opposite directions.
In addition, we demonstrate that our theory includes as a
particular case the well-known Kerker condition [13–15].
Rotationally symmetric nonreflective structures [16], how-
ever, are a complementary case.
P · T ·D-symmetric systems are known to eliminate

reflections within a given incident mode [1]. Specifically,
for a given arbitrary incident mode fþðrÞ the theory of
Ref. [1] guarantees that this wave cannot backscatter into
the “companion” mode defined as

f̃ðrÞ ¼ T̃ · fþðr0Þ; r0 ¼ V · r;

where T̃ is the operator obtained by the composition of
parity, time-reversal, and duality operators:

T̃ ¼ P · T ·D ¼
 

0 η0V

−η−10 V 0

!
K: ð1Þ

Here, η0 is the free-space impedance, K is the complex
conjugation operator, and V is the y-coordinate inversion
operator

V ¼

0
B@

1 0 0

0 −1 0

0 0 1

1
CA: ð2Þ

It is implicit that the mirror plane is the x–z plane. A
reciprocal physical platform is invariant under the T̃
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transformation if the material response at a certain point
ðx; y; zÞ is related to the material response at the mirror-
symmetric point ðx;−y; zÞ by a duality transformation. For
example, in systems formed by isotropic dielectrics, the T̃
symmetry requires that the relative permittivity and per-
meability are linked as ϵðx; y; zÞ ¼ μðx;−y; zÞ.
Let us assume that the incident wave is a plane wave that

illuminates the object along the direction r̂i ¼ ẑ.

fþ ¼
�
eþ0
hþ
0

�
e−|k0 r̂i·r; hþ

0 ¼ r̂i
η0

× eþ0 : ð3Þ

In the above, k0 ¼ ω=c is the free-space wave number.
Then, from Eqs. (1) and (2), the companion mode is [1]

f̃ ¼
�
Ẽ

H̃

�
¼
�

η0V · hþ�ðr0Þ
−η−10 V · eþ�ðr0Þ

�
¼
�
ẽ0
h̃0

�
eþ|k0ðV·r̂iÞ·r

ð4Þ

Note that f̃ describes a plane wave that propagates along the
backscatter direction −V · r̂i ¼ −ẑ, i.e., it describes a
particular mode of the reflected field with an electric field
polarized along ẽ0 ¼ V · ðẑ × eþ�

0 Þ.
The P · T ·D theory ensures that the backscattered field

E− has a trivial projection over the companion mode,
i.e., that ẽ�0 ·E

− ¼ 0. Noting that the vectors ẽ0 and V · eþ0
are orthogonal [ðV · eþ0 Þ� · ẽ0 ¼ 0], they can form basis in
the x–y plane (Fig. 1). It then becomes clear that the
backscattered field must be aligned with V · eþ0 , i.e.,
E− ∼ V · eþ0 . Thus, up to an amplitude factor, the reflected

field is related to the incident field by a mirror
transformation.
The geometrical relationship between the incident elec-

tric field (eþ0 ), the electric field of the companion mode
(ẽ0), and the backscattered field is depicted in Fig. 1 for
the case of a linearly polarized wave. Notably, the electric
field of the companion mode is parallel to the mirror-
transformed magnetic field of the incident wave. Further-
more, the backscattered electric field is orthogonal to the
electric field of the companion mode. The incident electric
field and the backscattered field, apart from a scaling factor,
are related by a parity transformation with respect to the
system’s mirror plane (y ¼ 0).
In P · T ·D-symmetric systems, an incident mode (fþ)

produces no reflections in the companion mode (f̃).
However, it may backscatter into other orthogonal modes
if these are supported by the system. This is the case in our
problem, where two independent propagation channels are
associated with the same physical direction of propagation
due to the polarization degree of freedom. In general, total
suppression of backscattering can be guaranteed for a
suitable excitation of the system only when the number
of independent physical channels is odd [1].
Let us write the incident electric field in terms of its

components eþ0 ¼ eþ0xx̂þ eþ0yŷ. Then, the backscattered
electric field must be of the type

E− ¼ aðeþ0xx̂ − eþ0yŷÞ; ð5Þ

where jaj ≤ 1 depends on the transmission and absorption
levels. For an arbitrary incident polarization, the polariza-
tion ellipse of the reflected wave differs (apart from a scale
factor) from the polarization ellipse of the incident wave
by a mirror transformation with respect to the y axis. In
particular, for elliptically polarized waves, the absolute
physical sense of rotation of the polarization ellipse is
reversed compared with the sense of rotation of the incident
field. In fact, one of the most remarkable features of P ·
T ·D scatterers is that they flip the spin angular momentum
of a wave.
For example, suppose that the incident wave is circularly

polarized to the right (RCP), corresponding to an incident
field with eþ0y ¼ −|eþ0x. The corresponding spin angular
momentum of the wave [17,18], defined as σ ¼
−|ðE ×E�=E ·E�Þ, is oriented along the þz-direction
(σþ ¼ ẑ), as expected. Strikingly, upon reflection on the
scatterer, the spin angular momentum becomes σ− ¼ −ẑ,
which also corresponds to an RCP reflected wave. A related
property (preservation of electromagnetic helicity) was
previously discussed in [14] for general dual (D) symmetric
systems.
Thus, unlike conventional scatterers (e.g., metallic or

dielectric mirrors), a P · T ·D structure reverses the abso-
lute sense of rotation of the scattered electric field com-
pared to the incident field. Note that for a conventional

FIG. 1. Effect of applying the P · T ·D operator on a linear
polarized incident polarization state eþ0 . The polarization direc-
tion is mirror-transformed by the P · T ·D object. In the special
cases of ϕþ ¼ 45°; 135° defining the coordinates ðξ; ηÞ, the
directions of eþ0 and ẽ0 coincide. These are the polarization
“eigenstates” of the P · T ·D operation, for which the co-
polarized reflection coefficients vanish. Because a P · T ·D
system does not allow backscatter towards the ϕ̃þ direction,
the reflected wave E− must be perpendicular to ẽ0. Its phase and
amplitude depend on the coefficient a in Eq. (5).
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scatterer, the spin angular momentum direction for the
backscattered wave is the same for both the incident and
reflected waves, so that an RCP wave is reflected into a left-
circularly polarized (LCP) wave, and vice versa.
Of particular interest are the cases of the “eigenstates”

ϕþ ¼ 45°; 135°, corresponding to a linearly polarized
incident field aligned with the companion mode, i.e., the
reflected wave E− is perpendicular to eþ0 . (see Fig. 1). In
this case, reflection into the co-polarized mode is forbid-
den, meaning that the backscattered field consists exclu-
sively of the cross-polarized wave. The axes of the
eigenstates are labeled as ξ and η in Fig. 1. For an incident
field polarized along ξ, no co-polarized reflection will be
observed; however, the wave can be fully or partially
reflected into the η-polarized (cross-polarized) component.
The described results apply to general P · T ·D sym-

metric scatterers. The scattered field for a generic object
can be written as

EsðrÞ ¼ Lðr̂; r̂iÞ ·E0

e−|k0r

4πr
: ð6Þ

The formula is valid in the far-field region, where the
scattered wave is approximately spherical. In the above E0

is the incident field on the center of the object, r̂ is the
observation direction, and r̂i is the propagation direction of
the incoming plane wave. Furthermore, Lðr̂; r̂iÞ is a matrix
with units of length that determines the directional and
polarization properties of the scattered field. For conven-
ience, we define E−ðr̂; r̂i;E0Þ≡Lðr̂; r̂iÞ ·E0.
The P · T ·D symmetry requires that, for any physical

channel i, the corresponding diagonal scattering matrix
element vanishes, Sii ¼ 0 [1]. For incidence along r̂i,
the companion mode propagates along r̂ ¼ −V · r̂i
and is polarized along V · ðr̂i ×E�

0Þ [see (4)]. It follows
that the condition Sii ¼ 0 imposes the requirement
½V · ðr̂i ×E�

0Þ�� · E− ¼ 0. It is implicit here and in the
formulas below that E− is evaluated at r̂ ¼ −V · r̂i.
Equivalently, ððV · r̂iÞ × ðV · E0ÞÞ · E− ¼ 0. This condi-
tion can only be satisfied if the scattered field obeys:
E− ∼ V · E0. In particular, when the propagation direction
of the incident plane wave lies in the mirror plane, so that r̂i
is in the y ¼ 0 plane, it follows that the backscattered field
is polarized along a direction that is mirror symmetric with
respect to the incident field: E−ð−r̂i; r̂i;E0Þ ∼ V ·E0.
Thus, P · T ·D symmetric objects inherently constrain
the polarization of the backscattered field to be mirror
symmetric with respect to the incident field polarization,
independent of the material geometry or the detailed
material response. Eigenpolarized incident field can then
be defined as the case where ðV ·E0Þ ·E�

0 ¼ 0, corre-
sponding to a vanishing copolarized reflected wave.
In the Supplemental Material [19], we present a more

rigorous and general derivation of this result, which applies
also to generalized non-Hermitian P · T ·D systems,

where ϵðx; y; zÞ ¼ μðx;−y; zÞ, with ϵ ¼ ϵ0 − |ϵ00 and
μ ¼ μ0 − |μ00, with the imaginary parts representing dis-
sipative material responses. The present analysis, though, is
based on the Hermitian case developed in [1].
Our theory encompasses, as a particular case, the

celebrated Kerker condition [13–15], which states that
spherical objects invariant under duality symmetry do
not scatter in the backward direction. Indeed, for such
objects, the symmetry plane can be oriented along an
arbitrary direction, ensuring that both the copolarized and
cross-polarized components of the backscattered field
vanish. Another interesting example of a P · T ·D-sym-
metric system is the class of soft-hard metasurfaces
introduced by Kildal [21,22].
It is worth noting that our theory can be readily extended

to electronic systems protected by time-reversal symmetry.
In this case, an incoming plane wave with a given spin
cannot backscatter into the companion mode with opposite
spin. This phenomenon is widely discussed in the context
of the spin Hall effect and topological insulators [3].
In this Letter, we focus on objects of finite size.

Specifically, we have designed a planar reflective
polarizer with the geometry shown in Fig. 2. The
scatterer consists of a perfect electric conductor (PEC)-
like section (which can be modeled as, ϵ → −∞; μ ¼ 1)
and a perfect magnetic conductor (PMC)-like section
(μ → −∞; ϵ ¼ 1). The two sections are electromagnetic
dual and linked by mirror symmetry, ensuring PTD
invariance. In the Supplemental Material [19], we present

yη

FIG. 2. Photograph of the fabricated P · T ·D scatterer. The
top-right region is metallic, providing a PEC-like response, while
the bottom-left region is an artificial magnetic conductor (AMC)
that behaves as a PMC at the design frequency (f ≈ 7.5 GHz).
For practical reasons, the PEC and AMC regions are separated by
a small air gap. The AMC section consists of an array of square
pins with a height of 11 mm and a cross-sectional area of
1.5 × 1.5 mm2, arranged in a 7.5 × 7.5 mm2 grid. The structure
was fabricated additively using a plastic substrate coated with
thin layers of silver and nickel. The axes follow the definitions
in Fig. 1.
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a detailed numerical analysis of related PTD-symmetric
objects [20] where the PMC region is treated as an idealized
magnetic conductor.
In the prototype in Fig. 2, the artificial magnetic

conductor (PMC-like) region is realized using a bed-of-
nails configuration [23–26]. The prototype was fabricated
using additive manufacturing, with a 3D printer used to
create a plastic structure that was subsequently coated with
a thin layer of metal to achieve the desired electromagnetic
properties. For comparison, a fully-PEC structure of the
same dimensions was also fabricated. Both structures were
tested in an anechoic chamber.
To evaluate the response of the artificial magnetic

conductor (AMC), we measured the backscattered field

as a function of frequency for an incident wave polarized
along the ξ and η directions. At the design frequency
(7.5 GHz), where the bed of nails is expected to behave as a
PMC, the copolarization component of the reflected wave
is predicted to vanish.
Figure 3(a) shows the measured backscattered field over

the 5–11 GHz frequency range. A pronounced null is
observed at the AMC’s design frequency, confirming the
nonreflective property of the P · T ·D-symmetric structure
for the two eigenpolarizations of the scatterer.
The null in the co-polarized backscattered field occurs at

a frequency of f ¼ 7.57 GHz. For comparison, the plot
also includes the response of a reference PEC plate of the
same size, which exhibits high reflection across the entire

5 6 7 8 9 10 11
-60

-50

-40

-30

-20

-10

0

10

-100 -50 0 50 100
-90

-80

-70

-60

-50

-40

-30

5 6 7 8 9 10 11
-60

-50

-40

-30

-20

-10

0

10

 PTD

 PTD

 Metal

 Metal

R        L

R        R

FIG. 3. (a) Measured copolarized backscattered field as a function of frequency. The incident electric field is either aligned with the ξ
or η axis. At the AMC center frequency of f ¼ 7.57 GHz the backscattered field displays a deep null. For comparison we also depict the
copolarized backscattered field for a PEC plate. (b) Measured backscattered field as a function of the orientation of the receiving probe,
denoted ϕprobe, for four different incident polarizations at f ¼ 7.57 GHz. The angles ϕþ

eigen ¼ ϕþ − 135°, ϕ̃eigen ¼ ϕ̃ − 135°, and ϕprobe

are defined with respect to the η axis in Fig. 1. The figure confirms that, in all cases, the backscattered electric field undergoes a mirror
transformation. The measured pattern exhibits a deep null when the receiving probe is oriented parallel to the field of the companion
mode at ϕprobe ¼ ϕ̃þ

eigen ≡ −ϕþ
eigen. Blue line: Incidence at the eigenpolarization along the η axis (ϕþ

eigen ¼ 0°). The null occurs at the
same polarization as the incidence, qualitatively similar to the simulations in Fig. S2(a) in [19] although for a different geometry.
Green line: Incidence at ϕþ

eigen ¼ 25°, with the null observed at ϕ̃eigen ¼ −25°. Red line: Incidence at ϕþ
eigen ¼ 45°, showing a null at

ϕ̃eigen ¼ −45°, qualitatively similar to Fig. S2(b) in [19]. Cyan line: Incidence at the eigenpolarization along the η axis (ϕþ
eigen ¼ 90°),

with the null occurring at the same polarization. (c) Measured right- and left-circular polarization components of the backscattered field
as a function of frequency for right-handed circular polarization incidence. Across most of the frequency spectrum, the scattering
behavior resembles that of a PEC mirror, with dominant right-to-left polarization conversion (green curve). However, near the design
frequency of the AMC, the right-to-left conversion is strongly suppressed, and the right-circular incident polarization is fully converted
into a right-circular reflected polarization (blue curve), corresponding to a reversal of the spin angular momentum.
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frequency range. Additionally, the numerically simulated
response of the same system is provided in the
Supplemental Material, demonstrating a qualitatively sim-
ilar result [19].
The effect of polarization inversion is experimentally

confirmed in Fig. 3(b). In the figure, the orientations of the
incident field (ϕþ

eigen ¼ ϕþ − 135°) and measurement probe
orientation ϕprobe are defined with respect to the eigenpola-
rization axis η indicated in Figs. 1 and 2. As seen in Fig. 3(b),
the polarization-resolved backscattered field exhibits nulls
when the probe is aligned along the direction of the
companion mode (ϕ̃eigen ¼ ϕ̃ − 135°), i.e., when the probe
orientation satisfies ϕprobe ¼ ϕ̃eigen ¼ −ϕþ

eigen. The energy is
deflected into the orthogonal polarization state. The curves
follow roughly the projection of the cross-polarized compo-
nent on the measured polarization. These results qualitatively
align with the simulations presented in Figs. S2(a)–S2(b)
in [19], although corresponding to a different object.
Figure 3(c) shows the experimentally measured RCP and

LCP polarization-resolved components of the backscat-
tered field as a function of frequency for an incident wave
that is right-circularly polarized. As observed, across most
of the frequency range, the RCP-to-LCP polarization
conversion dominates (green line), consistent with the
behavior of conventional metallic and dielectric mirrors,
which preserve the spin angular momentum of the wave,
i.e., the absolute direction of rotation of the field with
respect to a fixed reference frame.
Remarkably, near the AMC center frequency

(7.57 GHz), the RCP-to-LCP polarization component
exhibits a deep null. Consistent with the general theory
of scattering by P · T ·D symmetric objects, the back-
scattered field is dominated by the RCP-to-RCP polariza-
tion component (blue curve). This result experimentally
confirms that P · T ·D symmetric objects inherently pro-
vide a reversal of the spin angular momentum of the wave,
despite being formed from fully reciprocal materials. This
unique property has exciting potential applications in the
design of objects with exotic scattering signatures.
In conclusion, we unveiled the unique scattering proper-

ties of P · T ·D-symmetric objects, highlighting their
ability to enforce polarization inversion and reverse the
spin angular momentum of backscattered waves. These
results go beyond conventional scattering paradigms,
revealing that the interplay of parity, time-reversal, and
duality symmetries imposes strict constraints on the polari-
zation and angular momentum of scattered fields, inde-
pendent of material specifics or geometric details.
We have experimentally validated these effects, confirm-

ing not only the robustness of the theoretical predictions but
also establishing a foundation for engineering novel pho-
tonic devices with tailored scattering signatures. By har-
nessing the inherent symmetry properties of P · T ·D
systems, this Letter opens avenues for applications in

polarization control, spin-selective devices, and advanced
wave manipulation technologies.
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