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Non-reciprocal metasurfaces can encode optical functions on forward- and

backward-propagating waves, and could be used to create non-reciprocal
antennas and radomes for full-duplex wireless communication and radar
systems. However, such metasurfaces typically require external electric- or
magnetic-field biasing or rely on non-linear effects, which makes practical
implementation challenging. Here we report a self-biased non-reciprocal
metasurface based on magnetic meta-atoms made from lanthanum-doped
barium hexaferrite. The metasurface offers a transmittance of up to

77% and an operation angle of +64°. We show that they can be used for
on-demand bidirectional phase modulation, which provides non-reciprocal
functionalities including microwave isolation, non-reciprocal beam
steering, non-reciprocal focusing and non-reciprocal holography. The
approach could also be potentially extended to megahertz and optical
frequencies by using different self-biased magnetic materials.

Metasurfaces have a flat, low-profile form factor and can be used to
control electromagnetic wave propagation. Their planar structure
also facilitates scalable fabrication based on printed circuit boards or
silicon photonic technologies. Developments in the field have led to
functionalities such as polarization conversion', perfect absorption?
and wavefront control**. However, most metasurfaces obey the Lorentz
reciprocity and non-reciprocal metasurfaces (NRMs) have only recently
emerged’’. Unlike conventional metasurfaces whose characteristics are
symmetric withrespect to the wave propagation direction, NRMs perform
direction-dependent functions. For instance, NRM-integrated radomes
canactasnon-reciprocal antennas, which can curtail antennaechoes™ and
enable arbitrary emission and receiving characteristics of electromag-
netic waves. NRMs can also be used to create full-duplex wireless com-
munications by doubling the bandwidth of wireless communications™.

For practical applications, an NRM should ideally be able to pro-
duce arbitrary phase and amplitude combinations for on-demand
wavefront modulationalongboth transmissiondirections. It should also
be passive, linear and operate without active bias fields to reduce power
consumption and improve scalability. Several mechanisms canbe used
toachieve non-reciprocity™. First, atransistor-loaded circuit can allow
the unidirectional gain of electromagnetic waves because of its rectify-
ing effect and thereby breaking Lorentz reciprocity'>*. NRMs based
on this mechanism have been demonstrated at radio frequency™.
These devices can exhibitabroad operational bandwidth and forward
transmission gain. However, they suffer fromlow operation frequencies
(whichislimited by the transistor speed), low power-handling capabil-
ity, high biasing power and poor signal-to-noise ratio'”'®, Passive and
linear properties are also hard to implement with this approach.
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Second, non-linearity in metasurfaces with asymmetric struc-
tures can be used to generate non-reciprocity. These metasurfaces
aresensitive toincident power and are limited by dynamic reciprocity
to pulsed-wave applications'>*. Non-linear metasurfaces exhibiting
non-reciprocal behaviour have beenimplemented inboth theory and
experiment>* >, Third, reciprocity can be lifted by spatiotemporal
modulation. Such devices have been theoretically proposed**2® and
experimentally validated at both radio®**® and optical frequencies’.
However, these metasurfaces suffer fromalarge constant power con-
sumption, a trade-off between modulation frequency and operation
bandwidth, and undesired high-harmonic generation™¢.

Finally, magnetic materials can be used. Magnetic materials are
non-reciprocal because of their asymmetric permittivity or perme-
ability tensors. Such materials are widely used in commercial isola-
torsor circulators, but their usein NRM applications s limited. This is
probably because the local control of individual meta-atoms is chal-
lenging with bulky biasing magnets available. Non-reciprocal mag-
netic metasurfaces have been considered for one-way transmission
using indium antimonide®**°, graphene® and yttrium iron garnet™*,
However, creating a passive phase-gradient NRM using gyromagnetic
effects remains a challenge.

In this article, we report all-dielectric NRMs that consist of self-
biased magnetic meta-atoms fabricated from La-doped BaFe;,0,
(La:BaM). Such M-type hexaferrites have a giant magnetic anisotropy
of up t0 17,500 Oe and a large magnetic coercivity** %, and have been
used to create radio-frequency isolators/circulators® 2, Their large
coercivity and strong magnetic remanence supports magnetic bias-free
operation of devices®**. In our NRMs, the strong magnetic coerciv-
ity overcomes the shape anisotropy and magnetic static interaction
between meta-atoms. Each meta-atom can be individually magnet-
ized along arbitrary directions and we used this to create NRMs with
bidirectional non-reciprocal phase-gradient profiles. Following a
non-reciprocal digital coding metasurface design methodology, we
show that the NRMs can offer a range of functionalities, including unidi-
rectional transmission, non-reciprocal beam deflection, non-reciprocal
beamfocusing and non-reciprocal holographyintheK,band (-15 GHz,
A=2cm).Our all-dielectric NRMs could be of use in applications such as
electromagnetic waveisolation, circulation, non-reciprocal antennas
and radomes, and full-duplex transmission.

Device structure and operation principles

The meta-atom of the NRM is shown in Fig. 1a. We chose La:BaM as
the magnetic material because of its large off-diagonal component
of the permeability tensor (Supplementary Fig.1) and the high rema-
nent magnetization (M,) resulting from its strong magnetocrystal-
line anisotropy field (H,=14,600 Oe). The meta-atom consists of a
subwavelength La:BaM cuboid pillar on top of a Teflon substrate,
with M, along the surface normal (+z or z) direction (Fig.1a). The mag-
netic hysteresis, permittivity and permeability tensor of La:BaM in
the remanence state are measured and calculated in Supplementary
Note 1. In this configuration, a circularly polarized electromagnetic
wave ‘sees’ different refractive indices and extinction coefficients
when the wavevector is parallel or antiparallel to the magnetization
direction, whichis attributed to magnetic circular birefringence and
magnetic circular dichroism effects (for low-loss frequencies, mag-
netic circular birefringence dominates). Therefore, magnetic Mie
resonators exhibit different resonance frequencies for forward- and
backward-propagating waves, leading to an asymmetric transmission
amplitude (Fig. 1b) and phase (Fig. 1c). Figure 1d shows a schematic
of the non-reciprocal phase-gradient metasurface design, with the
orange colour indicating M, along the +z direction and purple colour
indicating M, along the -z direction. The arrangement of these cells
can generate arbitrary direction-dependent phase and amplitude
profiles by leveraging magnetic circular birefringence/magnetic cir-
cular dichroism effects.

One-way-transmission NRMs

The concept of aone-way-transmission NRMi s illustrated in Fig. 2a.
This device was realized by detuning the Mie resonance wavelength
through the magnetic circular birefringence effect. The metasurface
consists of periodically arranged cuboid pillars of La:BaM, which were
initially magnetized at amagnetic field of 24 kOe and then attached
toal8.0 cm x 18.0 cm x 0.5 cm Teflon substrate in their remanence
state. The device was designed to operate in the K, band (-15 GHz,
A=2cm). The width and height of each cuboid were 3 and 6 mm,
respectively. The period of the meta-atoms was 1 cm. Figure 2b shows
the fabricated sample.

We first simulated the transmission spectra of the metasurface
under right-circularly polarized incidence for forward and backward
transmissions (Fig. 2¢c). The forward transmission spectrum shows two
resonance peaks at13.2 GHz and 14.6 GHz. These two peaks shifted to
higher frequencies at13.6 GHz and 15.4 GHz, respectively, for backward
transmission. Multipole decomposition indicates that the two reso-
nances correspond to a magnetic dipole resonance mode at 13.2 GHz
and a hybrid electric dipole-magnetic quadrupole mode at14.6 GHz,
respectively (Supplementary Fig. 2). Non-reciprocal one-way trans-
missions with anisolation ratio of 10.9 dB and insertion loss of 0.6 dB
at15.4 GHz, and anisolation ratio of10.4 dB and insertion loss of 5 dB
at13.6 GHz were theoretically predicted. Figure 2d shows the experi-
mental transmission spectra of the metasurface (Supplementary Fig.3
shows the measurement setup details). Anisolation ratio of 7.0 dB and
insertion loss of 8.4 dB at13.7 GHz, and anisolation ratio of 5.6 dB and
insertionloss of 1.1 dB at 15.7 GHz were experimentally observed, con-
sistent with the simulation results. The minor difference between the
experiment and simulation could be potentially due to the imperfect
circular polarization of the source antenna with an axis ratio of 2.5 dB.

We further simulated (Fig. 2e) and measured (Fig. 2f) the transmis-
sion contrasts at incident angles ranging from 0° to 64°. The results
showed that the resonance frequencies (especially those of the hybrid
electricdipole-magnetic quadrupole mode) were almostindependent
oftheincidentangle. The maximumangle was only limited by the finite
size of the NRM and our experimental setup. The results would also be
identical for 0°to-64°incidence because of symmetry considerations.
This wide-angle tolerance suggests that suchan NRMis compatible with
integration on curved surfaces, such as on-antennaradomes.

Phase-gradient NRMs

Phase-gradient NRMs, whose phase profiles differ for forward and
backwardincidence, allow the full on-demand control of bidirectional
electromagnetic wave propagation. The design of such metasurfacesis
based onthe concept of non-reciprocal digital coding metasurface: each
element has both forward- and backward-propagation phases, which
canbewrittenas (¢{w), ¢,(w)), where ¢{(w) and ¢, (w) are the forward-
and backward-transmission phases, respectively, at frequency w.
To construct atwo-bit phase-gradient NRM for arbitrary forward- and
backward-propagation phase profiles, 16 elements were required**
(Supplementary Fig. 4a). However, because the magnetic meta-atoms
can be placed with either their magnetization pointing up or down,
the phase of the forward and backward incidence can be switched by
flipping the direction of M,. This reduces the required elements to
ten for arbitrary and non-reciprocal phase profiles (Supplementary
Notes 4 and 5).

The optimal meta-atom design must minimize the phase error
whereas maximize the transmission efficiency for both forward and
backward waves. To balance the trade-off between phase error and
transmission efficiency, we used a single figure of merit to evaluate
the meta-atom designs* (Supplementary Note 4). The ten elements
were selected in a parameter space consisting of 9,192 parameter com-
binations (Supplementary Note 4). The transmission spectra of each
ofthe ten fabricated elements were characterized. The transmittance
and phase asafunction of frequency were characterized by measuring
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Fig.1|Self-biased NRMs. a, Operation mechanism of a self-biased magnetic meta-atom. b, Non-reciprocal transmission near Mie resonance modes, leading to
non-reciprocity in the transmission amplitude. ¢, Non-reciprocal transmission near Mie resonance modes, leading to non-reciprocity in the transmission phase. d,
Schematic of the phase-gradient NRM design principle.

the S21 and S12 parameters, which agreed well with the simulation
results (Supplementary Note 5). The optimal ten-element configu-
ration yielded an average transmittance of 42.4% and 38.5% and an
average phase error of +11.9° and +12.0° for forward and backward
incidence, respectively.

Non-reciprocal beam deflection

Itis possible to construct NRMs with on-demand bidirectional phase
profiles using the ten non-reciprocal elements in a ‘LEGO-like’ man-
ner. We demonstrated this by first assembling a non-reciprocal beam
deflector using meta-atoms (Fig. 3b). Figure 3a shows the concept of the
device. At14.6 GHz, the device allows forward normal transmittance of
anincidentright-circularly polarized plane wave, whereas it diffracts
theincident wave away from the surface normalin case of abackward
wave. The entire device area measured 17 cm x 10 cm. Four elements
with (forward, backward) phase delays of (0, 0), (0, t/2), (O, t) and

(0,3m/2) constituted one period of 10 mm. Therefore, the metasurface
exhibited an almost flat phase distribution for forward transmission
and a sawtooth phase profile for backward transmission (Fig. 3¢,d);
the experimental phase map (stars) agrees with the target phase pro-
file (dashed lines). Figure 3e,f shows the simulated electric-field pro-
file at 14.6 GHz, confirming the proposed non-reciprocal diffraction
functionality.

The simulated diffraction angle reached 29°, with a diffraction
efficiency of 17.7% for backward incidence. For forward incidence, the
transmission efficiency reached 33.5%. The relatively low transmis-
sion efficiency can be attributed to the large impedance mismatch at
the air/metasurface interface as well as the energy loss into different
diffraction orders (<4%). These imperfections induce ~24% and ~34%
reflected energy for forward and backward incidence, respectively
(Supplementary Fig. 7). Experimentally, we demonstrate a31.3% trans-
mission efficiency for the zeroth-order diffraction in case of forward
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Fig.2| A one-way-transmission NRM. a, Schematic of the one-way-transmission
NRM. b, Image of the fabricated sample. ¢,d, Simulated (c) and experimental

(d) transmission spectra for forward and backward right-circularly polarized
incidence. e f, Simulated (e) and experimental (f) transmission difference

6()

6(°)
between the forward and backward right-circularly polarized incidence asa

function ofincident angle (6) and frequency. PTFE, polytetrafluoroethylene; ED,
electric dipole; MQ, magnetic quadrupole; MD, magnetic dipole.

incidence and 13.8% transmission efficiency for the first-order dif-
fraction at 30.0° + 0.5° in case of backward incidence. As shown in
Fig. 3g,h, the experimental radiation patterns are in agreement with
the simulation (Supplementary Fig. 8 shows the experimental details).
The slightly lower measured transmission efficiency compared with
the simulation may be attributed to the lower transmittance of the
experimental meta-atoms and the spherical wavefront of the incident
wave (Supplementary Fig. 9). The non-reciprocal beam deflector can
alsoberegarded as afree-space quasi-circulator by treating the forward
and backward zeroth and first diffraction orders as ports 1-3, and it
satisfies all the relevant requirements for full-duplex communication
systems (Supplementary Note 9).

Non-reciprocal metalens

The non-reciprocal metalens exhibits different focal lengths for for-
ward and backward transmission (Fig. 4a). Figure 4b shows a photo-
graph of the fabricated non-reciprocal metalens sample. The sample
areawas17 cm x 17 cm. The meta-atoms were arrayed with a1l cm period.
The hyperbolic phase profiles of the metalens are given by*®

ep(r) = —27“ ( ?+f;, —f1/2)y ()]

whereris theradial coordinate, Ais the designed wavelength, f , is the
designed focal length for forward and backward incidence and @;,,(r)
is the phase profile at position r for forward and backward incidence.

In our prototype, focal lengths of f; = 6 cm and f, =13 cm were
implemented for forward and backward transmission, respectively. The
ten elements with forward- and backward-transmission phases were

mapped onto the targeted phase profiles of the metalens (Fig. 4c,d).
Figure 4e displays the electric-field intensity profiles in the y-z plane
for forward right-circularly polarized incidence at 15 GHz. The simu-
lated focal length was 5.4 cm with a focusing efficiency of 46.9%. The
discrepancy between the theoretical (6.0 cm) and simulated (5.4 cm)
focal lengths stemmed from coupling between adjacent meta-atoms
(Supplementary Fig.12). For backward incidence, the focal length and
focusing efficiency were 11 cm and 42.3%, respectively. Meanwhile,
the full-width at half-maximum of the focal spot in the forward and
backward directions were1.6 cmand 2.2 cm, respectively. The focusing
efficiency was defined as the ratio of the power on the focal plane within
aradius of three times the full-width at half-maximum of the focal spot
and totalincident power. The electric-field intensity profiles (Fig. 4g,h)
were measured using a near-field scanning setup via antenna scan-
ning in the x-y plane at different z positions (Supplementary Fig. 13).
The shadowed areas in both figures could not be probed because of
the finite size of the scanning antenna. The intensity profiles showed
clear focal spots with focal lengths of 55.0 + 1.5and 105.0 + 1.5 mm for
forward and backward transmission, respectively. The ripple patterns
were caused by interference between theincident and reflected waves®.

The measured focusing efficiencies were 30.5% and 30.0% for
forward and backward incidence, respectively. The lower focusing
efficiency in the experiment compared with the simulation was attrib-
uted to the spherical instead of plane wavefront of the incident wave
(-7% and ~-3% focusing efficiency attenuation for forward and backward
incidence, respectively; Supplementary Note 8), as well as the lower
transmission of experimentally fabricated meta-atoms compared with
the simulation (-9% lower transmittance on average; Supplementary
Table 1). Figure 4i shows the linescans of the normalized intensity
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distributions at the focal plane. The insets in Fig. 4i show the simulated
and measured focal-spotimages; the dashed curve shows the focal-spot
profile of anideal aberration-freelens with the same aperture size and
focallength. The Strehl ratio of the experiment reached 0.81, indicat-
ing the diffraction-limited focusing of our metalens. The focal-spot
profiles ofbackward incidence are presented in Fig. 4j. Inthis case, the
Strehlratioreached 0.91. The evolution of the focal-spot profilesin the
x-yplane along the zaxis was also measured (Supplementary Fig. 14).

Non-reciprocal holography

Holography is a promising technology for three-dimensional displays*®,
beam shaping® and artificial intelligence®. Here we utilize the NRM
to achieve non-reciprocal holography, which displays different holo-
grams for forward and backward propagation. To design phase-only
computer-generated holograms, we selected two image planes10 cm
fromthesurface of each side of the sample. Handwritten Greek letters
eand pwere used as the holographic patterns (Fig. 5a). The Gerch-
berg-Saxton algorithm was used to retrieve the phase profiles of the
hologram (Supplementary Fig. 15).

Figure 5c,d depicts the discrete phase profiles of the € and p pat-
terns for forward and backward incidences at 15 GHz, respectively.
Figure 5e,f shows the holographic images simulated with the phase
profiles in Fig. 5c,b, showing clear € and p letters in the respective
image planes. Using the same measurement setup used for metalens
characterization, the intensity profiles of € and p letters (Fig. 5g,h)
were mapped, confirming good agreement with the design. The
diffraction efficiency®*, defined as the power concentrated in the
holographic image referenced to the total power transmitted by the
hologram, reaches 84.1% and 76.4% for the two incident directions

in our experiment. The transmission efficiencies®** (energy on the
holographic plane normalized by the total incident energy) for the
twoincidentdirections were 27.0% and 26.8%, respectively. Compared
with the simulated efficiencies of 44.0% and 42.4%, the difference
was caused by the spherical wavefront (-5.3% and ~4.0% deviation
from the plane wave), lower transmittance of the meta-atoms in the
experiment (-9.0% lower than the simulation in average) and phase
errors of the meta-atoms (-3.0% deviation from the simulation). The
holographicefficiency could be improved by using magnetic materials
with lower loss, an impedance-matching layer and meta-atoms with
more phase-sampling levels (Supplementary Note 13).

Conclusions

We have reported a self-biased NRM for on-demand bidirectional phase
modulation. Due to the strong gyromagnetic effect and strong mag-
netocrystalline anisotropy of La:BaM, we achieved non-reciprocal
and arbitrary intensity and phase profiles for both forward and
backward propagation with subwavelength-scale Mie resonators.
Our intensity-modulated NRM demonstrated one-way transmission
over awide angular range of 0° to +64° at 15.7 GHz frequency. Using
phase-gradient NRMs, we demonstrated three functional devices: a
non-reciprocal deflector, anon-reciprocal metalens and non-reciprocal
holography in the K, band.

Self-biased magnetic meta-atoms eliminate the need for anexter-
nal field, thereby resolving a major roadblock in the deployment of
magnetic metasurfaces. Our approachalso circumvents the challenges
encountered in other NRMs, such as the sensitivity to incident-wave
intensity, large active power consumption, high-harmonic genera-
tion, low signal-to-noise ratio, poor power-handling capability and
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bandwidth limitations. Our metasurfaces areinsensitive toincidence
angles, and could be potentially used as omnidirectional antennas
in, for example, wireless communications or integration on curved
surfaces such asantennaradomes. The transmission efficiency of the
metasurfaces reaches 30-77% in the K, band, which compares well
with other NRMs®***, and uses no gain elements. Our experiments were
carried outintheK,band, but the non-trivial off-diagonal component
at these frequencies (Supplementary Fig. 1d) indicate that the NRMs
could alsobe constructedin the Vband (40 GHz to 75 GHz) and W band
(75GHz t0 110 GHz) using the same La:BaM material.

The operating frequency of suchmetasurfaces can be potentially
extended to cover megahertzto optical frequencies by choosing differ-
entself-biased magnetic materials. For example, cobalt or nickel spinel
ferrites could be used to reach the megahertz frequency range®>*;
hexaferrites with tunable magnetic anisotropies could be used to
reach the gigahertz to terahertz frequency range®’; and self-biased
garnet thin films with magnetoelastic effects could be used to reach
the optical frequency range™5,

There is also room to improve device performance. First, reflec-
tion at the air/metasurface interface, phase error and absorption in
the meta-atoms, on average, account for 15%, 6% and 40% efficiency
losses in the devices, respectively. Impedance-matching struc-
tures could be incorporated into the meta-atoms to reduce reflec-
tion loss. Optimized doping or growth protocols could reduce the
imaginary parts of e and pin hexaferrite materials®. With suppressed
material loss, phase error and reflection, we estimate that the aver-
age efficiency can be substantially improved. Moreover, the large
off-diagonal p element implies a ‘non-perturbative’ design scheme
in which forward and backward waves yield different modal overlaps
with meta-atoms, thereby suppressing the insertion loss to a level
beyond the material’s figure-of-merit [imit®. This effectisillustrated in

Supplementary Fig. 2i,j, where the scattering cross-sectionis different
for forward and backward propagation in the same meta-atom, lead-
ingto aone-way-transmission metasurface with alowinsertion loss of
only1.1dB.

Second, polarization-independent NRMs can be developed
by using different magneto-optical effects, such as transverse
magneto-optical Kerr effects for linearly polarized waves or the Faraday
effect for circularly polarized waves (Supplementary Note 14). Third,
the bandwidth of metasurfaces can be further extended because the
gyromagnetic property of the magnetic material is broadband (Sup-
plementary Fig.1c). The dispersion engineering of both forward- and
backward-propagating modes can be performed on the meta-atoms,
analogous to the design of an achromatic metalens, except for the
bidirectional nature. These approaches could lead to the develop-
ment of high-efficiency NRMs that offer broadband and on-demand
non-reciprocal control of electromagnetic radiation.

Methods

Metasurface fabrication

Metasurface fabrication involved the fabrication of La:BaM elements
and their attachment onto a Teflon substrate. La:BaM bulk crystals were
cutusingan ultrahigh-precision computer numerical control machine
to fabricate square nanopillars with a dimensional accuracy better
than 0.05 mm. Subsequently, the nanopillars were placedinan electro-
magnet withamaximum magnetic field of 24 kOe. The magnetization
easy axis was saturated by gradually applying the voltage and current
of the electromagnet, and the external magnetic field was gradually
removed to maintain the remanent magnetization of the ferrite. The
Teflon substrates were 18.0 cm x 18.0 cm sheets with a thickness of
0.5 cm. A double-sided adhesive was applied and the acrylic plate
was covered withan array of pockets to facilitate ameta-atom fixture.
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The magnetized meta-atoms were placed in predefined pockets and
laminated with double-sided adhesive. After all the elements were
arranged in the substrate, the acrylic plate and unused double-sided
adhesive were removed.

Metasurface characterization

All the experimental results were measured using a vector network
analyser (VNA; Agilent E8363C) to obtain the K,-band complex scat-
tering parameters S21and S12in amicrowave darkroom. To obtain the
transmittance spectra of the metasurfaces, two identical circularly
polarized antennas were placed on each side of the sample and con-
nected to the two ports of the VNA via cables. Each antenna could
function either as a source or detector to obtain the S-parameters.
A Teflon lens with a focal length of 30 cm was placed between the
metasurface and antennas on both sides to better focus energy on the
sample. Calibration was first performed by eliminating the path loss
without the sample using atwo-port-through calibration. The sample
was then placed to obtain the complex S-parameters. For circularly
polarized antennas, only microwaves with the same handedness as
the antennas could be detected. Because the reflected microwave
possesses opposite handedness to the incident wave, the S11and S22
parameters vanish. Therefore, only two-port-through calibration
was used instead of through-reflect-line calibration. To eliminate the
multipath effect, the time-domain gate was activated in the VNA to
smoothen the spectra.

During the transmittance spectra measurement under oblique
incidence, the sample holder was replaced by ascaled rotatable plat-
form (scale accuracy, 1°), and the scattering matrix under oblique
incidence was obtained by rotating the sample. During the beam
deflector measurement, the sample and transceiver antenna were
fixed on the same rotating platform with the rotation axis located
at the centre of the sample holder. The rotation angle was measured
using anelectronic angle ruler with 0.05° accuracy. The beam deflec-
tor sample was placed towards or opposite the transceiver antennato
obtain theintensity of the transmitted microwave. To fully character-
ize the radiation pattern, measurements were performed at angles
ranging from 0°to 180°.

In case of the metalens and hologram measurements, only one
Teflonlenswas used in front of the source antennato focus theincident
microwave. The transceiver antenna (field resolution, 5 mm) was fixed
onalinear translation stage driven by a stepper motor in the horizon-
tal and vertical directions. The maximum moving range was 30 cm
in both horizontal and vertical directions. In our measurements, the
moving speed of the receiving antennawas 5 mm s The custom-built
motor-scanning program communicated with the VNA to execute
point-by-point measurements, and the energy/phase distribution on
aspecific plane was obtained.

Metasurface simulation

Simulations were performed using the commercial COMSOL Mul-
tiphysics 4.4 software based on the finite element method. Periodic
boundary conditions were employed in both transverse directions
around each unit cell, whereas the polarization and incident angle
of the microwave were defined in the incident port along the z (lon-
gitudinal) axis. A perfectly matched layer was imposed on the inci-
dent port to absorb scattered waves. The phase and transmission
spectra were inferred from the S-parameters in COMSOL Multiphys-
ics. Home-made Python codes (Python 3.10) based on the Kirchhoff
diffraction integral and Gerchberg-Saxton algorithm were used to
calculatethe non-reciprocal focusing characteristics and holographic
patterns, respectively.

Data availability
Source dataare provided with this paper. All other data from this study
areavailable fromthe corresponding authorsuponreasonable request.

Code availability

The codes that support the fitting of La:BaFe,;,0,, electromagnetic
parameters and design of NRMs are available fromthe corresponding
authors uponreasonable request.
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