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Non-Hermiticity has recently emerged as a rapidly developing field due to its exotic characteristics
related to open systems, where the dissipation plays a critical role. In the presence of balanced energy gain
and loss with environment, the system exhibits parity-time (P7°) symmetry, meanwhile as the conjugate
counterpart, anti-P7 symmetry can be achieved with dissipative coupling within the system. Here, we
demonstrate the coherence of complex dissipative coupling can control the transition between 7 and anti-
PT symmetry in an electromagnetic metamaterial. Notably, the achievement of the anti-P7 symmetric
phase is independent of variations in dissipation. Furthermore, we observe phase transitions as the system
crosses exceptional points in both anti-P7 and P7 symmetric metamaterial configurations, achieved by
manipulating the frequency and dissipation of resonators. This work provides a promising metamaterial
design for broader exploration of non-Hermitian physics and practical application with a controllable

Hamiltonian.
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Introduction.—In arealistic physical system, there always
exists energy exchange with the outside environment and
complex coupling between inside components. To study such
open systems, non-Hermiticity has emerged as a rapidly
developing direction, where the Hamiltonian possesses non-
orthogonal eigenmodes with complex spectra [1-4]. In
particular, non-Hermiticity with parity-time (P7") symmetry,
arising from a balance of energy gain and loss, has been
achieved in various physical systems, including optical
systems [5—14], optomechanics [15,16], acoustics [17-21],
electronic circuits or electronic RLC circuits [22-25], and
atomic systems [26-29]. When adjusting the energy
exchange with environment, the exceptional point can be
observed in a P7 symmetric system, where the eigenmodes
coalesce with the same eigenenergy value. Upon crossing an
exceptional point, the system can transition from a symmetric
phasetoasymmetry-broken phase, where eigenenergies shift
from real to imaginary values [6,30].

As the counterpart, anti-P7 symmetric non-Hermiticity
has also been explored recently [31-42], and unique
properties have been demonstrated such as unit refraction
[31], coherent switch [43], and energy-difference conserv-
ing dynamics [36]. The origin of anticommutation between
the anti-P7 - symmetric non-Hermitian Hamiltonian and
parity-time reversal operators is the dissipative coupling
within the system. The coupling term is purely imaginary
and anticonjugate between components in the anti-P7
symmetric system [44]; the coupling between components
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i, J has the relation k;; =
normal complex conjugate coupling, k;; = ;. Therefore,
we aim to investigate whether this unique dissipative
coupling can be coherently controlled, similar to near-field
coupling between resonators, to broadly explore the non-
Hermiticity. For instance, the dissipative coupling can be
modulated from imaginary to real value if its phase can be
coherently controlled, further accomplishing the transition
from anti-P7 symmetry to P7 symmetry.

In this work, we demonstrate such complex coupling can
be achieved and further facilitate the transition between
anti-P7 and P7 symmetry in an electromagnetic meta-
material. The coupling phase is modulated by varying the
propagation distance between the resonators. Achieving
anti-P7  symmetry is accomplished by adjusting the
coupling phase to z/2, where the real part of the eigene-
nergies coalesces. Notably, the anti-7 symmetric phase is
shown to be independent of dissipation, which distin-
guishes it from the P7 symmetric phase. Furthermore,
we observe phase transitions in both anti-P7 and P7
symmetric metamaterial configurations as they cross
exceptional points with controllable resonant frequency
and dissipation rate. All results are theoretically analyzed
and further validated through both experiments and sim-
ulations. Our work bridges two critical aspects of non-
Hermitian physics, and provides a practical metamaterial
design for controlling the non-Hermitian Hamiltonian.

—K’;» which is distinguished from

© 2024 American Physical Society
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FIG. 1. Non-Hermiticity in metamaterials. (a) Diagram of two strongly coupled resonators. The eigenfrequencies and dissipation rates
are denoted by w; and I'; (i = 1, 2). The coupling strength between them is k with phase delay ¢. (b) Eigenenergy as a function of ¢ and
AT in Eq. (3). The real and imaginary parts of E_ are calculated with fixed k = 1 and I} = 1. The blue dots denote exceptional points
where two eigenmodes degenerate with same real and imaginary parts. (c) Eigenenergy as a function of Aw and Al in Eq. (4) with fixed
k = TlandI'; = 1. The blue dots are exceptional points. (d) Metamaterial configuration. The image to the left shows one sample used for
experiments. All samples contain 7 x 14 units and each unit is 10 x 20 mm?. The sketch of one unit is shown on the right. The I-shaped
cut wire with short arm length L is at the center, and a couple of SRRs with rotation angle € are symmetrically located on both sides, with
a distance ¢ to the center. The probing EM field is alongside the z axis and perpendicular to the sample, and the electric component is
parallel to the long arm of cut wire alongside x axis. (e) Image of the experiment setup. A linear-polarized microwave is generated from
the first horn and collimated by a lens with a focus of 1.2 m. The sample mount is located at the focus, which is a flat microwave absorber

with a window at center, and samples are stuck to the surface.

Non-Hermitian in two resonators.—Our model is com-
posed of two strong-coupled resonators, as shown in
Fig. 1(a). Two resonators are coupled to each other, with
additional phase delay ¢ when interaction is propagated by,
for example, photons [45] or flying atoms [31]. The
coupling efficiency « is denoted as a complex number
k = ke™_ where k is a real positive number standing for
the coupling strength. Both resonators can be excited by
external field and have individual energy losses, with
resonant frequencies and dissipation rates denoted as w;
and I'; (i=1, 2), respectively. The dynamics of the
resonators can be described by
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where the a; (i =1, 2) correspond to the resonating
amplitudes. The effective Hamiltonian, H, can be extracted
and further decomposed into Hermitian and anti-Hermitian
parts:
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From Eq. (2), the non-Hermitian clearly originates from the
dissipation of resonators and the complex coupling
between them. In the following, we check the impact of
these parameters on the eigenenergies of H.

If we consider w; = w, = 0, the eigenenergies are

E, = —il +\/k?e?¢ — AT?/4, (3)

where T' = (I'; +T,)/2 and AT’ =T, —T';. In Fig. 1(b),
we provide one example of the eigenenergies while varying
¢ and AT, where the real and imaginary parts are shown
separately and correspond to the resonant frequency and
loss of the eigenmodes, respectively. When the coupling
phase ¢ = 0 (or 7), E. will be in the typical form from a
system with a gain-loss—type P7 symmetric non-
Hermitian. The exceptional points are at AI' = 42k (high-
lighted in blue dots), and we can observe the transition
between P7 symmetric phase and symmetry broken phase
crossing the exceptional points. On the other hand, the anti-
PT symmetry can be achieved when coupling efficiency is
purely imaginary with ¢ = /2. In this case, the real parts
of the eigenenergies E . coincide, and the system is in anti-
PT symmetric phase. This phase is independent of dis-
sipation and the coincidence of real energies is preserved
with different AI', which distinguishes itself with P7
symmetric phase.

To observe transition between anti-P7 symmetric phase
and symmetry broken phase, the eigenfrequency of reso-
nators should be modified correspondingly. Considering
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the coupling phase ¢ = /2 and resonant frequencies
| = —w, = Aw/2, the eigenenergies are

E.=-il+ /(Ao —iADR/4— 2 (4)

As shown in Fig. 1(c), two exceptional points (blue dots)
exist when AI' =0 and Aw = 42k. Between the excep-
tional points, only real part of E. is coincident, which
indicates the system is in anti-P7 symmetric phase. When
|Aw| > 2k, the imaginary parts are the same, and the
system is in the anti-P7 symmetry broken phase.

Metamaterial design.—To achieve the non-Hermiticity
described above with a metamaterial, three parameters
should be controlled, the coupling phase ¢, the differences
of resonant frequency Aw, and dissipation AI'. The
metamaterial design is shown in Fig. 1(d). It contains 14 x
7 periodic units, and each unit is composed of an I-shaped
cut wire resonator and a couple of split-ring resonator
(SRR). Three geometry parameters are varied to control the
Hamiltonian: the distance between resonators 6 controls the
coupling phase ¢ as the propagation distance; the short-arm
length of the cut wire L changes the resonance frequency
1; the rotation angle of SRR @ adjusts the dissipation rate
I, owing to power broadening [46]. The transmission
spectra of metamaterials are measured in the microwave
shielded room, as illustrated in Fig. 1(e). Two horns with
microwave lenses serve as the microwave emitter and
receiver, and the metamaterials are mounted on the micro-
wave absorber at the focus of the lenses. The vector
network analyzer is used as the microwave source and
collects the transmission spectra, which are verified with
software simulation using CST Microwave Studio [46].

Achieve anti-PT  symmetry.—Varying the coupling
phase can bring the system ranging from P7 symmetry
to anti-P7 symmetry. Here, we first check the anti-P7
symmetry by modifying the distance 6 from 4.5 mm to
7.5 mm. As shown in Fig. 2, a typical electromagnetically
induced transparency (EIT)-like spectrum is exhibited
when 6 = 4.5 mm, with two dips corresponding to two
eigenmodes. As § is increased, the frequency difference
between two modes decreases until 6 = 6 mm, where the
transparency window completely vanishes. Beyond that
point, two eigenmodes reappear, indicated by the clear
presence of two dips in the EIT-like spectrum. Both
experiment and simulation confirm that the Hamiltonian
becomes anti-P7 symmetric when the coupling phase
becomes z/2 as analyzed in Eq. (3), with § = 6 mm
approximating one-quarter of the wavelength (around
30 mm at 10 GHz).

Based on theoretical discussion, the anti-P7 symmetric
phase can be indentified by proving its independence of
dissipation variation. We verify this property by rotating the
SRR with angle 6 to change its dissipation rate I',. Initially,
we calculate the real part of eigenenergies from Eq. (4) as
shown in Fig. 3(a), considering the resonant frequency drift
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FIG. 2. Achieve anti-P7 symmetry with complex coupling.
The transmission spectra are obtained both from experiment
(left) and simulation (right) to find out the anti-P7 symmetry.
Five groups of spectra correspond to the distance
§=1[4.5,5.5,6.0,6.5,7.5] mm. Other configuration parameters
are fixed, L =2.5 mm and 6 = 0°. The transparent window
vanishes at 6 = 6 mm which indicates anti-P7 symmetry with
coupling phase ¢ = z/2.

of the SRR with different 6 and 6 [46]. The blue line
indicates the condition to reach the anti-P7 symmetric
phase, where the real parts are the same. The simulation is
also performed by scanning & and 6 to find out anti-P7
symmetry condition, as indicated by the violet dots [46].
Both results match well with each other, showing that the
anti-P7 symmetric phase is robust against dissipation
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FIG. 3. Anti-P7 symmetry independent of dissipation varia-
tion. (a) The real part of £ in Eq. (4) as a function of ¢ and I';.
The parameters used for calculation are extracted from exper-
imental spectra, and they are as follows: w; = 0,I"; = 0.34 GHz,
k =30 MHz. w, = —40 MHz when ¢ = x/2, and it varies
linearly 0.6 GHz/z with ¢. (b) Transmission spectra from
experiment and simulation. Samples used here have fixed L =
25 mm and § =7 mm. @ is varied from 30° to 90°, and the
transmission peak vanishes at 6 = 60°.
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FIG. 4. Anti-P7 and P7 symmetry phase transition. (a) Transmission spectra of the anti-P7 symmetry phase transition. The spectra
are obtained with L = [2.30,2.38,2.46,2.50,2.54,2.62,2.70] mm, with fixed § = 6 mm and 6 = 0°. (b) Eigenenergy of anti-P7
symmetry phase transition. The real (left) and imaginary (right) parts of the eigenenergy are extracted from the experimental
transmission spectra. The purple and green dots represent E_., and red triangles are the resonant frequencies of the cut wire (CW). The
coupling strength, k, is estimated first with the frequencies of the eigenmodes, and then the real and imaginary parts of the eigenenergy
are calculated afterwards as the blue and red curves showing here. (c) Sample for P7 symmetry phase transition. The size of each unit is
still the same, but the SRRs are at the back surface with small center offset 6 = 0.2 mm from cut wire. We use L = 2.8 mm to keep
resonant frequencies of the cut wire and the SRRs are both at 10 GHz. (d) Transmission spectra of P7 symmetry phase transition. 6 is
linearly varied from 70° to 90°. Two resonant modes coincide around 6 = 82°. (e) Eigenenergy of P7 symmetry phase transition. The
real (blue square) and imaginary (orange circle) parts of the eigenenergy are obtained from the experiment spectra. The spectra of real
(blue curve) and imaginary (orange dash dot) parts are drawn after fitting the coupling strength as 151 MHz with obtained resonant
frequencies. The pink (green) region represents the P7 symmetric (symmetry broken) phase.

variation. Noteworthy, the phase is not always z/2 to  agrees with the value fitted in Fig. 3(a). In addition, the anti-
achieve anti-P7 symmetry; ¢ would be slightly larger =~ P7 symmetric phase and symmetry broken phase are
when I, is smaller. Hence, we verify it by scanning 6 with  acquired and shaded in yellow and blue regions, respec-
the fixed 6 = 7 mm (> 6 mm). As shown in Fig 3(b), the tively, in Fig. 4(b).
anti-P7 symmetry happens at = 60°, confirmed by both Finally, we explore the phase transition of P7 symmetry.
experiment and simulation. The configuration of metamaterials is modified to satisfy
Phase transition.—With tunable resonant frequency and  the coupling phase ¢ = 0, which is composed of a cut wire
dissipation, we can explore the phase transition in P7 and  and a SRR printed on the opposite surfaces, as shown in
anti-P7 symmetry. We start with an anti-P7 symmetric  Fig. 4(c). The angle of the SRR, @, is increased to reduce
configuration with § = 6 mm and 6 = 0°. The resonance  the dissipation I',, and eventually to increase AI'. As shown
frequency of the cut wire is varied by changing the length,  in Fig. 4(d), two eigenmodes can be clearly observed from
L. The transmission spectra are shown in Fig. 4(a) from  transmission spectra when € is small, and they start to
both experiment and simulation, and the real and imaginary =~ merge till 0 = 82° two modes coincide at the center
parts of the eigenenergy are obtained from the frequency  frequency. Both the real and imaginary parts are extracted
and width of the transmission dips, as plotted in Fig. 4(b), from transmission spectra and shown in Fig. 4(e), where the
respectively. When L increases from 2.3 mmto 2.7 mm, the =~ P7 symmetric region and symmetry broken region are
resonance frequency of the cut wire decreases from  shaded in pink and green, respectively.

10.5 GHz to 10 GHz [orange triangle in Fig. 4(b)]. Discussion.—In summary, the coherence of dissipative
From the transmission spectra, we clearly observe that  coupling is proven to control the transition between P7T
two resonant modes merge into one and split into two,  and anti-P7 symmetry in a non-Hermitian system. The

which indicates two exceptional points are swept over and ~ metamaterial we design provides the flexibility to control
transition ranging from anti-P7 symmetric phase to  the coupling phase, as well as the frequency and dissipation
symmetry broken phase. The coupling strength is calcu-  of the resonators. The anti-P7 symmetric phase is achieved
lated, kK = 32 MHz, after fitting the real part of eigenener- by controlling the propagating distance, and proved inde-
gies £ with experimentally obtained w; (i = 1, 2), and it ~ pendent of variations in dissipation, moreover, the phase

156601-4



PHYSICAL REVIEW LETTERS 132, 156601 (2024)

transitions are observed in both anti-P7 and P7 sym-
metric metamaterial configurations.

A fully tunable metamaterial can be expected to control
all the parameters in a non-Hermitian Hamiltonian in
Eq. (2), and three ingredients are required: two strong-
coupled resonators, tunable eigenfrequency and dissipation
of resonators, and controllable coherent dissipative cou-
pling. Our work satisfies all these requirements but the
controllability can be significantly enhanced through the
application of programmable techniques in conjunction
with improved metamaterial designs [46]. The frequencies
and dissipation of the resonators can be precisely manip-
ulated by integrating controllable electronics, such as
lumped circuit elements [51] and voltage-controlled gra-
phene [52-55], and all the electronics components can be
programmed by FPGAs (field-programmable gate arrays)
[56-58]. Additionally, employing an elastic base [59] or a
mechanical device [60] allows for effective control of the
coupling phase. This enhancement affords the attainment of
arbitrary non-Hermitian Hamiltonians with a program-
mable metamaterial, thereby facilitating further exploration
on topological physics [61]. Moreover, our work unfolds
various important applications in the microwave domain.
For instance, sensors can be designed around either excep-
tional points to enhance the sensitivities to frequency
perturbation in the anti-P7 symmetric configuration or
the dissipation drift in the P7” symmetric configuration (see
an example in [46]) [62,63], or to manipulate scattering
with a desired photon response [64]; the cloak effect can be
achieved by degeneracy or nonconformal distortions of a
non-Hermitian medium [65,66]. Our results can also
contribute to a deeper understanding of the coupling phase
related collective effects, such as superradiance and sub-
radiance [67].
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