PHYSICAL REVIEW RESEARCH 8, 013049 (2026)

Realization of pure gyration coupling in an on-chip superconducting microwave device
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Synthetic materials that emulate tight-binding Hamiltonians have enabled a wide range of advances in
topological and non-Hermitian physics. A crucial requirement in such systems is the engineering of nonre-
ciprocal couplings and synthetic magnetic fields. More broadly, the development of these capabilities in a
manner compatible with quantum-coherent degrees of freedom remains an outstanding challenge, particularly
for superconducting circuits, which are highly sensitive to magnetic fields. Here, we demonstrate that pure
gyration—a nonreciprocal coupling with exactly matched magnitude but nonreciprocal 7w phase contrast—can
be realized between degenerate states using only spatiotemporal modulation. We first show the existence of
continuous exceptional surfaces in modulation parameter space where coupling with arbitrarily large magnitude
contrast can be achieved, with robust volumes of = phase contrast contained within. We then demonstrate that
intersection of these volumes necessarily gives rise to continuous surfaces in parameter space where pure gyra-
tion is achieved. Our experiments are performed using microwave superconducting resonators that are modulated
using dc superconducting quantum interference device arrays, and achieve isolation and pure gyration coupling
with only superconducting circuit elements. However, our method is fully agnostic to physical implementation
(classical or quantum) or frequency range and paves the way to realizing large-scale nonreciprocal metamaterials

in any platform.

DOI: 10.1103/7mfg-5h1x

I. INTRODUCTION

Synthetic materials that emulate tight-binding Hamiltoni-
ans have proven instrumental in major advances in condensed
matter and topological physics [1]. The generation of asym-
metric couplings and effective magnetic fields in these
synthetic materials has, in particular, enabled explorations
of quantum Hall physics [2-11] and led to the discovery
and first demonstrations of higher-order topological insula-
tors [12-15], and the demonstrations of non-Hermitian skin
effects [16-23] and topological funneling [24]. A specific re-
quirement for nonreciprocal synthetic quantum materials—in
which nonreciprocal couplings are combined with quantum-
coherent degrees of freedom—is the ability to generate the
asymmetry at low energy densities in an environment com-
patible with quantum control and coherent atoms or two-level
systems. Superconducting circuits [25] are a prime candidate

*Contact author: akollar@umd.edu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2026/8(1)/013049(7)

013049-1

in this context, having realized lattice metamaterials [1,26,27]
with reciprocal couplings.

While nonreciprocal couplers can be readily implemented
in room-temperature electronics, mechanics, and microwave
cavities [18,19,21,28,29], these approaches are incompati-
ble for on-chip integration with superconducting quantum
microwave circuits. To date, nonreciprocal coupling in su-
perconducting circuits has focused almost entirely on the use
of time modulation of nondegenerate states [30-33], which
produces complex-valued couplings that impart equal and op-
posite phases in each direction and mimic the Hamiltonian of
a charged particle in a magnetic field. However, spatiotem-
poral modulation of degenerate states provides a route to
more general forms of nonreciprocal coupling [34-36]. Large
magnitude contrast has been achieved using spatiotemporal
modulation of degenerate states both in room-temperature
[34], superconducting [35] microwave circuits and in pho-
tonics [36]. Recently, Ref. [36] showed that arbitrarily large
magnitude contrast could be achieved, as well as couplings
with opposite sign. However, because these results were in
the weak modulation limit, one fundamental building block
of nonreciprocal devices and non-Hermitian interactions has
remained inaccessible: pure gyration coupling, in which a
nonreciprocal m phase contrast is accompanied by perfect
magnitude symmetry.

Published by the American Physical Society
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FIG. 1. Origin of pure gyration coupling through spatiotemporal modulation. (a) A pair of degenerate states with time modulated on-site
energy can be shown to map to an equivalent static Hatano-Nelson (HN) model [36] that has A;; # A1» when ¢ # 0°, £180°. An EP is obtained
when either A, or Aj; goes to zero. (b) The 3D parameter space defined by 8, wy,, and ¢ reveals two exceptional surfaces corresponding to
zeros of either coupling. (c) A plane cut of panel (b) taken at moderate 8 shows independent exceptional rings, inside which exactly one of the
couplings becomes negative, indicating a relative w phase contrast. Log-scale plot of the coupling magnitude contrast along the gray dashed
line shows zeros only at ¢ = 0°, 180° and singularities at the EPs. (d) Above a critical modulation strength, the exceptional rings intersect,
resulting in an alternation of the EPs along the cut indicated by the gray dashed line. This forces additional zeros in the magnitude contrast

at nontrivial ¢ indicated by 3¢ and £, where A,; = —A;, (pure gyration) must occur. The gold dashed trajectory indicates the guaranteed

existence of this pure gyration behavior over the entire w,,, range where the intersection occurs.

In this work, we demonstrate that pure gyration coupling
between a pair of degenerate states can be produced through
only spatiotemporal modulation. Our experimental system is
comprised of a pair of degenerate superconducting microwave
resonators, each of which contains a dedicated frequency
modulator based on dc superconducting quantum interfer-
ence devices (dc-SQUIDs) [37]. First, we go far beyond the
exploration performed in photonics [36] and reveal a larger
parameter space that supports exceptional point (EP) surfaces
where giant coupling contrast can be achieved. At the EP, our
device exhibits >58 dB microwave isolation, which is among
the highest values reported in a chip-scale superconducting
microwave device [32,35,38-42]. We then show that beyond
these EPs lie islands of robustness where the phase nonre-
ciprocity of the coupling holds perfectly at = and is extremely
insensitive to parameter choice. And most excitingly, we find
that once a critical modulation threshold is surpassed, these
islands can intersect, and as a result, pure gyration coupling,
with  phase nonreciprocity and exactly matched magnitude,
can be found. The pure gyration effect is not an isolated singu-
larity point and is also shown to be robust to parameter choice.
The regimes of spatiotemporally modulated states revealed in
this work are fully agnostic to implementation and should be
accessible in any classical or quantum system.

Our experimental demonstration of pure gyration coupling
is uniquely aided by the high dynamic range of the SQUID
modulators and uses only superconducting circuit components
compatible with superconducting-qubit quantum computing
and no off-chip elements. When used in a one-dimensional
chain with an even number of sites, the transmission
response is that of a gyrator. As a result, our device also

constitutes an integrated on-chip demonstration of pure
gyration for quantum-microwave signals, which relies on
frequency-modulated resonators alone, instead of using 1Q
mixers or hybrids, as was done in previous schemes for su-
perconducting gyrators [43,44].

II. MODEL

We consider a simple case of two degenerate states with
reciprocal mutual coupling A [Fig. 1(a)]. The on-site energies
are temporally modulated such that w; = wy + B cos(wmt)
and wy = wy + B cos(wm? + ¢), where B is the modulation
strength, wp, is the modulation frequency, and ¢ is the dif-
ferential modulation phase. In the analytically tractable case
with only one upper and one lower sideband, it can be read-
ily shown that, for fixed g and wp, ¢ = £90° maximizes
the nonreciprocal transmission through the short chain [34].
More recently, it was shown that this system directly maps
to an equivalent static case of two states with directional
asymmetry in the linear response coupling coefficient at wq
producing A, # A1, even with an arbitrary number of side-
bands, and thus implements the generalized Hatano-Nelson
(HN) model [36]. The couplings can be described in the form
21,12 = A(1 £ &), where real-valued «(B, wy) is the degree
of asymmetry that increases with larger S.

Qualitatively, the temporal modulation of the on-site ener-
gies generates a synthetic dimension in the frequency domain,
which together with the physical axis of the chain forms a
two-dimensional synthetic lattice [34,36] (see Secs. I and II
in the Supplemental Material [45] for details). Due to the
phase-staggering nature of the modulation, a synthetic mag-
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FIG. 2. Device schematic and measurement of giant magnitude contrast near an exceptional point. (a) Schematic of our experimental chip,
composed of two degenerate superconducting resonators (nominal wy = 6.8705 GHz) with de-SQUID frequency modulators that are controlled
by independent flux bias lines. The capacitively coupled feedlines provide four input/output ports. Forward through-chain transmission is
measured via Sy, (backward transmission via Sy3). Single-sided transmission measurements (S,; and S,3) are used for individual resonator
characterization and device calibration (see Secs. IV and V in the Supplemental Material [45] for details). (b) Experimental measurements
of forward and backward transmission demonstrating the system response near an EP, confirming A;; — 0 through observation of ~58.6 dB
giant magnitude contrast at wy. Here, we set 8 ~ 17 MHz, w,, = 20.22 MHz, and ¢ = 90.6°, which is close to the bottom tip of the surfaces
in Fig. 1(b). (c) A map of the magnitude contrast spectrum (defined as |S4;| — |S23]) vs differential modulation phase ¢, with color indicating
the directionality. At w,, magnitude contrast exceeding 20 dB can be found over an 85° range of ¢ (similarly for negative ¢ with negative

contrast).

netic field is generated within each plaquette of the synthetic
lattice. It is interference between coupling paths involving
many higher-order sidebands that gives rise to the equivalent
non-Hermitian HN couplings [36]. For fixed ¢ = +90°, there
exist arcs of EPs in the space mapped by 8 and wy,, where
|| — 1 and one of the coupling coefficients A,; 12 becomes
exactly zero [36]. Beyond these arcs, we find || > 1, which
causes a sign inversion in the corresponding Ay; 12, producing
in a system with gyration (nonreciprocity in phase) accom-
panied by finite magnitude contrast. From these previous
studies, there seemed to be no possibility of the pure gyration
case as no value of o can produce Ay} = —Aqs.

In this study, we permit ¢ to take any value and therefore
generalize Ay; 10 = A(l — ap1,12) where o 12(8, wn, ¢) are
real valued (see Sec. II in the Supplemental Material [45] for
details). This reveals continuous conelike exceptional surfaces
within the three-dimensional space mapped by 8, wn, and ¢
[Fig. 1(b)] that have not previously been considered. For mod-
erate S, the EP first appears at ¢ = +90°, which corresponds
to the tips of the two conelike disjoint exceptional surfaces and
the cases discussed in Refs. [34,36]. As B increases, rings of
EPs emerge in the wy,—¢ planes [Fig. 1(c)], corresponding to
points where either of A; 12 — 0. Within these rings, the cor-
responding A,; 12 becomes negative, implying a nonreciprocal
coupling with exactly 7 phase contrast. Under these circum-
stances, the magnitude contrast (defined as 20log,o [A21/A12])
only vanishes at trivial phases ¢ = 0°, £180°, whereas the &
phase contrast only occurs between the EP singularities in
other ranges of ¢. As a result, w phase contrast is always
accompanied by magnitude contrast.

Above a critical modulation strength, however, the excep-
tional surfaces enlarge and intersect [Figs. 1(b) and 1(d)],
which is the key to achieving pure gyration coupling. Over the
entire range of w,, where the surfaces intersect, we now find
an alternation of the EPs contributed by either ring [Fig. 1(d),

bottom], which, due to the continuity of the magnitude con-
trast function, must force zeros in the contrast at nontrivial ¢
within the volume of influence of exactly one of the excep-
tional surfaces. Thus, pure gyration is guaranteed to appear
over a continuous surface outside the intersecting volume.
Since the pure gyration effect is required by continuity, it is
not an isolated fine-tuned point, and the existence of pure
gyration is robust to parameter choice (see Sec. II in the
Supplemental Material [45] for a discussion of the strength
of achievable pure gyration coupling). In the experiments that
follow, we work with a two-site chain, and the transmission
properties of the system at wq are directly inherited from the
effective couplings. We therefore refer to the couplings and
the transmission characteristics interchangeably.

III. EXPERIMENTAL IMPLEMENTATION

We developed a superconducting microwave device con-
sisting of two frequency-tunable resonators, as shown
schematically in Fig. 2(a). The nominally identical copla-
nar waveguide transmission line resonators are capacitively
coupled with static A &~ 16.4 MHz. The tunability of the res-
onance frequency comes from a dc-SQUID array embedded
in the middle of each resonator. Each SQUID serves as a
flux-tunable inductance with

h
2€1c\/1 +y2 + 2y cos (27 3¢)

Lsquin (®,) = ,

where y is the asymmetry factor between the two Josephson
junctions that form the SQUID, [, is the critical current for the
smaller junction, &, is the external magnetic flux threading
the loop, and &y = h/2e is the superconducting magnetic flux
quantum [46,47]. By putting N identical SQUIDs in series and
forming an array, the total inductance L, becomes NLgsquip
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FIG. 3. Experimental realization of pure gyration coupling. (a) This numerical simulation of the magnitude contrast incorporates the
experimentally measured properties of our test device to confirm that § = 26 MHz is above the critical modulation strength at which the

exceptional rings (corresponding to either Ay; = 0 or A, = 0) intersect. 7% and & point out the new zeros in the magnitude contrast function
for w,, = 20.6 MHz. (b) The simulation predicts that these magnitude contrast zeros sit firmly within regions of 7 phase contrast. (c) We plot
the calculated HN coupling coefficients A,; 1> for the line cut at w,, = 20.6 MHz, confirming that at either 7¢ or & we have Ay, = —A,. Blue

and red shading indicates regions where A,; and A;, have opposite signs. (d), (¢) Experimental measurements of magnitude contrast confirm
the crossing of the exceptional rings, and the robust regions of 7 phase contrast within the rings. In panel (d), the regions in white indicate
continuous lines on which there is no magnitude contrast. The white arcs that lie within the 7 phase contrast regions exhibit pure gyration.

(f) A specific experimental measurement corresponding to % (w, = 20.6 MHz and ¢ = —40.4°) confirms the pure gyration effect where the
magnitude contrast goes to zero while the phase contrast goes to 7 at wy (highlighted in the black dashed circle).

(here, we choose N = 2). We supply both ac and dc bias volt-
ages through the individual flux bias line next to the SQUID
arrays such that the frequency of the resonators has a nominal
value of wy = 6.8705 GHz with a superimposed sinusoidal
modulation at w,. The device fabrication, measurement setup,
and in situ calibrations are discussed in Secs. III and IV in the
Supplemental Material [45].

The device features two capacitively coupled feedlines, one
coupled to each resonator, giving rise to four input and output
ports, as shown in Fig. 2(a). While not necessary for device
operation, having two inputs and two outputs facilitates in situ
characterization in the dilution refrigerator, where inputs and
outputs must be routed though separate dedicated hardware
(see Sec. IV in the Supplemental Material [45] for details).
Transmission from port 1 to port 4 (S4;) and from port 3 to
port 2 (S»3) pass through the resonator chain in the forward
and backward directions, respectively. Differences between
S41 and S»3 (after in situ calibration) provide evidence for the
nonreciprocity in the effective HN coupling coefficients [see
Secs. IV and V in the Supplemental Material [45] for details).

We first confirm the existence of an EP near ¢ =
490° for moderate modulation strength, where strong non-
reciprocal behavior is expected [34]. The measurements in
Fig. 2(b), with modulation frequency wy, = 20.22 MHz and
modulation strength 8 ~ 17 MHz, confirm that an extremely

large transmission magnitude contrast (>58 dB) can be ob-
tained at wy when one of the HN couplings approaches zero.
In Fig. 2(c), we present additional measurements of the mag-
nitude contrast over a large sweep of ¢. These measurements
confirm the robustness of the nonreciprocal behavior to the
choice of modulation parameters. These data, taken along a
line of fixed wy, and B (with variable ¢) that is tangent to the
exceptional surfaces, show magnitude contrast at wy in excess
of 20 dB over an 85° range of ¢ (similarly for negative ¢ with
negative contrast).

In Figs. 3(a)-3(c), we present numerical simulations of
the device response at wy for stronger 8. Here, we find that
B =26 MHz is above the threshold modulation strength at
which intersecting rings of EPs (corresponding to either A, =
0 or A;» = 0) appear in the wy,—¢ plane. As predicted from
the theoretical discussion in Fig. 1, we can identify points of
interest for any choice of wy, within the intersection range,
17.5-22 MHz, where magnitude contrast must go to zero
while the phase contrast stays robustly at 7. In Fig. 3(c), we
select a slice at oy, = 20.6 MHz to identify these points of
pure gyration HN coupling (A,; = —A1) at nontrivial values
of the differential modulation phase ¢.

In Figs. 3(d) and 3(e), we present experimental measure-
ments of the magnitude contrast and phase contrast at the
intersection region. Continuity of the HN couplings and the
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magnitude contrast enforce the existence of a pure gyration
point for every modulation frequency over the intersection
since zeros of the magnitude contrast [white arcs in Fig. 3(d)]
lie fully inside the 7 phase contrast regions [Fig. 3(e)] result-
ing from the rings of EPs. In Fig. 3(f), we present transmission
measurements at a specific operating point indicated by 7%,
where w, = 20.6 MHz and ¢ = —40.4°. As expected, at wq
the measured phase contrast of 7 coincides with a near-zero
magnitude contrast.

IV. CONCLUSION

The method presented here of achieving pure gyration
and nonreciprocal couplings between degenerate degrees of
freedom via spatiotemporal modulation is both simple and
versatile, and can be extended to signal and information
processing applications in both the classical and quantum
regimes. The sign change of the coupling coefficients Ay 12
when crossing the exceptional surfaces leads to a switchable
phase shift in transmission, which could be used to implement
an extremely robust phase-shift keying protocol for classical
telecommunications in which the phase shift is intrinsically
protected, and control errors affect only the signal magnitude.

In the quantum regime, quantum computers based on
superconducting qubits [25,48,49] rely on circulators and iso-
lators to protect qubits from thermal radiation and amplifier
backaction [48]. However, the current ferrite-based solutions
are incompatible with on-chip integration due to their bulky
form factor, which is orders of magnitude larger than the
quantum processors they facilitate [49]. The device presented
here, implemented using superconducting resonators in a

dilution refrigerator, is compatible with superconducting
qubits and adds desired capabilities to the toolbox of on-chip
nonreciprocal devices for superconducting circuits [32,35,39—
42,44]. In addition to being a fully on-chip realization of a
gyrator for superconducting microwave devices, our device
also realizes extremely high isolation (>58 dB), as well as the
ability to dynamically reconfigure the direction of isolation.
The combination of strong nonreciprocity and in situ recon-
figurability makes this method ideal for narrower-band tasks
such as shielding qubits from by-products of parametric am-
plifiers [48] or directional routing of quantum signals [41,50].
Furthermore, since superconducting transmon qubits [25] are
formed using anharmonic oscillators, the simple spatiotempo-
ral modulation method described here can also be employed
between two degenerate qubits, rather than two resonators,
where it should lead to nonreciprocal parametric two-qubit
interactions.
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