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Nonreciprocal devices are a key element for signal routing and noise isolation. Rapid development of
quantum technologies has boosted the demand for a new generation of miniaturized and low-loss
nonreciprocal components. Here, we use a pair of tunable superconducting artificial atoms in a 1D
waveguide to experimentally realize a minimal passive nonreciprocal device. Taking advantage of the
quantum nonlinear behavior of artificial atoms, we achieve nonreciprocal transmission through the
waveguide in a wide range of powers. Our results are consistent with theoretical modeling showing that
nonreciprocity is associated with the population of the two-qubit nonlocal entangled quasidark state, which
responds asymmetrically to incident fields from opposing directions. Our experiment highlights the role of
quantum correlations in enabling nonreciprocal behavior and opens a path to building passive quantum

nonreciprocal devices without magnetic fields.
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Microwave nonreciprocal devices based on ferromag-
netic compounds increase signal processing capabilities,
but they are bulky and inherently lossy [1]. Different
approaches to achieve nonreciprocity on a chip are being
actively pursued to enable circuits of greater complexity
and advanced functionality. A common path to achieve
nonreciprocity consists in breaking time-reversal sym-
metry, either by utilizing novel materials [2—4] or by
exploiting sophisticated time control schemes [5-10].
Here, we follow another path and use a pair of tunable
superconducting artificial atoms in a 1D waveguide in
order to realize the simplest possible nonreciprocal device
without breaking time-reversal symmetry. In contrast to
isolators based on nonlinear bulk media response [11,12],
nonlinear resonances [13], or nonlinearity enhanced by
active breaking of the parity-time symmetry [14], our
system exploits the quantum nonlinear behavior of a
minimal system comprised of two two-level artificial atoms
[15-18]. This quantum nonlinearity, combined with an
asymmetric atomic detuning that breaks the structural
symmetry of the system, leads to population trapping of
an entangled state and, ultimately, to 15 dB isolation in a
wide range of powers controllable by the experimental
settings. Our experiment provides insights into the role of
quantum correlations in generating nonreciprocity and
opens a new path towards the realization of nonreciprocal
quantum devices on a chip.
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Schemes for building nonreciprocal devices based on
nonlinearity of quantum emitters were first proposed in
Refs. [19,20]. A more specific implementation of a
quantum diode built of two atoms in 1D open space was
later proposed in Ref. [15] and has attracted significant
theoretical attention since [9,16-18,21]. The quantum
theory of the diode was first presented in Refs. [9,16,17]
and later work revealed the detailed mechanism of non-
reciprocity, determining analytical bounds for the device
efficiency and identifying entanglement between the atoms
and the electromagnetic field as a crucial element in the
nonreciprocal behavior of the system [18]. In this work, we
present experimental results on the realization of the
quantum diode and provide compelling evidence of the
connection of its nonreciprocity with the population of
the entangled quasidark state.

More specifically, we use two transmon-type super-
conducting qubits inserted in a rectangular copper wave-
guide [see Fig. 1(c)]. The qubits are spatially separated by
d = 22.5 mm and are oriented to maximize coupling to the
TE;( mode, which has a lower cutoff at f. 7 = 6.55 GHz.
Two microwave connectors are positioned near each end of
the waveguide, providing an interface between the micro-
wave field inside the waveguide and the external circuitry.
This ensures that the qubits are coupled to the continuum of
the electromagnetic modes, thus emulating an effective 1D
open space. The qubits consist of two planar capacitor
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FIG. 1. (a) Schematic of the quantum diode: two qubits
embedded in a 1D waveguide, tuned to the optimal conditions
for nonreciprocal behavior (w; = w,; — 67,, @, = @w,). An in-
coming field from the forward direction (« drive) at frequency w,
is partially transmitted through the system, whereas a field
incoming from the reverse direction (f drive) is fully reflected.
(b) Energy level diagram of the system. The quasidark state |+)
can be populated by the driving field either directly from the
ground state |gg) (purple path) or indirectly through the bright
state |—) (pink path). These two channels interfere either
constructively or destructively depending on the driving direc-
tion. If interfering constructively, part of the population gets
trapped in the quasidark state |+), which in turn gives rise to the
nonreciprocal behavior of the system. (c) Open 1D waveguide
with embedded 3D transmons (dashed mint green boxes). Inset:
Optical micrograph of one of the two identical 3D transmons. The
scale bar corresponds to 500 ym.

plates connected via a line interrupted by a SQUID, playing
the role of a tunable Josephson junction [see inset
Fig. 1(c)]. The transition frequencies of the qubits are then
controlled via two superconducting coils. Further technical
details into the transmons and waveguide design and
characterization can be found in the Supplemental
Material [22] and Ref. [24].

As a result of the interaction with the waveguide modes,
the excited state of a qubit |e) spontaneously relaxes to its
ground state |g) at the radiative decay rate y,/2z. This
interaction leads to an almost full reflection of incident
resonant microwaves by the qubit at low powers [25], a
phenomenon we use to determine the frequency of our
qubits, their radiative decay rates, and their decoherence
due to other noise channels (refer to the Supplemental
Material for more details [22]). The rates y,/2x were found
to depend on the transition frequencies of the qubits f,,
and varied between 60 and 85 MHz for f ,, between 8.5 and
9.0 GHz, respectively. The transmittance at resonance with
the qubit was extinguished to less than 0.4% at low powers
of incident radiation, providing an upper bound on the
qubits’ decoherence rate. This is characterized by the

nonradiative decay y,, and dephasing y, rates, which we
measured to fall below 0.5%y, for both qubits.

When the two-atom system is driven by an external
microwave field, their interaction depends strongly on the
distance between qubits. Specifically, the interatomic dis-
tance d determines the phase ¢ acquired by the drive when
traveling from one qubit to the other, ¢ = w,d/v,, where
v, is the phase velocity in the waveguide and w, is the
frequency of the drive. We tune ¢ in situ by setting the
frequency w, of the incoming drive.

This interaction between the two qubits with the
continuum of the electromagnetic modes in the wave-
guide gives rise to a field mediated exchange coupling
between the qubits described via the term [26] H, =

7 singp(66? + Hee.), where o_ = |g)(e| and 7, =

NV (see Supplemental Material [22]). At the phase
matching condition ¢ = z (which, in the case of our system
occurs when w,; =w,, with o, =8.975 GHz), the
exchange coupling between the qubits vanishes, as the
qubit interactions with the continuum of photonic modes
above and below the qubit frequency cancel each other
[26,27]. In this case, the symmetric and antisymmetric
states |+) = (|ge) £ |eg))/V/2 are perfectly degenerate.
Furthermore, the antisymmetric state |—) is bright, with a
decay rate I'_ = 2y,, whereas the symmetric state |+) is
dark, and hence fully decoupled from the interaction with
the waveguide modes: I, = 0 [26].

If the qubits are slightly detuned from the frequency w,,
a resonant field at w, acquires a phase ¢ = (w,/w,)r=
7 — O, where the small parameter 6 < 1 characterizes the
detuning from the phase matching condition. In this case,
the exchange interaction between qubits does not vanish
and lifts in turn the degeneracy between the |+) states:
He = (J/2)(6\6!? + He.), with J = y,sing ~7,8. To
leading order in &, the dark state |+) becomes quasidark
with a decay rate ', = §%7,, while the bright state decay
rate remains unchanged: I'_ = 2y,, [18,28].

To break the inversion symmetry of our device and
achieve nonreciprocal behavior, we set qubit 2 to be
resonant with the incoming field, @, = w,, whereas qubit
1 is set at w; = w; — d7,, to compensate for the phase
asymmetry introduced by the detuned w, [see Fig. 1(a)].
This configuration opens an additional path of accessing
the quasidark state |+), which can now be populated either
directly by the incoming field (|gg) <> |+)) or indirectly
through the bright state (|gg) <> |—) <> |+)), to which it is
coupled via the exchange term [Fig. 1(b)].

Our measurement setup allows us to drive the system
from either the forward or reverse direction [@ and f
driving, respectively, in Fig. 1(a)], with the reflected and
transmitted fields simultaneously detected at both sides
(refer to the Supplemental Material [22] for extra details on
the measurement setup). When driving in the forward
direction, both channels to populate the quasidark state
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|+) interfere constructively, giving rise to an excitation of
|[+). Neglecting nonradiative decay and dephasing
(Yor = 74 = 0), the resulting steady state solution for the
density operator of the qubits can be found analytically [18]
as py = (1/3)]gg)(g9| + (2/3)|+){+| + O(5*) for inter-
mediate driving powers &%y, < p < 27,. Under these
conditions, the system is predominantly trapped in the
quasidark state |+) and is therefore partially transparent to
the incident signal, due to the extremely low saturability
of [+).

If the system is driven in the reverse direction, both
channels interfere destructively, the quasidark state remains
unpopulated, and the steady state solution is given by p; =
l9g)(gg] + O(8*) for powers p < 2y,. In this case, the
incoming signal is reflected by the bright state and the two-
qubit system behaves as a mirror.

To illustrate the mechanism of nonreciprocal trans-
mission, we tune the system to its optimal nonreciprocal
configuration (up to experimental uncertainties) for
two different values of the parameter §: 6° ~ 1072 and
& ~ 1073, corresponding to driving frequencies @, =~
8.8358 GHz and w,; ~ 8.6188 GHz, respectively. For each
case, we measure the transmission amplitude in both the
forward and reverse driving direction.

By controlling the driving power, we are able to probe
three characteristic regimes of the device, featured in Fig. 2:

() In the low power regime, p/y, < &%, the device
behaves reciprocally, reflecting most of the incoming
radiation. In this regime, the degree of transmission
suppression is only limited by the qubits’ decoherence
and relaxation rates, and by the accuracy of qubit tuning to
ensure that w, = w,.

(ii) In the intermediate power regime, 6> < p/7, < 1,
the transmission amplitude in the forward direction 7_,
increases and features the characteristic plateau predicted
by theory [16,18]. The transmission amplitude in the
reverse direction 7_ remains near zero independently of
the value of p/y, and the system behaves nonreciprocally.

(iii) In the high power regime, p/y, > 1, the bright state
saturates, regardless of the driving direction, and the system
returns to its reciprocal behavior.

The power range over which the device behaves non-
reciprocally (plateau in Fig. 2) can be extended by
decreasing 6. However, decreasing & also reduces the
lifetime of the quasidark state |+), which leads to a
corresponding decrease in the bandwidth of the diode.

In order to provide a metric of the isolation capabilities
of the quantum diode, we calculate the diode efficiency
E=to|(|e=| = t<])/(Jto] +]t—]) used in Ref. [16]
which, in the ideal case of identical qubits and no
decoherence, coincides with the definition of efficiency
used in Refs. [15—-17]. In spite of relatively low dephasing
and nonradiative decay rates (74, yn < 0.5%y, for both
qubits), the maximum diode efficiency appears to be
limited to ~0.27, well below its ideal value [18] of 2/3
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FIG. 2. Nonreciprocity dependence on power. Experimental
data (points) and theoretical fits (solid lines) for the forward
driving transmission amplitude |f_,| (green), reverse driving
transmission amplitude |7_| (red), and diode efficiency £ (blue).
E= (=] = 1t_])/(t=] + |t_]) measures the nonreciprocal
behavior of the system as well as its forward transmitting
capabilities. The system is tuned to its optimal nonreciprocal
configuration for two different detunings: (a) &°=~0.001,
(b) 6>~0.01. In both cases the device behaves reciprocally
and reflects most of the incoming radiation at the low power
regime p/y, < 62. However, as the power increases past the
onset of the diode regime, indicated by &, saturation of the
quasidark state allows for an increase in |7_ |, while |¢_| remains
unchanged.

(see Fig. 2). This illustrates an experimental challenge in
the realization of the quantum diode: since the nonrecip-
rocal behavior relies on populating the quasidark state |+),
the transition rate relevant for the system dynamics is
I, = 8%, <7, In our experiment, the dephasing and
dissipation rates, y 4, 7y, are of the same order of magnitude
of I',. This renders the effect of decoherence much more
significative compared to single-qubit phenomena, whose
dynamics evolve at the much faster rate y,.

Further insights into the role of the quasidark state can be
obtained by measuring the full spectrum of the elastically
and inelastically scattered radiation. We set the atomic
detunings and driving power to the values that maximize
the diode efficiency and then measure power spectral
densities when driving the system in both the forward
and reverse directions. Notably, the measurement of the
power spectral densities, in addition to a o-like peak due to
elastically (Rayleigh) scattered radiation (Fig. 3), features
an additional broader peak, which we identify with radi-
ation inelastically scattered off the quasidark |+) state. The
measured power spectrum agrees with our expectation of
the total scattered power being a measure of the population
of the quasidark state: as clearly seen from the measure-
ment (Fig. 3), the scattered power is much greater when the
system is driven in the forward direction.
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FIG. 3. Power spectral densities of the forward driving trans-

mitted field [S_ ns(@)] and the reverse driving reflected field
[Sref(@)]. Both spectra were taken after tuning the device to its
optimum nonreciprocal configuration for & =~0.001 [as in
Fig. 2(a)] and setting the driving power such that the diode
efficiency £ is maximum [corresponding to p/y,~0.05 in
Fig. 2(a)]. Both scattered fields travel through the same ampli-
fication chain. The §-like peaks at the driving frequency w,
correspond to the elastically scattered fields. Radiation inelasti-
cally scattered off the quasidark state |+) generates an additional
broader peak, which we fit to Lorentzians of width y_ . =
2.92 MHz and y _s = 1.76 MHz (solid lines). When driving the
system in the forward direction, part of the population gets
trapped in the quasidark state, consistent with a greater inelas-
tically scattered radiation power: [ S_udw > [S_ dw.

Being able to control &, we can tune the linewidth of the
dark state emission, I', = §°y,. Figure 4 shows the power
spectral densities of scattered radiation for three values
of & (here the elastic part has been omitted for clarity).
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FIG. 4. Power spectral densities of the inelastically scattered
transmitted field. The system is driven in the forward direction for
different detuning regimes (5* ~ 0.01, 0.001, 0.0001). In every
case, the spectra were taken at the optimum atomic detunings and
driving powers that maximize the diode efficiency £. The solid
lines are fits to Lorentzians of width 1.43,2.92, and 7.30 MHz, in
increasing order of §%. As predicted by theory, the linewidth
Tewam = 2(38%7, + 274 + 7ar) Of the scattered field increases
linearly with & (see inset). However, in the experiment the width
of the inelastically scattered radiation is broader than expected:
[t = Dot + Dexe» With Ty /27 = 1.22 MHz. The elastic part of
the scattered radiation at dw,; = 0 MHz has been omitted and the
peaks are scaled for clarity.

As expected, the linewidth of the fluorescence spectra
increases linearly with &%, following the increase in the
decay rate of the dark state.

Our theoretical estimates predict that the width of the
emission peak results from a combination of the dark state
linewidth I" . and broadening due to nonradiative and dephas-
ing contributions. In the optimal diode conditions, the line-
width of the transmitted field when driving the system in the
forward direction can be found analytically as I'ewpym =
2(3I'; + 2y + ¥nr) (see Supplemental Material [22]). In the
experiment, the width of the inelastically scattered radiation is
wider than predicted by 1.22 MHz. This indicates an addi-
tional source of noise (presumably of technical origin) which
could be mixed with the detected signal and results in an
additional broadening of the scattered field.

The quantum diode is partially transparent to forward
driving radiation because a substantial fraction of the
system’s population is trapped in the quasidark state |+).
This finite population of |+) unavoidably leads to inelastic
scattering of the incoming radiation, which then contributes
to insertion losses. However, inelastic scattering can be
controlled via the detuning parameter 8, as shown in Fig. 4.

By incorporating quantum-limited Josephson parametric
amplifiers into our detection lines [29], we can measure
time-domain single-shot data of the scattered fields and
calculate its statistics. Our results show that the in-phase
noise is higher when driving the system in the forward
direction than in the reverse direction (see Supplemental
Material [22]). This is consistent with the statistics pro-
duced by replacing the system with a simple stochastic
mirror, as theoretically predicted in Ref. [18].

In conclusion, we experimentally realized a passive
quantum nonreciprocal device comprised of a minimal
number of constituents. At least two localized quantum
emitters are required to break structural symmetry in 1D
space, while a two-level atom is the simplest system present-
ing a nonlinear quantum behavior. The nonreciprocity relies
on the interplay of the exchange interaction and the collective
decay of quantum emitters leading to population trapping into
an entangled quasidark state for a preferred driving direction.
It is instructive to note that our device breaks some of the
fundamental bounds derived for classical nonlinear devices
[13,30] but is not immune to the dynamic reciprocity
limitations [31]. While not yet sufficient for practical appli-
cations, our results open a path for the realization of more
efficient nonreciprocal devices with multiple coherent qubits.
More specifically, we conjecture that the diode efficiency
would scale as n/(n + 1), where n is the number of qubits
embedded in the waveguide [18]. The demonstrated mecha-
nism of population trapping is also valuable for the develop-
ment of protocols of remote entanglement stabilization.
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