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Radiation-pressure interactions between harmonic oscillators have enabled exquisite measurement
precision and control, made possible by using strong sideband drives, enhancing the coupling rate while
also linearizing the interaction. In this Letter, we demonstrate a strong intrinsic longitudinal coupling, a
circuit quantum electrodynamics analog of the radiation-pressure interaction, between a transmon qubit
and a linear microwave resonator. A red-detuned sideband drive results in an on-demand Jaynes-Cummings
interaction with a high on-off ratio. We measure a longitudinal coupling rate an order of magnitude larger
than all decay rates, placing the device in the strong coupling regime. The intrinsic longitudinal interaction
demonstrated here will enable the development of high-connectivity quantum information processing
hardware and the exploration of the gravitational decoherence of quantum objects.

DOI: 10.1103/PhysRevLett.134.153603

Introduction—Radiation-pressure interactions arise
when the frequency of a system is modulated by the
coordinate of a second system. Interactions of this type
between harmonic oscillators have provided the foundation
for a wide range of groundbreaking experiments in the last
several decades. A canonical example is that of cavity
optomechanics [1] but includes related fields such as cavity
magnomechanics [2–5], photon-pressure coupling [6–10],
and the center of mass motion of trapped ions [11,12]. Such
interactions have enabled scientific achievements such as
ground-state cooling of mechanical objects [13–15], the
generation of deterministic mechanical entanglement [16],
microwave-to-optical frequency conversion [17,18], and
quantum nondemolition measurements [19,20]. These
demonstrations have relied on enhancing the typically
low coupling rate via strong sideband drive tones, linear-
izing the intrinsically nonlinear interaction.
In the context of superconducting qubits, the interaction

analogous to radiation pressure known as “longitudinal
coupling” has recently been proposed as a new paradigm
for quantum information processing [21,22], with exciting
potential applications for quantum processors [23,24],
and has been widely demonstrated in ion-trap hardware
[11,12,25]. For example, longitudinal coupling could allow
for all-to-all qubit connectivity and pure quantum non-
demolition qubit readout [26–28]. The application of
coherent drives has enabled an effective longitudinal
coupling [29], which has been used to demonstrate efficient
qubit readout [30,31]. However, despite this interest,

limited experimental progress on pure longitudinal cou-
pling in superconducting circuits has been made, with
most experimental realizations suffering from dominant
parasitic transverse coupling spoiling the pure longitudinal
nature [32].
In this Letter, we demonstrate an entirely hardware-

realized pure longitudinal interaction between a super-
conducting qubit and a linear microwave resonator circuit.
The device implements longitudinal coupling with negli-
gible transverse coupling encoded directly in the circuit
design. The interaction between the qubit and the resonator
is engineered by threading the magnetic flux generated by
the linear resonator through a superconducting quantum
interference device (SQUID) [6,7,22], forming the induct-
ance of the qubit. Using a sideband drive, we induce an
effective Jaynes-Cummings interaction in the strong cou-
pling limit that can be dynamically controlled with a high on-
off ratio. Furthermore, the ac-Stark shift of the qubit provides
an absolute photon number calibration [33], allowing for the
extraction of the longitudinal coupling rate. We find a
longitudinal coupling rate, g0 ¼ 2π × 11.9 MHz, 2 orders
of magnitude larger than the largest dissipation rate of the
system, placing our system deep in the single-photon strong
coupling regime [1].
The single-photon strong coupling regime has long been

sought as it fully utilizes the inherent nonlinearity of the
radiation-pressure interaction [34,35]. Since linear inter-
actions can only perform bilinear operations on Gaussian
states, single-photon strong coupling would allow the
dissipative engineering of states with Wigner negativity,
such as described in the protocol for the generation of
Schrödinger cat states [36]. Moreover, the longitudinal
interaction allows a large number of photons to be driven
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into the linear resonator, unlike in conventional transverse
circuit quantum electrodynamics (cQED) [37]. Therefore,
combining longitudinal cQED with conventional optome-
chanics integrated within the linear resonator will enable
the generation of mechanical Schrödinger cat states, via a
double state swap procedure, to explore gravity’s effect on
quantum mechanics [38].
Device design—The device consists of a modified trans-

mon qubit coupled to two superconducting resonators, all
with frequencies in the gigahertz range. The device’s full
circuit schematic can be seen in Fig. 1. All circuits are
fabricated from niobium titanium nitride [39]; the fabrica-
tion details are outlined in Supplemental Material [40].
A λ=2 coplanar waveguide resonator (CPW) labeled ĉ is
capacitively coupled to the qubit and acts as a standard
readout resonator for qubit measurements and state prepa-
ration [37,47]. It has a frequency ωc ¼ 2π × 7.612 GHz, a
qubit-photon coupling rate gac ¼ 2π × 118 MHz, an inter-
nal and external coupling rate of κint;c ¼ 2π × 72.8 kHz
and κext;c ¼ 2π × 673.8 kHz.
The linear resonator labeled b̂ consists of a large

interdigitated capacitor shunted with a thin inductor wire.
The linear resonator has a resonance frequency ωb ¼
2π × 4.347 GHz, an internal and external coupling rate
of κint;b ¼ 2π × 28.0 kHz and κext;b ¼ 2π × 88.6 kHz,
and a residual parasitic dipolar coupling to the qubit
gab ¼ 2π × 1.4 MHz. The parasitic capacitive coupling
was minimized by careful qubit design and results in a

critical photon number at the qubit operational point of
ncrit ≡ Δ2=4g2ab ≈ 350 000, where Δ is the qubit-linear
resonator detuning [37]. The reduced hybridization
between the qubit and linear resonator is an essential
feature of the qubit design; the low coupling rate gab
allows relatively large coherent drives to be applied to the
linear resonator. We observe a bare-to-dressed transition
of the linear resonator with a steady state drive jhb̂ij2 ≈
20 000, which is approximately an order of magnitude
smaller than the critical photon number. However, we
expect the number of drive photons to increase significantly
even with moderate reductions of the parasitic dipolar
coupling [48]. These large coherent drives will be neces-
sary if the linear resonator is replaced with a cavity
optomechanical device since large coherent tones are
required for mechanical state manipulation [14].
Finally, the qubit labeled â is a modified pocket-

style transmon qubit with Manhattan-style aluminum
aluminum-oxide junctions [49]. As seen in Fig. 1, one
of the capacitor pads of the transmon is split and wrapped
around the other, and the SQUID loop is extended away
from the capacitor pads. The SQUID loop is placed ∼1 μm
from the thin inductor wire of the linear circuit. This design
was implemented to reduce the electric dipole moment of
the qubit, minimizing the parasitic dipole coupling to the
linear resonator, as discussed previously. We believe the
parasitic coupling likely results from junction asymmetry

(a) (b) (c)

(d)

FIG. 1. A superconducting quantum circuit with pure longitudinal coupling. (a) A rendering of the superconducting device.
(b) Schematic depiction of the longitudinal coupling mechanism. Zero-point current in the linear resonator generates a magnetic flux that
modulates the qubit frequency. (c) Qubit two-tone spectroscopy as a function of the external magnetic flux. The qubit has a sweet spot
frequency of 10.2 GHz. The magnetic flux generated by currents in the linear resonator modulates the qubit frequency, resulting in
longitudinal coupling. Data near the readout resonator frequency of 7.6 GHz is excluded due to the qubit resonator hybridization.
(d) Schematic diagram of the device. The qubit â is coupled via a longitudinal interaction to the linear resonator b̂ and coupled
capacitively to a CPW resonator ĉ.
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resulting in finite current through the linear inductor of the
SQUID and charging of the surrounding ground plane.
A coil mounted below the sample provides an external

magnetic field that can tune the frequency of the qubit; see
Fig. 1(c). During this work, the qubit was operated at a
frequency ωqðΦeÞ ∼ 2π × 6.10 GHz, where Φe is the static
external magnetic flux thread through the SQUID.
The qubit can be driven via a direct XY-drive line, which
was designed to be weakly coupled such that the
Purcell limited linewidth κpur is much less than the qubit
linewidth γq. Finally, we measured a T�

2 limited linewidth
γq ¼ 2π × 677 kHz; qubit characterization is described
within Supplemental Material. The chip is mounted on
the baseplate of a commercial dilution refrigerator operat-
ing with a base temperature of T ∼ 15 mK. For details
about the measurement and setup, see Supplemental
Material [40].
Operational principle—We model the qubit as a Kerr

oscillator with a large anharmonicity [37], the bare
Hamiltonian of the system can be written in the form

Ĥ0=ℏ ¼ ωqðΦeÞâ†âþ α

2
â†â†â âþωbb̂

†b̂: ð1Þ

Here, α ¼ −388 MHz is the qubit anharmonicity at the
operation point, âð†Þ and b̂ð†Þ are the qubit and linear
resonator annihilation (creation) operators, respectively.
Current flowing through the inductor wire of the linear

resonator generates an oscillating magnetic flux through the
SQUID loop, modulating the qubit’s frequency and induc-
ing the coupling between the qubit and linear resonator;
see Figs. 1(b), (c). It can be shown, after some algebraic
manipulation and keeping only first-order terms (see
Supplemental Material) that the interaction can be written
in the simple form [40]

Ĥint=ℏ ¼ g0â†âðb̂þ b̂†Þ: ð2Þ

Here, g0 is the longitudinal coupling rate and is given by

g0 ¼
∂ωq

∂Φ
Φzpf ; ð3Þ

where ∂ωq=∂Φ is the qubit’s flux sensitivity at the opera-
tional point, and Φzpf is the magnetic flux thread through
the SQUID loop generated by the zero-point current
fluctuations of the linear resonator. The zero-point flux
can be estimated from the mutual inductance and the
zero-point fluctuations in the current given by Izpf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏωb=2Lb

p

≈ 36.8 nA; with Φzpf ¼ MIzpf . The mutual
inductance can be estimated via the Biot-Savart law and
gives M ≈ 25.9 pH; therefore, we estimate the zero-point
magnetic flux to have a value Φzpf ≈ 461μΦ0. We have
normalized the magnetic flux in units of Φ0 ¼ h=ð2eÞ.
At the qubit operational point, the flux sensitivity

∂ωq=∂Φ ¼ 2π × 26.0 GHz=Φ0, thus we can estimate
the longitudinal coupling rate to have a value
g0 ≈ 2π × 12.0 MHz.
On-demand Jaynes-Cummings—The on-demand drive-

induced Jaynes-Cummings interaction was implemented
using a sideband drive tone tuned to the difference
frequency between the two coupled oscillators; see
Fig. 2(a). In cavity optomechanics, the sideband drive is
typically nearly resonant with the optical cavity, as
mechanical frequencies are 1–10 MHz for most electro-
mechanical systems [13,15]. However, this device operates
in a vastly different parameter regime. The sideband drive
frequency is below both the qubit and linear resonator
frequencies. We should emphasize that we are driving
single-photon sideband transitions and not the two-photon
sideband transitions used in conventional cQED [50].
We can linearize the Hamiltonian about the sideband

drive tone with frequency ωd ≈ ωq − ωb tuned near the red

(a) (b)

(c)

FIG. 2. On-demand strong coupling by driving the longitudinal
interaction. (a) Schematic diagram of the relative frequencies of
the qubit (red), the linear resonator (blue), and the sideband drive
(red). (b) Cavity-enhanced coupling rates extracted from the
normal mode spectra at different sideband drive powers. The
coupling rates are plotted as a function of the square root
sideband photon number. The red points are data, and the blue
dashed line is a linear fit to the data. The blue shaded area
accounts for uncertainty in the bare qubit frequency. The photon
number was calibrated using the ac-Stark shift. (c) The measured
avoided level crossings of the linear resonator as a function of the
sideband drive frequency. Starting from the top left, the drive
powers considered here were Psb ¼ 3.3, 8.3, 12.3, 14.4 dBm, set
at the source. The calibrated average number of sideband photons
is printed in the top left of each panel. The dashed line is a fit; see
Supplemental Material for details.
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sideband applied via the XY-drive line to the qubit. In a
displaced frame corotating with the drive, we can linearize
by defining â ¼ hâi þ δâ; doing so, we can define the
enhanced coupling rate as g ¼ g0jhâij, and n̄q ¼ jhâij2 is
the average sideband steady-state population of the qubit.
The interaction Hamiltonian given in Eq. (2) can be written,
taking the two-level approximation of the transmon and
applying the rotating wave approximation, as

Ĥint=ℏ ¼ gðσ̂−b̂† þ σ̂þb̂Þ; ð4Þ

where σ̂� are the qubit raising and lowering operators. The
linearization process results in an on-demand drive-induced
Jaynes-Cummings interaction created by the sideband
drive; see Supplemental Material for a full derivation [40].
The interaction is experimentally investigated by sweep-

ing a sideband drive near the red sideband and probing the
linear resonator with less than a single photon on average to
remain in the single-excitation manifold of the Jaynes-
Cummings ladder [51]. We observe a series of avoided
level crossings with a correspondingly increasing coupling
rate as a function of increasing sideband power and a shift
to lower frequencies, as shown in Fig. 2(c). We can extract
the cavity-enhanced coupling rate g from the avoided level
crossings. However, we require an absolute calibration
of the photon number to determine the longitudinal
coupling rate. Conventionally, this is achieved by varying
the temperature of the dilution refrigerator and performing
thermal calibration [13], or applying a known modulation
and carefully measuring all loss and gain within the
system [52,53].
Instead, we can use the ac-Stark shift of the qubit for

direct photon number calibration. As we increase the
sideband drive power, the qubit experiences an increasing
ac-Stark shift. The magnitude of the Stark shift is directly
related to the average number of sideband photons in the
qubit. One must take care when interpreting the Stark shift,
which is why we initially modeled the qubit as a Kerr
oscillator. Since the sideband drive is far detuned, the
counter-rotating terms, known as the Bloch-Siegert shift
[33], and the qubit anharmonicity contribute significantly.
Considering the steady state of the Kerr oscillator and the
ac-Stark shift, the steady-state qubit population for each
sideband power can be directly calculated.
The value of the longitudinal coupling rate can be

determined by considering the cavity-enhanced coupling
rate as a function of the square root of the number of
steady-state sideband photons, as seen in Fig. 2(b).
Importantly, the relationship is linear, suggesting our
approximations are valid and hold even for steady-state
populations below the single-photon level, and the data
has a y intercept of zero, which is expected since the
cavity-enhanced coupling should vanish for no sideband
drive. The value of the longitudinal coupling rate can
be determined from the slope, giving a value of

g0 ¼ 2π × 11.9� 0.3 MHz, which is in excellent agree-
ment with our theoretical prediction and well within the
single-photon strong coupling regime.
Rabi oscillations—Finally, to demonstrate the coherent

nature of the interaction, we measure vacuum Rabi oscil-
lations between the qubit and the linear resonator. The qubit
is first prepared into its excited state jei using a 24 ns
resonant π pulse. A square wave sideband pulse is applied
near the red sideband frequency for a variable time τ.
Following the sideband pulse, the qubit state is measured
using the capacitively coupled CPW resonator. This pro-
tocol is repeated for various sideband drive frequencies and
pulse durations, resulting in the vacuum Rabi oscillations
shown in Fig. 3. We observe a typical Rabi “chevron”
pattern with coherent exchanges between the qubit and
the linear resonator. A line cut is fit using a numerical
simulation of the Rabi oscillations to confirm our linear
model; see Supplemental Material [40]. From the numeri-
cal simulation, we can extract the coupling rate g=2π ¼
2.76� 0.03 MHz, [54] resulting in a sideband π-pulse
duration of ∼91 ns; see Fig. 3(b). This is in excellent
agreement with the measured normal mode splitting at
nominally the same sideband power, g=2π ¼ 2.81�
0.08 MHz. Finally, we observe transitions to higher excited
manifolds of the Jaynes-Cummings ladder by preparing the
linear oscillator in the Fock state j1i using a sideband π
pulse and measuring the Rabi oscillations. We observe a
Rabi frequency with a value g2 ≈

ffiffiffi

2
p

g, as predicted by the
Jaynes-Cummings model [54]; see Fig. 3(c).
Outlook—This Letter presents a unique interface

between a superconducting qubit and a linear microwave
resonator. The interaction was confirmed by performing
normal-mode spectroscopy of the hybrid modes induced
via a red sideband drive and observing coherent Rabi
oscillations. The value of the longitudinal coupling rate was
determined by calibrating the sideband drive using the ac-
Stark shift. Our device is well within the single-photon
strong coupling limit.
The innovative qubit design provides a new platform for

testing theories demanding single-photon strong coupling,
such as dissipative Schrödinger cat state generation within
the microwave resonator [36]. Moreover, the large critical
photon number, ncrit ≈ 350 000, and the ability to dynami-
cally modulate the coupling should allow for future
integration with optomechanics experiments. In such an
experiment, the cat state generated within the linear
resonator can be swapped into a mechanical oscillator
using a strong optomechanical sideband pulse, generating
a macroscopic superposition allowing for exotic tests
of gravitational decoherence [38]. Such a swap to the
mechanical resonator would not be possible using conven-
tional Jaynes-Cummings coupling due to the large driving
requirements on the linear microwave cavity.
Moreover, this platform may also be used for interesting

on-chip quantum optics experiments; for example, at the
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top sweet spot to first order, the linear coupling should be
suppressed, i.e., g0 ≈ 0; however, there will remain quad-
ratic coupling of the form Ĥq=ℏ ¼ gqâ†âðb̂þ b̂†Þ2.
Quadratic coupling has been long sought and was an initial
driving force for the membrane in the middle experiments
[55]. By eliminating linear coupling, the quadratic coupling
may allow quantum nondemolition measurement of the
photon number within the linear resonator. This enables an
on-chip cQED measurement of stochastic photon jumps as
they decay from the linear resonator [56,57].
Finally, the longitudinal coupling can be explored as a

unique architecture for quantum information systems
[21,23,24,26]. Multiple qubits could be coupled to a single
bus resonator, and by applying appropriate sideband pulses,
sideband drive-mediated qubit-qubit gates may be possible.
All qubits connected via the longitudinal interaction to a
single bus resonator would allow a fully superconducting
implementation of efficient quantum computation archi-
tectures currently studied using ion traps [58].
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