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We investigated a strongly driven qubit strongly connected to a quantum resonator. The measured
system was a superconducting flux qubit coupled to a coplanar-waveguide resonator which is weakly
coupled to a probing feedline. This hybrid qubit-resonator system was driven by a magnetic flux
and probed with a weak probe signal through the feedline. We observed and theoretically described
the quantum interference effects, deviating from the usual single-qubit Landau-Zener-Stiickelberg-
Majorana interferometry, because the strong coupling distorts the qubit energy levels.

I. INTRODUCTION

Circuit quantum electrodynamics provides a platform
for quantum phenomena experiments and quantum tech-
nology applications [IH7]. Natural microscopic quantum
systems, when driven or coupled, experience this pertur-
bation usually weakly [8]. In contrast, artificial quan-
tum systems allow to realize both strong coupling and
strong driving [9HI1]. The layout when natural or artifi-
cial atoms are strongly coupled to cavities provides both
new phenomena in quantum physics and is important
for quantum engineering. Strong coupling [12HI9] was
recently studied for both natural and artificial atoms.
In quantum computation, strong coupling increases the
speed of gate operations and information exchange [20].

For the control of quantum systems strong peri-
odic driving provides a convenient tool. Since theoret-
ically this relates to the transitions between energy lev-
els and their interference, this regime can be studied us-
ing Landau-Zener-Stiickelberg-Majorana (LZSM) inter-
ferometry [19] 21H32].

Here we consider two important regimes of operation
for quantum system: strong coupling and strong driving,
both of which have attracted attention. However, these
two aspects rarely meet and are realized in one device.
Recently efforts in this direction were done in Ref. [20],
which studied two strongly driven double quantum dots
strongly coupled to a cavity.

In this work, we study a flux qubit strongly coupled to
a resonator. We measure the transmission of the driven
hybrid qubit-resonator system and observe quantum in-
terference effects. We are able to reproduce the measured
interference with our theoretical model. This system pro-
vides a useful framework for quantum thermodynamic
experiments, for example for measuring heat produced
by a driven qubit [33H30], and the realization of a quan-

tum heat engine and refrigerator, where a driven qubit is
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coupled to two dissipative resonators [37, B8], and a heat
engine/refrigerator cycles for a single qubit with modu-
lated energy levels [39-41].

II. THE MEASURED SYSTEM AND DEVICE

A quantum resonator is coupled to a qubit, with a
coupling g, as depicted in Fig. (a). The characteristic
energy of the resonator is hfg and the qubit energy is
hfq that can be tuned by a magnetic flux ®. The hybrid
qubit-resonator system is driven by two signals. The first
one is a probe tone with amplitude Ap and frequency
fp, which excites and probes the resonator. The second
signal is a drive tone, with amplitude Ap and frequency
fp, which modulates cyclically the qubit energy.

The physical realization of this system is shown in
Fig. [[{b). A quarter-wavelength (\/4) coplanar waveg-
uide (CPW) resonator is capacitively connected to a
probing feedline. The fundamental-mode resonance of
the resonator is fry, with the higher-mode resonances:
fr3 = 3fr1 and frs = 5fr1.

Here we focus on the interaction between the qubit
and the mode resonance frs, which we define as the res-
onance frequency fo. The shorted end of the resonator
is shunted galvanically by a flux qubit composed of a
parallel inductor L and three Josephson junctions [42]
where two of them are designed to be identical in size,
shown by the scanning electron microscope (SEM) image
in Fig. c). The strength of the interaction between res-
onator and qubit can be controlled by the inductance L,
g ~ L. The flux qubit Hamiltonian is

1
Hqg = —Eh(Aaz +e0.), (1)

where he = 2I,(® — ®y/2), I, stands for the persistent
current, A is the minimal qubit energy splitting, @ is the
magnetic-flux quantum, and @ is the external magnetic
flux applied through the qubit loop. The qubit energy is

wQ:27er:\/m7 (2)
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FIG. 1. a, A quantum resonator is coupled strongly to a qubit via g. The hybrid system is driven by two signals, probe and
drive tones, with frequencies fp and fp, respectively, and their amplitudes Ap and Ap. b, The physical realization of the
qubit-resonator device. A \/4 resonator is capacitively coupled to a probing feedline and shorted by a flux qubit with three
Josephson junctions in parallel with an inductor L [42]. ¢, Scanning electron microscope image of the fabricated device shows
the resonator shunted by the flux qubit. The on-chip flux bias line is located nearby the qubit to inject the drive tone. The
resonator and feedline are made of 200 nm-thick Nb film (bright gray) on top of AlO,/Si substrate (dark gray), while the flux
qubit is made of Al film (light grey). The transmission |Sz1| measurement is carried out through the feedline of Port-1 and
Port-2. See Fig. [8| for the whole layout of the device.

where ¢ is tuned by applying the flux ® through the loop.
In the experiments, we can apply static (DC) and alter-
nating (AC) fluxes to the qubit loop as
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FIG. 2. Measured transmission |Se1| (with P, = —40 dBm
and Ap = 0) is plotted using solid curves. The blue fluctu-
ating curve is at a flux bias ®pc/Po = 0, with the resonator
where the second term originates from the drive tone. resonant frequency fo = 7.6767 GHz. The total photon relax-
The DC flux ($pc) is controlled by applying a DC cur- ation rate, that defines the line-width is approximately equiv-
rent to the coil located outside the sample holder. The  alent to #/2r ~ 4.71 MHz. The red fluctuating curve is at
AC flux is controlled by the drive tone injected through @ flux bias Ppc/Po = 0.5, with resonant frequency of the
an on-chip flux bias line inductivelly coupled to the qubit qubit-resonator system at for = 7.6898 GHz. Thus, the
. . . . dispersive shift is x = 13.1 MHz. The dashed curves are

loop. The drive tone is generated by applying a sinu-

idal volt £ . ! " ‘th volt the theoretical transmissions, numerically calculated from the
soidal voltage Irom a signal generator with voltage Ims Lindblad equation with Hamiltonian @ and transmission co-

Vims and frequency fp. efficient (6).



A probe signal with power P,, and frequency fp is
applied through Port-1 of the feedline, and the output
signal coming out from Port-2 of the feedline is measured.
With a vector network analyzer (VNA), the scattering
parameter (transmission), whose amplitude is

1521 ()] = v/ Pou () / Pin(f), (4)

can be measured. The power P, determines the probe
amplitude Ap. The detailed measurement setup and

fabrication of the device are described in Appendices [B]
and

III. THEORETICAL DESCRIPTION

A. Hamiltonian

Here we describe the system theoretically with nu-
merical simulation of the modified Jaynes—Cummings
Hamiltonian to investigate probing and driving of the
qubit-resonator system. First, we write the Hamiltonian
of the flux qubit-resonator system in the diabatic basis
[40, [43], 44],

Hio = Hq + Hr + Hc + Hp + Hp, (53.)
A €0
Hqg = — 5% 59z |,

Q h( 50 57 ) (5b)

1
Hg = hwyy <aTa + 2) ; (5¢)
He = —hg (a+ aT) o (5d)
Hp = hAp (aei”r’t + aTe_th) ) (5e)

Ap si t
Hp = - =22 (5f)

where Hio is the total Hamiltonian of the system, Hq is
the qubit Hamiltonian, with A being the minimal energy
gap, €g is constant detuning, and o, . are Pauli matri-
ces. Moreover, Hy is the resonator Hamiltonian, where
a and a' are the annihilation and creation operators for
the resonator, and w,; = 27 fy is the resonator frequency,
which interacts with the qubit. H¢ is the coupling Hamil-
tonian, where g is qubit-resonator coupling strength. Hp
is the probe signal Hamiltonian, where the probe fre-
quency for the interferometry is wp =~ w;; and the probe
amplitude is Ap. Hp is the qubit driving Hamiltonian,
where Ap is the driving amplitude, and fp = wp/27 is
the driving frequency.

To study theoretically the transmission coefficient of
the transmission line, we consider the absolute value of
the imaginary part of the photon annihilation operator
in the resonator [43]

(Mm(a)[) = Tr([Im(a)|p) = [Sa1l, (6)

where p is the density matrix of the qubit-resonator sys-
tem. In the limit of a weak probe signal, we can take into

account only the first two-photon states in the resonator.
After applying the rotating-wave approximation (RWA)
and transfer to the instantaneous eigenstate basis, we
obtain the dressed Hamiltonian in RWA

Hrwa = h [%5&)QUZ + dwrata (7)
—l—g% (U+a + a,aT) + Ap (a + aT)} ,

where
dwq = wq — wp, (8a
wqQ = \/A2+€(t)2, (8b

8c
8d

—~

6(-01“1 = Wr1 — Wp,

—~
-

(5(,0[) = Wp — Wp.

Here wq is the instant qubit energy, as in Eq. (2)). We
now use this dressed RWA Hamiltonian to describe the
theoretical spectroscopy of our qubit-resonator system
for both the wide and narrow ranges of the probing fre-
quency wp in Fig. [3]and interferometry in Fig.[d] We use
the Hamiltonian of Eq. in the Lindblad equation
with Lindblad operators for the numerical calcu-
lations, more details of the theoretical description and
transfer between bases and dressed states are presented
in Appendix [A] To numerically simulate this system, we
solved the Lindblad master equation using the QuTiP
library [45H47].

IV. RESULTS AND DISCUSSION

The transmission (Ss21) and spectroscopy of the device
are presented in Fig. 2] and Fig. [3] where the system
is driven only by the probe tone through the resonator
while the drive tone from the flux-bias line is off. The
transmission of the experimental data is subtracted to
reach the same level of background as in the simulation.
Transmission at ®pc/Py = 0, where the resonator is

TABLE I. Parameters used for the simulations
Value

Quantity Symbol

Minimum qubit frequency A/2n 5.41 GHz

Resonator first-mode frequency fo/27 7.6767 GHz

Qubit-resonator coupling g/2m 177 MHz
Number of photons in resonator N 2
Relaxation rate /20 3 MHz
Dephasing rate Iz/2r 1.5 MHz
Resonator relaxation rate k/2m  4.71 MHz
Probe amplitude Ap /27w 1 MHz




7.700

Experiment

7.695
7.690

(Ig 7.685

«£7.680
7.6754

7.670 - -

0.44 0.46 0.48 0.50 0.52 0.54 0.56
Dp /D,

d

Dpe/Py =05
-40 -30 -20 -10
P, (dBm)

dpc /Py = 0.5

-50 -45 -40 -35
Ap/A (dB)

Theory e i
20 E :
_30 = -
-40 *
50 ' =K
60 EEs==3, T = = 10

-5-43-21012345

|Sz1|(dB) Two-tone spectroscopy

Experiment
[S,41(dB)

‘ Resonator P

S,4/(dB)
-10

-20

-30

-40

-50

0.48 0.49 050 0.51 0.52
-60 Dy /D,

FIG. 3. Spectroscopy of the qubit-resonator system. Here the system is driven only by the probe tone through the resonator
from the feedline with P, = —40 dBm. The qubit drive from the flux-bias line is off, Ap = 0. One-tone spectrosopy: a,
experiment and b, theory. c-d, Spectroscopy at fixed flux bias ®pc/Po = 0.5 with varying probe amplitude: ¢, experiment and
d, theory. The horizontal dashed purple lines indicate the resonance frequency of the resonator fo. e, Two-tone spectroscopy
experiment showing the interaction of the qubit and resonator energy levels.

fully decoupled from the qubit, shows the resonance of
the resonator fy, shown in Fig.[2] At &pc/Py = 0.5 the
measured resonance is pushed toward higher frequency
due to dispersive interaction with the qubit. Sweeping
the ®pc/Po towards 0.5 shifts the measured resonance
frequency fqr, due to the hybridization of the resonator
and qubit.

When the qubit energy is in resonance with fy, the
Rabi splitting is observed, as shown in Fig. [B[a). The
coupling ¢ is observed to be around 177 MHz. We calcu-
late the transmission theoretically, and by adjusting the
parameters g and A we achieve good agreement between
theory and the experiment, as shown in Fig. b).

We also fix the flux bias at Ppc/Py = 0.5 and sweep
the power P,. At higher P,,, the qubit is overpopulated
by the probe tone; thus the resonance shifts and reaches
back to the frequency fo as shown in Fig. [3|c), which
we can reproduce theoretically in Fig. 3] l(d The purple
dashed line shows the resonance line fj.

Moreover, a two-tone spectroscopy is performed to
measure the qubit transitions and their interaction with
the resonator as shown in Fig. e). The second probe
tone with frequency fpo is applied through the feedline
to excite the system. When fp 2 is in resonance with the
frequency of the dressed qubit state which is very close
to qubit frequency at the large detuning, the So; signal
of the first probe changes. It shows that the qubit energy

folows the parabola of Eq. and crosses the resonator
energy at frequency ~ 7.6767 GHz. The presented two-
tone spectroscopy data here is measured from the sister
sample, where it is observed A ~ 4.9 GHz.

Furthermore, the system is also driven by both the
probe and drive signals. The probe frequency fp is
fixed at fo and the drive frequency fp at either 500
MHz or 1500 MHz. The transmission coefficient So; is
measured for varying Vs and sweeping ®pc/Pg around
0.5. We apply, with a weak power, P, = —40 dBm to
probe the system. The results of the interferometry for
a two different driving frequencies fp = 500 MHz and
/o = 1500 MHz shown in Fig.[d] The calculated upper
qubit population is shown in Fig. @(c,f). From these in-
terferograms, we can see that the resonance lines density
is the same for the transmission and qubit level occu-
pation, but the shape of the resonances is different due
to qubit-resonator quantum coupling. Moreover, we fix
the flux bias at ®pc/Py = 0.5 and sweep the probe fre-
quency fp and drive amplitude Ap. The results of the
interferometry are shown in Fig. [5| (experiments and sim-
ulations) with several different drive frequencies fp shows
similar behaviour in experiment and theory. The param-
eters used in the simulations are summarized in Table [l
The parameters fy,g and x are obtained from the mea-
surements, while the other parameters are adjusted to get
the best match between experiments and simulations.
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FIG. 4. Interferometry of the driven qubit-resonator system with fixed power P, = —40 dBm and driving frequency fp =
500 MHz for the upper panels and fp = 1500 MHz for the lower ones. The probe frequency fp is fixed at the resonance frequency
fo, and the drive amplitude is varied. Transmission: a,d, experiment and b,e, theory. c,f, The upper qubit population.

V. CONCLUSIONS

We measured and calculated the transmission of a
strongly driven coupled resonator-flux qubit system. We
observed quantum interference effects, different from the
usual Landau-Zener-Stiickelberg-Majorana interferome-
try due to strong coupling between the qubit and the
resonator. The main difference from the usual multi-
photon LZSM interference appears at low driving field
amplitudes, where the impact of the strong coupling is
more significant than the impact of driving. The instant
adiabatic basis, which takes into account the driving to
the eigenstate basis transfer, is well suited for this prob-
lem and gives good agreement with the experiment. The
spectroscopy of the qubit is used for precisely calibrating
the theoretical parameters of the system. When increas-
ing the coupling strength, the distortions of the reso-
nances become more pronounced. Our theory work here
can be used to describe the behavior of a qubit strongly
coupled to a quantum resonator, which could be used as

a basis for a quantum heat engine and refrigerator in this
regime where the resonator is more strongly coupled to
the qubit than to the environment.
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Appendix A: Detailed theoretical description
5 =gt (’” - ) , (A2a)

Y- 0+
1. Dissipative environment 1 (

=SHS = h—oz = -

LL)Q 0
LEARE ). (az)

0 —wq
We use the Lindblad equation with initial Hamiltonian
to which we add relaxation and dephasing for the  where v, = % 14+ %’;)’ and wq = /A2 + 2(¢) is the

qubit and relaxation for photon states in the resonator instant qubit angular frequency.

Then we solve numerically the Lindblad equation

LY =06 /Ty, (Ala) i
L123 =0, /1‘\2’ (Alb) p(t) = _;_7, [Htot,p] + (A3)
LY = av/F, (Alc) +iy3 [2L?p(t)L?T ~ p()LPTLP — LPTLPp(t)]

A4
where I'; » are the relaxation and dephasing rates, and x (44)
is the photon decay rate in resonator. where p is the density matrix. The theoretical spectro-
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FIG. 6. Theoretical interferometry of the driven qubit-resonator system with fixed probing amplitude Ap = 1 MHz and driving
frequency wp /27w = 500 MHz, for different strengths of the qubit-resonator coupling g, where go = 177 MHz was obtained from
the spectroscopic calibration between theory and experiment shown in Fig. a,b). The theoretical transmission coefficient |Sa1 |
is proportional to the averaged absolute value of imaginary part of the annihilation operator [Im(< a >)|.

scopic and interferometric results were obtained using the

QuTiP [45H47] library.
Consider now qubit-resonator and qubit driving
Hamiltonian in the instant eigenstate basis as
A
H{ = —hg (a' +a) (5—002 - —az> : (A5)
w

Using the lowering and raising operators for a qubit,

c=0, = i(am +ioy), (A6a)
ol =0_ = %(O‘z —ioy), (A6D)

that allow us to simplify the interaction and driving op-
erators, we obtain

Hi=h [QA(GTO' +ao’) + gé(aa +a'ol)— (A7)
wQ wQ
—gE—O(aJr + a)az] R th(aTJ + ao’).
wQ wQ

Here g%(aa + afot) and —gfé(aJr + a)o, can be ne-
glected in the RWA, because they do not conserve the
number of excitations in the system.

Then we can show the diagonalized Hamiltonian for a
qubit-resonator system, known as the Jaynes-Cummings
Hamiltonian, without driving and probing signals

H' = Hjc + H}, + Hp, (A8a)
Hjc :H(/Q—FHR—FHé, (ASb)
Hq = h%wQaz, (A8c)

1
Hy = hw, <aTa + 5) , (A8d)
H{, =hg (04a+o_al). (A8e)

This diagonalized Hamiltonian is defined in the same ba-
sis as the relaxation and dephasing Lindblad operators.
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P4 in the linear scale. Here go = 177 MHz was obtained from the spectroscopy calibration between theory and experiment, as

shown in Fig. a.7b).

3. Rotating wave approximation, dressed
Hamiltonian

Here we describe a procedure of dressing the Hamil-
tonian. The dressing technique is convenient to describe
systems with two driving signals with significantly differ-
ent frequencies, like the ones studied here, with probing
and driving signals, and it helps to eliminate the fast-
rotating terms, which can provide an option to obtain an
easier solution for two-tone interferometry [43, [49-51].

Consider our diagonalized Hamiltonian Eq. of
the driven system in the rotated basis [43]

Hrwa = UH] U +ihUUT, (A9)

with the rotating frame with probing frequency wp /27

as
U = exp [int (aTa + %)} , (A10)

we then obtain the dressed Hamiltonian in the RWA @

4. Impact of the coupling strength

We show how the value of the coupling strength im-
pacts the theoretical interferometry for the transmission
coefficient in Fig. [6]and the qubit upper-level occupation
probability in Fig.[7] As we expected, with growing cou-
pling strength, the distortion of the resonances becomes
stronger and spreads to higher driving amplitudes. For
small coupling the interferometry pattern is very similar
to the usual LZSM interferometry [24] 25] 27, 52]. When
we increase the coupling to g = 8¢y we notice large dis-
tortion in resonances, but these calculations may not be
fully exact since we neglect counterrotating terms in the
coupling in Eq. and come close to the range of the
ultrastrong coupling, where they indeed should be in-

cluded [12] [16].
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Appendix B: Fabrication methods

The fabrication of the device is done in a several
processes on a 675 pm-thick and highly resistive sil-
icon (Si) substrate, resulting in the device shown in
Fig. [[{a-c). The fabrication consists of two main
steps: (1) fabricating niobium (Nb) structures (res-
onator, feedline, ground plane, and pads), and (2) fab-
ricating flux qubit made of three junctions of supercon-
ductor-insulator-superconductor (SIS) with aluminium
(Al) film. A 40 nm-thick AlO, layer is deposited onto a
silicon substrate using atomic layer deposition, followed
by a deposition of a 200 nm-thick Nb film using DC
magnetron sputtering. A positive electron beam resist,
AR-P6200.13, is spin-coated with a speed of 6000 rpm
for 60 s, and is post-baked for 9 minutes at 160°C,
which is then patterned by electron beam lithography
(EBL) and etched by reactive ion etching. A shadow
mask defined by EBL on a 1 pm-thick poly(methyl-
metacrylate) /copolymer resist bilayer is used to fabri-
cate the flux qubit made of an Al film connecting the
resonator to the ground plane [42]. Before the deposi-
tion of the Al film, the Nb surface is cleaned in-situ by
Ar ion plasma milling for 60 s. At the final stage, after
liftoff in hot acetone (52 degrees for 30 minutes) and
cleaning with isopropyl alcohol, the substrate is diced by
an automatic dicing-saw machine to the size of 7Tmm x

7mm and wire-bonded to a copper holder for the low-
temperature characterization. The layout of the device
and the fabricated sample are shown in Fig.

Appendix C: Experimental setup

Measurements are performed in a Bluefors cryogen-free
dilution refrigerator with a base temperature 30 mK. Us-
ing a vector network analyzer (VNA), a probe microwave
tone is supplied to the feedline through a 90 dB of at-
tenuation distributed at various temperature stages of
the cryostat. The probe signal is then passed through
two cryogenic circulators, before being amplified first by
a 40 dB cryogenic HEMT amplifier, and secondly by a
40 dB room-temperature amplifier. The dc flux bias is
supplied by a nearby superconducting coil connected to
an isolated voltage source at room temperature. The
drive tone is generated from a microwave generator in
the VNA to the on-chip flux bias line through 40 dB at-
tenuation. The device is sealed in a copper holder and
covered by an Al shield. The measurement setup is shown

in Fig. 0
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FIG. 9. Schematic of the experimental setup used in the

measurements. Input power is injected through a series of
cryogenic attenuators, and the output signal from the sample
is amplified through cryogenic and room-temperature ampli-
fiers to obtain |S21|. The DC flux point ®pc is controlled by
a superconducting coil that is current-biased through twisted
pair. The AC flux is generated from a microwave generator
in the VNA to the on-chip flux bias line.
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