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We investigate theoretically a type of microwave memory that is composed of a single transmon qubit
and a coupling resonator. The synergy of the parametric modulation of the qubit resonance frequency and a
microwave directly driving the qubit transition can constitute effective three-level A-type electromagnetically
induced transparency. We demonstrate that the dynamical control of such a parametric modulation allows for the
possibility of microwave storage and retrieval using a single qubit. Our results pave the way towards the practical
implementation of quantum information in superconducting circuits.
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I. INTRODUCTION

Optical quantum memory serves as a key ingredient for
quantum information processing. Through this device, one
can store and retrieve photonic information on demand for
long-distance quantum communications and quantum compu-
tations [1,2]. In optical systems, the idea of quantum memory
can be realized more easily due to the existence of many
long-lived metastable states in natural atoms. Many light stor-
age protocols, e.g., electromagnetically induced transparency
(EIT), gradient echo, and atomic frequency combs, have been
demonstrated over the past few decades [3—10]. Remarkably, a
very high memory efficiency up to 92% based on a three-level
A-type EIT system has been experimentally realized [11].
Electromagnetically induced transparency is a quantum inter-
ference effect making atoms transparent to a weak resonant
probe field due to the existence of another strong-coupling
field. In EIT media, a probe pulse slowly travels with a con-
trollable group velocity, and can even stop in the media [12],
because the dispersion of the probe light is greatly modi-
fied to become steep by the coupling field. The EIT optical
memory is realized by adiabatically turning off the coupling
light, which transfers the probe field’s coherence to the atomic
coherence [13].

As for the microwave regime, superconducting-circuit-
based quantum computing research has developed substan-
tially over the past few years [14,15]. It is therefore natural
to search for an analogous microwave quantum memory to
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scale up to a larger quantum network [2] in the supercon-
ducting circuit community. One promising approach is to
leverage high-quality resonators [16] for storing quantum
information [17-21]. Previous studies have demonstrated mi-
crowave storage and retrieval by manipulating the coupling
between the resonator and the information propagation chan-
nel [22-24]. However, the protocol is specifically suitable
for exponentially rising pulses, the time-reversed pulses of
radiative decay. More recently, researchers utilized arrays of
resonators, resembling atomic frequency combs, to achieve
broadband microwave storage [25,26]. The direct coupling
between on-chip resonators might result in impedance mis-
matching, decreasing the memory efficiency [26].

Here we aim to realize a microwave memory based on
EIT, allowing for the storage and preservation of arbitrary
waveforms. However, realizing EIT in superconducting cir-
cuits is difficult because most of the superconducting atoms
lack suitable metastable states. Some protocols use a single
E-type superconducting atom strongly coupling to an open
transmission line [27,28]. Due to the short coherence time
of the atom, the optical response is Autler-Townes splitting
(ATS) rather than EIT [29]. Several groups recently worked
on designing an effective A-type structure via the dressed
states formed by the qubit-resonator system [30,31] or making
a metastable state protected by quantum interference effects
[32] to achieve EIT. Although an artificial A-type atom can be
made, the EIT-based microwave memory is still challenging to
realize. In the experiments of Refs. [30,32], EIT was observed
with the probe light driving the one-photon transition from the
metastable state to the excited state. The coupling light drives
a two-photon process from the ground state to the excited state
(dipole-forbidden transition). The strong off-resonant two-
photon drive induces a significant shift to the qubit transition
frequency due to the Stark effect [30,32-34]. The protocol is
not easy to apply to microwave memory because the shift is
varied while turning off the coupling light. In the experiment
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of Ref. [31], the optimization of the strength of the coupling
light is about 1 MHz, limited by its design. The transparency
bandwidth is not enough to store an order of 100-ns or shorter
pulse. One feasible proposal to realize the microwave memory
uses a pair of coupled resonant transmon qubits to form a A-
type atom [35]. Via modulating the transition frequency in one
of the qubits, the population in the superradiant state becomes
in the subradiant state. However, the flux noise becomes the
main decoherence source of the subradiant state (metastable
state) and is hard to avoid. Qubit metamaterial, composed
of a linear array of superconducting atoms, also shows the
possibility of demonstrating EIT microwave memory [36-38].

In this paper we propose an on-chip detuned quantum cir-
cuit (DQC) composed of a transmon qubit [39] and a resonator
to store and retrieve microwaves by EIT. By parametrically
modulating the qubit transition frequency, we activate the
first-order dipole-forbidden sideband transition of the trans-
mon qubit [40] and the DQC exhibits a A-type structure. In
particular, the state transfer within the DQC via the parametric
modulation is widely used in two-qubit gates in superconduct-
ing circuits [41-44]. However, simultaneously applying the
weak direct probe light and the strong parametric modulation
on the qubit has not been thoroughly studied. Benefiting from
the frequency tunability of the qubit, we could set the qubit
at the linear frequency tuning regime to avoid the frequency
shift when applying the parametric modulation. Our scheme
behaves like traditional A-type EIT and the width of the
transparency window can be up to 2.7 MHz according to the
parameter choice. Furthermore, the metastable state of the
DQC, created by the high-quality resonator, is immune to
the flux noise. The loss rate of the memory can be reduced
to 5.70 kHz by applying the Purcell filter [45]. Here we
demonstrate that with parametric modulation, an EIT effect
on the probe light can be observed. Adiabatically turning off
the parametric modulation, an order of 100-ns probe pulse can
be stored with only one qubit.

The paper is organized as follows. In Sec. II we describe
the circuit of the DQC and the effect of the parametric mod-
ulation. In Sec. Il we numerically calculate the response of
the probe light with the parametric modulation. The optical
response is EIT, which is confirmed by the populations of the
DQC and Akaike’s information criterion [29,46]. In Sec. IV
we discuss the effect of the Purcell filter and numerically
observe the slow light and stored light phenomena. A brief
summary is presented in Sec. V.

II. MODEL

A. System

Our proposed DQC design is shown in Fig. 1(a). The tun-
able transmon qubit with transition frequency a)2 is strongly
coupled to the one-dimensional open transmission line and to
the high-quality resonator with resonant frequency w,. The
incoming resonant probe light w, ~ a)g is fully reflected by
the qubit as long as the probe Rabi frequency €2, is weaker
than I' and the total decoherence rate y = y, + I'/2, where
I" and y, are the relaxation rate and the pure dephasing rate
of the qubit [28,47—49]. The resonator is placed far away from
the transmission line, the direct coupling between them can be

X ) =

L

W r + Yq,r
K

i
T
Qu

— bit — Resonator
®) €00~ 2,
;gq,r/Aq,r
e —/NWe
A'I'T —p ¥
v
Qp 9qr 1) &
— K;
v
lg) [0) 19,0

Dressed State

1o

0.5 0 0.5
/P,

FIG. 1. Schematic diagram of the DQC in waveguide quantum
electrodynamics. (a) The qubit is coupled to the one-dimensional
open transmission line and a far-detuned resonator. The weak probe
light with frequency w, is injected onto the transmission line and
interacts with the qubit. The parametric modulation with frequency
we goes through the flux line to modulate the qubit transition fre-
quency a)f; (b) Energy-level diagram of the bare states (left) and the
dressed states (right). Dashed lines denote the dressed energy levels
and have a A-type-like energy-level diagram, where the state |g, 1) is
the metastable state. The weak probe light €2, (blue arrow) becomes
transparent when the parametric modulation Q¢ is turned on (red
arrow). (c) Qubit transition frequency w, versus flux @ (blue curve).
The qubit is biased at the linear slope regime. The red sinusoidal
wave indicates the flux modulation which results in the modulation
of w,(t) (black wave).

neglected, and only the internal loss rate «; of the resonator is
taken into account.

In addition, the DQC is operated in the dispersive regime.
The detuning A, , = w2 — w, between the qubit and the res-
onator is much larger than their coupling strength g, /27 =
90 MHz. In our simulation, we set the system parameters
a)(q)/Zn = 6 GHz, w,/27 = 4.5 GHz, I' /27 = 20.736 MHz,
ve/2m = 0.1 MHz, and «;/2m = 4.5 kHz corresponding to
the resonator internal quality factor Q; = 10°. These values
are standard for recent superconducting circuit architecture.
According to the Purcell effect, the loss rate of the res-
onator « is enhanced approximately to [1 — (g, ./ Aq.,)z]xi +
(gq,,/Aq,,)ZF [50]. The modified « /27 is about 79 kHz.

Figure 1(b) shows the three lowest-energy dressed states
of the DQC, where |g, n) (|e, n)) means the qubit is mainly at
the ground (excited) state and the resonator is at the n-photon
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Fock state. The state |g, 1) acts as the metastable state for EIT
due to the sufficiently small ¥ compared to y as long as the
forbidden sideband transition from the state |e, 0) to |g, 1) can
be turned on [40].

B. Effective A-type atom manipulated by parametric
modulation

The sideband transition is allowed by parametrically mod-
ulating the qubit transition frequency with a frequency we ~
Ay - [see Fig. 1(c)]. The transition frequency of the tunable
transmon qubit with a superconducting quantum interference
device (SQUID) is written as w,(®) = /8EE;(P/Pg) —
E., where E. denotes the charging energy, E;(®/P() de-
notes the flux-dependent Josephson energy, and @, is the
flux quantum. Modulating the flux @ results in E,;(¢) =
EP* cos[m d>(t)/d>0]\/1 + d? tan?[ ®(t)/ Dy, where E* is
the maximum Josephson energy and d represents the ratio of
junction asymmetry. The asymmetry ratio d = 0.5 is consid-
ered. The asymmetric SQUID design not only reduces the flux
noise but also provides a linear slope for the modulation. By
biasing and modulating the qubit at the linear slope regime,
the qubit transition frequency varying with time is written as

o 0, €0 .
wy(t) ~ w, + > sin(wet), (1)

where € is the resulting parametric modulation magnitude of
the transition frequency. The Hamiltonian of the DQC with the
parametric modulation and the probe light can be described by
the driven Jaynes-Cummings model,

H(t)= a)q(t)aTa +w,ata+ gq’,(aTa + UTa)
+ Q, cos(wpt)(o + o), 2)

where o (o) is the lowering (raising) operator for the qubit
and a (a") is the lowering (raising) operator for the resonator.
To observe the sideband transition, we apply the unitary
transform U,y in the rotating frame of instantaneous qubit
transition frequency and resonator frequency,

Uit = exp[ (a) t— o cos(a)q>t)>o o+ iw,a Tat]. 3)
Za)q;

We also assume that the probe light is resonant with the
qubit and €4 < 2w¢. The latter condition ensures that the
motion averaging takes place and has a negligible effect
on €2, [35,51]. We define the Hamiltonian after the unitary
transformation as H'. Neglecting the fast rotating terms, the
Hamiltonian is given as (see Appendix A)

H'(t) = %(U +oh +84.r Z Jn<€_¢)

o0 26()4)

x (i"e v =R g’ 4 Hee.), “

where J, is the Bessel function of the first kind. In the
dispersive regime, wg and w, are modified by the Lamb
shift and a qubit state-dependent shift to &)2 = a)g + g?r /Ag.r
and @, = w, + (gflyr/Aq,,)oz, where o, is the Pauli Z op-
erator. Operating at the weak probe regime (2, K< I, y),
the qubit is nearly at the ground state. When we = A, , =

6)2 — &, = a)g —w, + Zg?r /A,.r, the parametric modulation

induced Rabi frequency 24 is mainly governed by [41]

€o
Qo =2g,,-J1| — ). 5
[ 8q. 1<2a)¢> (5)

The resulting Hamiltonian in Eq. (4) with the near-resonant
parametric modulation is indeed identical to a A-type atom
interacting with the probe and the coupling light. In the next
section, the steady-state numerical results will show that EIT
can be observed in the DQC.

III. PARAMETRIC-MODULATION-INDUCED
TRANSPARENCY

To observe the optical response of the probe light passing
through the DQC with the parametric modulation, we numer-
ically calculate the expectation value (o) from Eq. (2). We
simplify the calculation by choosing the rotating frame at w),
and neglecting the fast rotating terms. The Hamiltonian is
written as

= [wy(t) — w,,]oTo + (w, — a),,)aTa
Q
+ gq,,(aTa + oTa) + TP(UJr + 0). (6)

The dynamics of the DQC is governed by the Lindblad master
equation

; - r Ki
p=—ilH', pl + 3 Dlolp + S Dlalp + yyDlo o lp,

(N

where D[O]p = 20p07 — pOTO — OTOp. Here p(t) is the
density matrix and it is calculated by QUTIP [52]. The steady-
state optical response is characterized by the transmission
coefficient 7, of the scattered probe light [47,53]

r

t, = 1+IQP(U). 8)
In our simulation, €2, = 0.01T" and we = Aq,, are fixed.
Re(z.) is plotted as a function of w, and € in Fig. 2(a).
Line cuts of Fig. 2(a) are depicted in Fig. 2(b). Without the
parametric modulation, an absorption response is obtained
and the minimum of Re(z.) is at w, = &)2 = 6.0054 GHz due
to the Lamb shift effect. With the parametric modulation, the
splitting structure appears. To compare the splitting magni-
tude with Eq. (5), we fit the data to the analytical transmission
coefficient of a A-type atom with the probe and resonant

coupling lights. The analytical form is written as [54,55]

L(~0 - K

t0=1+i 2 (@~ 213) —. (9

(5)2 —Wp— i%)(‘b(q) —wp—iy) - (%)

which describes both ATS and EIT phenomena in the driven
A-type atom. The fitting results for Q¢ are shown in Fig. 2(c)
and are consistent with Eq. (5).

With the condition Q¢ <y — k/2 [29,56], the interfer-
ence effect occurs and the DQC would not be populated to
the excited state |e, 0) but stays in the dark state polariton as

[57,58]
=" Z Ig,

= |g)|a), (10)
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FIG. 2. Steady-state response of the DQC with the probe light and parametric modulation. (a) Real part of the transmission coefficient
Re(t.) varies with the probe light frequency w, and the modulation magnitude €¢. The color in (a) denotes the magnitude of Re(t.). Line
cuts are shown in (b). The splitting magnitude is proportional to €. (c) Plot of Q¢ as a function of €5. Red open circles are the fitting Rabi
frequency Q24 of the data in (a). The black solid line is calculated from Eq. (5). (d) Population P, of the qubit (top plot) and P, of the resonator
(bottom plot) with the resonant probe light and parametric modulation. The black (blue) dashed line indicates the situation without (with) the

parametric modulation.

where |a| = | —iQ,/Q¢]| is the magnitude of the coherent
state in the resonator. The derivation is given in Appendix B.
In particular, with 2, < Q¢, |d) ~ |g, 0). To confirm that the
interference effect occurs in the DQC, the time evolutions
of its populations with and without the parametric modula-
tion are depicted in Fig. 2(d). The parameters we use are
Q, =0.01" and Qo /27 ~ 8.9 MHz. In the absence of the
parametric modulation, the population of the excited state of
the qubit P, is populated and the population of the photon
numbers of the resonator P, is weak enough to be neglected
due to the large detuning with the qubit. With the parametric
modulation applied, P, decreases to O rapidly and P, is com-
parable to |a|> &~ 5 x 10~* because the DQC is in the dark
state polariton.

In the real experiment, we can fit the splitting steady-state
Re(t.) with different fitting models and apply Akaike’s infor-
mation criterion (AIC) [29,46] to objectively determine which
model fits better. The transmission profile fitting model for
EIT has a structure of a broad Lorentzian absorption dip with
a narrow Lorentzian peak

2 2
(EIT cx C

- S 11
‘ ((J/iJrAZ) ()/E+A2)) a

and ATS has two Lorentzians with equal width but different
peak centers

CZ

TS =1 — + — 2 V)
Y2+ (A+9)

‘ Y2+ (A=)

The fitting results for €¢/2m = 0.3 GHz are shown in
Fig. 3(a), and the EIT model is more consistent with the

0
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FIG. 3. Different fitting models and AIC. (a) Plot of Re(z.) vs
w, /27 with Q¢ /27 ~ 8.9 GHz. The black solid line is the numerical
data. Red (blue) dashed lines with open circles denote the fitting
result with the EIT (ATS) model. (b) Plot of weight A; vs different
Q0. Red (blue) open circles indicate A; obtained with the EIT (ATS)
model.
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numerical data due to the condition £2¢ <y — k /2. The per
point weight A; of AIC is defined as

5 e*IEIT/2
Agrr = Py (13a)
Axrs = 1 — Agrr, (13b)

where I; = [N log(R/N) + 2k;]/N, with i denoting the model
used, R the fitting residual, N the number of fitting points,
and k; the number of the fitting parameters. The results of
AIC for different Q¢ are plotted in Fig. 3(b). Due to the fixed
frequency resolution in the data, the EIT window is too small
to distinguish with weak Q¢. In the regime Q¢ < y — /2,
the EIT model is more consistent with the data. For stronger
Q¢, the ATS model starts to depict the optical response.

We show that under the appropriate parametric modulation,
the transparency effect can be realized. To further make the
system suitable for storing information, the inverse Purcell
effect should be suppressed. In the next section we include
a Purcell filter to engineer the spectral density of the environ-
ment to enhance the memory lifetime.

IV. STORING AND RETRIEVING MICROWAVES
WITH PURCELL FILTER

A. Description of the Purcell filter

We add a broadband A /2 resonator with equal loss rates for
the input and output as a Purcell filter [45] [see Fig. 4(a)]. The
Purcell filter frequency wr /2w = 6.0054 GHz is designed to
be resonant with the dressed qubit transition frequency 6)2,
and the total loss rate xp/27 = 250 MHz is much larger
than the coupling between the filter and the qubit gr /27 =
36 MHz. With the filter, the spectral density of the envi-
ronment is frequency dependent. Reference [45] gives the
effective loss rate kg with different frequencies w;:

4gF,q2 1
kp 1+ [2(w; — wp)/Kp]*

(14)

Keff =

The effective loss rate near &)2 is about k, /2w = 20.736 MHz
and at the resonator frequency w, is about «,/2m =
141 kHz. The modified loss rate x &~ [1 — (gq,,/Aq,,)z]ici +
(gq,,/Aq,,)ZK, ~ 2 x 4.99 kHz is suppressed about a factor
of 15 compared to the case without the filter. In this case,
the memory lifetime is nearly dominated by the quality of the
resonator.

We numerically calculate the optical response of the DQC
with the filter. The probe light w, is now directly applied
on the filter and induces a new probe Rabi frequency Qlf .
With the condition gr, < «r/2, the applied probe light w, =
wr to the Purcell filter can directly drive the qubit because
gr,q 18 not large enough to resolve the vacuum Rabi split-
ting with eigenstates (|07, e) + |17, g))/+/2 and (|0F, e) —
117, g))/~/2, where n” denotes the Fock state in the filter.
Therefore, an electromagnetically induced absorption occurs
due to the destructive interference effect, and the qubit is
directly interacting with the probe light [59,60]. Note that
QF # Q) and their relation is [45]

Qp = =i grq/(kr /24 iAr)p), (15)

(@) . Purcell Filter
P e
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Wo_ | T
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T 05F .
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FIG. 4. Purcell filter with the DQC. (a) Circuit diagram. The
qubit is resonant with the filter and is directly coupled to the filter.
The other parameters of the DQC are the same as in Fig. 1(a). The
probe light w, is now directly driving the filter. (b) Real part of
the transmission coefficient Re(.) as a function of w,. The blue
solid line denotes the transparency effect caused by the parametric
modulation. The black solid line denotes the transmission profile
without the parametric modulation. The inset shows Re(z.) without
the parametric modulation with a wider frequency range. The black
(red) solid line denotes the transmission profile with (without) the
filter.

where Ap, = wr — wp. In the calculation, we set 95 A

0.035T" with Afg, = 0. This magnitude of Qg results in the
same magnitude €2, ~ 0.01T" on the qubit. The Hamiltonian
in the rotating frame at w, (neglect the fast rotating terms)
now is

Hp =(op — 0p)b'b + [0,(t) — wylo o + (@, — wy)a’a
QF
+grg(b'o +07b) + g4 (a'0 +0la) + (0 +b),
(16)

where b (b") is the lowering (raising) operator for the filter.
We consider «r in the master equation

. . K Ki
p =~ ilHy. p] + 5-Dlblp + 5 Plalp + y;Dlo o lp.

a7

The optical response is associated with the expectation value
(b). Applying the input-output theory [61,62], the transmis-
sion coefficient 7. of the scattered probe light out from the
filter is given as
Kr
te = | 5 (b)/ctin, (18)
2
where «;, = ng /24/kF /2 is the input coherent field. The
steady-state results Re(z.) are shown in Fig. 4(b). The inset
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FIG. 5. Pulsed light storage. (a) Slow light experiment. Here |ay| is the absolute value of the magnitude of the output coherent pulse.
The x axis is the evolution time. A 500-ns Gaussian probe pulse arrives after a constant parametric modulation. The |, | is defined as the
reference pulse (black curve). The pulse with nonzero €4 is slower than the reference pulse. (b) EIT-based microwave memory protocol. The
red (blue) solid line denotes Q4 (£2,). Here 7 is the storing time. A 500-ns Gaussian probe pulse arrives before the parametric modulation
is adiabatically turned off. The pulse is partially stored in the resonator. After the parametric modulation is turned on, the pulse is retrieved
by the filter. (¢c) EIT-based microwave memory result. Different colors denote the different 7; in (b). The first Gaussian pulse indicates the
noncaptured pulse and the second one is the retrieved pulse. (d) Population of the qubit and resonator versus time evolution.

in Fig. 4(b) shows the transmission profile with the filter that
has a broadband Lorentzian structure. A dip occurs when
w, ~ wr due to the absorption of the qubit. With the resonant
parametric modulation (we = Aq,,.), the transparency of the
probe light occurs at w, = &).

B. Demonstration of storing microwaves

In this section we numerically calculate the response of the
probe pulse after passing through the circuit in Fig. 4(a) with
the parametric modulation. The carrier frequency of the pulse
issetatw, = 6)2. The magnitude of the output coherent pulse
response |out| = |\/? (b)| is measured [63].

Before demonstrating the stored light phenomenon via the
parametric modulation induced transparency, we first observe
the slow light effect of the probe pulse with the continuing
constant parametric modulation. A Gaussian probe pulse with
duration 7; = 500 ns and amplitude QIF, ~ 0.035T", expressed
as QF exp(—1?/2t4%), is sent into the system and is slowed
down due to the great change of the dispersion (not shown).
The modified dispersion is a function of the magnitude o,
where the dispersion changes more sharply with weaker €¢.
As shown by the numerical results in Fig. 5(a), the probe pulse
becomes much slower with weaker €4. Note that the spectral
bandwidth of the probe pulse should be smaller than the full
width at half maximum (FWHM) of the transparency window
yErT to prevent the nonresonant absorption of the probe pulse.
With the negligible «, ygrr can be described as [11]

+/In2 be
VEIT ~ —F—— )
2 JTy

19)

which is limited by the decoherence rates of the transmon
qubit and the magnitude of Q4. In the stored light simulation,
Qo /2w ~ 9.8 MHz (corresponding to €4 /2w = 0.33 GHz) is
set to have ygrr/2m ~ 2.7 MHz, but still in the EIT regime,
which is larger than the spectral FWHM of the probe pulse
approximately equal to 0.75 MHz. Here we have assumed
that the optical depth D of the single atom is 2 [49] and D
is verified by fitting the probe pulse delay time 7 [3],

_ Dk,

T, = . 20
a 2 (20

The stored light phenomenon is achieved by adiabatically
turning off the parametric modulation before the probe pulse
leaves the medium [see Fig. 5(b)]. In this process, the DQC
would stay in the dark state polariton and adiabatically trans-
fers from |d) ~ |g,0) to |d) ~ |g, 1) (Here we neglect the
basis of the filter.) After storing the probe pulse for a time
period T, the parametric modulation is then turned on to
retrieve it. The results are shown in Fig. 5(c). After turning off
the parametric modulation, part of the probe pulse is stored in
the resonator and the other part is not captured. With a longer
storing time 7y, the amplitude of the retrieved pulse becomes
weaker due to the coherent properties of the resonator. The
population of the qubit and resonator with the stored light
protocol is shown in Fig. 5(d). The population P, of the
qubit is only being populated slightly at the beginning of the
experiment, which might be due to the nonzero absorption of
the nonresonant components of the probe pulse. The probe
pulse is then stored in the resonator. We fit the decay of the
population P, of the resonator at about « /27w ~ 5.70 kHz. The
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FIG. 6. Storage efficiency n of the exponential rising probe
pulse. (a) Time evolution of the storage process. The parameters are
7 = 0.58 usand Q24 /27 &~ 3.6 MHz. Here |o,,| is the absolute value
of the magnitude of the output coherent pulse. The black solid line
denotes the input probe pulse |o,|, defined as the reference pulse.
The green solid line denotes the output probe pulse with the switch-
ing off and on of the parametric modulation (red solid line). Part of
the probe pulse is not captured when switching off the parametric
modulation at ¢+ = 0. The other part is stored and retrieved at 0.5 us.
The inset shows 7n as a function of 7. The decay rate is close to
5.70 kHz. (b) Plot of 5 as a function of T and 2. The color indicates
the magnitude of 5. The red dashed line indicates the condition for
the optimal 7.

result of the memory lifetime is close to the expected value
from the circuit parameters.

We also systemically study the storage efficiency n. In
contrast to an input Gaussian pulse, an exponential rising
probe pulse, that can be separated from its slow light, is used.
Therefore, we specifically investigate storage and retrieval
with an explicit identification of storage time as indicated by
the black arrow in Fig. 6(a). The input pulse ends att = 0 and
is expressed as

Qb (1) = Qb e/"O(-1), @21

where 7 is the characteristic rising time scale and ® is the
Heaviside step function. The parametric modulation is adi-
abatically turned off at r =0 and on at 7y, = 0.5 us [see
Fig. 6(a)]. The storage efficiency 5, as a function of t and
Qg, is calculated as

f;:o |a0ut|2dt
oo letin|?dt

The result is shown in Fig. 6(b). As t is small, Q¢ should
be large to cover the frequency bandwidth of the short probe
pulse to reach high . When t becomes larger, the best 1 hap-

n (22)

pens at weaker Q4. The result shows that the optimal , of the
certain T happens at the specific ratio of the pulse frequency
bandwidth to the EIT window. We fit Q¢ /27 for the optimal
n as a linear function of 1/t and observe that the optimal
occurs on the condition of Q¢/27 = 0.557~! +2.92 in our
system [see Fig. 6(b)]. Note that n can be improved by making
a more proper control parameter and the shape of the probe
pulse [64,65].

V. CONCLUSION

We have proposed a realization of EIT using a qubit-
resonator system along with the parametric modulation. The
optical response of the probe light passing through the qubit
with the parametric modulation was obtained numerically,
and therein we observed and confirmed the phenomenon of
EIT. To increase the coherent time of the metastable state, we
added the Purcell filter to design the environment spectrum.
Compared to other EIT schemes in superconducting circuits
[30-32], our protocol has a large EIT window, a sufficiently
small metastable state loss rate (5.70 kHz), and is suitable
for studying EIT-based microwave memory. We numerically
showed that our system has the potential to realize an EIT-
based microwave memory protocol. The setup is simple and
could be used to observe more quantum optics phenomena
caused by EIT and even to demonstrate different A-type mi-
crowave memory protocols [66,67].
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APPENDIX A: EFFECT OF PARAMETRIC MODULATION

The Hamiltonian under unitary transformation is given by
H' = UHU,!, + iU U, with the Hamiltonian H of Eq. (2)
and the unitary transform Uy of Eq. (3). Here Uy, is chosen
such that i Uro[UrLt would be canceled out. The remaining terms
are

H' qu,rUrot(aTU + UT(J)U;& + ), cos(wpt)

x Ur(0 + 0 U (A1)

By utilizing the Jacobi-Anger expansion e<c®) =

> iu(z)eM, the first term on the right-hand side

of Eq. (Al) is

[e¢]

Hi(t) =g4r Y Jn <—2ij¢)(i"e“"ww-AmzaTa +He).

n=—00

(A2)
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Considering @, = ?, the second term on the right-hand side

of Eq. (Al) is

q°

Hj(t) = 7” Z ( )(1 e’ £ He).  (A3)

The parametric modulation is operated at € << 2w¢, S0 only
Jo survives. With the operating condition, Jy ~ 1 and €2, is
not affected by the parametric modulation.

APPENDIX B: DERIVATION OF THE DARK STATE
POLARITON

Considering the DQC with the resonant probe light and the

resonant parametric modulation, the Hamiltonian is given as

H = %(a +oH)+ l%“’(a*a —aoh). (B1)
In particular, H’ is identical to the Hamiltonian of the single-
tone driven resonant Jaynes-Cummings system [68], except
the coupling between the qubit and the resonator is replaced
by Qq;..

We follow the calculation in Ref. [68] to solve the eigen-
value problem. The dark state polariton is associated with the
zero-energy state. The eigenstate is the tensor product of the
qubit and the resonator states, defined as

V) = 1) 1¥*) + le)|¥), (B2)

where |Y8) and |{¢) are the normalized states of the resonator
field such that (y¥|y) = 1. We solve the eigenvalue problem

with Eqs. (B1) and (B2). By taking the inner products of
(e|H’|vr) and (g|H'|v¥r), we get two equations

iQg
Ely©) + (T - —)W )=

iQ
E|y¥) — (7% +—>|w> (B3)

where E is the eigenenergy, associated with H'|y) = E|y).
We rewrite the second equation by replacing |¢) evaluated
from the first equation and obtain

i,
+ Q—q))h/’g)

We apply the displacement operator D(—g—q’)’) to remove the
displacement, and Eq. (B4) becomes

—DiE?

[¥). (B4)

_ —2iE? .
a‘al sy = Q’ 95), (BS)
[
where
- 19
1% = D (—’Q—;’) ¥9). (B6)
—21E

The value of corresponds to the requirement of the
discrete number n= 0,1,2,..., according to Eq. (B5). With
n=0, E =0 is the energy of the dark state polariton. We
also obtain |¢¢) = 0 from Eq. (B3) with E = 0. By inverting
Eq. (B6), we get the dark state polariton |{) = |d) of Eq. (10).
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