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We study the microwave absorption of a driven three-level quantum system, which is realized by a
superconducting flux quantum circuit (SFQC), with a magnetic driving field applied to the two upper levels. The
interaction between the three-level system and its environment is studied within the Born-Markov approximation,
and we take into account the effects of the driving field on the damping rates of the three-level system. We study
the linear response of the driven three-level SFQC to a weak probe field. The linear magnetic susceptibility
of the SFQC can be changed by both the driving field and the bias magnetic flux. When the bias magnetic flux is
at the optimal point, the transition from the ground state to the second-excited state is forbidden and the three-level
SFQC has a ladder-type transition. Thus, the SFQC responds to the probe field like natural atoms with ladder-type
transitions. However, when the bias magnetic flux deviates from the optimal point, the three-level SFQC has a
cyclic transition, thus it responds to the probe field like a combination of natural atoms with ladder-type transitions
and natural atoms with A-type transitions. In particular, we provide detailed discussions on the conditions for
realizing electromagnetically induced transparency and Autler-Townes splitting in three-level SFQCs.

DOI: 10.1103/PhysRevA.89.063822

I. INTRODUCTION

Superconducting quantum circuits (SQCs) with Josephson
junctions have been experimentally demonstrated to possess
quantized energy levels (e.g., see reviews [1-7]), which are
analogous to the quantized internal levels of natural atoms.
However, in contrast to natural atoms, the quantized energy
levels of SQCs can be tuned by externally controllable
parameters. These artificially fabricated SQCs have been
extensively explored as qubits in quantum information pro-
cessing. They also provide us a controllable platform to test
fundamental quantum phenomena at a macroscopic scale. For
example, quantum interference via Landau-Zener-Stiickelberg
transitions [8—10] has been experimentally demonstrated in
SQCs [11-16]. Moreover, circuit quantum electrodynamics
(circuit QED) of SQCs has been extensively explored (e.g.,
see Refs. [17-21]). Furthermore, the Sisyphus cooling of a
harmonic oscillator via a superconducting flux quantum circuit
(SFQC) [22] has also been studied [23-26] theoretically and
experimentally. Our theoretical prediction on the coexistence
of one- and two-photon transitions [27] in three-level SFQCs
has been experimentally demonstrated [28]. This coexistence
results from the controllable symmetry of the Hamiltonian for
SFQCs [27], which are very different from natural atoms.

For three-level SQCs, quantum state control has been
theoretically studied in A-type transition configurations
(e.g., Refs. [29-32]). The microwave-induced cooling of a
superconducting qubit via the third energy level has been
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experimentally demonstrated [33]. This mechanism can be
further used to cool the environment surrounding the qubit
[34]. The inverse process of cooling [33] can be used for
single-photon production [35] and lasing [26], which has been
experimentally demonstrated using superconducting charge
quantum circuits [36]. SQCs also allow us to experimentally
explore atomic-physics phenomena [5,6] on microelectronic
chips, e.g., electromagnetically induced transparency (EIT)
[37,39-41] and Autler-Townes splitting (ATS) [42]. EIT and
ATS both display a dip in the absorption spectrum of a
three-level quantum system to a weak resonant probe field
when a strong driving field is appropriately applied. However,
EIT is due to Fano interference [43], while ATS is due to the
driving-field-induced shift of the transition frequency which is
probed. The application of EIT in atomic systems to nonlinear
optics [41] and quantum information theory [44] has been
extensively studied.

In this paper, we study the linear response of a three-level
SFQC to a weak probe field when the two upper levels are
driven by a strong external microwave field. Our motivation is
given as follows:

(1) The microwave-induced transitions between different
energy levels of SFQCs can be adjusted by the bias magnetic
flux [27]; thus, the linear response of SFQCs should depend
on the magnetic bias.

(2) EIT has been proposed as a promising method to probe
the coherence of superconducting qubit states [45,46]. Tunable
EIT has been studied in circuit QED systems by using dressed
states [47]. Moreover, ATS [48—53] and coherent population
trapping [54] have been experimentally demonstrated in
different types of SQCs with three energy levels. ATS has
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been proposed as a basis for fast, high on-off ratio microwave
routers [49,52].

(3) A theoretical study [51] proposed an objective test of
experimental data based on the Akaike information criterion
for discerning EIT from ATS. This objective test was then
applied in an experiment [55] in natural atomic systems and
an experiment [56] in whispering-gallery-mode optical res-
onators. Both experiments [55,56] demonstrated the transition
from EIT to ATS.

(4) One experiment [50] in three-level SFQCs showed that
the two peaks in the transmission spectrum for ATS [51] have
different heights, even when the driving field is resonantly
applied.

(5) Using weak continuous measurements [57-62], ex-
perimentalists studied magnetic susceptibilities to extract the
information of SQCs [63-66].

This study mainly focuses on the following questions: (i)
how the linear response of SFQCs changes with the tunable
bias magnetic flux; (ii) what are the differences between the
linear responses of SFQCs and natural atoms; (iii) what are the
conditions forrealizing EIT and ATS in three-level SFQCs; (iv)
why the transmission spectrum in the ATS experiment [50,51]
is asymmetric.

Differences between our study for EIT with those in
Refs. [45,46] are as follows: (i) We consider the effect of the
driving field on the dissipation of SFQCs by using the method
developed in Refs. [67-70]. (ii) References [45,46] study EIT
in the basis of the single-well states of SFQCs, which have
a A-type transition. However, our study is in the basis of the
three lowest eigenstates of SFQCs, which have a ladder-type
transition (or cyclic transition) when the bias magnetic flux is
at (or deviates from) the optimal point [27]. (iii) Moreover, we
provide detailed discussions on the relation between EIT and
ATS for SFQCs.

Our paper is organized as follows. In Sec. I, we first briefly
review the SFQC and write the Hamiltonian of the three-level
SFQC, which interacts with the strong driving field, the weak
probe field, and the environment. We also give the definition
of the linear magnetic susceptibility of the three-level SFQC
to a weak probe magnetic field. In Sec. III, formal solutions of
the operators of the three-level SFQC are given by solving
the Heisenberg-Langevin equations. In Sec. IV, magnetic
susceptibilities of the three-level SFQC are calculated and the
conditions for realizing EIT and ATS are derived. We finally
give conclusions in Sec. V.

II. THEORETICAL MODEL

A. Hamiltonian of superconducting flux qubit circuits

We study a SFQC, as shown in Fig. 1(a), consisting of
three Josephson junctions in a superconducting loop with
negligible self-inductance. Two junctions have equal size, each
with Josephson energy Ej and capacitance Cj. The third one,
which is smaller than the others, has a Josephson energy
o Ey and capacitance oCy, with 0.5 < o < 1. The SFQC is
threaded by a bias magnetic flux (dc) ®, and driven by a strong
time-dependent magnetic flux (ac) ®p(r). A weak magnetic
flux ®p(z) as a probe field is also applied to the SFQC. If the
driving ®p(¢) and the probe ®p(t) fields are not applied, then
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FIG. 1. (Color online) (a) Schematic diagram of a SFQC with
three Josephson junctions. Here, ®, is a bias magnetic flux (dc), while
Pp(t) = D, cos(wpt) is a strong driving magnetic flux (ac) provided
by the left coil (in red color), ®p(?) is a weak probe magnetic flux
(ac) provided by the right coil (in green color). (b) Schematic diagram
of the three-level SFQC. The driving field is used to couple the two
upper energy levels |1) and |2). However, the probe field is used to
couple the energy levels |0) and |1), as well as the energy levels |0)
and |2).

the Hamiltonian of the SFQC with a dc bias ®, is written as
(e.g., in Refs. [22,27])

P, P2
Hy = " U@y, Om), 1
0 2Mp+2Mm+ (©p,Pm) (D

with effective masses M, = 2Cy(®o/27)* and M,, = M,(1 +
2a). Here, @ is the flux quantum. The quantum conjugate
variables ¢, and ¢, of the effective momenta P, and P,,
respectively, are defined by ¢, = (¢1 + ¢2)/2and ¢,, = (@2 —
¢1)/2, with the phase drops ¢; and ¢, across the two larger
junctions. The potential energy U(¢,,¢,,) is

U(Qopvﬁom) = 2Ey(1 — cos @p COS Om)
+ aEy[1 —cosCnf + 2¢,)], )

with the reduced magnetic flux f = ®,/® . The bias magnetic
flux &, can be used to adjust the shape of the potential energy
between the symmetric double well and the asymmetric double
well. Thus, as shown in Fig. 2(a), the eigenvalues E; of the
SFQC can be adjusted by @, (or the reduced magnetic flux
f). In the basis of the eigenstates |/), corresponding to the
Ith eigenvalue E;, of the Hamiltonian H, in Eq. (1), we can
rewrite Eq. (1) as

N
Hy = Z Ejoy, 3)
1=0

with o5 = |[){l]. As an example and for concreteness, the
eigenvalues E; of the Hamiltonian in Eq. (1) for the six
lowest-energy levels are plotted in Fig. 2(a) as functions of
the reduced magnetic flux f with « = 0.7 and Ej/E. = 48.
Here, the charging energy E. = ¢%/2Cj.

B. Hamiltonian of a driven and probed three-level
system with its environment

Let us now only consider the three lowest-energy levels of
the SFQC as in Refs. [27,34,35]. That is, the free Hamiltonian
of the SFQC can be given by Eq. (3) with [ =0, 1,2. As
schematically shown in Fig. 1(b), when the driving ®p(¢) and
the probe ®p(¢) fields are applied to the three-level SFQC, the
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FIG. 2. (Color online) (a) Eigenvalues E; of the SFQC versus
the reduced magnetic flux f, in units of Ej, for the six lowest-energy
levels. (b) Moduli of the loop current transition matrix elements |/;;|
(i < j) for the three lowest-energy levels (|0), |1), and |2)) versus the
reduced magnetic flux f for |Iy;| (blue dashed curve), |I,| (green
dashed-dotted curve), and |/»| (red solid curve). (c) Loop current
diagonal matrix elements /; for the three lowest-energy levels (|0),
[1), and |2)) versus the reduced magnetic flux f for Iy, (blue dashed
curve), [,; (green dashed-dotted curve), and I, (red solid curve). In
(b) and (c), the loop current matrix elements are in units of /y. Here,
we choose « = 0.7 and Ej/E. = 48.

Hamiltonian of the three-level SFQC with its environment can
be given by

2
Hy=Y Ejoy+h)_ o,blb, + H. (4)
=0 n

The interaction Hamiltonian Hj is generally given by
Hy = Hip+ Hip+ HEg
= —®p()] — op()] — hQT, 5)

where hQ represents the magnetic flux induced by the
environment. The operator / in Eq. (5) represents the current
through the SFQC loop, which can be given as

2
f: Z Iij O’ij, (6)
i,j=0

with 0;; = |i)(j| in the basis of the three lowest eigenstates
(10), 1), and |2)) of the Hamiltonian in Eq. (1). Here, the
matrix elements of the loop current operator / are given as
I = (i|fg|j),forthe general definition [71] of the loop current
operator

s O[I()
£ 14 2

with Iy = 2w Ey/ ®¢. For the completeness of the paper and
further numerical discussions, the moduli of the loop current

[2cos ¢, sing,, — sinnf + 2¢,)], (7)
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transition matrix elements |/;;| (i < j)inFig.2(b) and the loop
current diagonal matrix elements /;; in Fig. 2(c) are plotted as
functions of the reduced magnetic flux f for the three lowest-
energy levels, with the same parameters as in Fig. 2(a). It is
clear that these matrix elements can be controlled by the bias
magnetic flux @, (or saying f).

The environment is described by multimode harmonic
oscillators, each with the creation (annihilation) operator bj;
(b,) and frequency w),. The environmental variable is

Q= ku(b} +by). ®)

where «;, characterizes the coupling between each mode of the
environment and the three-level SFQC.

The driving field ®p(z) is assumed to have frequency wy
and amplitude @, resonantly or near resonantly applied to the
two upper-energy levels |1) and |2). Thus, in the rotating-wave
approximation (RWA), the driving-field-induced Hamiltonian
H;p in Eq. (5) can be given as

Hip = hQp exp(iwot)oiy + AL exp(—iwot)ozr.  (9)

The coupling constant 2 between the driving field ®p(¢) and
the three-level SFQC is

QD=—%L(DC Iz, (10)
with I}, given in Eq. (6) for i =1 and j = 2. The Rabi
frequency of the driving field is given by the modulus |Q2p| of
the coupling constant.

In contrast to the driving field ®p(z), in this study, we
assumed that the probe field ®p(¢) includes two components
which can induce either the |0) <> |1) transition or the |0) <>
|2) transition. Thus, under the RWA, the probe-field-induced
Hamiltonian H;p in Eq. (5) can be given as

2
Hip = —®p(t) <Z Io; 00; + H.c.) ) (1)
i=1

Based on the above discussions, the total Hamiltonian of
the driven and probed three-level SFQC with its environment
can be given by

2
H = Z El oy + th;bibn
=0 n

+ hQpexp(iwgt)ors + hQ]*) exp(—iwgt)or;

2
— Dp(t) (Z Io; 001 + H.c.> — hol, (12)

i=1

with I given in Eq. (6).

We emphasize that the Hamiltonian of the SFQC in Eq. (1)
has a well-defined parity when the bias magnetic flux is at the
optimal point, i.e., f = 0.5. In this case, the transition between
the energy levels |0) and |2) is forbidden and the selection
rule in SFQCs is the same as in natural atoms [27], thus, the
three-level SFQC has a ladder-type transition, and the probe
field can only couple the energy levels |0) and |1). However,
when the bias magnetic flux deviates from the optimal point,
i.e., f # 0.5, the parity of the Hamiltonian in Eq. (1) related to
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the variables ¢, and ¢,, is broken and any transition between
two of the three lowest-energy levels is possible. In this case,
the three-level SFQC has a cyclic transition [27] and the probe
field can couple the energy levels |0) and |1), as well as the
energy levels |0) and |2). This is a very important difference
between three-level SFQCs and three-level natural atoms.

C. Magnetic susceptibility of three-level SFQCs

The linear response of the three-level SFQC to the probe
field can be characterized by the linear magnetic susceptibility.
By taking the same arguments and calculation method as in
Ref. [70], the linear magnetic susceptibility x, () of the three-
level SFQC to the probe field ®p(z) can be obtained via the
following Fourier transform:

81(r) dw .
= / — xq(w)exp[—iw(t —1)]. (13)

5Dp(t)) 2

Note that in this paper we use the integral sign [ to denote
the integration over the whole real axes, i.e., [ = [ . The
real and imaginary parts of the magnetic susceptibility y, ()
are used to characterize, respectively, the dispersion and the
absorption of the probe field by the three-level SFQC. The
parameter [() in Eq. (13) is the loop current operator in
the Heisenberg picture and is given via Eq. (6) as

2
[@0)y=">" Ljoij0). (14)
i,j=0
Here, o;;(t) denotes the operator o;; in the Heisenberg picture.
Note that the difference of the susceptibility between the three-
level SFQCs in Eq. (13) and the superconducting qubits in
Ref. [70] only involves replacing the loop current operator of
the superconducting qubits by that of the three-level SFQCs.
However, this simple replacement will result in many new
results, as discussed below.

III. EQUATIONS OF MOTION AND SOLUTIONS
OF OPERATORS

A. Heisenberg equations and correlation functions

To obtain the magnetic susceptibility y,(w) of the three-
level SFQC, we need to obtain the expression of the loop
current operator I (t), which can be expressed in terms of
operators oy, (¢). Thus, we first solve the equations of motion
for all operators oy, (¢). In the rotating reference frame with
the unitary transform

U(t) =exp(—ia)1611t —iw/O'Qzl‘), (15)
the Hamiltonian in Eq. (12) can be transformed as

H, = hAoy + hQpor, + hhon +h Y w,blb,

— Op(t)(Ip1o01e " + Ippoge ™" + H.e.) — hQI,,
(16)
with the loop current operator I in the rotating reference frame
I, = [Io1001e™"" + Ippogoe ™"

2
+ Inope ™™ + Hel+ Y Loy, (17)
i=0
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Here, we define the transition frequencies w; (i =1, 2, 3)
of the three-level SFQC as w; = (E; — Ey)/h, wy = (E; —
Ey)/h,and w3 = (Ey — E)/h. The parameter A = w3 — wy is
the detuning between the frequency wy of the driving field and
the transition frequency ws;. And, o = wy+ w1 = wy — A.
In the derivation of Eq. (16), we have used the completeness
relation |0) (0] + |1){(1] + |2)(2| = 1 for the three-level SFQC
and neglected the constant term. With the Hamiltonian H, in
Eq. (16), the Heisenberg equation of motion for any operator
o1, (1) in the rotating reference frame can be given by

aoll?l(t) _ 1
T ﬁi[dzm(t),HrL- (18)

The environment has an infinite number of degrees of
freedom, thus it is usually considered as a macroscopic system
and assumed in a thermodynamic equilibrium state. If the free
environmental variable Q©(¢),

00 = kb (D)’ + by(0)e ], (19)

n

obeys Gaussian fluctuations or the interaction between the
three-level SFQC and its environment is weak [67], the
environmental operator Q in Eq. (16) has the following
solution in the Heisenberg picture:

0 = 0V + f ar gV @), Q0)

Note that b,T, (0) and b,(0) in Eq. (19) are the creation
and annihilation operators of the nth environmental bosonic
mode at the initial time. The environmental linear response
function ¢(z,t) is defined as the correlation function of the
free environmental variables averaged over the environmental
equilibrium state

o(t,t") = (i[QV1), 0V )p ot — 1), @21)

where the Heaviside step function6(r — ¢') = 1 fort — ¢’ > 0,
but 6(r — ') = 0 for t — ¢’ < 0. The environmental suscepti-
bility x(w) is defined [67] by the Fourier transform of the
response function ¢(,t):

x(@) = x'(@)+ix"(w) = /df ¢(7) expivr),  (22)

with the time interval t =t — ¢’ and

x'(w) = L @/ do’ X”(w/),- (23)
T ©—o

Here, g stands for the Cauchy principal value.
Using the method developed in Refs. [67-70], the product
operators o0y, () Q(t) can be written as

1 R
o) = 5 f At §(t om0, E ()]s + Em (1)

+i / dt' M(t,t)om(), L.(t)]-. 24)

Here, the upper bound of the integral in Eq. (24) has
been extended from the time ¢ to oo by using the step
function8(¢r — t') = Ofort’ > t. The fluctuation force &, (¢) in
Eq. (24), which has zero average value over the environmental
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equilibrium state, is expressed as
1 0)
Slm(t) = E[Glm(t)vQ (t)]+

i f at' B om®O L], 25)

with  the causal correlation function M (t,t) =
M(t,t")0(t —t’). The symmetrized correlation function
M(z,t") of the free environmental variable Q©(z) is defined
by

M.ty = 3(101), 0V )] 1)k, (26)

with the average over the environmental equilibrium state.
Here, we need to mention that the Born approximation is made
when we take the average over the environmental equilibrium
state in Eqs. (21) and (26). That is, the states of the three-level
SFQC and the environment are factorized at any time and the
environment is always assumed in its equilibrium state. The
spectral density S(w) is defined [67] by the Fourier transform
of the correlation function M (z,t'):

S(w) = / dt M(t) exp(ioT). 27)

The Fourier transform §(w) of the correlation function M (1)
can be given as [67]

S() = YS() +iS' ), (28)
with
Sw=1p / do S(‘”),. (29)
T w—w

B. Quantum Langevin equations

Using Eqgs. (17) and (24), we can rewrite the Heisenberg
equation in Eq. (18) into a quantum Langevin equation. For
example, the operator og;(¢) obeys the following quantum
Langevin equation:

aO'()l(t) .|101|2 ’ / . o= Ny i1 T
=iy dt'[Sog 0 (8,8') + i S oy (£,1)]e™

Ioi|? _ e
1 021' fdr’[sm),(z,z’)+iS§1?01(t,r)]e“”"

Noal? / Nl e ia!
— i dt'[S5 1 (t,1) + iS5y 1 (t,1)]e™

I5]? _ L
+ ;! ‘22| /dr’[sg;gl(t,z’)+i532f21(z,t)]e iyt

oo — 111) [ -
_ "M / dr' 1S5 00 (t1) + i85 ho(8.1)]

Too — I11)1]
e KK RS )

TIoo — I
_ iw / '[85 (0,1) + iS5 (t,1)]

iQpoo(t) + ;—_lcbp(t)llo[aoom — o1 (D)

%d»(r)lzoazmt)e"w” + i LolEoo (1) — £11 ()]
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— i hoba (D)™ + i 1&g (t)e !
— i(loo — I11)&01(2). 30)
)

The commutators Sﬁlm(t,t/) and anticommutators Sl(l_,)m (t,1")
in Eq. (30) are defined as

St (@) = (6.0 (1). o1 ()] 31)
S{im () = 2M(1,)]03;(2), o1 (t)] . (32)

The fluctuation forces &;,,(t) in Eq. (30) can be given by
Eq. (25). However, we are only interested in the average
dynamics of the three-level SFQC operators in our following
discussions and not interested in the correlation of the
fluctuation forces; thus, hereafter we average Eq. (30) over
the environmental equilibrium state, and the fluctuation forces
&1, (t) become zero. Under the integral in Eq. (30), we only
keep the terms with exponential factors including the time
interval 7, e.g., exp(—iwoT), and the terms without exponential
factors. Other fast-oscillating terms with exponential factors,
e.g.,exp(iwit — iwpt’), have been neglected under the integral
in Eq. (30) because the contributions of these terms are
negligibly small.

To obtain each integral in Eq. (30), we have to first

calculate the commutators Sf;fl)m(t,t/) and anticommutators

Sf;;m(t,t/) with expressions [o;;(1),07,(t')]+ in Egs. (31)
and (32). With the assumptions that the coupling between
the three-level SFQC and its environment is weak, and that the
environmental correlation time 7. is very small, the relaxation
of the three-level SFQC is negligible during the environmental
correlation time 7.. Thus, the Bloch-Redfield approximation
can be applied and the operators oy,,(¢') in Egs. (31) and (32)
can be approximately obtained by neglecting the interaction
between the three-level SFQC and its environment. In this
case, the operators 0y, (¢) can be easily expressed in terms
of the operators at the moment ¢ and the time interval t. For
example, the operator o (¢') can be expressed as

ooi(t') = € 2T A (D)oo (1) + i€ 2T B(Don(1).  (33)

Here,
QT . (T
A(t) = cos > + i sin - cos 26, (34)
AV AW
B(t) = vsin <7> sin 26, 35)

with Q = /A2 +4|Qp|? and v = Qp/|Qp|. The detailed
calculations on the operators oy,,(¢') are given in Appendix A.
Using the relation of simultaneous operators o;;(f)oy, () =
0im(1)d 1, the commutators and anticommutators in Egs. (31)
and (32) can be expressed by the operators at the moment ¢
and the time interval 7. Thus, substituting the operator relations
(see Appendix A) as in Eq. (33) into Eq. (30), and integrating
over the time interval 7, the quantum Langevin equation (30)
can be simplified.

Based on the discussions above, the quantum Langevin
equations of other operators can also be derived by using the
same approach as for Eq. (30). All of the quantum Langevin
equations related to the operators oy,,(¢) after averaging over
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the environmental equilibrium state are given as follows:

dop1(1)
ot

=il1001(t) +i(T'12 — Qp)or(t)
+ ;—_lcbp(t)llo[aoo(r) — o1 (0)]e "

i -
- ﬁq)P(l‘)Izo(le(t)elm, (36)

don(1)
Jat

=i(T21 — QYoo (t) +i(T2n — A)ow(r)

+ %‘DP(I)Izo[Uoo(l) — o)l

I .
- ﬁcpp(l)[lofflz(f)em", 37
dop(t) . . .
rYan i(T'31 = A)o1a(t) + il'32021 (1) + iT'33000(2)
+ i(T34 — Qp)on(t) +i(T35 + 25)on(t)
i L, .
+ ﬁq)P(l)[Izodlo(l)elwt — Ip1opa(t)e™""], (38)
dogo(t) . . .
g(; = il41000(t) + iT42071(t) + iT43025(¢)
+ iTa4012(t) + iT45091 (1)
Op(t . L,
+ at )[”01001(067””” + i lppopa(t)e ™!
+ Hel, 39)
don(t) . . .
vk ils1000(2) + ils2011(2) + iT'53022(2)
+ i(Tsa — Qp)oa(t) +i(Tss + Qo2 (1)
Dp(t . .
+ ];i( )[illodlo(t)elw” + ilp010(t)e™" "
+ H.c.], 40)
don(t) . . .
5 = ils1000(2) + ile2011(2) + iT63022(2)

+ i(Tes + Qp)o2(t) + i(Tes — 25)o21(7)
Dp(t)

h
+ Hecl. (41)

+ [i Iao020(1)e'" 4 i I o1 (1)

The expressions for the complex coefficients ', (I, m = 1, 2)
in Egs. (36) and (37) are given in Appendix B. The expressions
for the complex coefficients Iy, in Egs. (38)—(41) are not given
because they are not used in the following calculations.

C. Steady-state values

We are interested in the linear magnetic susceptibility of the
driven three-level SFQC in the steady state; therefore, we need
to obtain the steady-state values and the probe-field-dependent
average values of the operators oy, of the three-level SFQC.
By averaging Eqs. (36)—(41) over the state of the three-level
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SFQC in the Heisenberg picture, we can obtain the dynamical
equations for the average values (oy,,). However, we are only
interested in the response of the steady state of the three-level
SFQC to the probe field, thus, our following calculations are
independent of the explicit form of the state of the three-level
SFQC in the Heisenberg picture. The steady-state values (ol(,fl) )
can be obtained via the equations for the average values (o)
by setting (07, (¢))/9¢t = 0 and Pp(¢) = 0. In this way, we
obtain from Eqs. (36) and (37) that the steady-state values

(o)) and (o)) are zero, i..,
(s) (s)
(o01') = {o0y') = 0. (42)

The steady-state values (a](?) and (al(,s)) (=0,1,2)
can be obtained via Egs. (38)—(41). However, in the usual
experiments with SFQCs, the condition kg7 < |E; — E|]
(i, j=0,1,2,i # j) is fulfilled. Thus, the population of the
energy levels |1) and |2) due to thermal excitations can
be neglected, and the steady-state values (o\}) and (o)
(I =0, 1, 2) can be approximately given as

(o13) ~ ol}) = (02)) ~ 0, and {ogg) ~ 1. (43)

By numerically solving Egs. (38)—(41), we find that |(al(;))| <

102 and (0.") <3 x 1072 (I = 1,2) with the parameters
used in following discussions on numerical calculations. Thus,
the approximation in Eq. (43) is reasonable.

D. Formal solution of quantum Langevin equations

The time-dependent average values (o7, (¢)) can be obtained
by solving the equations for the average values (o,,) using the
Fourier transform. Because we are only interested in the linear
magnetic susceptibility of the three-level system to the probe
field ®p(?), the solutions are only calculated to first order
in ®p(z). Therefore, here we first transform Eqs. (36)-(41)
into equations for the average values (oy,,), and afterwards, in
the terms including ®p(¢), we replace all the average values
(01, (1)) by their steady-state values (Ul(;:,)).

As shown in Eq. (42), the steady-state values (o(gf)) and
(aéz)) are zero, thus, the time-dependent average values
(o12(2)) and (oy(t)) (I =0,1,2) are independent of ®p(z)
when calculated to first order in ®p(¢), and do not affect
the linear magnetic susceptibility of the three-level SFQC.
Therefore, we only need to calculate the time-dependent
average values (op;(¢)) and (002(?)). The formal solutions of
the average values (op;(?)) and (ogy(¢)) are expressed as

Lo

(o01(1)) = i? dt' G (7)®p(t))e' "

I

—

h
+ G2(1)(001(0)) — G 12(1){002(0)), (44)

dt' G 2(7)Pp(1)e'"

I

(00a(t)) = i == dr' Gy (t)®p(t)e' ",

.o
_ ;10

dt' Gy (7)@p(t))e' ™"

— G21(t){001(0)) + G22(1){002(0)). (45)
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The Fourier transforms of the Green’s functions Gy,,,(t) in
Egs. (44) and (45), are given by

i(w+Tn)

G (@) = /dr Gumye = LTI )
. [ () — Q
Gin(w) = / dt Giy(t) €' = % 47)
. (T — QF
Ga(w) = / dt Gy (1) e = ’(zll)(—w)”) (48)
. ] —A+T
(@) = / dt Gon(t) € = W (49)
with the denominator
Dw)=—(w+T)(@—A+T)
+ (T2 — Qp) (T2 — Q) . (50)

E. Discussions on decay rates

The complex coefficients I';,, in Egs. (36)—(41) incorporate
the effects of the environment on the three-level SFQC. The
real parts of 'y, represent the Lamb frequency shifts of the
three-level SFQC, while the imaginary parts of I';,, represent
the damping rates of the three-level SFQC.

We can further simplify I',, via the fluctuation-dissipation
theorem. According to the fluctuation-dissipation theorem, the
spectral density S(w) in Eq. (27) and the imaginary part of
the environmental susceptibility x”(w) in Eq. (22) satisfy the
following relation:

. hw
S(w) = x"(w) coth <2kBT) . 5D

Here, T is the equilibrium temperature of the environment. In
our calculations, x”(w) is approximately given by an Ohmic
spectrum with exponential cutoff [72,73]

x"(w) = nwexp (—M> : (52)
W
Here, w, is the cutoff frequency typically assumed to be much
larger than all the other relevant frequency scales of the three-
level SFQC. The dimensionless constants 7|/; j|2 /27 (i, j =
0, 1,2) represent the coupling strengths between the three-
level SFQC and its environment.

Using Egs. (23), (29), (51), and (52), we can simplify
all formulas related to x(w) and S(w) by x”(w). In the
following calculations, we neglect the real parts of the complex
coefficients I';;,,, which are responsible for the Lamb frequency
shifts of the three-level SFQC. In this way, all the complex
coefficients 'y, are replaced by iy;,,, with y,, = Im(I';,,).

In principle, y;,, (I, m = 1, 2) can be calculated numerically
from the expressions of I';,, (I, m = 1, 2) given in Appendix B.
In Fig. 3, we plot the damping rates y;, (I,m =1,2) as
functions of f, T, and |Qp| with the parameters given in
Appendix C. We find in Fig. 3(a) that the damping rate
y11 reaches its maximum at the optimal point and decreases
as f deviates from 0.5 when the environmental equilibrium
temperature 7 = 0. However, when T # 0, the damping rate
y11 reaches its minimum at the optimal point. As f deviates
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FIG. 3. (Color online) Damping rates y;; (the three lowest
curves) and y», (the three highest curves) in (a) as functions of the
reduced magnetic flux f, are plotted for the temperatures 7 =0
(blue dashed curves), ' = 25 mK (green dashed-dotted curves), and
T =50 mK (red solid curves). Damping rates y;; (the two lowest
curves) and y,, (the two highest curves) in (b) as functions of the
temperature 7', are plotted for the reduced magnetic flux f = 0.5
(blue dashed curves) and f = 0.525 (red solid curves). Damping
rates yy; in (c), ¥, in (d), y12 in (e), and y,; in (f) as functions of
the Rabi frequency |2p|, are plotted for the reduced magnetic flux
f = 0.5 (blue dashed curve) and f = 0.525 (red solid curve). Here,
A is assumed to be 0. In (a) and (b), |Q2p| is assumed to be 0. In
(e) and (f), T is assumed to be 25 mK. The other parameters of the
three-level SFQC are provided in Appendix C.

from 0.5, yy; first increases, and then decreases after reaching
its maximum point. We find in Fig. 3(a) that the damping rate
y», reaches its minimum at the optimal point. As f deviates
from 0.5, y», first increases, and then decreases after reaching
its maximum point. In Fig. 3(b), we find that the damping
rates ;1 and y»; increase when the environmental equilibrium
temperature 7 goes up. In Figs. 3(c) and 3(d), we find that y;;
and y», are almost not affected by the Rabi frequency |Q2p].
Whereas in Figs. 3(e) and 3(f), we find that y;, and y), are
almost linearly dependent on the Rabi frequency |Q2p)|.

F. Comparison between the quantum Langevin equation
and the Lindblad master equation

Now, we make a comparison between the quantum
Langevin equations in Egs. (36)—(41) with the Lindblad master
equation. The method for deriving the quantum Langevin
equations in Egs. (36)—(41) is similar to that in Ref. [74]
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for deriving the Lindblad master equation with the Born-
Markov approximation and the RWA. And, we can transform
the quantum Langevin equations in Egs. (36)—(41) into an
equivalent Lindblad master equation [74]. However, there
are differences between the quantum Langevin equations in
Eqgs. (36)—(41) and the commonly used type of Lindblad master
equations.

(i) Usually, a commonly used type of Lindblad master
equation (denoted by cLME), e.g., the Lindblad master
equation used in Ref. [50], does not consider the effects of the
driving field on the coupling between the three-level SFQC
and its environment. That is to say, the frequency shifts and
the damping rates induced by the environment in the cLME are
independent of the driving field. However, in this paper we take
these effects of the driving field into account as in Ref. [69]
and derive the driving-field-dependent complex coefficients
Iy, (see Appendix B).

(ii) When the driving field ®p, is not applied, the real (imag-
inary) parts of the complex coefficients I'j,, are equivalent to
the frequency shifts (the damping rates) in the cLME. For
example, y;; and y»;, the imaginary parts of ') and Iy,
are equivalent to the damping rates of the off-diagonal matrix
elements p;; and ps3; in Ref. [50], respectively. However, when
the driving field ®p is applied, the complex coefficients Iy,
are modified by the Rabi frequency |2p| and the detuning
A of the driving field ®p. In addition, some of the complex
coefficients I',, e.g., I'12 and I';j, are not considered in the
cLME because these are nonzero only when the driving field
®p is applied. Thus, the phenomena induced by these complex
coefficients I';,,, e.g., [';» and I'y;, can not be explained by
using the cLME. In Sec. IV, we will show that y;, and y»;, the
imaginary parts of I'j, and I'y;, can make the two peaks in the
absorption spectrum for ATS have different heights.

IV. MAGNETIC SUSCEPTIBILITY

To study the linear response of the three-level SFQC to the
probe field when the three-level SFQC is in the steady state,
we now calculate the linear magnetic susceptibilities.

A. Susceptibility of the three-level SFQC

The magnetic susceptibility x,(w) can be given by the
Fourier transform of Eq. (13) as

= / PRI ' 53
Xq(@) = 7 5Pr(i)) exp(iot)), (53)

with the time interval 7, = ¢ —n. In the rotating reference
frame, the loop current operator /(¢) in Eq. (53) takes the form
as shown in Eq. (17),

[() = Uoio01(e ™" + Tppooa(t)e ™"
2

+ Inone ™ +Hel+ Y Liou().  (54)

i=0
As discussed in Sec. III D, the average values (o},(¢)) and
(o)) (I =0, 1, 2) are independent of ®p(#), and do not affect
the magnetic susceptibility y,(w). Thus, the susceptibility
Xq(w) defined in Eq. (53) can be calculated via the functional
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derivatives of the average values (09 (t)), (002(¢)), (o10(?)), and
(o20(2)) over the probe field ®p(#;). Using Egs. (44) and (45),
the functional derivatives of the average values (oy;(#)) and
(002(2)) over the probe field ®p(#;) can be given as

8{oo1() . To

=il e —iB2G e, (55)
s5opt) L h n :

3{ox(@®)) .1 w10 ot
2O = i 220G (e — i Goy(r)e M. (56
5Pp(t)) i~ 1(te i~ 21(T1)e (56)

The functional derivatives of the average values (oo(¢)) and
(020(?)) over the probe field ®p(#;) can be obtained by taking
the conjugates of Egs. (55) and (56). Therefore, we can
straightforwardly obtain

Xq(@) = xo1(@) + x02(w). (57)

Here, x01(w) and xo2(w) are determined by

S[ 1 —ieil L Hee. .
X()l(w) _ fdfl< [ 01601(;21fp(t1) + H.c ]>elwr1’ (58)

Xoa(®) = /d‘[l <3[[02O'02(t)€_1w +H.C~]>eiwt1. (59)

sDp(ty)

According to Egs. (58) and (59), using Egs. (46)—(49), (55),
and (56), we can obtain

o161 — A +iyxn)

xo1(@) = DiGn) , (60)
a8 +iyin)
x02(w) = W (61)

Here, ag; = |Ipi|*/h (i =1,2), si=w—ow1, H=0—0o,
and

Di(@) = —(w +iyi)w — A +iyxn)
+ (iyi2 — Q) y21 — Q). (62)

We can observe from Eqs. (58) and (59) that the magnetic
susceptibility xoi;(w) and xp(w) are odd functions of the
frequency w, thus we only need to study the behavior of these
magnetic susceptibilities in the regime w > 0. In this case,
the functional derivatives of the average values (ojo(#)) and
(020(?)) over the probe field ®p(?) are neglected in obtaining
Egs. (60) and (61) because these functional derivatives are
responsible for small antirotating wave terms when o > 0.
We have also neglected all fast-oscillating terms, e.g., the
second term in Eq. (55), in obtaining Eqgs. (60) and (61).
These fast-oscillating terms account for the three-wave mixing
phenomenon of the three-level SFQC, which is not in the scope
of this paper.

The magnetic susceptibility x,(w) in Eq. (57) consists
of two terms: xo;(w) and xg2(w). xo1(w) results from the
|0) <> |1) transition induced by the probe field, while xp(w)
results from the |0) <> |2) transition induced by the probe
field. From Egs. (60) and (61), we can find that y(;(w) and
X02(w) are similar to the susceptibilities of three-level natural
atoms [40,76], driven at the |1) <> |2) transition by a strong
field, and probed by a weak field. Here, xo(w) [or xo2(w)] is
similar to the susceptibility of three-level natural atoms with
ladder-type (or A-type) transitions, because in such natural
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atoms the weak probe field can induce the |0) <> [1) (|]0) <
|2)) transition, but cannot induce the [0) <> |2) (]0) < |1))
transition.

In this study, we assume that the Rabi frequency |Q2p|, the
driving-field detuning A, and the damping rates y;; (i, j =
1, 2) are all much smaller than the transition frequencies w;
(i = 1,2, 3). With these assumptions, we can find that yg;(w)
plays a major role in the magnetic susceptibility x,(w) when
w is near resonant to the [0) <> [1) transition, i.e., x,(w) ~
Xxo1(w) when w =~ w;. In contrast, yp(w) plays a major role
in the magnetic susceptibility x,(w) when  is near resonant
to the |0) < |2) transition, i.e., x4(w) ~ xo2(w) when w ~
w,. Hereafter, we denote the frequency range, in which w is
near resonant to the |0) <> |1) (or |0) <> |2)) transition, as the
|0) < |1) (or |0) <> |2)) frequency range.

As shown in Fig. 2(b), the moduli of the loop current
transition matrix elements |Ip;| and |ly;| are dependent on
the bias magnetic flux. Thus, we can find from Egs. (57), (60),
and (61) that the magnetic susceptibility x,(w) can be tuned
by the bias magnetic flux through || and |ly;|. According
to the symmetric analysis [27], when the bias magnetic flux
is at the optimal point, |Ip;| = O and the probe field ®p(?)
can not induce the |0) <> |2) transition of the three-level
SFQC. At this special point, x,(w) has the same function
as xoi1(w), thus, the three-level SFQC can respond to the
probe field in the |0) <> |1) frequency range, like natural
atoms with ladder-type transitions. However, when the bias
magnetic flux deviates from the optimal point, the probe
field ®p(¢) can induce both the |0) <> |1) and |0) <> |2)
transitions via interactions with the loop current of the SFQC.
In this case, x4(w) is the summation of xoi(w) and ygz ().
Thus, the three-level SFQC can respond to the probe field
in both the |0) <> |1) and |0) <> |2) frequency ranges. In
other words, the three-level SFQC acts like a combination of
natural atoms with ladder-type transitions and natural atoms
with A-type transitions. This is an obvious difference between
the linear responses of three-level SFQCs and three-level
natural atoms.

B. Conditions for realizing EIT and ATS

We know that the linear response of the driven three-level
SFQC to the probe field can be used to characterize EIT
and ATS. Let us now study the conditions for realizing
EIT and ATS in the three-level SFQC. As discussed in
Sec. IV A, the three-level SFQC may respond to the probe field
in two different frequency ranges: the |0) <> |1) frequency
range and the |0) <> |2) frequency range. Thus, EIT (ATS)
may occur in these two frequency ranges. In the |0) < [1)
frequency range, the EIT (ATS) spectrum is characterized
by xo1(w), while in the |0) <> |2) frequency range, the EIT
(ATS) spectrum is characterized by xg»(w). We first introduce
the method provided in Refs. [51,75,76] of distinguishing
EIT from ATS. Then, we combine this method with other
necessary conditions to derive the conditions for realizing EIT
and ATS.

References [51,75,76] provided a method of distinguish-
ing EIT from ATS by decomposing the linear response
of a three-level quantum system into two resonances. For
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example, the magnetic susceptibilities xo;(w) and xo2(w) can
be decomposed as

xo1(@) = RYV ) + ROV(51)
_ o1 5+ —A+iyn
S —8. 8 —&4

S_—A+i
i o1 ~|—l)/22’ (63)
8. —6_ 8§ —6_

Xo2(@) = RYP(82) + R (5,)
_ap Sy+iyn
S_— 84 86— 6,

apy  6—+iyn

, 64
R R ©4)

where §, are the complex roots of the equation D;(§) = 0.
If the driving-field detuning A is assumed to be zero and
the damping rates y|, and y»; are neglected, then 5. can be
given by

8+ =13 (—iyn —iyn +Qr), (65)

with Qr = \/4|SZD|2 — (11 — ¥22)?. For simplicity, the fol-
lowing discussions for EIT and ATS will first be limited to the
case that A = 0 and yj» = y»1 = 0. The effects of nonzero A,
¥12, and y»; will be discussed in Sec. IV D.

We first study the realization of EIT (ATS) in the |0) <> |1)
frequency range, where the EIT (ATS) spectrum is character-
ized by xo1(w). According to Refs. [51,75,76], EIT and ATS
occur in two different driving regimes, respectively, defined
by the relation between the Rabi frequency |Q2p| and the
threshold |y;; — y22|/2. EIT can only occur in the regime
|2p| < Y11 — ¥221/2, which is called here the weak-driving
regime, while ATS can only occur in the regime |Q2p| >
|Y11 — ¥221/2, which is called here the strong-driving regime.
The two resonances Ri) 1)(81) of xo1(w) have different shapes
in these two driving regimes: (i) In the weak-driving regime,
Re(8+) = 0, and then Im[R"(5))] and Im[R®" (/)] are two
Lorentzians with different signs, both centered at &; = 0.
(ii) In the strong-driving regime, Re(5) = —Re(6-) # 0 and
Im(8;) = Im(8_), and then Im[ R "(81)] and Im[ RV (8, )] are
two positive peaks located at §; = £Q7/2, respectively. When
1] > [y11 — y22l/2, Im[RTV(81)] and Im[R®V(51)] are ap-
proximately two positive Lorentzians centered at §; = £|Qp|,
respectively. The bifurcation point |Q2p| = |y11 — y22|/2 is a
special case where the decomposition in Eq. (63) is invalid. In
this study, we do not consider the conditions for realizing EIT
and ATS at this bifurcation point.

The conditions |QD| < |]/11 — )/22|/2 and |QD| > |)/11 —
y22|/2 can be used to distinguish EIT from ATS in the |0) <
|1) frequency range, however, these are not the sufficient
conditions for the realization of EIT (ATS). The dip in the
absorption spectrum of EIT (ATS) implies that the resonant
point Im[ xo;(w;)] must be a local minimum when EIT (ATS)
is realized. By analyzing the derivative of Im[yo;(w)] over
w, we find that Im[ xo;(w)] is the local minimum if |Qp| >

Y22/ V22 /(y11 + 2y22). Combining this condition with |Qp| <
lyi1 — v221/2 (12| > |y11 — ¥221/2), we finally obtain the
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condition for realizing EIT (ATS) in the |0) <> |1) frequency
range:
Y1 > 2y,

EIT: { Q0] >y, /-5 (66)

|Qp| < |V11;V22\ ,

|Qp| > el Y11 > 2y»n
ATS : (67)

Y22 <
12| > yn,/7-5-, Yin < 2y

The above discussions can also be applied to the |0) <> |2)
frequency range. Considering that the damping rates y;; and
vy, play different roles in the expressions for xo; (w) and g2 (@)
in Egs. (60) and (61), the conditions for realizing EIT (ATS)
in the |0) < |2) frequency range are

o > 2y,

EIT : 11Qp] > yi1, /52—, (68)

|Qp| < |V|1£V22\ ,

[yii =yl
|Q2p| > H5HE, Y22 > 2y
Y
> < .
12l > yi1,/ 2550 Y2 < 2y

C. EIT and ATS regimes

ATS : (69)

Here, we introduce two reduced parameters yr and Qg to
better interpret the conditions in Egs. (66)—(69). Using yr and
Qg, the reduced magnetic susceptibility becomes

xr(6R) + i Xxg (OR)

5y
S Sl S— (70)
Qz — Br +i)(6r +iyR)

Xr(6R)

The reduced magnetic susceptibility xr(égr) can also be
decomposed into two resonances as in Egs. (63) and (64),

XR(BR) = R1(8r) + R_(ér)
_ 8P +iyr

6% =586k = 81

s®

6% — 8%)(6p — 85

(71)

with

SR = L—i(l+ ) £ VHRE — (1 — P (72)

Any certain set of parameters of the SFQC (y11,22,|92p])
can be transformed into a point (yr,€2g) in the yr-Qr plane,
with a corresponding reduced magnetic susceptibility ygr(5gr)
defined in Eq. (70). The transformation relation depends on
the explicit expression of the magnetic susceptibility, i.e.,
xo01(w) or xp(w). For xo1(w), the transformation relation is
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YR = ¥22/y11, Qr = |Qpl/y11, and xr(6r) = Y11 X01(Y110R +
w1)/ap1. While for xp(®), yr = y11/v22, Q2R = |$p|/ V22,
and xr(8R) = Y22 x02(¥228Rr + @)/ 2. We note that after the
transformation, xgr(dg) still keeps all the characteristics of
the susceptibility xo1(®) [x02(w)] we need to study EIT and
ATS. Thus, using yr and Qg, we can rewrite the conditions in
Egs. (66)—(69) into a unified form

YR < 3.
EIT : {Qr > Qu(R), (73)
Qr < Qw(r),
Qr > Qwi), W <3
ATS : 1 (74)
Qr > QuOR), w23
with the threshold functions defined as
1 — Rl
() = T (75)

Q) = 1, £ +”‘;yR. (76)

In the first quadrant of the yr-Q2r plane, the points (yr,<2R)
which fulfill the condition for realizing EIT (ATS) comprise
the EIT (ATS) regime. The borders of the EIT and ATS
regimes are defined by Qw(yr) and 2y (yr). In Fig. 4, we plot
Qw(yr) (black dashed-dotted curve) and QpM(yr) (black solid
curve) in the first quadrant of the yr-Qg plane. Qw(yr) is the
reduced form of the threshold |y;; — y22|/2 mentioned above,
which separates the quadrant into the weak-driving (area
below the black dashed curve) and the strong-driving (area
above the black dashed curve) regimes. While Qy(yr) de-
scribes the characteristic of the resonant point xg(0), 2m(yr)
also separates the quadrant into two regimes. In Fig. 4, the
area above the black solid curve is the minimum regime. In this
regime, the resonant point x(0) is a local minimum of xj(8r).
By contrast, the left part of the quadrant, which includes the
area below the black solid curve and the black solid curve

FIG. 4. (Color online) Thresholds Q2w (dashed-dotted curve) and
Q) (solid curve) are plotted as functions of yg. The red (yellow)
area represents the EIT (ATS) regime. Six representative points
A1(0.3,0.07), A»(0.3,0.24), A5(0.3,1), B1(1.5,0.13), B»(1.5,0.6),
and B;(1.5,1.4) are marked by round dots.
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itself, is the maximum regime. In this regime, the resonant
point xz(0) is a local maximum of x (8r).

According to the conditions in Egs. (73) and (74), the EIT
regime (red area in Fig. 4) is the area where the weak-driving
regime and the minimum regime overlaps. In contrast, the
ATS regime (yellow area in Fig. 4) is the area where the
strong-driving regime and the minimum regime overlap.

In Fig. 4, we find that the line yg = % divides the quadrant
into two distinct areas. EIT can only be realized in the area
where yr < % And in this area, for a given yg, a transition from
EIT to ATS can be realized when increasing Q2g. We take three
points A;—Aj3 as examples and plot the corresponding x¢ (6r)
and Im[R(6r)] in Figs. 5(a)-5(c), respectively. In Fig. 4, A;
lies below both curves Qw and €2y. Thus, in Fig. 5(a), two
Lorentzians Im[ R4 (5r)] are centered at g = 0 with different
signs, but their summation x (8 ) does not exhibita dip. A; lies
below the curve Qw and above the curve 2y, just in the EIT
regime. Thus, in Fig. 5(b), the interference between the two
Lorentzians Im[ R (6r)] is strong enough to make a dip appear
in xg(8r). As for Az, this point lies above both curves Qy and
QM, i.e., in the ATS regime. Thus, in Fig. 5(c), Im[R.(Sr)] are
two positive peaks located in different positions, and the gap
between them makes a dip appear in xg(6r).

J@ Jo

FIG. 5. (Color online) Imaginary parts of the reduced magnetic
susceptibility xy(6r) (red solid curve), the resonances Im[R. (6r)]
(blue dashed curve), and Im[ R_(8g)] (green dashed-dotted curve) are
plotted. Figures (a)—(c) correspond with the points A;—Aj in Fig. 4,
respectively. While figures (d)—(f) correspond with the points B;—B;
in Fig. 4, respectively.
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TABLE I. EIT and ATS experiments in SQCs and natural atoms.

Experiments Systems Susceptibility R

Ref. [49] SQCs Xo1(®) 1.93
Ref. [50] SQCs Xo1(w) 0.96
Ref. [53] SQCs Xo1(®) 1.27
Ref. [38] Natural atoms Xo2(w) 0.04
Ref. [55] Natural atoms Xo2(w) 0.02

In contrast, the EIT regime does not overlap with the area
R = % In this area, only ATS can be realized when Qp >
QM. We also take three points B;—Bj3 as examples and plot
the corresponding xg(6r) and Im[ R4 (8g)] in Figs. 5(d)-5(f),
respectively. In Fig. 4, By lies below both curves Qw and Q.
Thus, in Fig. 5(d), two Lorentzians Im[ R4 (5r)] are located at
8r = 0 with different signs, and xy(6r) do not exhibit a dip,
just as the case in Fig. 5(a). B; lies above the curve Qw and
below the curve Q. Thus, in Fig. 5(e), Im[R.(5r)] are two
positive peaks, but the gap between them is not large enough
to make a dip appear in x{(8r). In contrast, Bj lies above both
curves Qw and Qy. Thus, in Fig. 5(f), the gap between the
two positive peaks Im[ Ry (6g)] is large enough to make a dip
appear in xy(6r), similar to the case in Fig. 5(c).

On the basis of the above discussions, now we start to
analyze several EIT or ATS experiments in SQCs and natural
atoms. In Table I, we summarize the experimental parameters
in Refs. [38,49,50,53,55]. We can find that for the experiments
in natural atoms, the parameter yg is much smaller than % As
shown in Fig. 3, Qum(yr) goes down when yr decreases. Thus,
in these systems, a dip in the susceptibility spectrum can be
observed even when a weak driving field is applied, i.e., when
Qr < 1.Both EIT and ATS can be realized in these systems. In
addition, a transition from EIT to ATS has been demonstrated
in Ref. [55] by increasing the Rabi frequency of the driving
field, similar to the transition from the point A, to A3 in Fig. 4.
However, for the experiments in SQCs, the parameter yg is
larger than % Thus, ATS can be realized in these systems but
EIT can not. Due to the difference in yg, the threshold €2); for
these experiments in SQCs is much larger than that in natural
atoms. Thus, for these experiments in SQCs, the dip in the
susceptibility spectrum can only be observed when a driving
field much stronger than the damping rates is applied.

From the above discussions, we find that yg is an important
parameter which makes SQCs and natural atoms differ largely
in EIT and ATS experiments. In natural atoms, many energy
levels can be used, from which three appropriate energy levels
with a yg much smaller than the threshold % can be found.
However, in SQCs usually only the lowest three energy levels
are used and yR for these three levels are around 1. This
difference in yg makes it more difficult to realize EIT in SQCs
than in natural atoms.

D. Effects of the driving-field detuning A and the
damping rates y;; and y;

We now discuss the effects of the driving-field detuning
A and the damping rates yj, and y»; on the linear response.
In this study, we only consider the case when the driving-
field detuning A and the Rabi frequency |Q2p| satisfy the
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condition A < |Qp| K w; (i = 1, 2, 3). In addition, the condi-
tion y12,121 < |2p] is fulfilled because the coupling between
the three-level SFQC and its environment is weak. In this case,
the driving-field detuning A and the damping rates y;, and
y»1 only slightly affect the magnetic susceptibilities yo;(w)
and xp2(w). Thus, we can approximately use the conditions
for realizing EIT and ATS in Eqgs. (66)—(69) even when the
driving-field detuning A is nonzero and the damping rates y»
and y»; are taken into account. However, it is necessary to
mention the special effect of the damping rates y;, and y»; on
the magnetic susceptibilities xo;(w) and xg»(w). That is, the
damping rates yj, and y»; can lead to different heights of the
two peaks in the absorption spectrum for ATS. For example,
when the conditions in Eq. (67) for realizing ATS in the
|0) <> |1) frequency range are fulfilled, and the driving-field
detuning A is zero, we find that the damping rates y;, and
y21 can make the complex roots 8. have different imaginary
parts, i.e., Re(6+) = —Re[d-] # 0 and Im(§;) # Im(5-). In
this case, Im[REBl)(Sl)] and Im[R(_Ol)(SI)] are two positive
peaks with different heights, resulting in two different heights
for the two peaks in the absorption spectrum for ATS. Similar
results for ATS in the |0) <> |2) frequency range can also be
found.

In Fig. 6, we plot the imaginary parts of the suscepti-
bility xo1(wp) and the two resonances Rf 1)((,()}) — w1). The
parameters in Fig. 6 are appropriately chosen to guaran-
tee that the conditions in Eq. (67) for realizing ATS in
the |0) <> |1) frequency range are fulfilled. We find that the
nonzero driving-field detuning A makes the two absorption
peaks have different heights and asymmetric positions (see
the black dotted curve in Fig. 6). In addition, we find that two
absorption peaks have different heights (see the red solid curve
in Fig. 6) when the three-level SFQC is resonantly driven, i.e.,
A = 0, which is in accordance with the above discussions.

Because the transmission coefficient 7 in Ref. [50] and the
magnetic susceptibility xo;(w) in Eq. (60) satisfy the relation
xo1(w) o< i(1 — t), we speculate that this effect of the damping

(o]
N

-0.1

0 0.1
(wp —wy) /27 (GHz)

FIG. 6. (Color online) The imaginary parts of x,(wp) (red solid
curve), Rﬂfl)(a)p — w;) (blue dashed curve), and ROV (wp — wy) (green
dashed-dotted curve) as functions of the detuning of the probe field
wp — w; are plotted for T =25 mK and A = 0. The imaginary
part of y,(wp) is also plotted for T =25 mK, A/2m =20 MHz
(black dotted curve). Here, we assume that f = 0.5, and |Qp|/27 =
40 MHz. The other parameters of the three-level SFQC are provided
in Appendix C.
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FIG. 7. (Color online) The imaginary part of x,(wp) (red solid
curve) is shown as a function of the probe field frequency wp/27.
In the left part, the imaginary parts of Rf”(wp — w;) (blue dashed
curve) and R@D(wp — w) (green dashed-dotted curve) are shown
as functions of the probe field frequency wp/27m. In the right
part, the imaginary parts of sz)(wp — ') (blue dashed curve) and
R(,Oz>(a)p — ') (green dashed-dotted curve) are shown as functions
of the probe field frequency wp/27. All curves are plotted with 7 =
25 mK and A = 0. Here, we assume that f = 0.525, and |Q2p|/27 =
1.4 MHz. The other parameters of the three-level SFQC are provided
in Appendix C. Note that the left (right) vertical axis is for the left
(right) part of the figure.

rates yjp and y,; is a possible reason for the asymmetric
transmission spectrum in the ATS experiment [50,51].

E. EIT and ATS in the |0) < |1) and |0) < |2)
frequency ranges

Now, we study the simultaneous realization of EIT or
ATS in both the |0) <> |1) and |0) <> |2) frequency ranges.
According to the conditions for realizing EIT (ATS) in
Egs. (66)—(69), EIT can not be realized simultaneously in both
the |0) < |1) and |0) <> |2) frequency ranges because the
damping rates y;; and y»; can not satisfy both the conditions
y11 > 2y and y» > 2yp; in Egs. (66) and (68). In Fig. 7,
the imaginary part of the susceptibility x,(wp) is plotted.
The imaginary parts of the two resonances Rf D(wp — wy)
[Ri)z)(a)p — @')], corresponding to xo1(wp) [ x02(wp)], are also
plotted in the left (right) part of Fig. 7 with the same parameters
as for y,(wp). In the right part of Fig. 7, the condition for
realizing EIT in the |0) <> |2) frequency range is fulfilled, and
EIT is realized when wp is near resonant to the |0) < |2)
transition. However, EIT does not occur in the |0) < |1)
frequency range (see the left part of Fig. 7). This is in
accordance with our conclusion, i.e., EIT can not be realized
simultaneously in both the |0) <> |1) and |0) <> |2) frequency
ranges.

However, ATS can be realized simultaneously in both the
|0) <> |1) and |0) <> |2) frequency ranges, as long as the Rabi
frequency |Q2p| is larger than Qwy, Qg,)[l), and Qg,)[z). In Fig. 8,
the imaginary part of the susceptibility x,(wp) is plotted.
The imaginary parts of the two resonances Ri) D(wp — o)
[sz)(wp — @')], corresponding to xo1(wp) [ x02(wp)], are also
plotted in the left (right) part of Fig. 8 with the same parameters
as for x,(wp). Here, we set a large |Q2p| which fulfills both the
conditions for realizing ATS in the |0) <> |1) and |0) <> |2)
frequency ranges. Thus, ATS can be realized not only in the
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FIG. 8. (Color online) The imaginary part of x,(wp) (red solid
curve) is shown as a function of the probe field frequency wp/27.
In the left part, the imaginary parts of Rﬁ? Y(wp — wy) (blue dashed
curve) and ROV (wp — wy) (green dashed-dotted curve) are shown
as functions of the probe field frequency wp/2m. In the right
part, the imaginary parts of RS(_)z)(C()p — ') (blue dashed curve) and
R (wp — ") (green dashed-dotted curve) are shown as functions
of the probe field frequency wp/27. All curves are plotted with 7 =
25 mK and A = 0. Here, we assume that f = 0.525, and |Q2p|/27 =
40 MHz. The other parameters of the three-level SFQC are provided
in Appendix C. Note that the left (right) vertical axis is for the left
(right) part of the figure.

|0) < |1) frequency range (see the left part of Fig. 8), but also
inthe |0) < |2) frequency range (see the right part of Fig. 8). In
this case, there are four absorption peaks and two transparency
windows. However, in three-level natural atoms, there are only
two absorption peaks and one transparency window for the
ATS spectrum.

V. CONCLUSIONS

In conclusion, we have studied the linear response of a
three-level SFQC, with a driving field applied to the two upper-
energy levels. We include the environmental effect on the
three-level SQFC within the Born-Markov approximation. In
particular, we study electromagnetically induced transparency
(EIT) and Autler-Townes splitting (ATS). We find that when
the bias magnetic flux is at the optimal point, the three-level
SFQC can respond to the probe field in the frequency range
corresponding to the transition between the ground and the
first-excited energy levels of the three-level SFQC, like natural
atoms with ladder-type transitions. However, when the bias
magnetic flux deviates from the optimal point, the three-level
SFQC can respond to the probe field in two different frequency
ranges, of which one frequency range corresponds to the
transition between the ground and the first-excited energy
levels of the three-level SFQC, while the other frequency
range corresponds to the transition between the ground and
the second-excited energy levels of the three-level SFQC.
In this case, the three-level SFQC acts like a combination
of three-level natural atoms with ladder-type transitions and
three-level natural atoms with A-type transitions.

We derive the conditions for realizing EIT and ATS in three-
level SFQCs. We find that the realization of EIT in a three-
level SFQC requires that the damping rates of the three-level
SFQC fulfill certain conditions and that the Rabi frequency
of the driving field lie in a certain frequency interval defined
by the damping rates of the three-level SFQC. Whereas, the
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realization of ATS in a three-level SFQC only requires that the
Rabi frequency of the driving field be large enough. We find
that the parameter yg, which is defined by the ratio between
the damping rates, plays an important role in deciding whether
EIT can be realized in three-level systems such as SQCs or
natural atoms. We find that yr < % is a necessary condition

forrealizing EIT. Thus, achieving a system with yg < % should
be a prerequisite for EIT experiments in SQCs. Because the
values of yg in SQCs are usually much larger than those in
natural atoms, it is more difficult to demonstrate EIT in SQCs
than in natural atoms.

Using the conditions for realizing EIT and ATS, we analyze
the linear response of the driven three-level SFQC. When
the bias magnetic flux is at the optimal point, EIT (ATS)
can be realized in three-level SFQCs like natural atoms with
ladder-type transitions [77] if the corresponding condition is
fulfilled. When the bias magnetic flux is not at the optimal
point, EIT (ATS) can be realized in two different frequency
ranges. Each frequency range has its own conditions for
realizing EIT (ATS). In addition, EIT can not be realized
simultaneously in these two frequency ranges due to the
restrictions laid by the conditions for realizing EIT. However,
ATS can be realized simultaneously in these two frequency
ranges as long as the Rabi frequency of the driving field is
large enough.

We also find that the damping rates modified by the driving
field can result in two different heights for the two peaks in
the ATS absorption spectrum even in the resonant driving.
This phenomenon is a possible reason for the asymmetric
transmission spectrum in the ATS experiment [50,51].
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APPENDIX A: CALCULATIONS OF COMMUTATORS
AND ANTICOMMUTATORS

With the assumptions that the coupling between the
three-level SFQC and its environment is weak, and that the
environmental correlation time 7, is very small, now we
present a concrete method to calculate the commutators and
anticommutators in Egs. (31) and (32).

In the rotating reference frame with the unitary operator
shown in Eq. (15), and neglecting the interaction between the
three-level SFQC and its environment, the time evolution of
the three-level SFQC operators is governed by an effective
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Hamiltonian
Heir = hAoay + hQpo1z + hQoa1
= e[ )(I] +e212) 2. (AD)
The eigenvalues of the Hamiltonian in Eq. (A1) ¢; = A(A —

Q)/2 and &; = A(A + 2)/2 correspond to the eigenstates
IT) = cos(9)|1) — v* sin(6)[2), (A2)
12) = vsin(0)|1) + cos(6)[2), (A3)

with the parameter v = Qp/|Qp|. The parameter 8, which
characterizes the mixing between the states |1) and |2), is

given by
tan(6) ,/Q_A (A4)
an = /—,
QL+ A

Q= /A2 4+ 4. (A5)

with

Note that the parameter 6 = 0 if |Q2p| = 0.
With the effective Hamiltonian in Eq. (A1), the operator
o1m(t') at the moment ¢’ evolves to the operator

U (0)0um (1) et (7). (A6)

with the time interval T = ¢t —
Ue(7) in Eq. (A6) is

om(t) =

t’. The time-evolution operator

2
Uer(®) = 1001+ Y exp (<iztr) DL (A7)
=1

which is given via the effective Hamiltonian in Eq. (Al).
Here, the completeness relation |[0)(0] + |1)(1] + |2)(2] = 1
has been used in the derivation of Eq. (A7) and the states
I (=1,2) are given by Egs. (A2) and (A3). Therefore,
all operators oy,(¢') at the moment ¢’ can be given by the
operators at the moment ¢ via Egs. (A6) and (A7). The explicit
expressions for oy,,(¢') are listed as follows:

o0o(t") = opo(t), (A8)

on(t) = |A(D)o11(t) + | B(T)[Poxn(t)
+iA(T)B(T)o1a(t) — iA*(T)B*()oai (1),  (A9)

on(t') = |B(v)[*o11(t) + |A(T)|Pon(t)

— iA()B(T)on(t) + i A*(0)B*(T)oa (1), (A10)
oo1(t)) = ¢ 2T A (T)ooi (1) + i€ 2T B(D)o(t),  (All)
ooty = ie' > B (D)oo (1) + € 2T A(Don(1),  (A12)

o1a(t) = i A(T)B*(T)o11(1) — i A(T) B*(T)ona(t)
+ A2(0)o1a(t) + B (x)om (0). (A13)

The expressions for the operators o1o(2"), o20(t'), and o21(t')
can be obtained by taking the conjugates of Egs. (A11)-(A13).
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APPENDIX B: EXPRESSIONS FOR T,

The explicit expressions for the complex coefficients Iy,
(I, m =1, 2) in Egs. (36) and (37) are given by

Ty =l A+ oo P A + 1112 A
+ (oo — I oA s + (oo — I 111 Ass
+ oo — T11) A1, (BD)

Ty = [l *Ax + |12 [*Axs + (Too — Tn) 11 Ao
+ (oo — T11) 12 A24, (B2)

Ty = [Ioo|*Biy + [121*Bia + (Ioo — 1) 111 By3
+ (loo — 122) 122 B1a, (B3)

Ty = [Io1|*Bar + [I02)* Baa + |1121* Bas
+ (oo — 122)IooA 14 + (loo — I2) 111 A6
+ (oo — I2) 10 A5, (B4)

with the parameters

Ay = 2isin?(0)S(@() + 2i cos?(0)S(@\ ), (BS)

20 20
A== @)~ O ). ®6)
a1 = 2O i+ 3O o)
02
S0 01 (—aop). (B7)
1
Ay = —Em— 0), (B8)
sin?(26) sin?(20)
Ais = — 3 Ry () — Ry (=)
2
— H%S(ze)m o), (B9)
sin?(20) sin?(20)
6= "¢ R(2) + 2 R ()
-2
_ Sir@9)y o), (B10)
Ay = wm(wﬁ“) _vsin@9)g @, B
Ay = — v sin(29i COSZ(Q)ﬂh(—wéﬂ)
v sin(262 sin%(9) er(_wg,))
v sin(29i cos(20) R, (—w0). (B12)
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v sin(26) cos2(9)
f
v sin(26) sin?(6)

—

v sin(26) cos(20)

+ f

Ay =— iy (§2)

Ny (=£2)

R, (0), (B13)

v sin(20) cos?(0)
Ay = fﬁh (£2)
v sin(26) sin%(6)
4
v sin(26) cos(26)

4

Ny (=52)

R, (0), (B14)

v* sin(20) v*sin(20)

J (B15)

Ny(w (+)) m+(wE,))a

v* sin(260) cos?(6)
4
v* sin(20) sin?(6) _
- @)
v* sin(20) cos(20)

— n ,
1 (o)

B, = Ry ()

(B16)

v* sin(26) sin%(9)
4
B v* sin(26) cos2(6) €2, (-9
4
v* sin(26) cos(26)

4

B3 = Ry ()

(B17)

Ry (0),

v* sin(26) sin*(8)
—
v* sin(26) cos?(6)
—
v* sin(26) cos(26)

— Ny (0),
1 +(0)

Biy=— Ry ()

Ny (=£2)

(B18)

sin(0)

cos (9)
By = ——— 0 (") -

——%R (@), (B19)

By = 2i cos’(0)S(w],,)) + 2i sin2(9)§(w27)), (B20)

PHYSICAL REVIEW A 89, 063822 (2014)

cos*(9) sin (9)

By = Ni(0f”) + =R ()
sin?(26)
Ny (wo). (B21)
Here, the function N (w) is defined as
NRi(w) = x(w) £2iS(w). (B22)
And, a)(()i), wﬁi) ,and w( +) are given by
A+Q
a)(()i)za)():l:Q, a)ii)—wl—i— >
, , AEQ
Wy =W + >
APPENDIX C: PARAMETERS FOR NUMERICAL
CALCULATIONS

Here, we give the parameters of the three-level SFQC used
in Figs. 3 and 6-8. Same as in Fig. 2, the ratio between the
Josephson energy Ej and the charging energy E. is chosen
as Ey = 48 E,, and the ratio o between the larger Josephson
junction and the smaller one is « = 0.7. We set an experimen-
tally accessible Josephson energy Ej/h = 2w x 144 GHz. In
this case, when the reduced magnetic flux f is at the optimal
point, i.e., f = 0.5, we can obtain the transition frequencies
via Fig. 2(a) as w; ~ 0.0257 Ej/h ~ 27w x 3.69 GHz, and
w3 ~ 0.1319 Ej/h ~ 2w x 18.99 GHz. We can also obtain the
matrix elements of the loop current operator / via Figs. 2(b)
and 2(c) as |lo;| = 0.5617 Iy, | 1| = 0, [112] = 0.2916 Ij, and
loo = I1 = I = 0.

When f = 0.525, the corresponding transition frequen-
cies are w; ~ 0.162 Ej/h ~ 2w x 23.33 GHz and w; =
0.0663 E;/h ~ 2w x 9.54 GHz, respectively. The correspond-
ing loop current matrix elements are |ly;| = 0.1353 Iy,
[1o2] = 0.0596 Iy, |I12] = 0.4495 1y, Ipp = 0.5883 1y, I =
—0.1768 Iy, and I,, = —0.0467 I,. Here, we note again Iy =
21 EJ/CD().

We assume the cutoff frequency in Eq. (52) as w, = 100 w;,
with w; corresponding to the transition frequency wz = (E; —
Ep)/h when f = 0.5. We set a dimensionless constant 8 =
ni2 /27, with Iy = |Ip;| when f = 0.5.In this way, the spectral
function x”(w) in Eq. (52) can be expressed as

/3 ol
—5 WEXp .
S IOOwS

1074,

x'(w) = (CD)

In Figs. 3 and 6-8, we assume 8 =
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