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Electromagnetically induced transparency (EIT) and electromagnetically induced absorption (EIA) have many
applications, especially for achieving slow light and fast light. EIT and EIA have been widely observed in both
quantum and classical systems where two transition pathways could interference destructively or constructively.
Multipathway interference has been a concern in recent works, however, due to the difficulty of precisely con-
trolling the system parameters, the experimental study of multipathway interference is generally challenging. In
this paper, we explore a coupled high-temperature-superconducting (HTS) resonator platform for implementing
three-pathway electromagnetically induced transparency (TEIT) and absorption (TEIA). In our system, both
resonant frequencies and linewidths (loss) of each resonator as well as their coupling strength can be precisely
controlled, thus TEIT and TEIA can be implemented as a set. Our proposed method shows great potential for
use in microwave signal processing in the future, such as slow wave, fast wave, and radio-frequency memory.
Our results indicate the HTS resonator is an ideal platform for investigating versatile coherent phenomena.
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I. INTRODUCTION

Electromagnetically induced transparency (EIT) is a sig-
nificant coherent phenomenon in both classical and quantum
physics, resulting from the out-of-phase interference between
two pathways [1]. EIT was first developed in gas vapor atom
systems [2] based on the theory of quantum coherence be-
tween two transition pathways to the same energy level in a
three-level system. After that, EIT has been demonstrated in
numerous classical physics systems due to its similar interfer-
ence properties to atomic systems. As a result, many easily
controllable classical physics systems have been developed
such as metamaterials [3–8], plasma [9–12], optomechan-
ics [13–17], microresonators [18–20], and superconductors
[21–24] etc.

Up to now, most studies of EIT and electromagnetically
induced absorption (EIA) have focused on the simplest case,
which involves interference between two pathways. However,
by generalizing this to three-pathway or multipathway inter-
ference, new phenomena based on four-level or multilevel
atomic schemes can be achieved. These phenomena not only
deepen our understanding of quantum and classical coherence
theory, but also enable us to manipulate light and electro-
magnetic waves in new ways, such as double EIT and double
EIA transitions, observed in controllable photonic molecules
[25] and multi-EIT and EIA in optical microresonators
[26], where two or more peaks/dips with approximately the
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same linewidth appear within a broad absorption/transparency
background. If we further tailor the linewidths and resonant
frequencies of the modes, we can observe another type of EIT
or EIA, known as three-pathway electromagnetically induced
transparency (TEIT) and three-pathway electromagnetically
induced absorption (TEIA) [27,28]. Achieving effective mul-
tipathway interference requires precise control of the system
parameters, as more freedoms are involved than simple two-
pathway interference.

In this paper, we propose and experimentally implement
TEIT and TEIA in a microwave regime based on three coupled
high-temperature-superconducting (HTS) resonator systems.
We use Y-Ba-Cu-O (YBCO) film as the superconducting ma-
terial which ensures achieving high Q modes [29]. Another
advantage of using HTS is that their resonant frequencies can
be mechanically tuned without sacrificing Q value, and the
coupling strength between the resonators can be precisely de-
signed by means of numerical simulations. This work shows
the potential of HTS for experimentally studying multimode
physics, while the realization of TEIT and TEIA would facil-
itate the understanding of coherence phenomena.

II. DESIGN AND ANALYSIS

Figures 1(a) and 1(b) illustrate the schematic diagrams for
achieving TEIT and TEIA based on coupled superconducting
resonators. We design two coupled-resonator configurations,
both of which are composed of a low-Q resonator (R1),
a medium-Q resonator (R2), and a high-Q resonator (R3).
Meanwhile, a feedline connecting the source input and the mi-
crowave signal output, is coupled to R1 in both configurations.
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FIG. 1. (a), (b) Schematic and (c), (d) circuit diagrams of three-coupled-resonator based TEIT and TEIA. The patterns are fabricated on
YBCO films. The YBCO film has a conductivity of 1.2 × 1014 S/m, and a thickness of 600 nm. The substrate is MgO with a thickness of
0.5 mm, and its relative permittivity is 9.7. The depth of the air layer below the top cover is 5 mm. The dimensions in the circuit are as follows:
L1 = 24 mm, L2 = 12 mm, L3 = 26 mm, a1 = 0.48 mm, a2 = 0.2 mm, a3 = 0.08 mm, w1 = 4.08 mm, w2 = 2.56 mm, w3 = 4.02 mm, w4 =
0.74 mm, s1 = 1.8 mm, s2 = 2.2 mm, s3 = 3.84 mm, f1 = 0.56 mm, f2 = 0.48 mm, f3 = 0.86 mm. The linewidth and line spacing are both
0.08 mm in the spiral resonators.

TEIT is implemented with configuration 1, where R2 and R3
are directly coupled to R1 but there is no coupling between
them. However, in configuration 2, which implements TEIA,
the feedline, R1, R2, and R3 are coupled in a cascaded way
without any other nonadjacent cross couplings.

In the circuits, a HTS spiral resonator is utilized for its
compact size [30]. All the resonators are working at half-
wavelength resonance mode with a fundamental frequency of
1305 MHz. A transmission line, coupled with the resonator
at one end and connected to a 50 � impedance at the other
end, is introduced to realize Q-factor management for R1 and
R2. The coupling strength between two adjacent resonators
can be adjusted by controlling their distance. The microwave
signal is fed from the input port at the left end, and the output
response is measured at the right end of the feedline. The
two circuits are both achieved at a compact chip size with
dimensions smaller than 26 mm × 12 mm, which amounts to
0.011λ0 × 0.005λ0, where λ0 is the wavelength of the mi-
crowave in free space.

TEIT and TEIA can be qualitatively explained as three-
pathway interference, as shown in Figs. 1(a) and 1(b). In
a weak-coupling regime, the model can be described as a
four-level system, which consists of one ground state and
three bare states with distinct decay rates. In configuration 1,
there are three transition pathways to reach state |4〉 from state
|1〉, including one direct pathway, |1〉 → |4〉 (denoted as P11),

and two indirect pathways, |1〉 → |4〉 → |2〉 → |4〉 (denoted
as P12) and |1〉 → |4〉 → |3〉 → |4〉 (denoted as P13). In a
weak-coupling regime, P11 has a π phase difference from
both P12 and P13, therefore giving rise to two superposed
transparency peaks with different linewidths in the absorption
window, corresponding to TEIT. In configuration 2, the bare
states remain the same but the pathways change to |1〉 → |4〉
(denoted as P21), |1〉 → |4〉 → |3〉 → |4〉 (denoted as P22),
and |1〉 → |4〉 → |3〉 → |2〉 → |3〉 → |4〉 (denoted as P23),
whose phase differences are quite different from configuration
1. In this situation, as the pathway gets “longer,” a phase of π

is added one by one to P22 and P23, therefore P21 and P22 are
antiphase but P21 and P23 are in phase, giving rise to a broad
transparency peak and a narrow absorption dip superposed in
the absorption window—this is TEIA.

To understand these phenomena in an alternative quanti-
tative way, i.e., dressed-state picture, we can formulate the
transmission amplitude as the form of a superposition of
eigenmodes. According to coupled-mode theory, the steady
state of the two configurations can be expressed as follows
[25,31],

⎛
⎜⎝

�1 −κ12 −κ13
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TABLE I. Parameters of models describing the two configurations.

Configuration 1 Configuration 2

γc (MHz) 2π × 1.06 2π × 1.06
γ1 (MHz) 2π × 17.06 2π × 17.06
γ2 (MHz) 2π × 0.52 2π × 0.52
γ3 (MHz) 2π × 0.007 2π × 0.007
ω1 (MHz) 2π × 1305 2π × 1305
ω2 (MHz) 2π × 1305 2π × 1305
ω3 (MHz) 2π × 1305 2π × 1305
κ12 (MHz) 2π × 1.153 2π × 1.153
κ13 (MHz) 2π × 0.48 0
κ23 (MHz) 0 2π × 0.16

where Ai (i = 1, 2, 3) denotes the field amplitudes in R1, R2,
and R3, respectively, and Ap is the input field amplitude from
the waveguide. �i = (ω − ωi ) + iγi/2, and γc represents the
total loss rate in R1, R2, and R3, respectively. It is worth
mentioning that γ1 includes the intrinsic loss and the coupling
loss with the feedline as well, while γ2 and γ3 only describe
the intrinsic losses. ω is the frequency of the probe microwave
field, while ωi denotes the resonance frequencies of the three
HTS resonators. κi j denotes the coupling coefficient between
two HTS resonators with their numbers accordingly. The out-
put field is given as Aout = Ap + √

γcA1 and the transmission
amplitude is t = Aout/Ap, the modulus of which |t | is defined
as the transmission spectrum which can be measured in the
experiment.

Configurations 1 and 2 can be described by the above
model with κ23 = 0 and κ13 = 0, respectively. Then, we can
get the transmission amplitude and in the form of the super-
position of eigenmodes,

t1 = 1 − i�2�3γc

(ω − ω11)(ω − ω12)(ω − ω13)

= 1 + C11

(ω − ω11)
+ C12

(ω − ω12)
+ C13

(ω − ω13)
, (2)

t2 = 1 − i(�2�3 − κ2
23)γc

(ω − ω21)(ω − ω22)(ω − ω23)

= 1 + C21

(ω − ω21)
+ C22

(ω − ω22)
+ C23

(ω − ω23)
, (3)

where C1i and C2i are constants to be determined by equating
the corresponding coefficients. The eigenfrequencies of con-
figurations 1 and 2 are denoted by ω1i and ω2i, respectively.
Therefore, both transmission spectra can be understood as
the superposition of three dressed modes formed by coupling
between bare modes.

In our proposed circuits above in Figs. 1(c) and 1(d), the
parameters of the models describing the two configurations
are shown in Table I. The resonance frequencies of all the
resonators are designed with the same value of 1305 MHz.
The losses in R3, R2, and R1 are designed to increase at least
one order of magnitude one by one and the couplings between
resonators are relatively weak, which guarantees no splitting
appears.

Although the quadratic equations for the two-coupled-
resonator system can be solved easily [31], it is much more

difficult to solve the cubic equations analytically. Thus, we
apply a comprised method by substituting the numerical pa-
rameters in Table I into Eqs. (2) and (3). As mentioned above,
the results can be explained by the superposition of three
modes on R1 coupling with the feedline. As shown in Fig. 2,
the three dressed modes in the two configurations, all centered
at 1305 MHz, are denoted as |h〉, |m〉, and |l〉 in descending
order of losses in configurations 1 and 2, respectively. The
signs before each fraction in Eqs. (2) and (3) indicate the
phase of each mode during overlapping. To make it clear,
we illustrate the absolute field strength of the three modes
as functions of frequency in Figs. 2(b) and 2(e). Modes |h〉
and |m〉 in the two configurations are both completely out
of phase, producing a relatively wide transparency window
in an absorption dip. It is the phase of the third mode |l〉
dominating the transmission response to be TEIT or TEIA.
TEIT and TEIA happen with different superposing phases of
the three modes as shown in Figs. 2(b) and 2(e): In configu-
ration 1, modes |h〉 are antiphase with |m〉 but in phase with
|l〉, giving rise to TEIT; however in configuration 2, modes
|h〉 are antiphase with |m〉 and |l〉 simultaneously, resulting in
TEIA. TEIT and TEIA are demonstrated clearly from the cal-
culated transmission spectra as shown in Figs. 2(c) and 2(f),
respectively. In the absorption window, there is a transmission
peak, within which appears another transmission peak or dip
for TEIT and TEIA, respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The circuit is fabricated on two separate MgO substrates
with double-side coated YBCO HTS thin films. The fabrica-
tion of our proposed devices is similar to the manufacturing
of semiconductor chips, which involves photolithography and
ion-beam etching as shown in Fig. 3(a). The circuits are then
mounted on a metal carrier and are assembled into a shield
box as shown in Fig. 3(b). The photographs of the samples
are shown in Fig. 3(c). Sapphire tuning screws are mounted
on the top cover to correct the fabrication errors just the same
as we did in a previous work [29]. The circuits are then tuned
to correct the fabrication errors and the center frequencies
of the resonators are altered to achieve TEIT and TEIA re-
sponses. The circuits are measured with an Agilent N5230C
vector network analyzer with an input power of 0 dBm at
65 K. The cryogenic condition is provided by a commercial
portable Stirling cryocooler with an output power of 6 W.
The measured results of transmission spectra are shown in
Fig. 3(d). TEIT and TEIA are clearly shown on the measured
results, and the observed transmission spectra are asymmetric
due to nonadjacent coupling between the three resonators. In
the model we constructed, nonadjacent coupling between the
resonators was neglected because the focus of this experi-
ment was on the transmission and absorption produced at the
resonance frequencies. Overall, the experimental results are
in good agreement with the theoretical model. In addition,
the group delays of the two circuits are measured as well,
shown in Fig. 3(e). In the TEIT circuit, a slow wave effect is
observed as the group delay reaches a positive value of 226 ns.
However, in the TEIA circuit, the group delay is −117 ns,
indicating a fast wave effect. These results demonstrate that
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FIG. 4. Measured transmission spectra of the circuits with configurations 1 and 2, implementing (a) TEIT and (b) TEIA, respec-
tively. The parameters for (a) are ω1 = 2π × 1302.1 MHz, ω2 = 2π × 1303.07 MHz, ω3 = 2π × 1303.07 MHz, γ1 = 2π × 15.9 MHz,
γ2 = 2π × 0.6 MHz, γ3 = 2π × 0.0225 MHz, γc1 = 2π × 1.06 MHz, γc2 = 2π × 0.002 15 MHz, γc3 = 0, and for (b) they are ω1 = 2π ×
1302 MHz, ω2 = 2π × 1303.39 MHz, ω3 = 2π × 1303.2 MHz, γ1 = 2π × 16 MHz, γ2 = 2π × 0.628 MHz, γ3 = 2π × 0.0001 MHz, γc1 =
2π × 1.06 MHz, γc2 = 2π × 0.002 98 MHz, γc3 = 2π × 0.0002 MHz.

the proposed method is a convenient way for controlling the
speed of microwaves.

Different from the simulation, we note the measured trans-
mission spectra are slightly asymmetric. This can be attributed
to two facts: First, there exists non-negligible parasitic cou-
pling between the feedline and resonators R2 and R3, and
second, the resonant frequencies of the three resonators are
not identical due to a fabrication error. To see its impact, we
take into account such coupling, so then Eq. (1) is revised as
follows,

⎛
⎜⎝

�1 −κ12 −κ13

−κ12 �2 −κ23

−κ13 −κ23 �3

⎞
⎟⎠

⎛
⎜⎝
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A3

⎞
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⎛
⎜⎝

−i
√

γc1Ap

−i
√

γc2Ap

−i
√

γc3Ap

⎞
⎟⎠, (4)

where γc1, γc2, and γc3 are the coupling factors between each
resonator and the feedline. With proper parameters, we can
get a perfect match between theory and measurement [see
Figs. 4(a) and 4(b)].

IV. CONCLUSION

In summary, we propose and experimentally demonstrate
TEIT and TEIA in a microwave system with three-coupled-
HTS resonators. By precisely controlling the resonators’
physical parameters, TEIT and TEIA are implemented in two
distinct coupled-resonator configurations, where three dressed
modes are superposed with different relative phases. It is
expected that more interesting phenomena could occur in this
three-resonator system if each of the two is mutually coupled.
In addition to the three-resonator configuration, our platform
also allows more HTS resonators to be integrated, which pro-
vides great potential for studying novel optical phenomena,
such slow wave, fast wave, and radio-frequency memory, and
topologically protected photonic states.
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