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Electromagnetically Induced Transparency on a Single Artificial Atom
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We present experimental observation of electromagnetically induced transparency (EIT) on a single
macroscopic artificial “atom” (superconducting quantum system) coupled to open 1D space of a
transmission line. Unlike in an optical media with many atoms, the single-atom EIT in 1D space is
revealed in suppression of reflection of electromagnetic waves, rather than absorption. The observed
almost 100% modulation of the reflection and transmission of propagating microwaves demonstrates full
controllability of individual artificial atoms and a possibility to manipulate the atomic states. The system
can be used as a switchable mirror of microwaves and opens a good perspective for its applications in
photonic quantum information processing and other fields.
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Coherent evolution of atomic population under resonant
coherent drive, known as Rabi oscillations in two-level
atoms [1], leads to quantum interference phenomena in a
more complicated case of a multilevel atom. In particu-
lar, in a three-level atom driven by two resonant waves
[Fig. 1(a)], the destructive interference between different
excitation pathways cancels out the population of one of
the atomic states effectively turning the atom to the ““dark
state.” This leads to the suppression of transition from the
“dark state,” revealed in the elimination of light absorption
by an optical media, electromagnetically induced trans-
parency (EIT) [1-3]. Scaling the media down to a single
atom perfectly coupled to the incident waves leads to
qualitatively new properties of EIT: the waves are scattered
rather than absorbed. However, the strong interaction be-
tween the spatial electromagnetic modes and natural atoms
(molecules, quantum dots) is very difficult to realize in
practice [4-9]. Recently, the strong ‘“‘atom’-field interac-
tion has been achieved by confining the waves in the 1D
transmission line efficiently coupled to an artificial three-
level atom [10]—a superconducting quantum circuit. In a
series of experiments [11-19] many fundamental quantum
effects known from quantum optics, atomic physics and
nuclear magnetic resonance have been reproduced using
superconducting quantum circuits. However, most of those
works focused on the two lowest levels. EIT related phe-
nomena in superconducting circuits was theoretically
studied in Ref. [20].

In a few recent experiments multilevel structure of
superconducting quantum circuits has been used to dem-
onstrate Autler-Townes splitting and coherent population
trapping [21-23]. Baur et al. observed Autler-Townes
splitting in a three-level quantum system coupled to a
cavity using dispersive measurement. In Refs. [22,23],
only level occupations were measured. In neither of these
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experiments was direct transmission of probe field
measured.

Our artificial atom is a macroscopic size (>1 um)
superconducting loop interrupted by four Josephson junc-
tions, which has been used as a two-level system or a flux
qubit [13,24] in earlier experiments. We exploit three low-
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FIG. 1 (color online). Three-level cascade  system.
(a) Schematic of the three-level cascade atom used to produce
electromagnetically induced transparency—the physical phe-
nomena for the quantum switch. Transmission of a weak prop-
agating wave at the frequency w, close to the transition
frequency w,; is controlled by another field coupling states |2)
and |3). The corresponding Rabi drive amplitudes are denoted by
Q. and Q,, respectively. (b) Transmission spectrum for |1) <
|2) transition. (c¢) Spectrum of [2) < |3) transition. The spec-
troscopy signal appears only around the degeneracy point. The
transition frequency between states |2) and |3) at the degeneracy
(6® =0) is w3, = 24.465 GHz. (d) Spectrum of [1) < [3)
transition. At the degeneracy point 6® = 0 the transition is
prohibited, and the spectroscopy signal vanishes indicating that
the cascade system is realized.
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est states |i) (i = 1, 2, 3) with energies hw;, schematically
represented in Fig. 1(a). The device parameters are de-
signed such that all relevant transition frequencies of the
three-level system w;; = w; — w; (i > j) fall within the
frequency band of our experimental setup limited by
40 GHz. The atomic levels are controlled by the external
magnetic flux thread through the loop ® = ®,/2 + 5P,
where @, is the flux quantum and §® is the deviation from
®,/2. The loop is inductively coupled to a transmission
line (open 1D space) via a mutual kinetic inductance M
[25]. At the degeneracy point 6@ = O the atom has a
ladder-type energy level structure. Because of symmetry
of eigenstate wave functions |1) < [2) and |2) < |3) tran-
sitions are allowed, while the transition |1) < |3) is for-
bidden. The coplanar transmission line with the
characteristic impedance Z =~ 50 ) was made by pattern-
ing a gold film deposited on a silicon substrate. In the
middle of the chip, the central conductor of the waveguide
is narrowed and replaced by an aluminum strip. Our ex-
periment is performed in a dilution refrigerator at a tem-
perature of 40 mK.

In the rotating wave approximation, the three-level sys-
tem under the drive of two fields with frequencies w, =
Wy + 6w, and w, = w3, + dw,, where dw, and dw,
present small detunings from corresponding resonances
w5 and ws,, is described by the Hamiltonian

H,= —h(bw,0n + (b, + dw.)o33)
0 0,
- h[Tp(Uzl + o)+ 7(0'32 + 0'32)]- (1)

Here o;; = |i)j| is the atomic projection or transition
operator, and 7{), = ¢5;1, and (), = 3,1, are the
probe and control dipole interaction energies for the tran-
sitions |2) < [1) and |3) < |2), respectively. Under the
influence of the two fields in the transmission line with
the actual current values given by Re[7,,(0, 1)] = I, cosw ,t
and Re[l.(0,7)] =1, cosw.t. Here we assume that our
pointlike atom is situated at x = 0 and the waves from
microwave sources I,(x, 1) = I,exp(ik,x — iw,t) and
I.(x, 1) = I.exp(ik.x — iw.t) propagate in the transmis-
sion line. The dipole matrix element can be presented in
the form ¢,; = {;;Mipc with the dimensionality of a mag-
netic flux, where ¢j; is the dimensionless matrix element
(0 = ¢;j = 1), M is the line-atom mutual inductance, and
ipc is the amplitude of the persistent current in the loop.
The atomic dynamics is described by the Markovian
master equation for the density matrix p = p;;|i){jl,

p = —(i/W[H, p] + Llp] ()
with the Lindblad term

Lip]l =T5p3(—0335 + 00) + Typyn(—0oxn + oyy)

+ Z’)’ijpijo'ij- 3)
i

Here vy;; = vj; is the damping rate of the off-diagonal
terms (dephasing) and I';; is the relaxation rate between
the levels |i) and |j) (i > j). In the ladder-type three-level
atom the |3) — |1) transition is omitted, since I'y; = 0. In
our case the condition (hw;; 3> kgT) is fulfilled and the
absence of thermal excitations (I';; = 0 and I'y3 = 0) is
guaranteed.

One can show that the atom interacting only with con-
tinuum modes of 1D open space generates a scattered wave
at the probe frequency [10]

nl’ L
Lol 1) = i— 2 (orpp)ehl i, )
b2
where (o;;) =tr{o;;p] = p;; can be straightforwardly
found in the stationary conditions (p = 0), when the mas-
ter equation reduces to a set of linear algebraic equations.
The transmission coefficient found as a ratio of the result-
ing current 7,,(x, 1) + I (x, 7) (at x > 0) to the incident one
1,(x, 1) and for weak probe drive (), < ,;, the trans-
mission coefficient is

I

r=1- .
2(yy —idwy) +

3y —idw, ~ibw,)

The complex transmission coefficient ¢ is monitored
using a vector network analyzer in the frequency range
from 5 to 13 GHz. Measuring ¢ versus probing frequency
w, and the magnetic flux 6P, the resonant transition
frequency w,, is revealed as a sharp dip in |¢| [dark line
in Fig. 1(b)]. By fitting w,; we find that the minimal
frequency w,;/27 reaches 10.165 GHz at 6® = 0, and
the persistent current in the loop is ipc = 200 nA. Next
analyzing the spectroscopy line shape of || at §® = 0, the
relaxation and dephasing rates are found to be I';; = 6.9 X
107 s7! (I'y; /27 = 11 MHz) and 7y, = 4.5 X 107 s7!
(y21/27 = 7.2 MHz) [10]. Nonradiative emission in
such systems is expected to be negligible with a corre-
sponding relaxation rate less than 107° s~!, measured in
earlier experiments [26]. Therefore, we conclude that the
relaxation is caused solely by the quantum noise of open
1D space defined by the rate I's; = hw, (Mipc)?/(H*Z)
and derive the mutual inductance between the loop and
the transmission line to be M = 12 pH.

The transition frequencies w5, and w3, cannot be probed
in the direct transmission, since they exceed the high
frequency cutoff (13 GHz) of the cryogenic amplifier. To
find them we use two-tone spectroscopy: the frequency of a
weak probe tone w , is adjusted to w,; [found from the data
shown in Fig. 1(b)], where the transmission #; is minimal
(I5] < 1). Next, the transmission ¢ is continuously moni-
tored, while the second (control) tone frequency w, is
swept. When w, is in resonance with the corresponding
transitions, total population |1) and |2) is decreased and,
therefore, 7] is enhanced, revealing the spectral lines in the
plot of |t/ty|. Figures 1(c) and 1(d) show traces of the
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spectroscopy lines for w3, and ws;, respectively. Because
of the symmetry of eigenstate wave functions, the selection
rule in our system prohibits transitions between states |1)
and |3) at 8@ = 0, which is seen in Fig. 1(c) as the
vanishing spectroscopy signal. At the same time, the ma-
trix elements for |1) to |2) and |2) to |3) transitions reach
their maximum. Thus at the degeneracy point, we have a
ladder-type three-level quantum system [1], schematically
represented in Fig. 1(a), with two allowed and one forbid-
den transitions. The enhancement of transmission (sup-
pression of reflection) in Fig. 1(c) is already a signature
of the single-atom EIT, which we study in detail at §® =
0.

Electromagnetic response of the single atom is naturally
characterized by polarizability « (rather than susceptibility
used to characterize the optical response of macroscopic
media). The polarizability is a ratio of the atomic dipole
moment to the excitation field (in our case defined as the
induced magnetic flux in the loop to the incident wave
current amplitude). The atom scatters waves [10] and the
polarizability is related to the reflection and the transmis-
sion according to a o ir = i(1 — t). The polarizability can
be presented as @ = a' + ia” with the real and imaginary
parts «’ and o' related to dispersion and reflection, re-
spectively. Figure 2(a) demonstrates transmission Re(z) o
1 — o for different amplitudes (), (associated with ab-
sorption in EIT for media), while Fig. 2(b) shows disper-
sion curves of Im(z) « «’. The probing amplitude in the
measurements is fixed to (), /2ar = 2 MHz. In the absence
of control field (black curves in Fig. 2), the wave is strongly
reflected, exhibiting the Lorentzian dip in Re(z), while
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FIG. 2 (color online). Transmission coefficient near the probe
wave resonance (dw, = 0). (a) and (b) are real and imaginary
parts of the probe signal transmission coefficient at the different
control field amplitudes (), specified in (b). The curves show
typical dispersion for EIT. (c) and (d) present calculations of real
and imaginary parts for the probe signal transmission coefficient
for the same set of (). as in (a) and (b).

Im(7) follows the typical anomalous dispersion curve in
the vicinity of the resonant transition. With increasing
control field amplitude ()., the dip is split, and at the
strongest drive (/27 = 44 MHz) the dip is completely
suppressed, exhibiting full transparency at the exact reso-
nance (dw, = 0) and a dispersion curve typical for EIT in
Fig. 2(b). Figures 2(c) and 2(d) show our calculations of
Re(f) and Im(7), respectively, with y3; = 4.3 X 107 s7!
(y31/27m = 6.9 MHz), which is comparable to 7y,;. In
atomic physics, the transmission window much narrower
than the absorption dip appears already for weak control
amplitude (). < 7y,;) because of small dephasing be-
tween levels |1) and |3) (v3; << y21) [3].

Figure 3(a) summarizes the data of Figs. 2(a) and 2(b),
showing the power transmission coefficient 7 = |¢|*> as a
function of control field amplitude (). The splitting at the
strong drive is known as the Autler-Townes splitting [27].
It arises due to Rabi splitting of levels [2) and |3). In the
present experiments we could induce larger than 100 MHz
splitting. Figures 2 and 3(a) demonstrate that the trans-
mission strongly depends on the control field €}, and,
therefore, the latter can be used to control transmission
and reflection for the probing wave. However, all the power
can be reflected or transmitted only in extreme cases of
Q. =0 or Q,> 75, respectively. The power transmis-
sion T at the exact probing wave resonance (Sw, = 0) is
presented in Fig. 3(b). The transmitted wave extinction
exhibits contrast of 96%, which demonstrates that the
artificial atom can be used as a highly efficient directional
switch (or mirror) for propagating waves. The power ex-
tinction is close to the ideal case of 100%, which is
possible in the absence of pure dephasing for the probe
transition (y,; = I'5;/2) and if all the incident power
interacts with the atom. In such a case the power trans-
mission is presented by the simple formula
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FIG. 3 (color online). Quantum switch operation. (a) Power
transmission coefficient 7 vs control field amplitude ), and
probe frequency. The single resonant dip in the transmission is
split into two under the large control field amplitudes. (b) T for
resonant probe signal vs control field amplitude. The experimen-
tally measured 7 is presented by red circles, and the black line is
calculated ||? from Eq. (5). The achieved contrast in the trans-
mitted power is 96%.
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The black curve in Fig. 3(b) shows the calculation of T
from Eq. (5) as |¢|? for our case of weak pure dephasing,
which slightly deviates from Eq. (6).

In conclusion, we have demonstrated the operation of a
quantum switch for propagating waves, which allows the
propagating waves to be fully transmitted or backscattered.
The experiment suggests interesting applications in pho-
tonics and optical quantum computation. It also demon-
strates the possibility of controlling individual atoms
coupled to a 1D transmission line, which can be used,
e.g., for photonic quantum information processing [28].
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