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We couple a ladder-type three-level superconducting artificial atom to a cavity. Adjusting the artificial atom to make
the cavity be resonant with the two upper levels, we then probe the lower two levels of the artificial atom. When driving the
cavity to a coherent state, the probe spectrum shows energy level splitting induced by the quantized electromagnetic field in
the cavity. This splitting size is related to the coupling strength between the cavity and the artificial atom and, thus, is fixed
after the sample is fabricated. This is in contrast to the classical Autler–Townes splitting of a three-level system in which
the splitting is proportional to the driving amplitude, which can be continuously changed. Our experiment results show the
difference between the classical microwave driving field and the quantum field of the cavity.
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1. Introduction

When a multi-level quantum system interacts with an
electromagnetic field, intriguing phenomena could appear, for
example, electromagnetic-induced transparency (EIT).[1–9] In
broad terms, EIT refers to the elimination/reduction of reso-
nant absorption for propagating electromagnetic waves, when
a strong driving field is applied to other atomic transitions,
for example, three-level systems. This can create a trans-
parency window for the propagating electromagnetic waves.
There are, however, two types of underlying mechanisms as-
sociated with this phenomenon. The first one is the destructive
interference between the two excitation pathways that creates
a transparency window for one of the driving fields. Trans-
parency due to this mechanism is called, in specific terms,
EIT. Another one is related to Autler–Townes splitting (ATS),
i.e., due to the energy level splitting by the strong driving
field.[10,11] In ATS, a strong electromagnetic field is applied
to drive, usually, the two upper levels of the three-level sys-
tem while probing the two other levels. If the driving field is
strong enough, the probe spectrum shows energy level split-
ting, and the splitting size is proportional to the driving field
amplitude. It has been shown that EIT and ATS are closely
related to each other and, for a given three-level system, there

could be continuous transformation from EIT to ATS depend-
ing on the system parameters such as relaxation times between
relevant levels.[12] These two effects have been investigated
extensively and are regarded as useful techniques in building
quantum networks.[13] Over the past decade, with the Joseph-
son junction based superconducting circuits, which are also
known as artificial atoms, these effects have been restudied
and reproduced.[12–24]

In both EIT and ATS, the driving field is in the classical
regime. In the quantum regime, the electromagnetic field is
treated quantum mechanically and the field is quantized. The
quantized field in a cavity with few photons or even zero pho-
ton could result ATS or EIT, the vacuum induced transparency
has been studied in atomic systems.[25] However, due to the
small dipole interaction, the coupling strength between nature
atoms and quantized field is weak. Very recently, the vacuum
or few photons induced energy level splitting and transparency
have been theoretically analyzed in Ref. [26]. Also, an experi-
mental study has been reported for a system that includes a su-
perconducting flux qubit coupled to a superconducting copla-
nar wave-guide resonator.[27] Owing to the strong coupling be-
tween the superconducting flux qubit and the quantized field,
the experiment shows vacuum induced ATS. However, in these
two works, the system investigated is a Λ-type three-level sys-
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tem. In this work, we investigated the vacuum induced ATS
effect for a ladder-type system using an Xmon type supercon-
ducting qubit, which works as a three-level system (3LS).[28]

Its lowest three levels are labeled as |g〉, |e〉, and | f 〉. We re-
place the strong driving for the two upper levels with a res-
onantly coupled cavity. When there is one photon inside the
cavity, similar to the classical ATS effect, it causes resonant
splitting of the energy level. However, this energy level split-
ting induced by a vacuum is fixed by the coupling strength
between the cavity and the three-level system, which is differ-
ent from the classical ATS effect. When the coupling between
the cavity and the three-level system is in a dispersive regime,
the coherent state of the cavity causes a photon-number split-
ting spectrum, which has been shown in Ref. [23]. A single
photon in a cavity corresponds to only one peak on the photon-
number splitting spectrum. In Ref. [23], the authors also stud-
ied the classical ATS effect of a three level system formed by
|g1〉 |e0〉 |e1〉 of the dispersively coupled system. Notice that
this ATS effect is also the classical ATS effect, which is in-
duced by resonantly driving between |e0〉 ↔ |e1〉, and probes
the energy level splitting by applying a probe wave between

|g1〉 ↔ |e1〉. Their results show, as the driving amplitude in-
creases, the splitting increases too.

2. Experiment
The sample used in this study is an Xmon type qubit ca-

pacitively coupled to a λ/4 coplanar waveguide (CPW) res-
onator. The qubit is also coupled to a CPW transmission line
from which the microwave photon transmission properties are
measured. The transmitted microwave interacts with the qubit
and an absorption peak would appear when the transmitted mi-
crowave is in resonance with the energy level spacing of the
Xmon qubit. Hence, one can detect the qubit energy level by
measuring the transmitted microwave spectrum.

An optical micrograph of the sample is shown in Fig. 1(a).
The red part is the Xmon qubit, which works as our ladder-
type three-level quantum system.[28,29] It can be treated as a
nonlinear LC resonator, in which the two Josephson junctions
form into DC-SQUID, shown in the inset of Fig. 1(a), and
work as an adjustable nonlinear inductance. The energy level
can be controlled by applying a DC bias through the Z control
line. The green part is the λ/4 coplanar waveguide resonator.
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Fig. 1. (color online) (a) Optical micrograph of the sample. The red part is the Xmon qubit in which a DC-SQUID, shown in the inset, functions as a
nonlinear inductor. The Z control line is inductively coupled to the DC-SQUID, and can be used to adjust the energy level of the Xmon. The green part
is a λ/4 coplanar waveguide resonator, which can be driven by the microwave field applied through the microwave line. The resonator and the Xmon are
capacitively coupled to each other. The Xmon is also coupled to the transmission line. (b) Schematic diagram of the experimental setup. The sample is
packaged inside an aluminum alloy sample box that is mounted on the mixing chamber stage of a dilution refrigerator. The green line is used for applying a
microwave field to drive the λ/4 coplanar waveguide resonator. The red line is used for adjusting the energy level of the Xmon. The black line is connected
to the transmission line used for detection of the probe signal. Ports 1 and 2 are connected to a vector network analyzer.

The sample was fabricated using a process involving

electron-beam-lithography (EBL) and double-angle evapora-

tion. In brief, a 100-nm thick Al layer was firstly deposited

on a 10 mm×10 mm sapphire substrate by means of electron-

beam evaporation, followed by EBL and wet etching to pro-

duce large structures such as microwave coplanar-waveguide

resonators/transmission lines, capacitors of the Xmon qubit,

and electron leads. The EBL resist used was ZEP520 and the
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wet etching process was carried out using Aluminum Etchant
Type A. In the next step, the Josephson junctions of qubits
were fabricated using the double-angle evaporation process. In
this step, the under cut structure was created using a PMMA–
MMA double layer EBL resist following a process similar to
that reported in Ref. [30]. During the evaporation, the bottom
electrode was about 30-nm thick while the top electrode was
about 100-nm thick with intermediate oxidation.

In the measurements, the sample was mounted in an alu-
minum alloy sample box which is fixed on the mixing chamber
stage of a dilution refrigerator. The temperature of the mixing
chamber was below 15 mK during measurements. The mea-
surement setup is sketched in Fig. 1(b). The green circuit is
used for applying the microwave to the λ/4 coplanar waveg-
uide resonator, and the black circuit is used for applying the
probe microwave. The red circuit is used for applying the DC

bias to the DC superconducting quantum interference device
(DC-SQUID). The probe signal is fed in via port 1 and at-
tenuated to the single photon level when interacting with the
Xmon qubit. The output signal is then amplified by an HEMT
mounted at the 4 K stage before being sent to a room tempera-
ture microwave amplifier. The signal is finally detected by the
microwave network analyzer.

In our experiment, we detect the energy level of the Xmon
with the transmitted microwave spectrum.[31] Since the Xmon
is a single artificial atom, a high probe power will saturate it;
we thus reduce the probe power to detect the Xmon’s scatter-
ing microwave signal. The experiment results are shown in
Fig. 2(a). The data are measured with no driving of the res-
onator and zero DC bias to the qubit. We can see, as the probe
power decreases, one peak appears at 6.369 GHz on the S21

spectrum, S21 =Vout/Vin.
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Fig. 2. (color online) (a) Measured S21 spectrum at different probe amplitude and frequency. The DC bias of the Xmon is set to 0 and there is no microwave
field applied to the λ/4 coplanar waveguide resonator. A peak appears at f ge

3LS while reducing the probe power. (b) S21 data of taken at a probe microwave
at power of −134 dBm.

The whole two-dimensional energy spectrum of the qubit
can be mapped out by changing the DC bias. The results are
shown in Fig. 3(a). The inset in Fig. 3(a) shows the high res-
olution energy spectrum around the avoidcross, which cor-
responds to the degeneracy splitting while the resonator is
in resonance coupling with the two lowest energy levels of
the qubit, i.e., the transition frequency f ge

3LS from ground |g〉
to first excited state |e〉 equals to the frequency of the res-
onator, f ge

3LS = fr. From the two-dimensional spectrum data
shown in Fig. 3(a), it can be seen that the maximum of f ge

3LS is
6.369 GHz, and the bare frequency of the λ/4 coplanar waveg-
uide resonator is fr = 5.671 GHz. In order to make the two
upper levels of the qubit in resonance coupled with the λ/4
coplanar waveguide resonator, such that f e f

3LS = fr, the anhar-
monicity of the Xmon needs to be measured. Experimentally,
the two-tone spectrometry is conducted to determine f e f

3LS. The

qubit is biased at the maximum frequency, while applying the

pump microwave field at fixed frequency f ge
3LS = 6.369 GHz,

and sweeping a weak probe tone in the frequency. The weak

probe field is used to detect the two upper levels of the qubit.

The population of the first excited state |e〉 is increased due to

the pump microwave, thus the spectra corresponds to the tran-

sition |e〉 ↔ | f 〉 that can be detected by the weak frequency-

sweeping tone. From the spectrum data of the weak sweep-

ing tone, it can be seen at this DC bias, f ge
3LS = 6.369 GHz

and f e f
3LS = 6.221 GHz. The anharmonicity of the Xmon is

∆ = f e f
3LS − f ge

3LS = −148 MHz. In order to satisfy the res-

onance coupling condition f e f
3LS = fr, the Xmon needs to be

adjusted to f e f
3LS = 5.671 GHz, so the f ge

3LS is estimated about

5.891 GHz. Also, from the two-dimensional spectrum, the DC

bias value corresponding to this frequency can be found.
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Fig. 3. (color online) (a) 2D energy spectrum of the Xmon qubit. The Xmon’s f ge
3LS as a function of DC bias is shown in this 2D S21 spectrum, and the inset

is the avoidcross of the energy spectrum of the Xmon and resonator around f ge
3LS = fr . (b) Two-tone energy spectrum of the Xmon. The Xmon is biased at

the maximum frequency point, a continuous microwave pump is applied at f ge
3LS to the transmission line, and a weak frequency-sweeping probe is applied to

detect the scattering spectrum of two upper levels of the qubit. As the pump power increases and the population of state |e〉 increases, the scattering signal
of two upper levels |e〉 ↔ | f 〉 can be detected.

When the qubit is biased such that f e f
3LS = fr, the λ/4 coplanar waveguide resonator is resonantly coupled to the two upper

levels of the qubit. The resonator is driven by a continuous microwave, and a low-power transmitted microwave signal around
f ge
3LS is applied to detect its S21 spectrum. When the λ/4 resonator is not driven, there is a single peak at f ge

3LS, this peak correspond
to |g0〉 ↔ |e0〉 energy levels shown by the red transition in Fig. 4. As the driving power increases, the average photon number in
the resonator is increased, the peak at f ge

3LS weakens, two peaks appear beside f ge
3LS, which corresponds to the blue transitions in

Fig. 4.
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Fig. 4. (color online) (a) S21 measurement results with increasing driving field amplitude for the resonator. The Xmon is biased to satisfy the resonance
condition that f e f

3LS = fr . Continuous microwave is applied to resonantly drive the λ/4 coplanar waveguide resonator, preparing it in the coherent state.
Weak sweeping probe microwave is injected from port 1. As the driving power increases and the average number of photons in the resonator increases,
the central peak at frequency f ge

3LS weakens, and two side peaks appear beside the central peak. The central peak of the S21 spectrum corresponds to zero
photon in the resonator , while the two side peaks correspond to one photon in the resonator. Because of the resonance coupling of the resonator and the
two upper levels of Xmon, as shown in Fig. 5, there is an energy level splitting induced by this resonance single photon. (b) Spectrum section at different
resonator driving power. There are three peaks while applying a strong enough microwave drive to the λ/4 coplanar waveguide resonator, and the middle
peak corresponds to the transition between |g0〉 ↔ |e0〉, labeled with red double arrows in Fig. 5, and the two side peaks besides the middle peak correspond
to the blue transitions shown in Fig. 5.

3. Analysis and discussion

As mentioned previously, the cavity induced ATS has

been reported for systems containing a flux qubit and a res-

onator. In that case, the ATS doublet peaks appear even when

the input power to the cavity is zero. In other words, it is

called vacuum induced ATS. In contrast, we do not observe

such vacuum induced ATS.[26] We attributed this to the ladder-

type energy level structure of our three-level quantum system,

and the energy level diagram of the coupled system is shown in

Fig. 5. When the cavity is in vacuum state |0〉 and average pho-
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ton number 〈n〉= 0, the coupled system is in the ground state
|g0〉. Thus, the transition between |g0〉 and |e0〉 can be probed,
which is marked in Fig. 5 as transition A and corresponds to
the spectrum peak A in Fig. 4(b). When driving the cavity to
a coherent state with average photon 〈n〉= 1, the coupled sys-
tem has a part of the population on |g1〉. Then the transition
between |g1〉 to the α|e1〉+ β | f 0〉 and α ′|e1〉+ β ′| f 0〉 can
also be detected, which are marked in Fig. 5 as transitions B1,
B2 and correspond to spectrum peaks B1, B2 in Fig. 4(b). In
this case, a triplet is shown. Continuously driving the cavity to
the coherent state with average photon 〈n〉> 1, the population
on |g0〉 reduces, then the transition A reduces, and spectrum
peak A disappears.

|f>

|e>

|g>

A

B
1

B
2

|g>

|e>

α|f>⇁β|e>

α′|f>⇁β′|e>

Fig. 5. (color online) The energy level diagram of the coupled system. The
lowest three levels of Xmon are labeled with |g〉, |e〉, and | f 〉, and the Fock
state of the cavity is labeled with |n〉,n ∈ [0,1,2, . . . ]. The red transition
corresponds to the state of zero photon in the resonator. The two blue tran-
sitions correspond to the state of one photon in the cavity, which is split by
the resonance coupling between the resonator and two upper levels of the
Xmon. This splitting is also known as degeneracy splitting of energy levels.

The two doublet peaks are 95 MHz apart and is about
47 MHz from the resonant central peak. According to the
theoretical analysis in Ref. [26], the position of the two dou-
blet peak with respect to the original resonant peak is equal to√

2g,[28] where g is the coupling strength between the Xmon
qubit and the resonator when there are a few photons in the
resonator. The value of g can be obtained from the energy
spectrum data in Fig. 3(a), in which the coupling between
the qubit and the resonator results in a splitting at around
5.671 GHz. The splitting is 2g. Thus, we can see that g is
about 36 MHz. This value is approximately consistent with
the ATS data shown in Fig. 1.

As discussed above, the observed ATS corresponded to
the situation when the cavity average photon is around 〈n〉= 1.
The theoretical analysis has suggested that the cavity induced
ATS can resolve the photon number. This is due to the in-
creased coupling strength that is proportional to

√
n, where n

is the photon number. In other words, one would expect sepa-
rate pairs of doublet peaks to appear when the average number
of photons in the cavity is increased greater than one. How-
ever, the analysis presented in Ref. [26] suggests that the peak

intensity is decreased progressively for an n value larger than
one. The ATS doublet peaks, shown in Fig. 4(b), are already
very weak. Thus, the other peaks could become too weak to
be observed in our experiments.

One feature observed in our experiments is that the ATS
peaks are not observed in the high power region. Theoret-
ically, we would expect to see the ATS peaks move further
apart as the power fed into the resonator is increased. It is
not clear what causes this discrepancy. One possible reason
is that the Xmon qubit has relatively small anharmonicity as
compared to the flux qubit. In Ref. [27], cavity induce ATS
is observed at the high power region. In fact, they observed
a change in the regime of the Autler–Townes splitting from
quantum (vacuum-induced) to classical (with many resonator
photons).

4. Conclusion
We have investigated the Autler–Townes effect due to the

quantized electromagnetic field on a superconducting quantum
circuit that contains an Xmon qubit coupled to a transmission
line and a λ/4 coplanar waveguide resonator. By performing
transmission properties, we observed the qubit energy level
spliting when the cavity is resonantly coupled to the two upper
levels of the qubit. The average photon number in the cavity
is believed to be around one. We propose that this type of su-
perconducting quantum circuit could be used as a single pho-
ton switcher or router that are crucial elements in a quantum
network.[13]
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