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Superconducting artificial atoms
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Superconducting flux quantum circuits
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Theoretical model
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Microwave induced transitions
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Diagram of three-level systems
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Transition diagrams of three-level systems
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There is No A —type transitions in electric-dipole interaction

between the natural atoms and the electric fields due to the
selection rules.

In the superconducting quantum flux circuit, at the optimal point, the transitions for
the lowest three levels form ladder type. However, when the reduced magnetic flux
deviates from the optimal point 1/2, we can get A -type transitions.



Coexistence of single- and two-photon processes
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Linear and nonlinear phenomena in flux qubit
Circuits
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Outline

2. Linear and nonlinear optical processes

« Arharmonic oscillator and polarizations
 Potential function and inversion symmetry

« Quantum mechanical theory



Anharmonic oscillator

Polarization of atomic ensemble Is defined as

P =—Nex

N is the number density of atoms, e is the charge, xis the

electron position
We assume that the equation of motion of the electron position

iIs of the form

d°x dx , , F
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where a is a parameter that characterizes the strength of

the nonlinearity



Polarizations

We assume that two electric fields
E =& cosaot + ¢, COS w,t

are applied to electron, then we have

F=qk

Weak driving field, we can use perturbation theory to obtain

X=XD x4 x4 (x> x> xF 500
Polarization can be given as

P=Nex"” + Nex® + Nex® +...
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Linear and second-order polarizations
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components position processes
Single Linear

@) @) i .-
frequency P® oc x¥ (@) oc & exp(-imt) polarization
Sum- P@ o x@ (@, w,) Second-order
Difference- nonlinear

frequencies

C £E, exp[—i (o, o, )t]

polarization

Second Second-order
harmonic 2) , ] nonlinear
frequency o« X' (2, ) < & exp[ -2t polarization
Optical Second-order

rectification

oc X2 (O) oC F(glz,gzz)

nonlinear
polarization




Different potentials
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Quantum theory of nonlinear processes

The polarization can be calculated by

P = NTr(pp)
p is electric dipole moment of single atom, p is the density
operator. (1) (2) (3)
p = p +p +p +...

Polarization can be given as
p - pl_ p@®_ pl,...
= Tr(p(l)p)+Tr(p(2)p)+Tr(p(3)p)+---
Here we can find
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Linear response of driven three-level flux qubit circuits
EIT and Aulter-Townes splitting (ATS)
EIT and ATS iIn three-level superconducting flux circuits



Electromagnetically induced transparency
(EIT) and Autler-Townes splitting (ATS)
In driven three-level systems
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Superconducting flux circuits

Three-junction system
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Theoretical model
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Linear response theory of driven three-level
flux circuits

Susceptibility
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Equation of motion

Goal:

Solutions of all operators

Calculation:
Straightforward, time

consuming

Approximation:
first-order Markov

approximation
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Result of susceptibility

Susceptibility includes two parts
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Two maxXimum and a minimum values
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Two poles A
1( . : \/ 2 2\ s I —
5i:§ =1y =1y T 4|QD| _(7/11_7/22) 3 i
When EIT or ATS is realized, ' | 3

_ ||01|2 o, +1y,, - | |01|2 5 +iy,, Optical Fre@iy
) Dip

Yo (@) h (6.-6,)(6,-6,) h (6.-6,)(6-6

has minimum value for w=w,, thus we obtain a

condition

25



Comparisons of EIT and ATS

Both have similar absorption

Absorption

spectrum

Optical Frequency

Difference:
1. Q| > Y4, Yo FOr ATS, but [Q, | < v, Y, fOr

EIT .
2. EIT iIs due to the interference, ATS is just

superposition of two positive Lorentzian spectra.
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Conditions for EIT and ATS

Ladder type transition ‘ driving
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EIT and ATS (1)
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Three-level superconducting flux circuits
at optimal point
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Three-level superconducting flux circuits
at optimal point
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Three-level superconducting flux circuits
not at optimal point
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ATS In superconducting quantum circuits

Up to now, there is only ATS in superconducting
guantum circuits.
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4. Three-wave mixing in flux qubit circuits



Nonlinear phenomena in flux qubit circuits

Flux qubit circuits

The reduce magnetic flux is not at
the optimal point.

The symmetry of potential well is
broken.
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Three-wave mixing in three-level flux qubit
Circuits

Two microwave fields are applied

D (t)=¢ cosmt + &, COS Wt

Calculations for second-
order polarization
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Method: master equations
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Second-order Susceptibility

Second-order polarization

P = Tr(p™1)

Here / current operator of superconducting
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operator | __al,
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Generating sum-frequency

Two microwave with w, and 0.

w, are applied to three-level |VWW\V?>
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Generating difference-frequency

Two microwave with w, and

w, are applied to three-level

system

Goal : w;- w,
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Second-order susceptibility
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Susceptibility and tunability
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Measurements

Input-output theory | I
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Microwave amplification and frequency conversion using a single three-level
superconducting flux quantum circuit

Yan-Jun Zhao,® Yu-Long Liu,! Z. H. Peng,? and Yu-xi Liu"?3*

IInstitute of Microelectronics, Tsinghua University, Beijing 100084, China
*CEMS, RIKEN, Saitama 3851-0198, Japan
Tsinghua National Laboratory for Information Science and Technology (TNList), Beijing 100084, China
(Dated: November 27, 2014)

A semiclassical treatment for both the microwave frequency conversion and the amplification is
presented. In this study, a strong driving field and a weak probe field interact with a single three-
level superconducting flux quantum circuit (SFQC), which has A-type transitions. Different from
the parametric frequency conversion in nonlinear optical media, in our proposal, the real energy
levels of the SFQC involve in the energy exchange when the frequency conversion is realized. Thus
the efficiency of the conversion could be improved. We find that both the frequency down and up
conversions can be realized by a single SFQC with different pump fields. The conversion efficiencies
are calculated. This study provides a various methods for frequency conversion and microwave
amplification. This study also lays a foundation for the generation of the entangled microwave pair
using single artificial atom.

PACS numbers: 42.65.Es,42.65.Ky,75.30.Cr
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Summary

1. Cyclic three-level flux qubit circuits provide new
opportunity to control microwave photons at single-
atom level.

2. EIT and ATS are two different phenomena. EIT iIs
not easy to be observed with current design of
superconducting guantum circuits.

3. Single superconducting quantum circuit can be
used for amplification of weak microwave field, wave
mixing, frequency conversion.
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