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Superconducting Quantum Technologies

Introduction into superconducting quantum systems
Fabrication and measurement techniques

Large quantum systems, quantum processors
Quantum optics with artificial guantum systems

Quantum acoustics
Coherent Quantum Phase Slips (CQPS)



Superconducting quantum systems

Charge is quantized (Qo = Ze) Magnetic flux is quantized (®, = %)
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Continuous variable

U Energy levels
* Cooper pairs (charge 2e) are
= elementary charge in superconductors
g * Josephson junction is a tunnel barrier
L for Cooper pairs
S * Josephson junction is a key element in
superconducting quantum systems
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Superconducting Quantum Technologies

Quantum Optics in mcrowaves: 1 —10 GHz (A=1-10cm)

Flux qubits

Superconducting Quantum systems:
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Fully controllable

Can be designed with known parameters
On-chip

Scalable (integrated circuits)

Based on nanofabrication processes

Josephson junction

Typical capacitance:
C=10"1—-10"18F

Charging energy:
Ec  (2e)?

— 109 — 1011
A h 10° — 10"~ Hz

kT
T=1K:%=2><1011Hz

Research directions:

Superconducting Quantum Systems

. Quantum bits

. Quantum Simulators

Quantum Optics with Artificial Atoms
Quantum metrology and sensing

. Coherent Quantum Phase Slips

. Quantum metrology

Quantum Acoustics
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Position: x Velocity: x

Momentum: p  Kinetic energy:

p =mx _m)'c2
2

Mass: m

Momentum operator:

. ha
p= lax

Commutation relations:

[.5]=in

Quantum Mechanics of Electric circuit

Inductance

Y Y Y.L

Charge: Q Current: [ =Q

Magnetic Flux: ® Kinetic energy:
® = LI = LQ r- Lo

Mass: L

Momentum operator:

S = ha
laQ

Commutation relations:

[0]-in

Magnetic Flux: ©
Charge: Q
Q=CV=Cd T=

Capacitance
C

CP>
2
Mass: C

Momentum operator:

Q= —ihag

Commutation relations:

[&),Q] =ih

OQ<x Od<=p Leom

D < x er Ce—m

A key element is tunnel junction: Josephson junction is superconducting circuits

Voltage: V = &
Kinetic energy:




Superconducting Quantum Technologies

Cryogenic Measurements Fabrication
He-free dilution * Signal generators  EBL system (Crestec)
fridge (~10 mK) * NT analyzer up to 20 GHz - Evaporator dedicated
* Signal analyzers (20 GHz) for Josephson junctions
« Fast digital electronics .

Experimental setup




Nano-technology



Electron-beam lithography systems (EBL)

Resolution:; ~2 nm

Electron beam

Resist sensitive to
/ the electron beam

I S bstrate

Josephson junctions ~ 100100 nm?
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Au film pictured after evaporation
on double layer resist
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Experimental setup



Dilution refrigerator and measurement equipment

Dilution refrigerator Internal view Measurement MW equipment (f= 1 - 10 GHz)

MW
generators

NT analyser

Pulse
generator

Spectrum
analyser

The lowest temperature is 10 mK



Bottom view of a cold plate
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Wavefunction of a two-level system on the Bloch sphere

* Qubit is a two-level quantum system
* The qubit dynamics can be mapped to dynamics of spin %
e Control of the qubit states by microwaves

J

Bloch sphere 4 Z
W= cosg|0> +e sing|1>

Coplanar line

Vin

Oscillations of probability

Substrate (Si)




Phase-sensitive detection of transmitted signal
by a network analyzer

Vin
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Spectrum detection of emission
by a spectrum analyzer

The output signal is uncorrelated in phase S
Sou (@) = :
with excitation out = 1+[2(a)—a) )/Aa)]2
0
VOUt
WA e

: =
Mo ®

Spectral power density: S(w)



Interaction of a two-level atom with a propagated field
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Directions of research

Quantum bits (qubits) Artificial atoms

uantum Optic
The information is encoded with quantum states Q Optics)

Superposition Three-level atom Cavity QED
Ground state Excited state
0 1 10) +11) 2)
V2
Eq 2 |1)
O 1 _—
Eo O |0) — |0) —

Encoding numbers in quantum systems

T oo 0

|0) + |1) |0) +|1) _ |0000) + [1000) + |0001) + [1001)

Strong coupling: interaction strength is large then relaxation:

Easily achieved in superconducting quantum systems g

g »> I' Typical number of osillations T



Quantum processors



5 qubit processor

Universal processor We demonstrated solving problems of machine learning (Quantum simulator)
Typical coherence times in multi-qubit circuits are 5 — 20 us
99 79, Efficiency of qubit manipulation ~ 99.9%
[ in multiqubit circuit in single qubit

8.1 us

0.0 2.5 5.0 7.5 10.0 125 15.0 175 20 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Excitation duration [us] Excitation duration [us]

Transfer of states with high efficiency has been demonstrated 0



5-Tn KYOUTHbIW Npoueccop: NPUHLMN pPaboTbl

e State control by Microwave
e Each qubit Energy control
e 2-qubit interaction control
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KBaHTOBLIE NMpoLeccopbl

8-KyOMTHbLIU npoueccop

Ha 6a3e LUKIT M®TU omnaxxeHa mexHosnoz2usi
U320MoeJsieHUs1 BbICOKOKa4eCTBEHHbIX KBAHTOBbIX
yctponcTt (T = 10 — 60 us).

PaspabatbiBaeTca HecKosibko 2eomempuu
npoueccopoe pasfiniHoOn CIOXHOCTU U
JYHKLUNOHaNbLHOCTN.

Hanbonee nay4yeHHon siBNsieTCA cxema u3 5-tu
KyOGuToB. OTO NOMHOLEHHbIN KBAHTOBbLIN NpoLeccop.

Ha 5-Tn kybuTHOM cxeme NpogeMOHCTPUPOBAHO
pelleHne pearnbHbiX 3ada4y MawWuUHHO20 O0byYeHusl.

[MpooeMoHcTpupoBaHa BbiCOKasd 3(PEKTUBHOCTb d1eMeHTbl Ha ymne
oauHouYHoro renta 99.7% (B MHO20Ky6umHolu
cxeme — He nyTaTb C 3OPEKTUBHOCTLIO B OQHO- U
ABYXKYOUTHbIX CXxemax).

[K03edpCOHOBCKMI nepexon,

B HacToOALWMN MOMEHT N3roTOBIEH, MOSTHOLIEHHO
paboTaeT n TecTupyetcs 8-ky6umHbIl KBAHTOBbIN
npoueccop.

PaspabatbiBaetcsa 12/16-Tn KybutHaa reomeTpus



Quantum Optics
with superconducting quantum systems
(artificial atoms)
In the microwave range



Quantum optics in the microwave range

Coplanar line or resonator Interaction rate |N) Photon number state
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Cavity quantum elcetrodynamics: Single artificial-atom lasing

Q(é‘ Qubit-resonator
7 \Qystem

_______ Gy — =

o
>

Energy

Voltage or Magnetic field

Transmission, | 71
0.2 0.3

Emission spectrum

S (1021 W/Hz)

2 1 0
of (MHz) R 10 GHz

e e O. Astafiev, K. Inomata, A. O. Niskanen, T. Yamamoto, Yu. A. Pashkin, Y.
Energy bias, &/ (GH) Nakamura, J. S. Tsai. Single artificial-atom lasing, Nature 449, 588 (2007)



Artificial atom in the open space



Atom in the open space

Light scattering by an atom

Artificial atom

Artificial atoms are strongly coupled to electromagnetic waves .
Natural atoms are weakly coupled to electromagnetic waves (weak scattering)

Strong scattering of propagating waves

A series of very promising applications

O. Astafiev, A. M. Zagoskin, A.A. Abdumalikov, Yu. A. Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura,
and J.S. Tsai. Resonance fluorescence of a single artificial atom. Science 327 (2010).



Resonance Fluorescence with a single atom:
Elastic and inelastic scattering

Inelastic scattering
—i>
<“\W- AW

Normalized transmission power c g
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The artificial atom strongly interacts with modes of 1D open space

U

Promising candidate for quantum information processing with photons



Time domain measurements. Quantum state tomography

H = —hQ(cos @O . +sin goay)

State manipulation

=0 @ = 1/2

<Gx> =) 0 —Qsin(p <ax> 0
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Coherent emission: I,.(t)= ih_r<g—>e—iw
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Two-frequency spectroscopy of three-level atom
1 — 3 is allowed
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Electromagnetically induced transparency

Transparency (100 % transmission)
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On-chip switchers, computation

A. Abdumalikov, O. V. Astafiev, A. M. Zagoskin, Yu. A. Pashkin, T. Yamamoto, K.
Inomata, Y. Nakamura, and J.S. Tsai. Electromagnetically Induced Transparency
on a Single Artificial Atom. Phys. Rev. Lett 104, 193601 (2010).
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Ultimate (single atom) on-chip quantum amplifier

Spontaneous emission
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O. Astafiev, A. A. Abdumalikov, A. M. Zagoskin, Yu. A. Pashkin, T. Yamamoto, K. Inomata, Y.
Nakamura, and J. S. Tsai. Ultimate on-chip quantum amplifier. Phys. Rev. Lett 104, 183603 (2010).




Tunable on-demand single-photon source

Photon can encode information <& quantum simulators with photons => Boson sampling

Transmission lines

MW \
k“t‘\“’
AN\ ‘ S Recently demonstrated
Ih 'JW\/\P photon generation efficiency:
W e > 98%
- 7 2
WTYTYS B

Photon mission to . . . .
the right line is E ./'\.. ol L '1
proportional to § 051 : '-\ °°°\. .
)’ F L e S s
1- (C_> X & 00 pY w e W %
r / a-loop ¥ 0 100 200 300 400 500
\ 3¢ At (ns)
~
Isolation: < Sy
Nature Communications 7, 12588 (2016).
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Amplitude

Second order correlation function

'05 -_I ) ] ) ] ) ] ) ] ) ] ) ] ) ] ) ] |
-800 -600 -400 -200 0O 200 400 600 800
T (NS)

1070 traces: Took a month of averaging!
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Quantum engineering: Lasing with an artificial atom

Atomic transition [f) — |e) is

Experimental data

enhanced via an auxiliary resonator Circuit
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Sokolova, A. A., Fedorov, G. P, ll'ichey, E. V., & Astafiev, O. V. (2021). Single-atom maser with an engineered circuit for population
inversion. Physical Review A, 103(1), 013718 36



Quantum Acoustodynamics
Coupling of a superconducting two-level system
to a quantized vacuum mode
of a surface acoustic wave (SAW) resonator

A. N. Bolgar, J. |. Zotova, D. D. Kirichenko, I. S. Besedin, A. V. Semenoy, R. S. Shaikhaidarov, and O. V.
Astafiev. Quantum regime of a two-dimensional phonon cavity. Phys. Rev. Lett. 120, 223603 (2018).



U.

Poubit s I

Why Acoustics?

Cavity and Circuit QED

ransmission line resonator

|

(Two-level system)

Silicon wafer

* Quantum mechanics becomes true quantum mechanics
 New physics

» Speed of sound 3000 m/s => compact elements

« 2D-geometry

Mirrors

Detector

38



Device geometry

Mirror IDT IDT Mirror

Technologically extremely challenging

Split gate geometry

|| a=950 nm

39



Interaction between
an artificial atom and a SAW resonator

Interaction of acoustic resonator with a superconducting artificial atom

H, = —ATEOZ +hw,b'b+ g(ba+ + bTo')

bt (b) — phonon creation (annihilation) operators

led
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=110

-120

3.165

-130

«— 30 MHZ ——
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Cail B >
Coupling strength: 2g = 26 MHz
A. N. Bolgar, J. |. Zotova, D. D. Kirichenko, I. S. Besedin, A. V. Semenov, R. S. Shaikhaidarov, and O. V.

—0.00025 -0.00024

Astafiev. Quantum regime of a two-dimensional phonon cavity. Phys. Rev. Lett. 120, 223603 (2018).
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microwave
drive
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Spectra
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Coherent Quantum Phase Slip (CQPS)
AC CQPS effect

» Nature 484, no. 7394 (2012): 355-358.
» Nature Physics 14, no. 6 (2018): 590-594.
» Nature 608, 45—49 (2022).



Coherent Phase Slip effect

Josephson Effect: Cooper pair tunneling

CQPS: magnetic flux quanta tunneling (phase slips)

CQPS is dual to the Josephson effect

Cooper pair tunneling

Flux tunneling

e

> o
Space I Space
Superconducting
Wire
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Duality between the Josephson effect and CQPS

Josephson junction CQPS

2Qof

Qof
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Quantum metrology: current standard

Josephson effect <~ Coherent Quantum Phase slip Effect

Shapiro steps: Quantum Hall effect (resistances steps)
Voltage standards  V,, = n®,f Resistance standard . h
= Nn—

. Inverse Shapiro steps:
Metrology triangle Current standards:

30

effect A

20 lac

Josephson

Current standard
is unavailable

10}

I (nA)

0

Josephson Single-electron
U~f/ KJ effect transpon‘ effect

Qs foer = 107
C=(oR)!
Quantum Hall SET effect . 20+t
effect
QgN =

U//~RK -30

Quantum Hall




Conclusion

» Superconducting Quantum Technologies:
wide range of research directions and applications (MW photonics)

» We are doing a research in the following directions:
 Quantum processors (simulators)
* Quantum optics in the MW range
* Quantum acoustics
 Quantum sensing and metrology



