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Materials and Metamaterials 

3 Alexey Ustinov 

material is made  
out of atoms 

metamaterial is composed 
out of units called meta-atoms 

© J. Pendry 

Presenter
Presentation Notes
Material properties are determined by its microscopic building blocks, which can be given by nature or hand-made.
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Electromagnetic wave in a material 

4 Alexey Ustinov 

Presenter
Presentation Notes
Visible light properties in water are determined by water molecules acting as microscopic dipoles with size about 1000 times smaller than the light wavelength. 
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5 Alexey Ustinov 

Materials are composed out of atoms –    
smallest resonators “made” by nature 

for the Lyman α−transition with wavelength λ = 122 nm  
with the “resonator” size d = 2rB = 0.103 nm 

 one gets the ratio  λ/d  = 1150  
 

 size/wavelength ≈ 10-3 

hydrogen atom 

Presenter
Presentation Notes
A hydrogen atom is the smallest material building block of nature. It acts as quantum resonator absorbing and emitting light. The hydrogen atom is roughly 1150 times smaller than the wavelength of the fundamental photonic transition between its ground and first excited state. 
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Electromagnetic metamaterials 

6 Alexey Ustinov 

n > 0 n < 0 

Controlling the propagation of light through material parameters 

© J. Pendry 

Presenter
Presentation Notes
One of rather intriguing properties, that does not occur in natural materials, is a negative index of refraction.
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Magnetic Meta-Atoms 

7 Alexey Ustinov 

Presenter
Presentation Notes
Split-ring resonators can be used as meta-atoms. The phase of their magnetic moment oscillations near resonance changes sign at the resonance frequency, which can be interpreted as the change of sign of the magnetic susceptibility of a material composed of such split-rings. The amplitude of oscillations is strongly influenced by losses. 
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Microwave Metamaterials and Meta-Atoms 

8 Alexey Ustinov 

Shelby et al., Science 77 292 (2001) 

Problem: 
losses increase with 
decreasing the size  
of meta-atoms 

Presenter
Presentation Notes
Pioneering experiments with split-ring based metamaterials performed in the group of David Smith about 14 years ago have demonstrated non-trivial properties in the microwave range. However, the size of meta-atoms was not more that 10 times smaller than the wavelength, leading to a problem of interpreting the measured properties as a homogeneous medium response. Another problem were large losses, which increase rapidly with decreasing size of meta-atoms. 
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Modern history of metamaterials 

9 Alexey Ustinov 

V. G. Veselago 
Usp. Fiz. Nauk  
92, 517 (1967)  

J. B. Pendry et al. 
Phys. Rev. Lett.  
76, 4773 (1996)   

D. R. Smith et al. 
Phys. Rev. Lett.  
84, 4184 (2000) 

ε< 0 
rods 

µ< 0 
split  
rings 

Presenter
Presentation Notes
The pioneers of metamaterials.
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Veselago-Pendry lens 

10 Alexey Ustinov 

n = 1 n = 1 

J. B. Pendry, Negative Refraction Makes a Perfect Lens,  Phys. Rev. Lett. 85, 3966 (2000). 

© J. Pendry 

n < 0 

Presenter
Presentation Notes
Flat slab made of a material with negative refraction index allows obtaining sub-wavelength focusing both inside and outside the material. 
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Not so modern history of metamaterials … 

11 Alexey Ustinov 

H. Lamb, Proc. London Math. Soc. 1, 473 (1904) 
(backward waves; mechanical systems) 
 
A. Schuster, An Introduction to the Theory of Optics, pp. 313-318  
Edw. Arnold, London (1904) (backward waves) 
 
H. C. Pocklington, Nature 71, 607 (1905)  
(phase velocity opposite to the group velocity) 
 
L. I. Mandel’shtam, Zh. Eksp.Teor. Fiz. 15, 476 (1945) (in Russian); 
 
G. D. Malyuzhinets, Zh. Tekh. Fiz. 21, 940 (1951) (in Russian) 
 
D. V. Sivukhin, Opt. Spektrosk. 3, 308 (1957) (in Russian) (n < 0) 

Presenter
Presentation Notes
Older works related to negative refraction ideas.
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Superconducting Metamaterials 

Decreasing size of meta-atoms without extra loss 
Easily tunable frequency (magnetic field, current, 
temperature) 
Nonlinear, multi-stable, and switchable 
Ultra-compact low-loss resonators 

size/wavelength  < 10-4 is within reach 
Quantum metamaterials 

arrays of superconducting qubits 
quantum optics with artificial atoms 

12 Alexey Ustinov 

Presenter
Presentation Notes
Superconductors offer a great spectrum of unique properties relevant for the field of metamaterials.
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Equivalent circuit for a Josephson junction 

13 
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Alexey Ustinov 

ϕcos2d
d

C

S
J Iet

IVL h
=−=

Josephson inductance 

I

I

Presenter
Presentation Notes
Equivalent circuit of a Josephson tunnel junction.
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Superconducting quantum interference device 
(SQUID) 

14 

RFDCext Φ+Φ=Φ

JL RgeoL

SQUID 

magnetic flux 

C

equivalent circuit 

extΦJL is tunable by  

Alexey Ustinov 

Presenter
Presentation Notes
Equivalent circuit of an rf-SQUID
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Tunable resonance frequency of a SQUID 

15 
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Alexey Ustinov 

Presenter
Presentation Notes
Resonance frequency of an rf-SQUID versus magnetic flux for parameters listed on the figure.
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1D SQUID metamaterial 

1D coplanar transmission line 
coupling to magnetic component of the field 
Central conductor is used for both         and 

16 Alexey Ustinov 

RFΦDCΦ

Presenter
Presentation Notes
Our way to implement SQUID-based metamaterials. SQUIDs are placed in a gap of a coplanar waveguide and couple to the magnetic component of the propagating wave.
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SQUID-based 1D metamaterial 

17 Alexey Ustinov 

Presenter
Presentation Notes
Experimentally studied sample (photo under microscope).
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Results for 54 SQUIDs: 
tuning the transmission S21 by magnetic flux 

18 Alexey Ustinov 

P. Jung, S. Butz, S. V. Shitov, and A. V. Ustinov, Appl. Phys. Lett. 102, 062601 (2013) 

Presenter
Presentation Notes
Measured transmission through an array of 54 SQUIDs as a function of magnetic flux.
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Fitting experiment to theory 

19 Alexey Ustinov 

Presenter
Presentation Notes
Theoretical fit of the measured transmission through an array of 54 SQUIDs as a function of magnetic flux.
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Extracting effective µr 

20 Alexey Ustinov 

T = 4.2 K  

fre
qu

en
cy

, G
H

z 

S. Butz, P. Jung, L.V. Filippenko, V.P. Koshelets, and A. V. Ustinov, Opt. Express 21, 22540 (2013) 

Presenter
Presentation Notes
The effective value of magnetic permittivity can be extracted from the measured data by applying the ABCD matrix approach described in the cited paper.
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Tuning effective µr by magnetic flux 

21 Alexey Ustinov 

S. Butz, P. Jung, L.V. Filippenko, V.P. Koshelets, and A. V. Ustinov, Opt. Express 21, 22540 (2013) 

real part of magnetic permeability 

T = 2.1 K  

frequency, GHz 

fre
qu

en
cy

, G
H

z 

Presenter
Presentation Notes
The obtained effective values of magnetic permittivity versus magnetic flux and frequency.
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Nonlinear and multi-stable 
superconducting 

metamaterials 

22 Alexey Ustinov 
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Nonlinear effects: Multi-stability 

23 Alexey Ustinov 

l  
ϕ 

M 

Josephson  
junction 

or  
pendulum 

R. Vijay, M. H. Devoret, and I. Siddiqi 
Rev.Sci.Intr. 80, 111101 (2009) 

Presenter
Presentation Notes
Bi-stability in an ac-driven Josephson junction close to its plasma resonance frequency. The potential of the junction is given by a cosine function.
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Potential energy of junction and SQUID 

24 Alexey Ustinov 

SQUID 

Josephson junction 

H 

L 

two states 
H = high 
L = low 

amplitude 

po
te

nt
ia

l e
ne

rg
y 

phase difference  ϕ 

multiple states 
with different 
amplitudes 

Presenter
Presentation Notes
Multi-stability in a SQUID is due to much richer dynamics of a system having a potential given by superposition of a parabola and a cosine function.
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Nonlinear effects: Multi-stable metamaterial 

25 Alexey Ustinov 

RFDCext Φ+Φ=Φ

SQUID 

Experiment: 
single sweep up and down   

P. Jung, S. Butz, M. Marthaler, M.V. Fistul, J. Leppäkangas, V.P. Koshelets, and A.V. Ustinov,  
Nature Commun. 5, 3730 (2014) 

Presenter
Presentation Notes
Measurement of the transmission through a single rf-SQUID as a function of microwave power.
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Nonlinear effects: Multi-stable metamaterial 

26 Alexey Ustinov 

RFDCext Φ+Φ=Φ

SQUID 

Experiment: 
many sweeps up and down   

P. Jung, S. Butz, M. Marthaler, M.V. Fistul, J. Leppäkangas, V.P. Koshelets and A.V. Ustinov,  
Nature Commun. 5, 3730 (2014) 

Presenter
Presentation Notes
More detailed measurement of the transmission through a single rf-SQUID as a function of microwave power, which is swept up and down many times.
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Multi-stability: Comparison with theory 

27 Alexey Ustinov 

SQUID 

comparison with theory 

P. Jung, S. Butz, M. Marthaler, M.V. Fistul, J. Leppäkangas, V.P. Koshelets and A.V. Ustinov,  
Nature Commun. 5, 3730 (2014) 

Presenter
Presentation Notes
Theoretically calculated transmission through a single rf-SQUID as a function of microwave power.
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“All-optical” switching between stable states 

28 Alexey Ustinov 

“0-state” 

“π-state” 

few nanoseconds-long RF pulse 

P. Jung, S. Butz, M. Marthaler, M.V. Fistul, J. Leppäkangas, V.P. Koshelets and A.V. Ustinov,  
Nature Commun. 5, 3730 (2014) 

Presenter
Presentation Notes
Switching the transmission through a 54-SQUID metamaterial by applying a short microwave pulse. 
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Ultra-compact low-loss 
resonators 

29 Alexey Ustinov 
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Superconducting spiral resonator 

30 Alexey Ustinov 

C. Kurter, A.P. Zhuravel, J. Abrahams, C.L. Bennett, A.V. Ustinov, and S.M. Anlage, 
IEEE Trans. Appl. Supercond. 21, 709 (2011) 

compact monofilar  
Archimedean spiral resonator 

Presenter
Presentation Notes
Spiral resonators can be made by patterning a superconducting film.
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31 Alexey Ustinov 

N. Maleeva, M.V. Fistul, A. Karpov, A.P. Zhuravel, A. Averkin, P. Jung, and A. V. Ustinov, 
J. Appl. Phys. 115, 064910 (2014) 

Superconducting spiral resonator 

Presenter
Presentation Notes
For not too wide spiral ring resonator, resonance frequencies of the lowest modes have non-trivial scaling as 1:3:5:…
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32 Alexey Ustinov 

N. Maleeva, M.V. Fistul, A. Karpov, A.P. Zhuravel, A. Averkin, P. Jung, and A. V. Ustinov, 
J. Appl. Phys. 115, 064910 (2014) 

Imaging resonant modes  
in a superconducting spiral resonator 

LSM images 

simulations 

Presenter
Presentation Notes
Imaging the lowest resonance modes in a spiral ring resonator by low-temperature laser scanning microscopy.
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Ultra-compact superconducting  
spiral resonators 

33 Alexey Ustinov 

G. Goltsman et al., IEEE Trans. Appl. Supercond. 17, 246 (2007) 

In a superconducting 100-nm wide 5 nm thick NbN nanowire 
 the kinetic inductance Lk can be dominating the geometric inductance Lg  

by a factor > 100 

A. J. Annunziata et al., Nanotechnology 21, 445202 (2010) 

Presenter
Presentation Notes
Kinetic inductance of very thin superconducting films can very significantly reduce the resonance frequency, thus shrinking the size of meta-atom.
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Spiral resonator of 100 nm wide NbN wire 

34 Alexey Ustinov 

G. Goltsman et al., IEEE Trans. Appl. Supercond. 17, 246 (2007) 

Presenter
Presentation Notes
NbN thin films are widely used for single-photon detectors.
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Spiral resonator of 100 nm wide NbN wire 

35 Alexey Ustinov 

A. Karpov et al., unpublished 

RF IN 

RF OUT
 

 
  

wavelength λ = 1.5 m  
resonator size d  = 100 µm 
 yields λ/d  = 15000  
=> size/wavelength ≈ 10-4 

1st resonance  
frequency  

f1 =193 MHz 

Presenter
Presentation Notes
Preliminary measurements of ultra-compact NbN spiral resonator show the size-to-wavelength ratio about one order of magnitude smaller than that for a hydrogen atom.
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Quantum metamaterials 

36 Alexey Ustinov 
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Superconducting flux qubit 

37 

Mooij et al. Science 285, 1036 (1999)  
Van der Wal et al. Science 290,1140 (2000) 

flux quantization:  
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effective 1D 
cross-section: 

Alexey Ustinov 

Presenter
Presentation Notes
Superconducting qubits are artificially made two-level systems.
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Superconducting flux qubit as 
a quantum two-level system 

38 

persistent current states ± Ip 
  

ϕ3 

Φ 

Ic ϕ1 

ϕ2 Ic 
α Ic 
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magnetic flux  
bias Φ ∼ Φ0/2 

( )xzH σεσ ∆+=
2
1

J. Clarke and F. K. Wilhelm, Nature 453, 1031 (2008) 

Alexey Ustinov 

Presenter
Presentation Notes
Flux qubit energy level spacing is controlled by applying an external magnetic field. The lowest two energy states of the qubit are superpositions of clockwise and counterclockwise persistent current states.
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39 Alexey Ustinov 

Superconducting quantum metamaterial: array of flux 
qubits 

P. Macha, G. Oelsner, J.-M. Reiner, M. Marthaler, S. André, G. Schön, U. Huebner, H.-G. Meyer, 
E. Il'ichev, and A. V. Ustinov, Nature Commun. 5, 5146 (2014) 

20 flux qubits 

Presenter
Presentation Notes
We have made the first attempt to implement a metamaterial composed of qubits by placing 20 flux qubits along a coplanar waveguide resonator. 
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Collective coupling of 8 qubits out of 20 

40 Alexey Ustinov 

8 qubits                              4 + 4 qubits 

P. Macha, G. Oelsner, J.-M. Reiner, M. Marthaler, S. André, G. Schön, U. Huebner, H.-G. Meyer, 
E. Il'ichev, and A. V. Ustinov, Nature Commun. 5, 5146 (2014) 

Presenter
Presentation Notes
Spectroscopy of 20-qubit array demonstrates collective frequency locking of up to 8 qubits. In contrast to natural atoms, meta-atoms represented by qubits cannot be made exactly identical. However, the hope here is to gain collective coherence by implementing stronger coupling between the qubits and external field.
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41 Alexey Ustinov 
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Summary 

42 Review: P. Jung, A. V. Ustinov, S.M. Anlage, Supercond. Sci. Techn. 27, 073001 (2014) 

Tunable and switchable SQUID based metamaterials 
decreasing size of meta-atoms without extra loss 
easily tunable frequency (magnetic field, current, temperature) 
strong nonlinearity (if needed, e.g. for parametric gain) 

Ultra-compact low-loss resonators 
size/wavelength  < 10-4 is within reach 

Quantum metamaterials 
arrays of superconducting qubits 
quantum optics with artificial atoms 

Applications 
MRI imaging 
tunable antennas 
ultra-compact  filters 
reflective back planes, metasurfaces 

Alexey Ustinov 

Presenter
Presentation Notes
Possible applications have not been reviewed in this presentation.
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