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Hybrid quantum systems on silicon platforms
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Some Painter group research directions:

• Hybrid circuit quantum electrodynamics / 
acoustodynamics 

• Superconducting metamaterials 

• Information scrambling, measuring 
out-of-time-ordered correlators 

• Waveguide QED



Outline
• The Kondo effect, quantum phase transitions, and 

tunable quantum dot systems

• The two-channel Kondo effect: a prototypical non-Fermi 
liquid state

• Mapping the universal crossover between quantum 
critical and Fermi liquid states (Nature 526, 237 (2015))

• Future directions in using devices to explore quantum 
phase transitions
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Kondo effect

T > TK
• Itinerant electrons screen a 

local moment

• Emergence of a dynamical energy 
scale, the Kondo temperature TK

• Formation of a many-body singlet 
when T << TK

• Describes low-energy physics of 
Anderson impurity model

H = JŜ · ŝ

T << TK
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Diagrams adapted from M. H. Hamidian, PNAS 108, 18233 (2011).
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Cotunneling Drag Effect in Coulomb Coupled Quantum Dots  
 A. Keller, J. S. Lim, D. Sánchez, R. López, et al., PRL 117, 066602 (2016)
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First discussed theoretically by Nozières, and Blandin,
J. Physique (Paris), 41, 193–211 (1980).

Two-channel Kondo effect
A model quantum phase transition
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Two-channel Kondo effect
An analogy
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Graphic courtesy L. Peeters

Two-channel Kondo effect
Hamiltonian and relevant perturbations

Magnetic field
Charge transfer between channels

Exchange coupling detuning

Mitchell & Sela, Physical Review B 85 235127 (2012).



• Free Majorana fermion local to the impurity site

• Impurity zero-point entropy = 1/2 log 2 (infinite system size)

• 2CK fixed point is identical to the 2IK fixed point, up to potential scattering 

• Incoming electrons scatter off the impurity into collective excitations only

Two-channel Kondo effect
Peculiar properties anticipated at the quantum critical point

J. M. Maldacena & A. W. W. Ludwig, Nucl. Phys. B 506, 565–588 (1997)

J. M. Maldacena & A. W. W. Ludwig, Nucl. Phys. B 506, 565–588 (1997)

L. Borda, et al.,  PRB 75, 235112 (2007)

N. Andrei & C. Destri, PRL 52, 364 (1984)

A. K. Mitchell, et al.,  PRL 116, 157202 (2016); many others, but this paper says it straightforwardly

A. K. Mitchell, et al., PRL 108, 086405 (2012)
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Detuning exchange couplings
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S. Sachdev, Quantum Phase Transitions, 2nd ed. (2011). 
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How can we implement 2CK?
a) b)
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Y. Oreg & D. Goldhaber-Gordon, PRL 90, 136602 (2003)



How can we implement 2CK?

B 1 μm

QPC 2

QPC p

QPC 1

Vg

Charge 2CK
Z. Iftikhar, et al., Nature 526, 233 (2015) H. T. Mebrahtu, et al., 

Nature Physics 9, 9 (2013).

Related QPT in a nanowire



Quantum critical scaling
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Outline
• The Kondo effect and quantum phase transitions

• The two-channel Kondo effect: a prototypical non-Fermi 
liquid state

• Mapping the universal crossover between quantum 
critical and Fermi liquid states (Nature 526, 237 (2015))

• Future directions in using devices to explore quantum 
phase transitions
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5 µm (52º tilt)

Fabricated in Braun Submicron Center,
Weizmann Institute of Science
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Theory collaborators:
 

G. Zaránd & C. P. Moca
(Budapest U. of
Technology and

Economics),
 

I. Weymann
(Adam Mickiewicz U.)
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The Fermi liquid crossover
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The Fermi liquid crossover

Mitchell and Sela, PRB 85, 235127 (2012)
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Critical exponents
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Outline
• The Kondo effect and quantum phase transitions

• The two-channel Kondo effect: a prototypical non-Fermi 
liquid state

• Mapping the universal crossover between quantum 
critical and Fermi liquid states (Nature 526, 237 (2015))

• Future directions in using devices to explore quantum 
phase transitions

0.02

0.01

0.00

30-3
(eVSD/kT)

1/2

 Crossover
 40 mK

-0.02

0.00

0.02

-4 0 4

 Crossover
 20 mK

 0.02

0.00

-0.02

(G
(0

,T
)-

G
(V

S
D
,T

))
 / 

(k
T)

1/
2

-4 0 4
(eVSD/kT)

1/2

 2CK
    scaling
 

 20 mK
 40 mK
 52 mK
 80 mK
 109 mK
 130 mK
 149 mK

c)a) b)

(G
(0

,T
)-

G
(V

S
D
,T

))
 / 

(k
T)

1/
2

QCP
QCP

QCP
QCP

0.5

0.0

P
 / 

-2 -1 0
-  / EC

0.5

0.0

P
 / 

-378 -376
VBWT (mV)

20

10

0

T*
 (

eV
)

-20

0

20

- 
 (

eV
)

G (e
2
/h)

0.40.0

-20

0

20

V
S

D
 (

V
)

G (e
2
/h)

0.40.0

5

0

T*
 (

eV
)

d) NRG calculationse)Experiment



Phase-sensitive probes of non-Fermi liquids

A. Yacoby, et al.,
PRL 74, 4047 (1995)

a) b)
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2 μm c)

ΓG

Γ➡➡

M. Zaffalon, et al., 
PRL 100, 226601 (2008)

Aharonov-Bohm effect: ' =
e

h

Z

P
A · dx

Related theory: A. Carmi, et al., PRB 86, 115129 (2012).



Phase-sensitive probes of non-Fermi liquids
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Takada, et al., PRL 113, 126601 (2014).
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e
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Z

P
A · dx

What experiment will show
directly the exotic properties
of the quantum critical state?

(Majoranas, collective excitations)



Phase-sensitive probes of non-Fermi liquids
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W. Pouse, L. Peeters, Goldhaber-Gordon group
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Exotic phases in the dot-grain structure

Theoretical; few experiments

Le Hur, K. et al. PRB 75, 035332 (2007)

Observed phases appear
in the context of real materials

Tzen Ong and Coleman,
PRL 108, 107201 (2012).



Transport through quantum dots
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Transport through quantum dots
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Transport through quantum dots
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Transport through quantum dots
Kondo effect
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Coulomb blockade thermometry
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Order parameters for impurity QPTs

Alkurtass, et al. PRB 93, 081106(R) (2016).

G. De Chiara, et al., PRL 109, 237208 (2012). 

They are not obvious…

A. Bayat, et al., Nat. Commun. 5, 3784 (2014). 



Phase-sensitive probes of non-Fermi liquids
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The simplest double QD
Capacitively coupled with 
no inter-dot tunneling

+U 0n1n2
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Measurement scheme

• Provide AC excitation and 
measure G=dI/dV | V=0

• Can simultaneously 
measure through each 
dot in parallel

Lock-in 
amplifier

Current 
preamplifier
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Charge stability diagram

VP1

VP2
(N1, N2)

(N1+1,
N2+1)

(N1+1, N2)

(N1, N2+1)

(0,1)

(1,0)



Charge stability diagram

Te = 1.7 µeV (20 mK)
1 ~   2 ~ 20 µeV
U’ ~ 100 µeV 
U ~ 1 meV

��



H.	Q.	Yuan	et	al.,	
Science	302,	2104	(2003).

S.	E.	Sebastian	et	al.,	
Nature	441,	617	(2006).

H.	Mebrahtu	et	al.,	
Nature	Phys.	9,	732	(2013).

R.	Potok	et	al.,	Nature	446,	167	(2007).

Quantum criticality
Materials design and device design as complementary approaches



Quantum criticality

S. Sachdev, Quantum Phase Transitions 2nd ed. (2011)

Quantum critical

T

gc g

� ⇠ J |g � gc|z⌫

⇠�1 ⇠ ⇤|g � gc|⌫

� ⇠ ⇠�z

Same exponents on either side
of the QCP,  but different
non-universal amplitudes

At  T=0: 



Two-channel Kondo effect
A model quantum phase transition



How do we implement this?
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channel asymmetry
charge transfer
charge transfer
magnetic field

(although we also incorporate thermal broadening)

Sela, E., Mitchell, A., & Fritz, L. 
PRL 106, 147202 (2011).

Mitchell, A. K., & Sela, E. 
PRB 85, 235127 (2012).

Add potential scattering:

Crossover physics
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Problem: bridged gates are poorly contacted, 
leading to drifty behavior.

Solution: EBID platinum?
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Keeping electrons cold and stable
Custom electronics and filteringRecondensing helium dewar



Building a high-precision
voltage source

Power regulation

Logic

ADC

DAC

J. MacArthur (Harvard)
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Kondo effect

Magnetic adatoms on surfaces
Otte, A. F., et al, Nat. Phys. 4 (2008)

InAs nanowires
Kretinin, A. V., et al, PRB 84, 245316 (2011)

Electrolyte gate controlled SrTiO3
Lee, M., et al, PRL 107, 256601 (2011) 
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Two-impurity Kondo effect

Source
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Drain

Si++
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SiO2

Chorley, et al., PRL 109,
156804 (2012)

Bork, et al., Nature Phys. 7,
901–906 (2011)

vs.

STMNanotubes

Keller, et al.,
Nature 526,

237–240 (2015)

Two-channel Kondo effect
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vs.

GaAs/AlGaAs heterostructures

Majorana QPTs

Mebrahtu, et al., Nature 488, 61–4 (2012), 
Nature Phys. 9, 1–6 (2013) 

Nanotube with dissipative leads

Graphic adapted from Peeters and Goldhaber-Gordon,
Nature Phys. 9, 695–696 (2013).



Transport through quantum dots
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Transport through quantum dots
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