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Mesoscopic AB interferometersMesoscopic AB interferometers



Phase symmetry Phase symmetry 
(phase rigidity, phase locking)(phase rigidity, phase locking)
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This relation is a result of the time-reversal symmetry!

Onsager-Büttiker relation for a linear response 
conductance of a two-terminal device:

Two-terminal device

This relation is a result of the time-reversal symmetry!
M. Büttiker, Phys. Rev. Lett. 57, 1761 (1986).

πφφπ ,02cos)( 00
0

=⇒







+

Φ
Φ∝ΦG



Bypassing phase symmetryBypassing phase symmetry
Phase lapse – abrupt change of the transmission phase via a 
quantum dot AB by π (even when no QD levels cross the Fermi level)

Schuster et al., Nature 385, 417 (1997)



Phase slips are due to competition Phase slips are due to competition 
between different levels with opposite between different levels with opposite 

parityparity

number of phase slips = 
number of levels

Oreg and Gefen, Phys. Rev. B 55, 13726 1997
Baltin and  Gefen, Phys. Rev. Lett. 83, 5094 1999
Silvestrov and Imry, Phys. Rev. Lett. 85, 2565 2000
Golosov and Gefen, Phys. Rev. B 74, 205316 2006
Karrasch, et al., Phys. Rev. Lett. 98, 186802 2007



Breaking of phase symmetry out of Breaking of phase symmetry out of 
equilibrium equilibrium 

• Breaking of phase symmetry 
only for even components
• Continuous breaking of 
symmetry with voltage

Leturcq et al. (2006)

Sanchez and Buttiker (2004)

symmetry with voltage



Puzzle: Experiment by Puzzle: Experiment by SigristSigrist et al.et al.

� Conductance is symmetric in magnetic field even at high bias
� Conductance phase switches between 0 and π
� Switching begins for V~∆
� More Switches than levels 



� Conductance is symmetric in magnetic field even at high bias
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Phase switchingPhase switching
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Approximate condition for switching
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Multiple switchingsMultiple switchings
Mean Conductance

Source Drain

U

ε0

eV

Φ

G(Φ)φ0=0

Φ

G(Φ)φ0=π

ε2

ε3

Chronology of switching events:
1st switching: population of level 2 starts to grow: V>ε2-ε1;
2nd switching: level 3 starts being populated from level 2:
V>ε3-ε2;
3rd switching: contribution from level 2 grows faster than that
due to levels 1 and 3;
4th switching: level 3 is being directly populated from level 1:
V>ε3-ε1.

Occupation numbers ε1



Art or applicative science?Art or applicative science?
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Wassily Kandinsky, 
Farbstudie Quadrate (1913)Magnetic field



Conductance even in magnetic Conductance even in magnetic 
field even at finite bias ????field even at finite bias ????

Leading contribution to the AB oscillations is 
even in the magnetic field!



Higher order Higher order 
processesprocesses

cancel out

cancel out

cancel out

cancel out cancel outcancel out

No current

No current

relevant

relevant



Theoretical analysis: summaryTheoretical analysis: summary

� Leading contribution to the AB oscillations is even in the 
magnetic field

� Odd contribution to the AB oscillations originates from 
the higher–order processes (in which the intermediate 
state lies on the same energy shell with the initial and 
the final states)the final states)

� Breaking of the phase symmetry may happen only after 
the onset of inelastic co-tunneling

� Breaking of the phase symmetry is best observed near 
phase switching when leading order vanishes.



Comparing to the experimentComparing to the experiment
� The phase of the 

AB oscillations 
switches sharply 
between 0 and π

� Any significant 
asymmetry only 
near phase 
switchingswitching

� The asymmetric 
component of 
the AB 
oscillations is 
zero before the 
onset of inelastic 
co-tunneling



Comparing to the experimentComparing to the experiment

The asymmetric component of the AB oscillations is zero before the onset 
of inelastic co-tunneling



NonequilibriumNonequilibrium can lead to breaking of can lead to breaking of 
phase rigidity, can it be used to measure the phase rigidity, can it be used to measure the 

transmission phase through the dot ?transmission phase through the dot ?

Problem: we want to measure the  Problem: we want to measure the  
equilibrium transmission phase !equilibrium transmission phase !equilibrium transmission phase !equilibrium transmission phase !

Solution: couple other parts of the system to Solution: couple other parts of the system to 
nonequilibriumnonequilibrium environmentenvironment

D. Sánchez and K. Kang, (2008)



Proposed ExperimentProposed Experiment

� Aim: measuring transmission phase via QD1� Aim: measuring transmission phase via QD1

� Phase rigidity breaking due to coupling QD2 
to a non-equilibrium environment, played 
here by a quantum point contact.



‘Which path?’ detectorWhich path?’ detector



Phase of AB oscillations

Phase rigidity breakingPhase rigidity breaking
AB conductance for VQPC=0
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Change in AB conductance for VQPC=400µeV Odd AB conductance for VQPC=400µeV



Measuring the transmission phaseMeasuring the transmission phase
Transmission coefficient through QD1:

Conductance of (isolated) QD1:

Odd component of AB conductance ( ):Odd component of AB conductance ( ):

VQPC [µeV]
γ

[µ
eV

]

Dephasing rate (for different ε2)



Measuring transmission phaseMeasuring transmission phase
Two levels of the same parity Two levels of different parities

� Zeros of Godd correspond to phase π/2 or a phase jump/lapse by π
� Zeros of Godd have to be matched with those of |tRL(εF)|

� Normalizing cosine to [-1,1]: prefactor is proportional to dephasing rate

V.P.&Y.M, PRL 104, 256801 (2010).



SummarySummary
• Phase switching:

‘Phase switching’ in non-equilibrium co-tunneling transport via
quantum dots can be explained as a result of the current via the
interferometer being dominated at different bias by the QD levels of
different parity.

• Phase rigidity breaking in co-tunneling transport:
The processes contributing to breaking of the phase rigidity in theThe processes contributing to breaking of the phase rigidity in the
co-tunneling transport are of higher order than the main AB
contribution which explains why the AB phase significantly deviates
from 0 and π only close to the phase switching points. In addition,
no breaking of the phase symmetry occurs up to the onset of the
inelastic co-tunneling.

• Measuring transmission phase via a closed AB interferometer:
The transmission phase through a quantum dot can be measured by
inserting it into the reference arm of a ‘which path?’ detector.


