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Subgap States in SN Bilayers
• Quest for a metallic state in 2D

• Is there a superconductor to metal transition in 
superconductor-normal metal bilayers?

• We observe subgap states that give the tunneling 
density of states a hybrid superconductor/metal 
appearance
– The subgap quasiparticles are weakly coupled to the 

superconductor or quasi-trapped in the N layer
– The fraction of subgap quasiparticles grows as Tc

decreases
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SC Grain Embedded in Metal

• RN→∞
– RS>ξs then SC
– RS<ξs then normal

(DeGennes)
• Quantum 

fluctuations in order 
parameter 

(Spivak)
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Superconductor to Metal*

Tco>0Tco=0

Nsc<Nsc*
Anomalous MR
Pseudogap in DOS

Nsc>Nsc*
Anomalous Hc

QP’s in ground state

*B. Z. Spivak, A. Zyuzin, and M. Hruska, Phys. Rev. B 64, 132502 (2001)
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Ultrathin Pb/Ag Bilayers
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Quench Condensed Pb/Ag Films
Liquid Helium Bath

Film

• 1.5 nm < dPb < 6 nm
• dAg < 20 nm 
• ξ > 60 nm
• Measure in situ

For tunneling:
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Film

Al-Al2O3 strip



SIT compared to SMT

Homogeneous film SIT
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Proximity Effect Theory: Cooper Limit
(Cooper, Degennes, Usadel)
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Reduction of Tco
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Agreement with MFT

•thickest Pb film 

•over a decade

Deviations from MFT

•in thinner Pb films

•at low Tco

•tend toward metal

Lines: Tco=Toexp[-(dPb+βdAg)/(λPbdPb+β λAgdAg)
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λPb=.757, λAg=-0.017, β=0.366, and To=21.5K, 27.6K, 30.1K 
for dPb= 1.5, 2.2, and 3.0 nm, respectively.



Tunneling Density of States
Junction conductance ∝ N(eV-EF) at low T
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DOS in the Cooper Limit
(Cooper, Degennes, Usadel)
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Peaks are too broad
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Subgap States!
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Gap Fills as Tc → 0
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2∆/kTc < 3.5 !
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Subgap DOS
Grows as Tc decreases
Linear E dependence
Finite DOS @ EF
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Broadened Peaks
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Fitting the DOS
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Subgap DOS requires

Nsubgap(E)=αE + β
Subgap States not fit by 
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Fitting the DOS

Subgap DOS in Pb/Ag Bilayers Brown University

Voltage (mV)
0.0 0.3 0.6

G
j

0.0

0.2

Voltage (mV)
0.0 0.5 1.0

G
j

0

1

2

dAg /dPb
0 3 6

∆ 
(m

eV
)

0.1

1

dAg
3
 (nm

3
)

0 4000 8000

α 
(m

eV
-1

)

0

2

4

data
fit

Peaks fit broadened BCS
(∼10-20% thickness variation)

Subgap DOS requires

Nsubgap(E)=αE + β



Subgap Quasiparticle Origins

• Proximity Effect Theories:  

Subgap states for       τAS > h/kBTc

• Need dN > ξ or “trapped” quasiparticles

Bilayers too thin Billiard Models
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Rectangular billiard
Integrable trapped trajectories 

Subgap DOS

soft gap

Soft Gap Prediction

Chaotic billiard
Chaotic, untrapped trajectories

Hard gap 

hard gap
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Linear Subgap DOS!

Rectangular billiard
Nsubgap(E) ~ E / ETh

where ETh is the Thouless energy

Mixed Integrable and Chaotic Phase Space 
Nsubgap(E) ~ E / ETh + β

where β is a constant (Schomerus and Beenakker)
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Linear Subgap DOS

Experiment 
α ~ dN

3

Theory 
α ~ ETh

-1 ~ dN
2
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SN Bilayers = Mixed Phase Space
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• Subgap states give DOS a hybrid metal-superconductor 
appearance

• DOS becomes more metallic as Tc decreases
– Sign of an approaching SMT?

• Growing fraction of qp’s decouple from superconductor as 
Tc decreases –
– is this spontaneous phase separation?

• Route to a gapless superconductor without time reversal 
symmetry breaking
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