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Quantum SINIS junctions
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Jarillo-Herrero et al., Nature 439, 953 (2006)

Doh et al., Science 309, 272 (2005) CNT: interlevel distance 6¢ = 3.5 mV
Superconducting gap: A = 0.25 mV



Double-barrier SINIS junctions

Interplay between geometrical and Andreev quantization

Amplitude of Andreev reflection =S |
Amplitude of normal reflection = S,

S, and S, depend on energy

Barrier height Uy > = 15(x £ d/2)
Barrier strength 7 — m] / 1 ko

Energy resonances,
oc =mhv /d

o =a+6
o = kpd
tanéd =1/Z7

resonance off-resonance

sin o'=0 \ sin o'=+1

One of the resonance levels
coincides with the Fermi energy



Scattering matrix approach
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The incident and outgoing amplitudes are coupled by Sp and S;

(8 ), =2 ) (1) =5
(2), =

The matrix S is unitary: S§T = 1.
Diagonal components of § = normal reflection.
Off-diagonal components = Andreev reflection.
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The solvability condition = det (1 - eiaﬂkffngeiﬁzkﬂﬁdgL) = 0.
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Long SINIS junction, A >>0¢ o€ = mwhvx/d Short SINIS junction, A <<og

Number of levels in the contact,

N~N/oe~dN/mhv,
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— at o=n and ¢=0 !
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———— sin o'=0 and e
sin o'==*1, 0.8
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Z=1.0, dA/hv _=0.2.
Black lines: sin a’=0.
Red lines: sin a'=x1

Z=0.5, dA/hv =10.
Black lines: sin a'=0.
Red lines: sin a'=+1

o can be controlled
by gate voltage



Sub-gap spectrum of a SINIS junction

|SyI%sin? o 4 [S 4| cos®(¢/2) = sin*(8 + )

a = kzd, B = ed/hvs
&Iza-l_(s& ¢=X2_X1
e’V = SN /SN

Sn|2+|S42 =1

Spectrum in various limits:
e.g., A.Furusaki et al (1992)
Schiissler, Kiimmel (1993)
Gogadze, Kosevich (1998)
Shumeiko, Wendin (2000)
Kuhn et al (2001)
Jakobs, Kiimmel (2005)

sinZ(B+y)

All gaps at ¢=n and ¢=0
disappear for

sin a'=0 and sin o'==*1,
respectively



Supercurrent !

28 - aﬁn /\ 2n

Is = —— — (1 —2fn) 0 : 0
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Example 1: Equilibrium SINIS contact under a small bias eV<<d¢

Gaps or strong inelastic relaxation
Adiabatic variation along the Andreev levels:

d(f)/dt= QEVXHELUJ

Bloch oscillations of supercurrent

NO dc current without
the interlevel Landau-Zener transitions




Example 2: Charge transfer for continuous spectral flow

A
f_'_:tanhﬁ | _ _ f_:_tanh_

f

A
= tanh —
S+ 27T

Maximum dissipation

Distribution in the presence of weak inelastic relaxation
and voltage-driven Landau-Zener transitions ?



‘~—" Kinetic equation
| \%—"\ .
A Single loop
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o(t)
Incoherent inter-level transitions due to the low-voltage condition

fEO+) = pofi1(0-) + (1 - po)fi (0-)
fo(m4) = pafii(m=)+ Q@ = pr)fif (x—)
fT:+1(D+) — Pﬂf7:+2(o—) + (1 —p(})f:_|_1(0_)

R4 = pafif (m=)+ (A = pa)fiypq (7-)

Boundary conditions:

XA =fOC1AD, foya = FOHIAD



Model of weak intra-level inelastic relaxation

8fn  fu— 5O

_— y inVx d
3t Tin Tin® >
Low temperatures: T <€ hvg/d = ngD) = O(—e€n)
fiE — £5%) = Cx exp [~rIn])
mh . . : . :
v = - Degree of inelastic relaxation during Josephson half-period
2eV 1

The effective relaxation rate

Strong inelastic relaxation v > 1 = r =~

Weak inelastic relaxation ~ < 1

sinh?(r) = v(v + po + pr — 2pop=)/PoPr -

r = f}lﬁls pospﬂzl
>>11 pD:pTT_}O



The distribution function
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Figure 4.2: Distribution functions for absent, v = 0, and small, v = 0.1,

relaxation on left and right, in this order. Values for tunneling probabilities
are (pg, px) = {(1.1),(0.9,0.95), (0.1,0.1)} from top to bottom for ;7 functions
(from bottom to top for f7). In the right figure, the last pair is omitted for

r_l, Nr>1
N, Nrgl

Here N = 2dA /mhvg > 1 is the total number of levels with positive energies

Number of excited levels ~ Neff =

Effective temperature Teff = r~(den /dn) = (whvg/2rd)




DC current

Nonzero average is due to non-equilibrium current carried by the
Andreev states

Oen ~ ev /2
Ineq =7 Z _nf”__f [fi?;_f?_k—l}
En}D k=1
. ev
The average current I = —2®(pg, pr)
2d
For » & 1 .
2popr Ny > 1
d)(po,i?w) — ¢ (p(} ‘|‘Pﬂ' _QQPUP?T) _I_ Y 3
POP~ ., Ny k1
. (po + pr — 2popr) + 1/N

The dc current increases when LZ probabilities grow po, pr — 1
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Important: High transparency

wop K mvg/d = 1-T K1



The I-V curve

@A — 6vx
I = —®(po,
NI >d (pO PW)
For wo <€ eV/h <€ vz/d when
po,pr — 1
11 ®(po, pr) & =~
- - / / —> ’ 2 2N
®Q 2Ny w, A/h wo +m/2T + wy/

The current is N times larger than the critical Josephson current



I-V curves. Theory
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Averin & Bardas 1995

FIG. 1. The solid curves represent the current-voltage
characteristics of a SNS junction at different temperatures
{the lowest temperature corresponds to the uppermost curve),
fin /20 = 10%. The lower and the upper dashed lines represent
the Sharvin current and the extrapolation of the excess cur-
rent at T = 0 K to V' = 0, respectively. The arrows indicate
the subbarmonic gap structures at voltages V,, = 2A(T)/ne,
n = 1,2,3. The inset shows the steep rise of the current
at voltages V' < (2a/8,)4 /e corresponding to the high-low
voltage conductance of Egq. (T0), T =0 K.

Gunsenheimer & Zaikin, 1994



Noise spectrum

Spectral density of fluctuations

S(w) = /eiWTdT<{&f(t — %, z), AI(t + g,m)}>

AT=T—- (), {4 B} = (AB 4+ BA)2

3.2
S(w) = — mh>e

Zé(ﬁn — €m ‘|‘ RW)Lﬂm[l - fl(fﬂ)fl(fm)]

n.m

Matrix elements in terms of the BdAG wave functions

Lypm(z,t) = {(V]_ = VS.) (Vg — VE) u;(l)um(l‘r)
+05(L)om(1)] [un(2)uin(2) + va (20} (2)] }

Distribution function

f1i=1-2f(e)

===



Low frequency hw < e ~ hvy/d

Only diagonal elements are important

Th2e2

8m?2

S(@) = "5 8@ Y Lan |1~ V1 - 27V F1 |

Here

_ ((0) g (O):t hi
h=5r"+5h, an >T

Due to inelastic relaxation

1 1
27 w2 —+ 1f47'2

d(w) = Aw) =



Equilibrium thermodynamic noise

High transparency, Z — 0

TV, €

2.2
Sth(w) =
n>0

If vg/d < T < A,

4T v, e2

Stn(w) = =22

Number of excited levels Nef¢ = 2T'd/mhvg

Low transparency, Z—

TU;EEQ

8Z8hdsin?(2a/)

Sth(w) = A(w)

Thermodynamic noise: Due to fluctuations
in the occupation of Andreev levels.

Aw) , 5tn(0) =

A(w) Y cosh™2 5 2T

BTBQUmT

whd

For point contacts:

Averin & Imam (1996)
Martin-Rodero et al. (1996)
Naveh & Averin (1999)



Non-equilibrium low-voltage noise, T=0

rv2e2 N/2

O o+ Fara)

S(w) = —

Number of excited levels

o r~1, 1/N<r<1
e f 71 ~ N, r < 1/N

Effective relaxation rate decreases with increase in LZ probabilities

L \/T(’r‘ + po + pr — 2popr)
PoPw

Effective temperature increases with the LZ probabilities

Teff = —1 (den/dn) = (whvg/2rd)

Zero-frequency noise increases

Sne(0) = — -




Fano factor and the effective charge

Note that 7 i
oc 22k~ Tkt
SO) " o+ Far—a

The efficiency of Landau-Zener processes in producing current:

A

r 14 (po + pr — 2popr)/v — O, po=pr=0

Fano factor F = 5(0)/2el

For point contacts:

. Averin & Imam (1996)
Effective charge q=¢eF = 28?1/ A>e Naveh & Averin (1999)

Here n = vz7/d > 1 is the number of times which a particle can fly
along the Andreev level before 1t escapes due to inelastic scattering

For po,pr— 1, wy>wo>1/7

q= 28?1\/1 + wot /7™ > 2en



CONCLUSIONS

(] The DC current and noise spectrum in quantum SINIS
contacts are sensitive to non-equilibrium distribution
on the Andreev levels established by:
* Voltage-driven Landau-Zener inter-level transitions
* Inelastic intra-level relaxation

L DC current can considerably exceed the critical Josephson
current.

(] The Fano factor and the effective charge are enhanced by
MAR and by Landau-Zener transition probabilities.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


