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Disorder + Interactions in a
Fermi Liquid

Zero-dimensional Fermi Liquid




Quantum Dot

one-particle

1. Disorder (ximpurities) ) chaotic
motion

2. Complex geometry

3. e-e Interactions

Realizations:

* Metallic clusters
* Gate determined confinement in 2D gases (e.q. GaAs/AlGaAs)

» Carbon nanotubes



Energy
scales

One-particle problem (Thouless, 1972)

, . d
1. Mean level spacing 5] = /v« L

l 5 L IS the system size;
——t 1
d IS the number of
- dimensions

D IS the diffusion const

E 7 has a meaning of the inverse diffusion time of the traveling
through the system or the escape rate (for open systems)

g=E,/5,  Toiess g=Ghe

conductance



Thouless Conductance and
One-particle Quantum Mechanics

Localized states Extended states
Insulator Metal
Poisson spectral Wigner-Dyson
statistics spectral statistics

Quantum Dots with
dimensionless

conductance g

N xN

Random Matrices

The same statistics of the
random spectra and one-
particle wave functions <G4

(eigenvectors)



Zero Dimensional Eermi LLiguid

At the same time, we want the typical energies, &, to
exceed the mean level spacing, 0;:

s bre b




Vatrix Elements

N

— + +
H_ = Z M 5500 a5 A, Ay
a,B.y.,0
o,0'

Diagonal - o, 37,0 are equal pairwise
Matrix a=y and =5 or a=5 and =y or a=f and y=0

Elements =~ @
Offdiagonal - otherwise

» Diagonal matrix elements are much bigger
It turns than the offdiagonal ones

O Ut t h at Mdiagonal >> M offdiagonal

in the limit e I Diagonal matrix elements in a particular
sample do not fluctuate - selfaveraging




ey moedel: Short range e-e interactions

— ﬂ« — " 1 . .
UF)=25(7) A is dimensionless coupling constant
% V Is the electron density of states

v, (F)
one-particle
eigenfunctions

electron ¥ (x) isarandom
. wavelength “ i
function that

Ve rapidly oscillates

—> /\’\x |, @)* >0
> as long as
>
\./\/ \ Vo (/>0 T-invariance
IS preserved




N

H_=eln+ Ecﬁ2 +JS? + ZBCS(Z a.a IZ aaTaaij

E determines the charging

Three c  energy
coupling e e
COnStantS J escribes the spin

exchange interaction

Selfaveraging! determines effect of BCS-

ﬂ‘BCS like pairing



Example 1. Coulomb Blockade

Vg

gate voltage

current

5
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Coulomb Blockade N —= A'+1 transition
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CONCLUSIONS

One-particle chaos + moderate interaction of the electrons —
to a rather simple Hamiltonian of the system, which can be
called Zero-dimensional Fermi liquid.

The main parameter that justifies this description is the
Thouless conductance, which is supposed to be large

Excitations are characterized by their one-particle energy,
charge and spin, but not by their momentum.

These excitations have the lifetime, which is proportional to
the Thouless conductance, I.e., is long.

This approach allows to describe Coulomb blockade
(renormalization of the compressibility), as well as the
substantial renormalization of the magnetic susceptibility and
effects of superconducting pairing




BCS + Disorder

I. Superconductor - Insulator
transition in two dimensions

Anderson theorem and beyond



- - P.W. Anderson;
Anderson Splﬂ Chalﬂ Phys. Rev. 112,1800, 1958

A SU, algebra

KO! — aaT aai

spin 1/2

BCS

(paired) 0 '\\ \ " &,




ANDERSON THEOREM

Neither superconductor order

parameter A nor transition Provided that
temperature T ¢ depend

A is homogenous in space
on dlSOl"del/‘, ie.ong

This is just the universal limit //
i.e. the limit & —> ©



ANDERSON THEOREM

Neither superconductor order

parameter A nor transition Provided that
temperature T ¢ depend

A is homogenous in space
on dlSOl’del/‘, ie.ong

This is just the universal limit //
i.e. the limit & —> ©

Corrections  Ovchinnikov 1973,
at large, but finite ¢~ Maekawa & Fukuyama 1982
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Large, but finite

1. Offdiagonal matrix elements are random and small:

a) zero average b) fluctuations
_ -2
<M0ﬁdiagonal> =0 <(M offdiagonal )2> — O(g )
2. Diagonal matrix elements - corrections O(g-)
a) average b) fluctuations
1 2 1
<Mdiag0nal> - 251 = O(g] <(Mdiagonal )2> - <Ma’iag0nal> = O[?j

3. In two dimensional system (pancake) of the size L

<M diagonal> = A0, _1 T zln(éj_

[ is mean free path



3
—1 h
oL m—(log—] Tt<h
L. g\ It
Interpretation : T =0, eXp(— )

SC temperature

Debye temperature

w7,

ZBCS —

Pure BCS interaction
(no Coulomb repulsion):

Dimensionless
BCS coupling
constant

—1

ﬂ“eﬁ — ﬂ’BCS




Interpretation continued: “weak localization” logarithm

Q Why logarithm?
A Return probability




-In the universal (g=x) limit the effective coupling
constant equals to the bare one - Anderson theorem

‘If there is only BCS attraction, then disorder
increases 1, and A by optimizing spatial '
dependence of A. o

T.and A4 reach maxima at the point of Anderson localization

Problem in conventional superconductors:
Coulomb Interaction



Interpretation continued: Coulomb Interaction

Anderson theorem - the gap is homogenous In space.

Without Coulomb interaction adjustment of the gap to the
random potential strengthens superconductivity.

Homogenous gap in the presence of disorder violates
electroneutrality; Coulomb interaction tries to restore it
and thus suppresses superconductivity

# 7
ﬂ“eﬁ = Apes — gln(aj

Perturbation theory:

5T,
T

C

=5(__1)= 521 oc_lln i In Q_D
A Azcs g [T /)




Effective interaction

A A i ln( f ]
eff — 'Bcs T T - .:.\V constant vanishes,
g Iz when g is still >> 1

Finkelshtein (1987)
renormalization group

Aleiner (unpublished)
BCS-like mean field

CONCLUSION:
T.and A both vanish at

g=g




QUANTUM PHASE TRANSITION

Theory of Dirty Bosons

Fisher, Grinstein and Girvin 1990
Wen and Zee 1990
Fisher 1990

Only phase fluctuations of the order parameter are
Important near the superconductor - insulator transition

CONCLUSIONS
1. Exactly at the transition point and at T=0 conductance

: 2
tends to a universal value 8, g, = 4e ~6KOQ
©h

2. Close to the transition point magnetic field and
temperature dependencies demonstrate universal scaling



Granular Superconducting Films

E ,— Josephson energy

E — charging energy

C

E ,> E . superconductor ‘7

EJ< Ec insulator

Problem: E ; is renormalized



Important parameter: Ambegoakar &
tunneling conductance between grains Baratoff (1963)

gt EJ:gtA

Small &, »vortex energy ~ EJ
quasiparticle energy ~ A4 >> F 7

It is easier to create vortices than quasiparticles
dirty boson model might be relevant

Large & p 7



Conductance near Ambegaokar, Eckern &
" Schon (1982, 1984)
the transition

Fazio & Schon (1990)

Albert Schmid (1983)

Chakravarty, Kivelson,
Zimani & Halperin(1987)

When tunneling conductance g / exceeds unity,
charging energy gets renormalized - SCREENING |

E(0)=—p E7=E(8)-— 20
1 +#g, =< 1 +#g, —¢ &

@ @



A

EY ~—
‘ g, EJ ~ 8 tA
Ambegaokar, Eckern Ambegaokar & Baratof
& Schon
Therefore

Ef[szJ gtzl

o How to match this result with
. Finkelshtein's formula for

homogenous films °



Charging energy of ~ E. 1
agranora  EeS gy =&
Josephson junction I+—=—
o, —io+l/zr,,

This is an analog of  U,.(g,@ )= Ua(9) .
the RPA result in 1+U, (q)v Dq
the continuous case o\d —iw + Dq’

E. 2
Indeed A1 < Uy and %_esc <  Dg
i E. >> 8 and @7, <<1 then |EZ =§)|
At @7, > 1 we obtain
o L, _ E, A Ambegaokar,

‘ - E, I+ E, 2> 5 Eckern &
~iwr, 0, & — i Schon result




dynamical
screening

(? DISSIPATION (?
or

®* DYNAMICAL SCREENING °



g —In (g51A\
_ \ Y,
Aeﬂ _g§1 ( 5 \
g +In| & %
\ J
A A
E g 551 gt 51
1+# E.,

=




THREE REGIMES

& |
[l
g\ superconductor
Y RN y/

N\
=3

Insulator

A

O E, Gap in an
_ , Isolated grain
Mean level spacing Charging energy



1 superconductor - metal

transition A< - R <<
g *>>1
superconductor - insulator R
~ transition §,<A<E,

*N
gt ~

3 superconductor -insulator
" transition E, << 4

E~E, E, =g.A

g*¥=E /A<<I]

Ru

R

g

M




VOLUME 74, NUMBER 15 PHYSICAL REVIEW LETTERS 10 APRIL 1995

Superconducting-Insulating Transition in Two-Dimensional a-MoGe Thin Films

Ali Yazdani* and Aharon Kapitulnik

Department of Applied Physics, Stanford University, Stanford, California 94305
(Received 29 November 1994)
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FIG. 1. Zero bias resistance of sample 2 plotted versus
temperature at B = 0, 0.5, 1.0, 2.0, 3.0, 4.0, 4.4, 4.5, 5.5, 6 kG.
In the mset, Ro(B,T,E = 0) for the same sample measured
versus field, at 77 = 80, 90, 100, 110 mK.



VOLUME 67, NUMBER 15 PHYSICAL REVIEW LETTERS 7 OCTOBER 1991

Scaling of the Insulator-to-Superconductor Transition in Ultrathin Amorphous Bi Films

Y. Liu, K. A. McGreer, ™ B. Nease, D. B. Haviland, ™ G. Martinez, J. W. Halley, and A. M. Goldman

Center for the Science and Application of Superconductivity and School of Physics and Astronomy, University of Minnesota
Minneapolis, Minnesota 55455
(Received 15 May 1991)
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FIG. 1. Logarithm of the conductance G, in units of 4e *Ih
vs In(7) for a number of different Bi films. The thickness of
the first (thinnest) and last (thickest) films are indicated



PHYSICAL REVIEW B

VOLUME 54, NUMBER 14

| OCTORER 1996-11

Quantum phase transitions in two dimensions: Experiments in Josephson-junction arrays

H. 5. 1L van der Zant, W. 1. Elion, L. 1. Geerligs, and 1. E. Mooij

Department of Applied Physics and Delft Instituie of Microelectronics and Submicron-technology {DIMES),

Delft University of Technology Lovenizweg 1, 2628 CJ Delft, The Netherlands
iReceived 21 May 1996
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FIG. 5. The zero-field linear resistance per junction measured as
a function of temperature for six different arrays. Dotted lines are
fits to the vortex-KTE squarg-root cusp formula. The dashed hori-
zontal line shows the zero-temperature universal resistance
IBR,/m=164 kLl} of the 51 transition at f=0.



|. Theory:

1. Homogenous films - Finkel’shtein’s theory Is
relevant; g* >> 1

2. Granular films - three regimes

f 6, <A<E,_ then the critical conductance is
of the order of the guantum conductance.

3. Universalities ?22??

1. Experiment

If all of the three energy scales £, ; Aand E_
are of the same order, then the transition is
nearby



BCS + Disorder

IT. Superconductor above
paramagnetic limit

Clogston - Chandrasekhar transition

Tunnelinig conductance: finite bias
anomalies



VoLuME 77, NUMBER 6 PHYSICAL REVIEW LETTERS 5 AucusT 1996

LZeeman Splitting of the Coulomb Anomaly: A Tunneling Study in Two Dimensions

Wenhao Wu.® I. Williams, and P. W. Adams
Depariment af Phyzics and Astronomy, Louisiana State University,
Baton Houge, Louwisiana 70503
(Reacerved 13 March 1996)

We report measwrements of the tummeling demsity of states (DOS) of ultbathin Al films m
which superconductivity 15 quenched by a parallel magmetic field, Hy = 48 kG. The nommal state
DOS5 not only displays the usual logarthmie zero bizs ancmaly (ZBA)Y but zl:o a new anomaly,
supermmposad on the ZBA  that appears at bias voltages V ~ ZugHy/e, the electron Zeeman
spliting. Measmwements m tilted felds reveal that the Zeeman feature collapzes with mereasmg
peapendicular fisld component, suggesting that 1t 15 assoctated with the Cooper electron-glectron
mteraction chanmel.  [S0031-9007(96100791-0]

VoLuME 79, NUMBER 21 PHYSICAL REVIEW LETTERS 24 NOVEMBER. 1997

Tunneling Anomaly in a Superconductor above the Paramagnetic Limit

L. Alemer' and B.L. Altshuler™?
'NEC Research Mmstinute, 4 Indspendence Way, Princeton, New Jerzey 08340
 Physics Department, Princeton University, Princeton, New Jerzey 08544
(Recerved 23 Apnl 1997)

We study the tummeling density of states (DOS) m superconducting systems doven by Zeeman
sphiting E, mto the paramagnetic phaze. We show that, even though the BCS gap disappears, super-
conductmg fluctuations cause a strong DOS smgulanty in the vicimty of energies —E* for electrons
pelanzed along the magnetic feld and £° for the opposite polanzaton. The positon of the smgulanty
E® = ;—[E;_- + E; — A% ) (where A 15 the BCS zap at E; = 00) 15 wmiversal We find analytically
the shape of the DS for different dimensionalities of the system. For ulwasmall grams the simgulanty
has the form of the hard gap, while mn higher dimensions 1t appears as a sigmificant though fimite dip.



PHYSICAL REVIEW B VOLLME 53, NUMBER. 9 1 SEPTEMBER. 19981

Theory of tunneling anomalies in superconductors above the paramagnetic limit

Hae-Young Kee
Serin Physics Laboratory, Rutgers University, Fiscataway, New Jersey 08835

I L. Alemner
NEC Research Instinute, 4 Indspendence Way, Princeton, New Jerzey 08340
and Department of Physics and Astronomy, SUNT at Stony Brook, Stony Brook, New Tork 11794

B. L. Altshuler
NEC Research Instinute, 4 Indspendence Way, Princeton, New Jerzey 08340
and Phyzics Deparoment, Princeton University, Princeton, New Jerzey 08544
iRecerved 17 Febmary 1995)

We study the hmneling density of states (DOS) m superconducting systems driven by a Zeeman splitting E -
mto the paramagnetic phase. We show that, even though the BCS gap disappears. superconductng fluctuations
cause @ sTong DOS singulanty i the vicimty of energies —E* for electrons pelanzed along the magnetic fisld
and E* for the opposite polarization. The position of this singularity E*= +(E;+ E;— A7) (where A is BCS
gap at E.=0) 15 umversal. We found analytically the shape of the DOS for different dimensionalities of the
system. For ulirasmall gramms the singulanty has the shape of a hard gap, wlile in lngher dimensions it appears
as a sigmflcant though fimte dip. Spmm-orbat scattermg, and an orbital magnetic field suppress the smgulanty.
Chur results are qualitanvely consistent with recent experiments in supercenducimg films.



| Excitations are similar to the excitations in a disordered Fermi-gas.

ll.  Small decay rate
lll. Substantial renormalizations

Isn’t it a Fermi liquid ?

Fermi liquid behavior follows from the fact that

different wave functions are almost uncorrelated




s there a spin-charge separation?

N N

H_=eVai+En°+JS* +/IBCSZ[€Q+]€ﬂ. K= az;ﬁa;¢
aff

Commute with the one-particle part of the Hamiltonian

The interaction part of the hamiltonian does not mix
single occupied orbitals with empty or double
occupied ones — Blocking effect .

(V.G.Soloviev, 1961)



Blocking

effect

double

occupied

empty This single-occupied
states are not effected
by the interaction.

single

occupied They are blocked

H, . The Hilbert space is
separated into two
Independent Hilbert

subspaces

Spin -charge
separation Charges and spins ??



Normal

state

BCS
state




Y. $—
Blocking:
S _¢_
I° * ga I * ga
normaI; OI I I I BCS : 0 \;,
Therefore:

Blocking reduces the BCS gap



+ Zeeman splitting £, (small size or || magn. field):

BCS
state

paramagnetic

state
H BCS

First pair breaking: Energy loss 2A
Energy gain E,

But as a result the gap First order phase
becomes smaller and it is transition (Clogston

easier to break a new pair - Chandrasekhar)



First order phase
transition (Clogston

- Chandrasekhar)

Coexistance of the two phases: A <E, <2A

“"True” transition: E ;= A/ 2A



Tlunneling Pensity off States and ItS anomalies

: Chapter 3
Tunneling Phenomena, Metal-Insulator-Metal Tunneling

1 i l. Giaever ‘

ln SOlldS A General Electric Research and Development Center

1967 NATO Adms;m?niﬁtg:ﬁ Risb, Denmark , 1967 Schenectady, New York
t~50A
Edited by H/ ,
ELIAS BURSTEIN , '

Department of Physics
Univereity of Pennsylvania

Philadelphia, Pennsylvania _
. and
STIG LUNDQVIST {5y |
Institute of Theoretical Physics
Chalmers Tekniska Hégskola
Géteborg, Sweden A

CURRENT

- VOLTAGE

1
I |

Fig: 1. Schematic drawing of a tunneling experiment.
are spaced about 50 A apart or less, a tunnel current wi
The current-voltage characteristic
low voltages (below ~ 0.1 V),

If the capacitor plates
11 be easily observabie,
will be nearly symmetric about zero, linear at
and nonlinear at higher voltages,



Tunneling Pensity of States

d1(V)
dv

G()==">cv,(u),(u) = const

Depends on the bias
only on the scale of
the Fermi energy o

tunneling
probability



Tunneling Pensity of States

A charge is created at =0



VoLUME 4, NUMBER 9 PHYSICAL REVIEW LETTERS May 1, 1960

DIRECT OBSERVATION OF POLARONS AND PHONONS DURING TUNNELING
IN GROUP 3-5 SEMICONDUCTOR JUNCTIONS

R. N. Hall, J. H. Racette, and H. Ehrenreich
General Electric Research Lahoratory, Schenectady, New York
(Received April &, 1960)

CSNEN First observation of the Zero Bias Anomaly

InAs{zd)

1 | 1 | = L 1 |

0 20 40 80 a0
W= mil livalts

FIG. 1. Conductance (dl/dV) in arbitrary units vs
voltage for several group 3-5 junctions,




Zero Bias Anemaly (ZBA)

Tunneling conductance, G,,
IS determined by the product of the tunneling probability, W,
and the densities of states In the electrodes, v, (¢ =eV’).

Originally ZBA was attributed to W':
« Paramagnetic impurities inside the barrier (Appelbaum-

Andersdon theory) for the maximum of Gt.
* Phonon assisted tunneling for the minimum.

Now it is accepted that in most of cases
ZBA is a hallmark of the interactions between the electrons.

In other words, It Is better to speak in terms of anomalies in the tunneling DoS.

In the presence of the disorder ZBA appears already at the
level of the Hartree — Fock approximation I.e. in the first order
In the perturbation theory In the interaction.




Correction to the DoS Iin the disordered case:

BA & A.G. Aronov, Solid St. Comm. 30, 115 (1980).
BA, A.G. Aronov, & P.A. Lee, PRL, 44, 1288 (1980).

Effect appears already in the first

order in the perturbation theory
== IS sign IS not determined




Correction to the DoS Iin the disordered case:

BA & A.G. Aronov, Solid St. Comm. 30, 115 (1980).
BA, A.G. Aronov, & P.A. Lee, PRL, 44, 1288 (1980).

& electron energy
Je d =3 | counted from the Fermi

loge d=2 level

D diffusion constant of
ﬁ d=1 the electrons

_ _ d # of the dimensions
Effect appears already in the first

order in the perturbation theory ﬁ, effective coupling
== IS sign IS not determined constant;

A>0-repulsion



[(G(V) — C(— 10 mV}/C].100
n

1

Zero Bias Tunneling Anomaly
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The conductivity of the tunnel junctions Al-I-Al (T=0.4K, B=3.5T)

for 2D films with different Rp: 1 —40 Q, 2 — 100 Q, 3 - 300 Q.

Right panel: comparison with the theoretical prediction for the
interaction-induced ZBA.

Gershenson et al, Sov. Phys. JETP 63, 1287 (1986)



Tunneling Density of States (DoS)

K.A. Matveev, D.Yue, and L.I. Glazman Phys. Rev. Lett., v.71, p.3351 (1993)
A.M. Rudin, I.L. Aleiner, and L.I. Glazman; Phys. Rev. v.B71, #15 (1997)




Tunneling Density of States (DoS)

K.A. Matveev, D.Yue, and L.I. Glazman Phys. Rev. Lett., v.71, p.3351 (1993)
A.M. Rudin, I.L. Aleiner, and L.I. Glazman; Phys. Rev. v.B71, #15 (1997)

DoS at a given point ]_é In space Is determined by the
guantum mechanical amplitude to come back to this point



Tunneling Density of States (DoS)

DoS at a given point ]_é In space Is determined by the
guantum mechanical amplitude to come back to this point

DoS is a
: Non of the
% Ildc? icrllltse?radc?irons classical ?urrw?:gg;] of the
between the trajectories energy
lect returns to the
electrons original point

(Energy & is counted from the Fermi level)

1) Such classical trajectories appear as soon as
translation invariance is violated (e.g., by disorder): Al

a®
a®
a®
a®
a®
a®
““““
-
a®
a®
a®
a®
at®
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Tunneling Density of States (DoS)

DoS at a given point R in space is determined by the
guantum mechanical amplitude to come back to this point

1) Such classical trajectories appear as soon as
translation invariance is violated (e.g., by disorder):

*(. . Thereturn amplitude contains the phase

i, factor. The phase @ =2k R is large (if the
IRRLTIT distance between the original point and the
Impurity exceeds the Fermi wavelength).

The correction to the DoS vanishes when
averaged over the sample volume

Different trajectories
; are characterized by
> B = different phase

@-...... ; factors -
l
“““ ‘1%’ - e’ =0
( disorder

“
.
.
.
.
.
.
.
e*
.

.
a®
a®
a®
a®
a®
a®
“““““
a®
a®
a®
a®
a®
at®



Different trajectories have
different phase factors

i <0> _
<€ disorder O

Without electron-electron interactions

(averaged) DoS is not effected by the
disorder.

Only mesoscopic fluctuations



Friedel Oscillations 5

Electron density
oscillates as a
function of the
distance from an
impurity.

The period of these
oscillations is
determined by the
Fermi wave length.

The amplitude of the
oscillations decays
only algebraically.

These oscillations are
not screened



Single impurity (ballistic) case

An electron right after the tunneling
finds itself at a point R. It moves, then

(i) gets scattered off an impurity at a v

point@, —  TE
(i) gets scattered off the Friedel /‘
oscillation created by the same
impurity (interaction W) , and

.
.
+® a
Ya, %

(iii) returns to the point X .

Phase factor at
small angle &:

No oscillations

in the limit &—>0,r. >0 ZBA



No oscillations in the
limit g0
Phase fluctuates

An electron right after the tunneling

finds itself at a point K. It moves, then
() gets scattered off an impurity at a

point O, only when ;> v,
(i) gets scattered off the Friedel where
oscillation created by the same Vi
impurity, and R fo X
(i) returns to the point ¢ . I
—— /BA .

Important: this effect exists already in the first
order of the perturbation theory in the interaction
between the electrons (between the probe

electron and the Friedel oscillation), i.e., in the
Hartree-Fock approximation. As a result the DoS
correction as well as ZBA can have arbitrary sign.




Multiple impurity scattering - diffusive case.

“Messy” Friedel oscillations -
combination of the Friedel
; -d oscillations from different scatterers

op(7)oc Y A, sin(k,L,)

paths o

o = {019029039“-90719} a path

L _ total length of this path




Multiple impurity scattering - diffusive case.

“Messy” Friedel oscillations -
combination of the Friedel
oscillations from different scatterers

op(7)oc Y A, sin(k,L,)

paths o

o = {019029039“-90719} a path

L _ total length of this path




Multiple impurity scattering - diffusive case

“Messy” Friedel oscillations -

combination of the Friedel
oscillations from different scatterers

op(7)oc Y A, sin(k,L,)

paths o

o = {019029039"-90;1»} a path
L _ total length of this path

0{3*

L 4
L 4
L 4
L 4
L 4

Ozt .

D

\6” _ o,

\d
“

Ol -Tlrlll —
LR A 5

phase factor at small angle &

Again, oscillations are 5 y
not important as long as



Multiple impurity scattering - diffusive case

phase factor at small angle @

®

0{3*

L 4
L 4
L 4
L 4
L 4

Ozt .

Oscillations are
not important as

long as V
~ I
L <r~ /g 5o

&

I_ -
O =~ /’,\ :

If the Interaction Is not weak,

Magnitude of the the relative corrections to the
correction to the DoS DoS are the same as the

Is determined by the weak localization corrections
return probability to the conductivity
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LZeeman Splitting of the Coulomb Anomaly: A Tunneling Study in Two Dimensions

Wenhao Wu.® I. Williams, and P. W. Adams
Depariment af Phyzics and Astronomy, Louisiana State University,
Baton Houge, Louwisiana 70503
(Feceived 13 March 1996)

We report measwrements of the tummeling demsity of states (DOS) of ultbathin Al films m
which superconductivity 15 quenched by a parallel magmetic field, Hy = 48 kG. The nommal state
DOS5 not only displays the usual logarthmie zero bizs ancmaly (ZBA)Y but zl:o a new anomaly,
superimposad on the ZBA  that appears at bias woltages V ~ 2ugHyfe, the electron Zeeman
spliting. Measmwements m tilted felds reveal that the Zeeman feature collapzes with mereasmg
peapendicular fisld component, suggesting that 1t 15 assoctated with the Cooper electron-glectron
mteraction chanmel.  [S0031-9007(96100791-0] - -
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FIG. 2. The main figure is the normal state tunneling con-
ductance of the film m Fig 1 at several H). The left mnset
shows the In{V) dependence of the ZBA. The solid curves m 12
the right inset show the Zeeman anomaly with the In{V) back-
ground subtracted off. The dashed curves are the theoretical
DOS of Ref [3] and have been shifted down for clarity. 10,




Tunneling intfo paramagnetic state

L

paramagnetic
state

Tunneling of a particle with the "opposite
spin” unblocks the orbital statel

BCS Hamiltonian mixes this state with other
unblocked (unoccupied) states.



paramagnetic
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Tunneling of a particle with the "opposite
spin” unblocks the orbital statel

BCS Hamiltonian mixes this state with other
unblocked (unoccupied) states.



Qualitative picture
E

Tunneling of a particle with the "opposite
spin” unblocks the orbital statel

BCS Hamiltonian mixes this state with other
unblocked (unoccupied) states.
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E

Schrodinger eqn 1
(2) _

(all energies are measured in E%y, =2¢,y, + Ay Z e _E®

units of the mean level spacing) £a>E2[2 “%a

2 A, L _ 0 s
250—E(2) +h{EZ—E(2)j_O A, =0,e

One electron excitation A E —A ’
(1) _ (2) E(l) :EZ ——bi Z b —80 -|—2Ab
energy L' =E" —E, 2 2



1 A, E,-A, ? DoS - A,
E“:Ez—zi\/( ; —goj +2A, => gap at Eb=E2—7

More accurate calculation - other
electrons are taken into account
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