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Noninteracting electrons with pp€ > h passing through scattering medium.

The probability is

2

W:

S Al =D 1A+ AAr
i i i

A; is the propagation amplitude along the path 7.

The 1st item — classical probability, the 2nd one —inter ference term.

Constructive interference

For the majority of the trajectories the phase gain,

B
Acp—ﬁ._lf podl > 1,
A

and interference term vanishes.

Special case - trajectories with self-crossings. For these parts, the phase gains

are the same, and

|A1 + Ag|* = |A1|> + |Ao|® + 241 A% = 4|A4]*.

Thus quantum effects double the result. As a result, the total scattering prob-

ability at the scatterer at the site O increases.
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Estimate for 2D case

Interference volume © VAZ2dt, A=h/ P
“Trajectory” volume:

distance /Dt
volume : hDt b - thickness

vA2 dt
bDt

Probability

Thus the relative correction is

Ao vA2 fTe dt Ao vA2 T,
_—~ — —_ = —~ —— N —

o bD J . t o bD T

The lower limit is the elastic time, while 7 is the dephasing time.

In a magnetic field p—p+ (e/c)fi H = curl A

Iditional phase = 2 f A-dl = - ( LA).-dS =4r )
additiona A =— ¢ A = url A - 47—
$H - a oh cuy ) 3,

d is the magnetic flux ®y = 2whe/e

The role of magnetic field is important at
— H > Hy~®/(Dr,) = he/L’ .

Quantum effects manifest themselves in extremely weak magnetic fields.

Conventional results

In the simplest situation 7, = 7, In clean materials 73, behaves as

1 3 —1 2
Ton x T, 1o x 17,

In disordered materials —>»  quasi-elastice —e  ——>
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Some experiments ——>  saturations of dephasing time
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Big activity, hot discussions ...

Electromagnetic fields? (Altshuler&Kravitsov)
Probably not. Different materials give different results in
the same configuration

Zero-point vibrations!? (Golubev&Zaikin)
Against general principles (Aleiner et al., Imry, v. Delft)

Magnetic impurities?
Probably the case in good Ag, Au, and Cu wires, still
some problems remain (Pierre et al., 2003)

Structural dynamic defects, two-level systems?
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Previous studies of TLS-induced dephasing:

A. Zawadowski, Jan von Delft and D. C. Ralph, Phys. Rev.

Lett. 83, 2632 (1999)' 2-channel Kondo model

I. L. Aleiner, B. L. Altshuler, Y. M. Galperin, and T. A.
Shutenko Phys. Rev. Lett. 86, 2629 (2000).

Y. Irriry, H. Fukyama, and P. Schwab, Europhys. Letters,

A7, 608 (1999).
Kagn-Hun Ahn, P. Mohanty, Phys. Rev. B 63, 195301
(2001) Structural TLS, AHV model, resonant processes

I.L. Aieiner, B.L. Altshuler, and Y.M. Galperin, Phys. Rev.

B, 63, 201401, (2001). Too many TLS required

Two mechanisms of dephasing:
Phase jumps versus phase wandering (diffusion)
Role of the average procedure over different TLSs:
model of “tunneling states" with diagonal disorder

correlation of dephasing time with conductance
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Dephasing due to “slow" degrees of freedom

Qualitative considerations

a slowly varying potential field U (7, t) action § = [ds\/2m(€ —U)
o , ds
variation AS AS =— j—U(s,t) = 7V/‘dt U(5,1).
(

to
phase difference  Agp = [(Ap); — (Ap) | x f dt [U(si,t) — Ulsy, 4.t0—t)]
0

no spatial correlation between the scattering centers, {7 (s,, :)U (sp, t') oc d(s; — s4/)

single-point correlation function

U(s, )U (s, ") = U f(t —t), U =U*(s. 1), f(0) =1

to d
D1 p (2t —ty)
-

0 7s

variance Ap? x Z[
8

The main reason for dephasing to slow down is a large correlation time com-
paring to the typical traversal time ty. Then for typical times the correlation

function is close to 1, and the phase variance turns out to be small.

Model for a dynamic defect two-level tunneling states (TLS)
Hy=(Aos—Aeay)/2 A
A is the diagonal level splittin

¢ plitring 4 ?A“ E

A is the tunneling amplitude
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Two mechanisms of dephasing:

1. Direct transitions between the two TLS's states accompanied by electron-

hole pair creation/annihilation

If the energy transfer E is large , the phase relaxation time 1 is equal to the
typical inelastic relaxation time 71 (E,A).

The criterion of “large” E Er >>h

For smaller E

effective number of defects — N ~ t/7y;
correlation function — f(t) = cos(Et/h);
typical phase shift - NY2Et/h — 7, ~ 52/37'11/3/E2/3

phase diffusion or wandering Tél) — 7 max {1’ (E/E71)2/3}

2. Apparently elastic scattering of electrons by a “breathing” scattering poten-

tial associated with the dynamic defect.

Estimate the dephasing time:

correlation function  £(t) = e »It . is the the defect transition rate.

79 = max {75, (rs/7) "}
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The quantitative result for the case of identical fluctuators

where 1, is defined according to the equation

Inl8 = %ﬂ
T st

Ts(t, E,A) {t - ia - E_Qﬂ/h)} .

e~ T1(t.EA)-Ta(t.EA)

)

Fl(taE}A)

2yT

Average over different dynamic defects

E and ~ can be distributed over a significant range. — distribution function P(E, ~)

Two typical model distributions:

1. the so-called “glass-model”, GM (Anderson et al. Phillips).

A- distribution is smooth.  Pa o A~!

exponentially-broad distribution of relaxation rates,

2. the “tunneling-states-model” (TM) (Kozub&Rudin)
more appropriate for crystalline materials,
A are almost the same for all dynamical defects.
A is assumed distributed smoothly within some band.

®(E*-E) E

PTR-I(EaA): E* /ﬁg
VvET T Ay

d(A —Ag).
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random parameters —> one has to replace T'y 4 by the averages

Biln) = ] dEdAP(E,A)T,(n. EA).

TM Model: Result

The main conclusion — there is a temperature region T' = T, in which

1_1(A0> (T)l/ngC cm1
T,&DiTg E* ' -

7.
T, depends on the defect distribution and on electron-defect interaction, 73 is

the characteristic inelastic relaxation time.

At T <« T, the decoherence rate ‘r‘;l rapidly decreases with temperature.

We use numbers, obtained from experiments on zero-bias anomalies in point
contacts. Based on these estimates and taking
Py~ 10 erglem™, oy, & 10717 cm?, vp & 10% em/s, and A &= 10 mK

we obtain 74 ~ 10~ s

According to the estimates, at temperatures larger than 1’y = Ay =~ 10 mK
one expects temperature-independent contribution of resonant processes.

For the relaxation channel, one obtains T,, = T3 = 10 mK. Consequently,
at T' 2 T, = T\ = 10 mK one expects that dephasing rate obeys the above

equation with 74, ~ 1079 s.
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Correlation with the diffusion coefficient

Surprising feature observed in 3D disordered metals
— the bigger the conductance — the shorter the decoherence time,

A:l/D

Our explanation:

Friedel oscillations of the electron density near dynamical defects
due to electrons scattered by adjacent point defects.

Adiabatic renormalization of the site energy ..;;
of one of TS component due to conduction electrons
scattered by some defect |

szh(l cos B)

i =WViR

Z Rl’t 1—|—€£k EF)/.I{:BT

Here 8 = Z{k,Rq;}, f: is the scattering amplitude by the
ith defect, Ry, is the vector connecting the sites 1 and 4,
while V1 is the potential of the defect 1.

i \
0/9
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Order-of-magnitude estimate:

~

£14 =

[V|? cos (2kpRy;)

cr (krpRy)?

Now let us consider a T'S formed by the site 1 and some

state 2, such as Rio < Ry;, Ro;. Then the effective two-
level system acquires the diagonal splitting A;

given by the expression

Here R; = Ry; = Ry, = cos Z{R12, R;} /

2|V |2 sin (kpRiap) - sin 2kp R,
EF (kFRl)g ’

The probability to find a TS with the splitting A is then

. -1
W(A) — 27my / R2dR / A S[A — AR )]
1

Here ng4 is the density of defects

acteristic energy

VI2ny 1 h
E* = ~ o

3 o ~
EFkF 2w Tel

A straightforward analysis shows that there is a char-

D
vh

In this way way explain the experimental results.
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Conclusions

% Dynamical defects (TLS) in disordered metals can be responsible
for apparent “saturation” of the temperature dependence of ,

* At very low temperatures the dephasing rate vanishes.
* Two mechanism of TLS-induced decoherence are important:
> direct inelastic scattering of electrons by dynamical defects;

> breaking of the time-reversal symmetry by non-stationary
scattering potential

* Model of tunneling states with diagonal disorder allows one to
obtain reasonable numbers and to explain correlation between,
and conductance.

What is not understood yet?

Relation between dephasing and energy relaxation rates

o Pothier et al., 1997
=1 Pierre et al., 2001

Magretic field:

x=0 Anthore et al., 2001

Though the I-V curves were qualitatively
explained
Kaminskii & Glazman, 2001
Goppert, YG, Altshuler & Grabert, 2002
there are quantitative descrepancies:
Explanation of energy relaxation would
IE: ey require more magnetic impurities, than it

is necessary to explain dephasing rate.
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Appendix: First-principle calculation

Spinless electrons which scatter against tunneling defects.

The Hamiltenian

H= ﬁd + Z epcgcﬁ + ﬁiut
P

ﬁd:(Aaa——A0'1)/2
. 1 < PRI
Hint = 2 Z (1 Vﬁf"l +0’3Vﬁﬁl)c§cﬁletp ol r"/ﬁ’

—

PP

V+ =V, 4+ V, represent components of a short-range defect potential in the
" T " i e ~ + B
“left” and “right” positions. Estimates for V'~ were given by several authors,

e. g., by J. Black and by Y. Imry.

After the transform which makes ’F{d diagonal we arrive at the Hamiltonian
1 4 1 E—
EZE""?- +D_encien + 5 > {”’m
T P PP

oL (P

A, A, R,
+ (0'1 + Eag) V.. } cch,ﬁl TP T/l (6)

E,
= two processes of electron-defect interaction described by the items
proportional to oy and o3, respectively.

They correspond to the two mechanisms discussed above.
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Quantum contribution to conductance

j;J— R

3

o~ o [t [ (5 de [ 3N
X Gp(e,p)Gale,p) F(e,w.p. 4 — P)

*Grle+w, §—P)Gale+w,d— 7).

Here (dp) = d*p/(27h)?,
n(e) is the Fermi function,

N (w) is the Planck function,

F(e,w. @, p) is a sum of the maximally-crossed diagrams — Cooperon.

00000 >
—O0 0000

Dashed lines - “propagators’ of dynamic defects.
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The Cooperon is a sum of a ladder in the particle-particle channel.

It satisfies the following Dyson equation

P q—r
€ £+

£+ €
qa-r P
filled square — the Cooperon,
thick lines — the Green's functions averaged over the defect positions,

as well as over the states of the thermal bath,

dashed lines — propagators for electron scattering against dynamic defects.

The propagator can be expressed as a loop graph where dotted lines represent

Green’s functions for a dynamic defect.

Since the interaction Hamiltonian (6) contain the
items of three types (x 1, &y, o3), each propaga-

tor consists of a sum of three items.

Propagators are derived by the Abrikosov technique developed for the Kondo

effect — a dynamic defect is interpreted as a pseudo-Fermion with the Green's

function

ai(e) = (e FE/2 - A+id) !, (8)

where A\ is an auxiliary “chemical potential”.

To remove extra unphysical states, at the initial stage A — oc.
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As a result, the retarded propagator in the oq-channel is

’DR(w)——tanhE( ! — ! ) d— +0. (9)
L 2T \w—E+id witE+id)’ ’

The propagator for the og-channel is (cf. with Maleev's expression for glasses)
1 24y

DE = .
3 (@) T cosh®(E/2T) w + 2iv

(10)
A8y = (&) 5By, By = 2 ()

AT “\E Yo + Yo = tanh E/2T s

where ¥ = 0.01 — 0.3 is dimensionless constant dependent on the matrix

element V(1) where ~o(E) has the meaning of maximum hopping rate for the

systems with a given interlevel spacing (J. Black).

For the 1-channel we define the propagator as

'D{;(w)zi( ! ! ) Sv— 0. (12)

W \wtv4id w—v+id

The propagators do not include the electron-defect coupling constant, hence

each propagator should be multiplied by |W |2 where

wO vt wl=a/E)wv WS =(A/E)\WV .

Then, summation over different dynamic defects should be performed.
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The resulting equation for F'(e,w, P, § — py) obtained by a proper analytical

continuation of the Matsubara Green’s functions, has the form
- (dp1) do’ I
F(e,w,p,d— P) = D(w) — f TF(E,w',pl, qd—P)D(w —w')
XGR(E +w—uw ) GA(E + ' — 1) [No(w') — No(w' —w)] (13)

where Dlw) =%, W2 (D (w) — DMw)].

gl <1 £ = vpT is the electron mean free path, while 7 is the electron life time
_ _ 1 —1
1= T, 14 T + Ty

7, 1is a sum ow the contributions of static and dynamic defects

= 2mpng(AJEV IV 12, 1t = 2mpna(A/E) |V P/

We transform (13) to the form of the diffusion equation. Using the inequalities
pré/h > 1, ho T

and expressing results in terms of a new function

F(E,ws'ﬁ,é'*ﬁ')

et = i o)

we obtain the equation

o)
4mp

(14 Dg*r)Fle,q,w) =
du’

_Tf i) (w — 2o’ _{_,‘:/ZT).?(Eaqu’)‘I)(w — w’) . (15)

Here D = vp€/2 is the diffusion constant, while ®(w) = P(w)/w
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In the time representation

O(e,t todt o,
(14Dg*7)F(e,q,t) = (e )+ f —e 0T F(e,q,t") B (e, 2t—1),
2tTp

e T
Et
D(e,t) T -+ T cos r + 18—273/?; .

Te T T3

Exact solution:

I(t) = Dg*t + F— M} + {

t h
———— (M~ )|, t<0.
T3 29Ty

T E‘Tl /h

The final result can be formulated as
2
e T
do = — In—=
2r2h T

where 7, is defined according to the equation

lnE = [md_ne,PI (nE.A)-Ta(n.EA) ,
T 1 M
T sin(n E7/h) }
r E.A) = — I s
1(n. E,A) ['n B/ s

st

T h
Ty(n, E,A) = — ['q ——(1 = e_zm"’/ﬁ)} s
Ta 2T

where 1y = t /7. This equation is obtained by the integration over g.
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Appendix: Model of Random Telegraph Noise

Consider N dynamic defects, or clementary fluctuators, EFs, on the trajectory

with the total traversal time #y having M scatterers.

length of the trajectory

R(t)= Rt u,lt).

Random telegraph process
ui(t) = a; &), & +1, (&0 (1) =8 1,
Then the time-dependent contribution to the length is

(6L);(t) =1;&(t), ;= (v;-a;j)/v.

For a given defect 7, the phase difference is just

(62);(t0) = (prl;/P) [£(t;) — &(t0 — t;)] .

Dr. Yuri Galperin, KITP & Oslo University (KITP Glassy States Program 6/11/03)
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Average over the telegraph process

k(to) = <e” [5“)—5(*0—*”> J=pel/h.

RTP '

k(t,to) = 2cos” J 4+ 2sin’ J e o2t

Average over different EF's
Holtzmark procedure, (ei(‘w))EF — e Witto)

W (tty) = (1 — k(t, 1))y = 2 <sin2 T [1 - e—zf‘*ﬂ—ﬂ >EF .

number of active EFs —> Py E ; times the “contact volume” ovgty

E.; = minE*,T o is the scattering cross section.

average over the positions of the defects along the trajectories.

to/2 1— Tt
dt (1 _ e—z]:‘(tu—%)) — 1 _ exp( 0) . (19)

2T

0

average over P(T)

we get W = (ty/7,)*? with

Pra
h

1
— =10 (PUAG'UF)Z/E (
T
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