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Electron in a Fermi-liquid

1. Electron relaxation in a “clean” Fermi liquid

Rate of transitions:
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Rate of transitions (near the Fermi surface) with energy transfer F:
/dd’q\V |2/ dnyd(E — vpq - np)/dnpfd(E — U, - Ty ) X const
1

“form-factor’= 5
(3D metal)  (qvy)

Rate of electron energy relaxation:
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Electron in a Fermi-liquid

2. Electron energy relaxation in a “dirty” Fermi liquid

K(E) = [ dlqv ()

Particles diffuse instead of moving ballistically, l 1979 Schmid:
stay together and interact for a longer time Altshuler, Aronov

K(E) = [ d%qV(a)?
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Electron in a Fermi-liquid

3. Evolution of an electron distribution: kinetic equation

j—{; =1 {f} collision integral keriel7
I{f} = —/ds’/ IEK (E)
x{f(e)f(eNL - fle = E)I[1 — f(¢' + E)]
—fle—E)f(e"+ E)[1 - f(e)]l1 — (N}
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Electron in a Fermi-liquid

4. Electron phase relaxation in a “dirty” Fermi liquid

d=1 or 2: e-e collisions are quasi-elastic, phase is lost faster than energy

LY c1/3.-2/3  ;2/3 (Altshuler, Aronov, Khmelnitskii 1982)
Tgo(5 )

1/75 > 1/7 at € > (A\p/L)*hr;,
Fermi Liquud: 7y, 7e— 00 at e— O
How to measure 1y, 727

T : Temperature dependence of magnetoresistance

SR(B/B*); B* ~ ®0/\/L2D7,(T)  1/75/°

Te : Relaxation of out-of-equilibrium electrons



Experiments on Energy Relaxation: Cu
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Experimental layout:

P Results:

Data for f(g) scale
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If K is U-independent, then
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with 7y ~ 1ns;
1 /7. does not go to zero at € — 0!
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FIG. 3. Continuous lines in all four panels: distribution
functions, for U ranging from 0.05 to 0.3 mV by steps of
0.05 mV, plotted as a function of the reduced energy E/eU,
for the same positions as in Fig. 2. Open symbols are best fits
of the data to the solution of the Boltzmann equation with an
interaction kernel K(x x’ &) = 70 ' 8(x — x')/e?: in top panel,
open circles correspond to the calculated distribution function in
the middle of wires 1 and 2 (x = 0.5), with 7o/7p = 2.5 and
70/7p = 0.3, respectively (both compatible with 79 ~ 1 ns).
In bottom panels, open diamonds are computed at x = 0.5 and
x = 0.25 with 7o/7p = 0.08 (79 ~ 0.5 ns).




Experiments on Energy Relaxation: Ag vs. Cu

Energy Redistribution Between Quasiparticles in Mesoscopic Silver Wires
JLTP 118, p. 447 (2000)

F. Pierre. H. Pothier. D. Esteve, and M.H. Devoret

We have measured with a tunnel probe the energy distribution function of quasiparticles in silver
ditfusive wires connected to two large pads ( “reservoirs” ), between which a bias voltage was applied.
From the dependence in energy and bias voltage of the distribution function we have inferred the
energy exchange rate between quasiparticles. In contrast with previously obtained results on copper

and gold wires, these data on silver wires can be well interpreted with the theory of diffusive
conductors...

L D20a F o Cu wire
1,=20 ns v ,742ns

U=400 pV
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Distribution functions for U7 = 0.1, 0.2, 0.3, and 0.4 mV, plotted as a function of the redneed energy F /el
Left panel: Ag sample D20a; right panel: Cu sample, L = 5 pm.

“In silver samples we have assumed that the interaction kernel
still obeys a power law K (¢) = k,e~%, with k, and a taken as
fitting parameters... the best fits obtained with the exponent
set at its predicted value oo = 3/2. ~




Energy Relaxation in Ag, Cu, and Au wires

F. Pierre et al., JLTP 118, 437 (2000) and NATO Proceedings (cond-mat/0012038)

U=100 pV

| L=20pm D=200cm?/s

| L=5pum D=93 cm’/s

Cu |
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Electron Phase Relaxation in Ag, Cu, and Au wires

10 | = Cu ~
- AuSACLA
AuMSU -

MSU-SACLAY collaboration

Gougam et al., [
JLTP 118, 447 (2000) -
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Effect of magnetic impurities on the electron transport

1. Interaction of a conduction electron with a magnetic impurity

T

!/
, O Ud P,0
K /—- ‘ H = Z SSO'O',CPO‘ o’

p O'O'

f

Anderson impurity model Exchange interaction model, v.J ,=17lg|

2. Scattering off a magnetic impurity (Born approximation)

2 . : :
po—p'o’| X Jo0(ep — €pr) Scattering is elastic, but scrambles electron spin

\A

Contribution to the momentum 1

— = . turates at low T
and phase relaxation rates: T 2nvng Jg S(S + 1) (saturates at low T)



Effect of magnetic impurities on the electron transport

3. Scattering in the leading logarithmic approximation

Electron—-like

\ }

0 vJg D vJ2
A(2) . 2/ " 0o / " 0 process (1)
po—p'o X D de e — gl 0 de el — ¢ A ) A
D
x VngnH [Kondo (1964)] : (4 *

Hole-like
processes loc. moment

2) # b }

Sum of the leading log-terms (Abrikosov; Suhl, 1965):
Jo 1 1

J, J = = — g
o 1—JovIn|D/e| wvin|e/TK] £
1 =
Kondo temperature: Tx = D exp (——) s |
J()V

Contribution to the resistivity and phase

relaxation rate: 5o o 1 L 1
P T v In(T/Tk) "t

[[L "WoDSS “dploqe]

Scattering is still elastic! Tempétaure (k)



Inelastic scattering off a magnetic impurity

1. Simplest inelastic process in a toy model

p2l-p
P1P2

— Z SPCITDO'CPO' el.1 | el.2|imp
po

only two electrons in the band, ¥in = [P'T, PI, T)

A

Uy = T\Ijin T-matrix: f — ‘A/ + XA/ V+...
E — Ho
Born
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Inelastic scattering off a magnetic impurity

72 Energy transferred in the collision:

AP ~ 20 §o—Cpy = E

P,P'—P;,P3 fp . gpg

4
2 ~ J_025(§p T fp’ — fpl — fps)

P,p'—P;,P3

. : 2
Scattering cross-section: ‘ A< )

2. Full 2" order perturbation theory result

. / /
Total cross-section €, —¢e— E, e + F

S
ko 5 : s k33 averaged over S:
H
< H < TNg 1




Inelastic scattering off a magnetic impurity

3. Dressing the bare diagram: relaxation of the impurity spin

= | e-F I
> i > :=§+ +...

> T
t
e+ E g (S(t)S(0)) ox exp <——>

C2 TK

n ?T, T =>> el/

— = (J()V)QX<

TK
_ veU, el > 1 ~v ~ 1, depends on the electron distribution

(generalized Korringa relation)

1
K(F) x
E? + (h/TK)? — K(F) 1g(eU) Scaling is
h 0 E?”\ E ] preserved
EOCQ




Inelastic scattering off a magnetic impurity

4. Kondo renormalization of the inelastic scattering

3 J - F e ¥ iJ e—E
> : > Pt N—>
/ + / +
:J :J
> : > > >
/ /
e+ EFE v e e+ E v e

Leading log approximation:

—1

‘5‘ ‘5_E‘ - |6’\ \5’—|—E\
J—— |ln— +1 / =1
i, n » + In T , vJ —— llnTK—Hn T

K(E)x (J-J)—K(z,¢,E)

The dependence on &, ¢’ is weak, and the kernel can be simplified, 1f
the electron distribution f(¢) is smooth



Inelastic scattering off a magnetic impurity

_4
S 1

K(E)%gnS(S—Fl) 1n;U : P
— ,

" E=+ TK(GU)]

h elJ 172
— & e v~
i (eU) 7[nTK] T

Scaling 1s intact at eU>> Ty, where the In-factors are almost const

neg 1

At E,eUK Tg: back to FL behavior, K(F) ~ )
vV Ik

(energy-independent)

AuwFe — Ty ~0.3K; U 530 uV




Energy relaxation:experiment vs. theory

. Lt W@s‘ wire 1,middle | wire 2, middle
EXperlment: \ L=1.5 um, =65 cm’/s L=5 um, D=5 cm™/s

Observed scaling of {(€) () | \
suggests K(E)~ 1/E. : | L

Theory:

Magnetic impurities lead to
K(E)~ 1/E2.

For Fe impurities in Au, 1t 1S
sufficient to have n~ 10ppm

Experiment:
SACLAY samples did contain Fe impurities with n up to ~ 30ppm



SACLAY vs MSU Au samples
Pierre et al., in Kondo Effect and Dephasing in Low-Dim. Metallic
Systems (cond-mat/0012038)

O exp.
o OC/T1/2
a=2.7 10* K"

SRR ()

Kondo effect: R(T) = A - B log(T) = ng.= 50 ppm (courtesy N. Birge)



Energy relaxation:experiment vs. theory

Theory:
Prediction: Magnetic field should suppress electron energy relaxation
at E< gugB.




Effect of spin polarization on the energy relaxation
1. Suppression of K(F) at ¢ < gupB

K(E)~ 1 ( 1 )2

v In*(gupB/Tk) \gusB

(A.K., L.G., 2001)
2. Enhancement of 1/7. at ¢ > gugB
Kinetic equation in the presence of ngy and SO interaction
— Goppert, Galperin, Altshuler, Grabert, 2002

3. Step-like dependence of 1/7. vs. € at € ~ gupB

h n 1
— ~ = . e S B
. v ngusB/Tx) e

h n 1
L > gupB
w v W(gusB/Tr) "




Effect of spin polarization on the energy relaxation: Ag[Mn]

Experiment: Ag[Mn], Anthore et al. (SACLAY), cond-mat/0301070

U=0.15 mV U=0.3 mV
— . i 65
Zero-bias anomaly at El ' =
. E.C =
fl?ced U and three 3 \\/_,«"/ — =
different B — T \\\__‘/“' <
H
-8 Q@ 049 -EI-JEI- -I:I:IE =.1 ':I.':I I:I.1 0.1 =
VM) V{mV)
Electron distribution function 2° o =
at fixed U and different B . 1" “—_\X Toes0 mik
_> EI i LLl 1.9 g=2.9
;‘:‘ua\ rna.\—‘—— c=1.8 ppm
; f vJ=0.3
g0k i L

_ .30 Wth AN 9% u-l::}ﬁ -4 -0.2 Q.0 a.2
f(x—ﬂ/Z,E) E{meV) Efmal']

U>gugB

/

Remaining questions:
1. Whyg#2
2. Relaxation is too fast at n=1.8ppm




Energy Relaxation in Ag, Cu, and Au wires

F. Pierre et al., JLTP 118, 437 (2000) and NATO Proceedings (cond-mat/0012038)

| L=20pm D=200cm?/s

U=100 pV

| L=5pum D=93 cm’/s

Cu |

1
E/eU
No magnetic

impurities

With Mn

| L=5um D=130cm%¥s >

N 1
-~ T()E2

)

N
K (E)

-1
E/eU

Fe impurities



Effect of spin polarization on the energy relaxation: Cu

INFLUENCE OF MAGNETIC FIELD ON EFFECTIVE
ELECTRON-ELECTRON INTERACTIONS IN A COPPER WIRE

A. Anthore, F. Pierre®. H. Pothier. D). Esteve, and M. H. Devoret Cond-mat/0109279
Service de Physique de UEtat Condensé, Commissariat a 'Energie Alomigue. Saclay.
F-91191 Gif-sur-Yuvette, France 300
250 Intensity
Bl o - 0325
200 I 0325 - 065
- I 065 - 0.975
3 180 B 0975 ~ 1.3 .
o B3 -- 1625
e 1625 — 1.95

B o5 - 2275
B2 - 26

E(me\V)

Getting corroborating
evidence...

0.1 ' 0.0
E(meV)



Effect of spin polarization on the phase relaxation

Can saturation be removed by a
polarization of localized spins?

10 |

0.1 |

0.01 |

Da4ameo

Ag
Cu _
AuSACLAY
AuMSU




Effect of spin polarization on the phase relaxation

1. Weak localization in a wire A
/ - : 1
AT oc (A AR oc (¢! PoteT P $ :
:
Case of B=0: g
A D . -+ : :
oW, = — =+ — :

Mo orn T T\23r 4430 \2/3T+ 4310 \2/7

Cooperon spin: S=1,S,=x 1 S=1, S,=0 S=0

(Hikami, Larkin, Nagaoka, 1980)

spin relaxation rate: ! ot S(S+1)
L — =27 ,
P n U |T/Tq

SO scattering rate in metals (L1 + Ag): 1 ~ 106 Z4i

Tso Tty
(Gershenson, Sharvin, ~1980)



Effect of spin polarization on the weak localization

Affected by polarization (0 = O /) Not affected by polarization
/L\ 2

/N
@gg 4/37 @M/z)ﬁs@

S=1,S, =+ 1

2

€

Cooperon spin:

* Vanish at 1,,=0
Complete crossover function for AGy,; vs. B/T (no use for Cw) |-
in the absence of SO scattering (“light” metals) |
de 1
W(B.T)=—-/D / |
7wl ) 7h 4T cosh® ¢ /2T \/1“(5, B/T) s
(¢, B/T) depends only on the ratio B/T A

exponentially small in the limit B/T — oo T
(Bobkov, Falko, Khmelnitskii 1990)

0.01 |-




Effect of spin polarization on the phase relaxation

2. Effect of the magnetic impurities on mesoscopic conductance
fluctuations

Landauer formula for DC conductance: G(t Z Top(t
WL: spin polarization may change Mesoscopic Conductance Fluctuations:
the statistics of random transmission spin dynamics — imp. configuration
amplitudes T . changes with time, S(t')# S(t) at lt-t'I>> T.

The difference between samples vanishes:
1/750 = 0: the change does occur,

R(AB) = (G(t,B)G(t', B + AB))

AG = {Glaue — (Glaor # 0 —(G(t, B)/(G(t', B+ AB)) = 0
7so = 0: the change does not occur, Polarization — no spin dynamics —
AG = (Gaur — (Gaur = 0 mesoscopic fluctuations restored (at any Tg)

R(AB) = (G(t, B)G(t',B + AB))
—(G(t, B)Y{G(t',B+ AB))# 0




OR/R (%o)

h/e Aharonov-Bohm oscillations in a Cu ring

At B=0 the spin orientation varies faster than the dc
measurement — averaging over spin orientation:

varG(ns) 2R
varG(ng = 0) P Vv DTy

N

Strong magnetic field aligns all
Impurity spins — no spin
fluctuations.

AB oscillations at gug B> T are
restored (no effect of magnetic
impurities).

-0.8

Data

04 00
B (T)
: Pierre&Birge, PRL.2002

0.4

0.8

[Bobkov, Falko, Khmelnitskii, 1990;
Falko, 1992]




I

(AG?) B/ (AG?) o

h/e Aharonov-Bohm oscillations — full crossover function

et DY de exp(—2nR\/T(z, B/T)/D)
varG(B,T) x —— T
w2h® T J 4T cosh®e/2T \/F(e,B/T)
S.)2 + (S.) tanh B)/2T] 1
7y — |1 827+ (8:) tanhc 4 gunB)/2T) 1
S(S+1) Ts
Relaxation rate I" depends on B/T only; valid for arbitrary spin.
1 | | ' . 0.04 | °.
0.8¢ o« o
0.6'
0.4F
0.2

Pierre&Birge, 2002

10 =20 -10 10 20

Remaining questions:
.  Why g=0.44? What is S?
2. Rate 1, disagree with T,



Effects of interaction between magnetic impurities

1. Inelastic scattering off impurity pairs

elastic: inelastic

€() IV

£F

Evolution of f(€)



Effects of interaction between magnetic impurities

2. Resisitivity and 1/t,vs. T

R(T) and 7, '(T") have maxima only if n, > n,, allowing for a spin-glass state.

) — ' e At T > T,
T L T AuFe : Tse
2 B e . 1247 the maxima are at 17" ~ Ty, In T
s e . 250ppm i
273 :M\ R - (virial expansion, valid at T>> T,,)
= : i ) . e »
208 | " v, . 220ppmi c, A
\ L L Tus
% 9
204 | %ﬁ * ., 184ppm 4
- = “_ ‘*f# . +
'[: 82 | ~ % 123 ppm -
; N, : + Ji3s
S R eE— 1
A 1+ S6epm '
A 8L . o
) .. A Contradictory data at T, R for
S| | Lz ' 3+ 60 ppm:
S L 1 IR no< 3= ppm:
N 0 1 2 F. Schopfer, C. Bauerle et al. PRL (2003).
’q Figure 1 T¢mp§r0‘lurc ( K )




Conclusions

e Magnetic impurities help to re-distribute energy between the
conduction electrons

» Small energy transfers are favored by this mechanism, K(E)x 1/E?
* Energy relaxation at e<glL;B 1s suppressed by Zeeman splitting

* Spin polarization affects the WL correction only at small 1/t

* Spin polarization enhances the mesoscopic conductance fluctuations

» The discrepancy between the data on energy and phase relaxation is
not resolved yet



