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Dephasing of electrons in mesoscopic metal wires
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We have extracted the phase coherence timetf of electronic quasiparticles from the low field magnetore-
sistance of weakly disordered wires made of silver, copper, and gold. In samples fabricated using our purest
silver and gold sources,tf increases asT22/3 when the temperatureT is reduced, as predicted by the theory of
electron–electron interactions in diffusive wires. In contrast, samples made of a silver source material of lesser
purity or of copper exhibit an apparent saturation oftf starting between 0.1 and 1 K down to our base
temperature of 40 mK. By implanting manganese impurities in silver wires, we show that even a minute
concentration of magnetic impurities having a small Kondo temperature can lead to a quasisaturation oftf

over a broad temperature range, while the resistance increase expected from the Kondo effect remains hidden
by a large background. We also measured the conductance of Aharonov–Bohm rings fabricated using a very
pure copper source and found that the amplitude of theh/e conductance oscillations increases strongly with
magnetic field. This set of experiments suggests that the frequently observed ‘‘saturation’’ oftf in weakly
disordered metallic thin films can be attributed to spin–flip scattering from extremely dilute magnetic impu-
rities, at a level undetectable by other means.

DOI: 10.1103/PhysRevB.68.085413 PACS number~s!: 73.23.2b, 73.50.2h, 71.10.Ay, 72.70.1m
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I. MOTIVATIONS

The timetf during which the quantum coherence of
electron is maintained is of fundamental importance in m
soscopic physics. The observability of many phenomena
cific to this field relies on a long enough phase cohere
time.1 Amongst these are the weak localization correction
the conductance~WL!, the universal conductance fluctu
tions~UCF!, the Aharonov-Bohm~AB! effect, persistent cur-
rents in rings, the proximity effect near the interface betwe
a superconductor and a normal metal, and others. Hence
crucial to find out what mechanisms limit the quantum c
herence of electrons.

In metallic thin films, at low temperature, electrons exp
rience mostly elastic collisions from sample boundaries,
fects of the ion lattice and static impurities in the met
These collisions do not destroy the quantum coherenc
electrons. Instead they can be pictured as resulting fro
static potential on which the diffusivelike electronic quantu
states are built.

What limits the quantum coherence of electrons are
elastic collisions. These are collisions with other electro
through the screened Coulomb interaction, with phono
and also with extrinsic sources such as magnetic impur
or two level systems in the metal. Whereas above about
electron–phonon interactions are known to be the domin
source of decoherence,2 electron–electron interactions a
expected to be the leading inelastic process at lower temp
tures in samples without extrinsic sources of decoherenc3

The theory of electron–electron interactions in the dif
sive regime was worked out in the early 1980s~for a review,
see Ref. 4!. It predicts a power law divergence oftf when
the temperatureT goes to zero. Effects of quantum interfe
ence are therefore expected to grow significantly upon c
ing down the electrons. In mesoscopic wires, the predic
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power law tf}T22/3 was first observed in 1986 by Win
et al.5 between 2 K and 5 K inaluminum and silver wires
and then by Echternachet al.6 down to 100 mK in a gold
wire. However, in 1997, Mohanty, Jariwala, and Webb7 pub-
lished a series of measurements oftf on gold wires with a
broad range of diffusion coefficients. They observed that
phase coherence time tends to saturate at low tempera
typically below 0.5 K, in apparent contradiction with the
retical predictions. That same year, measurements of the
ergy exchange rate between electrons in copper wires8 were
found to be at odds, both qualitatively and quantitative
with the prediction for electron–electron interactions. Bo
experiments suggested that electrons in mesoscopic me
wires interact with each other differently and more strong
than predicted by theory.

To shed some light on this issue we present here sev
sets of experiments probing the phase coherence time at
temperature in mesoscopic metal wires.9 We summarize our
most important conclusions here. First, we measuredtf(T)
down to 40 mK in several wires made of copper, silver, a
gold and fabricated from source materials of various puriti
We found in the four very pure silver wires and in the ve
pure gold wire thattf(T) does not saturate in the invest
gated temperature range, but continues to increase as
temperature is lowered in agreement with the theoretical p
diction. Since these samples have comparable resista
and geometries as some measured in Ref. 7, this observ
casts doubt on the assertion7 that saturation oftf is a uni-
versal feature of weakly-disordered metals. Second,
tested the impact of very dilute magnetic impurities with
small Kondo temperature on the temperature dependenc
tf . We found that even at concentrations lower than one p
per million ~1 ppm!, such impurities can causetf(T) to
display a plateau over a large temperature range. This c
explain why saturation oftf at low temperature is frequentl
©2003 The American Physical Society13-1



n
es
a

-
in
er
e
s

to

og
e

s
ye
s
tl
et

a
e

w

ere
po-

ld,

n a
ld,
re-
las-
out
and

per,
of

in

f a
e
f
er.
dard
p-

in
T
id
ia

or

.

a-

cro-
an

tan-

F. PIERREet al. PHYSICAL REVIEW B 68, 085413 ~2003!
observed. Finally, we probed the magnetic field depende
of the phase coherence time by measuring the magnetor
tance of copper Aharonov-Bohm rings showing
temperature-independenttf at low temperature. The ampli
tude of the Aharonov-Bohm conductance oscillations
creased strongly on a field scale proportional to the temp
ture, indicating that the phase coherence time at zero fi
was limited by spin-flip scattering from magnetic impuritie

II. EXPERIMENTAL TECHNIQUES

A. Sample fabrication

Figure 1 displays the photograph of a typical sample
gether with a schematic of the measurement setup.

All samples were fabricated using standard e-beam lith
raphy techniques. A bilayer resist, consisting of a copolym
P~MMA/MAA ! bottom layer and a PMMA top layer, wa
first spun onto an oxidized Si substrate wafer. This bila
was then patterned by e-beam lithography to tailor a ma
The metal—gold, copper, or silver—was deposited direc
through this mask in evaporators used only for nonmagn
metals.10

Samples made at Saclay used a Si substrate therm
oxidized over 500 nm, and metal evaporation was perform
in an electron gun evaporator. The silver source material

FIG. 1. Photograph of a silver sample taken with a scann
electron microscope, and schematic of measurement circuit.
wire resistance is obtained by a four-lead measurement in a br
configuration: the current is injected by two arms through the b
resistor and the voltage is measured across two other arms in
to probe only the wire resistance; a ratio transformer is used
enhance sensitivity to small variations of the sample resistance
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placed inside a carbon liner, whereas copper and gold w
put directly in the buckets of the e-gun system. Metal eva
ration took place at a base pressure of about 1026 mbar with
an evaporation rate of 0.2, 0.5, and 1 nm/s for silver, go
and copper, respectively~see Ref. 11!.

Samples made at Michigan State University~MSU! were
evaporated on a Si substrate with only the native oxide i
thermal evaporator used only for silver, aluminum, go
copper and titanium. The source material and boat were
placed before each evaporation and manipulated using p
tic tweezers. The pressure during evaporation was ab
1026 mbar and the evaporation rate ranged between 0.2
0.5 nm/s.12

We measured the low field magnetoresistance of cop
gold, and silver wires fabricated using source materials
purity 99.999%~5N! and 99.9999%~6N!. Electrical and geo-
metrical characteristics of the samples are summarized
Table I.

B. Experimental setup

The samples were immersed in the mixing chamber o
top loading dilution refrigerator. Electrical lines to th
sample were filtered by commercial ‘‘pi’’ filters at the top o
the cryostat and by discrete RC filters in the mixing chamb
Resistance measurements were performed using a stan
ac four-terminal technique with a room temperature pream
lifier of input voltage noise 1.5 nV/AHz and a lock-in am-

g
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s
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TABLE I. Geometrical and electrical characteristics of the me
sured samples~Ref. 14!. The diffusion coefficientD is obtained
using Einstein’s relation 1/r5nFe2D with the density of states in
copper, silver and gold respectivelynF51.5631047, 1.0331047,
and 1.1431047 J21 m23, and the resistivityr extracted from the
resistanceR, thicknesst, length L, and widthw of the long wire.
Length and width were measured with a scanning electron mi
scope~SEM!. The thickness of most samples was measured with
atomic force microscope~AFM!; for others the value given by a
calibrated thickness monitor in the evaporator was used. A rec
gular cross section is assumed.

Sample Made L t w R D
at (mm) ~nm! ~nm! (kV) (cm2/s)

Ag~6N!a Saclay 135 45 65 1.44 115
Ag~6N!b Saclay 270 45 100 3.30 70
Ag~6N!c Saclay 400 55 105 1.44 185
Ag~6N!d MSU 285 35 90 1.99 165
Ag~5N!a Saclay 135 65 108 0.68 105
Ag~5N!b Saclay 270 65 90 1.31 135
Ag(5N)cMn0.3 Saclay 135 65 110 0.47 150
Ag(5N)dMn1 Saclay 270 65 95 1.22 135
Au~6N! MSU 175 45 90 1.08 135
Cu~6N!a MSU 285 45 155 0.70 145
Cu~6N!b MSU 285 20 70 7.98 60
Cu~6N!c MSU 285 35 75 4.37 65
Cu~6N!d MSU 285 20 80 8.50 50
Cu~5N!a Saclay 270 45 110 1.68 70
Cu~5N!b Saclay 270 45 100 0.95 160
3-2
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DEPHASING OF ELECTRONS IN MESOSCOPIC METAL WIRES PHYSICAL REVIEW B68, 085413 ~2003!
FIG. 2. Magnetoresistance data~symbols! and
fits to Eq. ~1! ~solid lines!. Top panels are mea
surements of two silver samples made of sou
materials of nominal purity 6N~99.9999%, top
left panel! and 5N ~99.999%, top right panel!.
Bottom panels display data measured on go
~bottom left panel! and copper~bottom right
panel! samples made of 6N nominal purity sourc
materials. The curves are offset vertically fo
clarity.
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plifier operated at frequencies between 100 and 300 Hz~see
Fig. 1!. To avoid significant heating of electrons we used
voltagesVac across the samples such thateVac&kBT. This is
particularly important at temperatures below 100 mK
which the length scale for electron–phonon interactions,
sponsible for cooling down the electronic fluid, can be
large as several millimeters~see Appendix A!. A bridge cir-
cuit with a ratio transformer on one arm was used to enha
the measurement sensitivity to small changes in sample
sistance. A magnetic field was applied perpendicular to
plane of the sample using a superconducting coil.

III. LOW FIELD MAGNETORESISTANCE
MEASUREMENTS

The most accurate way to extracttf at low magnetic field
in metallic thin films is to measure the magnetoresista
and to fit it using weak localization theory.13 Both the ampli-
tude and width of the weak localization peak~dip when
spin–orbit coupling is strong! in the resistance are sensitiv
to the phase coherence length.

Figure 2 displays the low field magnetoresistance
samples Ag~6N!c, Ag~5N!b, Au~6N!, and Cu~6N!d at several
temperatures. The positive magnetoresistance indicates
spin–orbit scattering is stronger than inelastic scatter
(tso,tf). Raw magnetoresistance measurements alread
veal a qualitative difference between these samples: the
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in the magnetoresistance of samples Ag~6N!c and Au~6N!
becomes deeper and narrower upon cooling down to b
temperature whereas it stops changing at low temperatur
samples Ag~5N!b and Cu~6N!d.

The magnetoresistanceDR[R(B)2R(`) is fit with the
quasi-1D expression for the weak localization correction,

DR

R
5

2R

RKL H 3

2 F 1

Lf
2

1
4

3Lso
2

1
1

3 S w

LH
2 D 2G21/2

2
1

2 F 1

Lf
2

1
1

3 S w

LH
2 D 2G21/2J , ~1!

whereR is the resistance of a wire of lengthL and widthw,
RK5h/e2 is the resistance quantum,Lf5ADtf is the phase
coherence length,D is the diffusion coefficient of electrons
LH5A\/eB is the magnetic length,B is the magnetic field
applied perpendicularly to the sample plane, andLso

5ADtso is the spin–orbit length that characterizes the inte
sity of spin–orbit coupling. Expression~1! holds for metallic
wires in the diffusive regime, far from the metal–insulat
transition, and in the quasi-1D regime,l e!w,t
!LH ,Lf ,Lso!L, with t the sample thickness andl e the
elastic mean free path of electrons~see Refs. 15,16 and Ap
pendix B!.
3-3
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In the fit procedure, we use the measured sample re
tance and length given in Table I. Our experimental se
being designed to measure resistance changes with an h
accuracy than absolute values,DR is known only up to a
small additive constant that we adjusted to fit each mag
toresistance curve. The width was fixed at a valuewWL giv-
ing the best overall fits for the complete set of data at vari
temperatures. The difference between the widthw measured
from scanning electron microscope images and the bes
value wWL ~see Table II! was found to be always less tha
15%.17 The spin–orbit lengthLso was obtained from fits of
the magnetoresistance measured at the highest temper
These parameters being determined,Lf remains as the only
fit parameter for each magnetoresistance curve. Example
fits are displayed as solid lines in Fig. 2.

In order to gettf from Lf , the diffusion coefficientD
was determined using the measured geometrical and ele
cal sample characteristics given in Table I. Figure 3 sho
tf as a function of temperature for samples Ag~6N!c,
Ag~5N!b, Au~6N!, and Cu~6N!b. This confirms quantita-
tively the differences between samples already mentio
from the raw magnetoresistance data. On the one hand
samples Ag~6N!c and Au~6N!, fabricated using our pures
~6N! silver and gold sources, present a large phase coher
time that keeps increasing at low temperature. On the o
hand, the copper sample Cu~6N!b and the sample Ag~5N!b,
fabricated using a silver source of smaller nominal pur
~5N!, present a much smaller phase coherence time and
hibit a plateau intf(T), in contradiction with the theoretica
prediction for electron–electron interactions. This trend,
lustrated in Fig. 3, has been confirmed by the measurem
of several samples, as summarized in Table II.

TABLE II. Fit parameters of the magnetoresistance data to w
localization theory: maximum phase coherence timetf

max, obtained
at the lowest temperature of;40 mK; spin–orbit lengthLso and
effective width wWL . We also recall the widthw obtained from
SEM pictures. The upwards arrow↗ indicates thattf keeps in-
creasing down to 40 mK. In the other samples,tf is nearly constant
at low temperature.

Sample tf
max Lso wWL ~w!

~ns! (mm) ~nm!

Ag~6N!a 9↗ 0.65 57~65!

Ag~6N!b 12↗ 0.35 85~100!
Ag~6N!c 22↗ 1.0 90~105!
Ag~6N!d 12↗ 0.82 75~90!

Ag~5N!a 2.9 0.65 108~108!
Ag~5N!b 3.5 0.75 82~90!

Au~6N! 11↗ 0.085 85~90!

Cu~6N!a 0.45 0.67 155~155!
Cu~6N!b 0.95 0.4 70~70!

Cu~6N!c 0.2 0.35 75~75!

Cu~6N!d 0.35 0.33 80~80!

Cu~5N!a 1.8 0.52 110~110!
Cu~5N!b 0.9 0.67 100~100!
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IV. COMPARISON WITH THEORETICAL PREDICTIONS
AND DISCUSSION

A. Purest silver and gold samples

Theory predicts that, in samples without extrinsic sourc
of decoherence,tf(T) is limited by the contributions of
electron–electrontee and electron–phonontph interactions.
In principle, decoherence by electron–electron scatterin
not purely an exponential process, hence the decoher
rates from electron–electron and electron–phonon scatte
do not simply add. In practice~see Appendix B!, the exact
formula for the magnetoresistance is indistinguishable fr
Eq. ~1! with a total decoherence rate,

1

tf~T!
5

1

tee~T!
1

1

tph~T!
. ~2!

For our wires, whose width and thickness are smaller th
Lf , the quasi-1D prediction for electron–electron intera
tions applies15

tee5\F ~4/p!~RK /R!nFSL

~kBT!2 G 1/3

[
1

AthyT
2/3

, ~3!

k

FIG. 3. Phase coherence timetf versus temperature in wire
made of copper Cu~6N!b (j), gold Au~6N! ~* !, and silver Ag~6N!c
(d) and Ag~5N!b (s). The phase coherence time increases c
tinuously with decreasing temperature in wires fabricated using
purest~6N! silver and gold sources as illustrated respectively w
samples Ag~6N!c and Au~6N!. Continuous lines are fits of the mea
sured phase coherence time including inelastic collisions with e
trons and phonons@Eq. ~4!#. The dashed line is the prediction o
electron–electron interactions only@Eq. ~3!# for sample Ag~6N!c. In
contrast, the phase coherence time increases much more slow
samples made of copper~independently of the source material p
rity! and in samples made of silver using our source of lower~5N!
nominal purity.
3-4
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wherenF is the density of states per unit volume at the Fer
energy, andS is the cross section of the wire.

In order to test the theoretical predictions, the measu
tf(T) curves were fit with the functional form,

tf
215AT2/31BT3, ~4!

where the second term describes electron–phonon scatte
dominant at higher temperatures.2 Fits are shown as continu
ous lines in Fig. 4~the fit parameters minimize the distan
between the data points and the fit curve in a log–log pl!.
Equation ~4! describes accurately the temperature dep
dence of tf(T) for samples Ag~6N!a, b, c and, with a
slightly reduced fidelity, for samples Ag~6N!d and sample
Au~6N!. In all these samples, fabricated using 6N sou
materials of silver and gold,tf(T) follows very closely, be-
low about 1 K, the 1/T2/3 dependence expected when t
electron–electron interaction is the dominant inelastic p

FIG. 4. Phase coherence time vs temperature in sam
Ag~6N!a (j), Ag~6N!b (.), Ag~6N!c (d), Ag~6N!d (m), and
Au~6N! ~* !, all made of 6N sources. Continuous lines are fits of
data to Eq.~4!. For clarity, the graph has been split in two pa
shifted vertically one with respect to the other. The quantitat
prediction of Eq.~3! for electron–electron interactions in samp
Ag~6N!c is shown as a dashed line.

TABLE III. Theoretical predictions of Eq.~3! and fit parameters
for tf(T) in the purest silver and gold samples using the functio
form given by Eq.~4!.

Sample Athy A B
(ns21 K22/3) (ns21 K22/3) (ns21 K23)

Ag~6N!a 0.55 0.73 0.045
Ag~6N!b 0.51 0.59 0.05
Ag~6N!c 0.31 0.37 0.047
Ag~6N!d 0.47 0.56 0.044
Au~6N! 0.40 0.67 0.069
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cess. Nevertheless, if the exponent ofT is left as a fit param-
eter, better fits are obtained with smaller exponents rang
from 0.59 for samples Ag~6N!d and Au~6N! up to 0.64 for
sample Ag~6N!c. This issue will be discussed in Sec. V B
The dashed line in Fig. 3 and Fig. 4 is the quantitative p
diction of Eq. ~3! for electron–electron interactions i
sample Ag~6N!c. The dephasing times are close, though
ways slightly smaller, to the theoretical prediction of Eq.~3!.
Table III lists the best fit parametersA, B, together with the
predictionAthy of Eq. ~3!.

This data set casts doubt on the claim by Mohanty, J
wala, and Webb7 ~MJW! that saturation oftf is a universal
phenomenon in mesoscopic wires. One can always argue
the saturation temperature for our silver samples is below
mK, hence unobservable in our experiments. However,
resistivity and dimensions of sample Ag~6N!a are similar to
those of sample Au-3 in the MJW paper,7 which exhibits
saturation oftf starting at about 100 mK, and has a max
mum value oftf

max52 ns. In contrast,tf reaches 9 ns in
Ag~6N!a.

B. Silver 5N and copper samples

In silver samples made from a 5N purity source, the ph
coherence time is systematically shorter than predicted
Eq. ~3! and displays an unexpectedly flat temperature dep
dence below 400 mK. The same is true for all the cop
samples we measured, independently of source puri18

These trends are illustrated for samples Ag~5N!b and
Cu~6N!b in Fig. 3.

What can be responsible for this anomalous behav
There have been several theoretical suggestions regar
sources of extra dephasing. Some of these, such as the
ence of a parasitic high frequency electromagne
radiation,19 can be ruled out purely on experimental ground
Indeed some samples do show a saturation oftf , while
others of similar resistance and geometry, measured in
same cryostat, do not. This indicates that, in our experime
at least, the observed excess dephasing is not an artifa
the measurement. The main suggestions to explain
anomalous behavior oftf are dephasing by very dilute mag
netic impurities,11,20 dephasing by two-level systems asso
ated with lattice defects,21,22 and dephasing by electron
electron interactions through high energy electromagn
modes.23

The correlation between source material purity and exc
dephasing amongst silver samples fabricated using the e
same process but with either our 5N or 6N source mate
suggests that impurities are responsible for the anoma
temperature dependence oftf . The fact that, among all the
6N silver samples,tf(T) deviates the most from the predic
tion of electron–electron interactions in Ag~6N!d, fabricated
in MSU ~see Fig. 4! would mean that the 6N silver sourc
material used at MSU contains more ‘‘dangerous’’ impuriti
than the one at Saclay.

The phase coherence time in the copper samples is alw
almost independent of temperature below about 200
down to our base temperature of 40 mK~see Refs. 11,24,25!.
However, as opposed to silver samples, this unexpected
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havior is not correlated with the source material purity~5N
or 6N!. A likely explanation is provided by early measur
ments showing that the surface oxide of copper can ca
dephasing.26

V. INFLUENCE ON tf OF VERY DILUTE MAGNETIC
IMPURITIES

Dephasing of conduction electrons by paramagnetic
purities has been known since 1980,20 hence it may come a
a surprise that this issue is still under debate today. In t
Letter on the ‘‘saturation’’ oftf at low temperature,7 Mo-

TABLE IV. Kondo temperatureTK ~K! of common, lowTK ,
magnetic impurities in Ag, Au, and Cu~taken from Ref. 27!.

Impurity
Host\ Cr Fe Mn

Ag ;0.02 ;3 0.04
Au ;0.01 0.3 ,0.01
Cu 1.0 25 0.01

FIG. 5. Phase coherence time as function of temperature in
eral silver wires. Sample Ag~6N!c (d) is made of the purest silve
source. Samples Ag~5N!b (s), Ag(5N)cMn0.3 (h), and
Ag(5N)dMn1 (L) were evaporated simultaneously using our 5
silver source. Afterward, 0.3 ppm and 1 ppm of manganese
added by ion implantation respectively in samples Ag(5N)cMn0.3

and Ag(5N)dMn1. The presence of very dilute manganese atom
magnetic impurity of Kondo temperatureTK540 mK, reducestf

leading to an apparent ‘‘saturation’’ at low temperature. Continu
lines are fits oftf(T) taking into account the contributions o
electron–electron and electron–phonon interactions~dashed line!
and spin–flip collisions using the concentrationcmag of magnetic
impurity as a fit parameter~dotted line istsf for cmag51 ppm). Best
fits are obtained usingcmag50.13, 0.39, and 0.96 ppm, respective
for samples Ag~5N!b, Ag(5N)cMn0.3, and Ag(5N)dMn1, in close
agreement with the concentrations implanted and consistent
the source material purity used.
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hanty, Jariwala, and Webb studied the effect of intentiona
doping their gold wires with iron impurities. They found th
tf in those samples did not truly saturate, but rather reac
a plateau around 1 K and increased again below about 0.3
In addition, the presence of the iron impurities could be d
tected by a logarithmic contribution to the temperature
pendence of the resistanceR(T), known as the Kondo effect
They concluded from those data that magnetic impurit
were not the cause of the saturation oftf they observed in
their nominally pure gold samples. However, it is we
known that the spin-flip scattering rate peaks near the Ko
temperatureTK , then decreases at lower temperature. Wh
MJW showed convincingly that ‘‘saturation’’ oftf in gold
could not be caused by iron impurities withTK'0.3 K, their
data do not exclude an effect of impurities with a low
Kondo temperature, such as manganese or chromium~see
Table IV!.

A. Can dilute magnetic impurities account for a plateau
in tf„T…?

To answer this question experimentally, we fabricated
multaneously three silver samples Ag~5N!b, Ag(5N)cMn0.3,
and Ag(5N)dMn1, and very dilute manganese atoms we
introduced by ion implantation28 in two of them. Manganese
atoms form Kondo impurities in silver with a Kondo tem
peratureTK.40 mK.

The phase coherence times extracted from WL correcti
are shown as symbols in Fig. 5. Samples Ag~6N!c, evapo-
rated separately, is shown as a reference. At the time of
experiment only the 5N purity silver source was availab
Sample Ag~5N!b, in which no manganese atoms were im
planted, already shows very little temperature dependenc
tf;3.5 ns below 0.3 K. Nevertheless, introducing mo
manganese reduces further the phase coherence time as
trated with samples Ag(5N)cMn0.3 and Ag(5N)dMn1 in
which, respectively, 0.3 and 1 ppm of manganese were
planted. For instance, by adding 1 ppm of manganesetf
was reduced by a factor of 6 while leavingtf still nearly
independent of temperature.

The effect of manganese ontf is now compared with the
existing theory of spin–flip scattering in the Kondo regim

B. Comparison with the theory of spin–flip scattering

In the presence of spin–flip scattering the phase coh
ence time reads

1

tf
5

1

tee
1

1

tph
1

1

tsf
, ~5!

where 1/tsf is the spin–flip rate of electrons. This expressi
is valid when the spin–flip scattering time of the conducti
electrons is longer than the spin relaxation time (tK for Ko-
rringa time! of the magnetic impurities themselves, i.e.,tsf
.tK .29 This holds if

T*
cmag

nFkB
, ~6!
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DEPHASING OF ELECTRONS IN MESOSCOPIC METAL WIRES PHYSICAL REVIEW B68, 085413 ~2003!
wherecmag is the concentration per unit volume of magne
impurities. In silver, gold, and copper this criterion reads

T*40 mK3cmag~ppm!, ~7!

in which cmag(ppm) is now written in parts per million atom
~ppm!. In the opposite limit (tsf,tK), the impact of spin flip
scattering ontf depends on the physical effect probed. F
weak localization corrections with strong spin–orbit co
pling, spin–flip scattering enters then as 2/tsf in Eq. ~5!.20,29

As long asT*TK , tsf is well described by the Nagaoka
Suhl formula30,31

1

tsf
5

cmag

p\nF

p2S~S11!

p2S~S11!1 ln2~T/TK!
, ~8!

with SandTK , respectively, the spin and Kondo temperatu
of the magnetic impurities.

Upon cooling down,tsf decreases whenT approachesTK
~dotted line in Fig. 5!, whereas the electron–electron scatt
ing time tee increases. The combination of both contrib
tions can result in a nearly constant phase coherence
aboveTK , as shown by the solid lines in Fig. 5.

A quick way to estimate the concentration of magne
impurities corresponding to a plateau in the phase cohere
time is to comparetf

plateauat the plateau to the prediction o
Nagaoka-Suhl atT5TK . In samples made of copper, go
and silver this gives

tf
plateau.0.6 ns/cmag~ppm!. ~9!

FIG. 6. Phase coherence time vs temperature measure
samples Ag~6N!a (j), Ag~6N!b (.), Ag~6N!c (d), Ag~6N!d
(m), and Au~6N! ~* !. For clarity the graph has been split in tw
parts shifted vertically, as was done in Fig. 4. In contrast to Fig
continuous lines are fits of the data to Eqs.~5! and ~8!, with the
concentration of magnetic impurities as an additional fit param
~see Table V!. The quantitative prediction of Eq.~3! for electron–
electron interactions in samples Ag~6N!b ~top part! and Ag~6N!d
~bottom part! are shown as dashed lines.
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Continuous lines in Fig. 5 are fits of the measuredtf(T)
to Eq. ~5! using Eq.~8!, with magnetic impurities of Kondo
temperatureTK540 mK as expected for manganese atom
The parametersA and B in Eq. ~4! could not be extracted
independently for samples Ag~5N!b, cMn0.3, and dMn1. To
avoid increasing unnecessarily the number of fit paramet
the values ofA and B deduced from the fit of sample
Ag~6N!c ~dashed line! were used. Sample Ag~6N!c was cho-
sen as a reference because its predicted electron–ele
scattering rate is close to that of samples Ag~5N!b,
Ag(5N)cMn0.3, and Ag(5N)dMn1. Following this procedure,
the measurements could be reproduced accurately with32 S
51/2 andcmag50.13, 0.39, and 0.96 ppm, respectively, f
samples Ag~5N!b, cMn0.3, and dMn1, in close agreement with
implanted concentrations of manganese and compatible
the nominal purity of the Saclay 5N silver source. This co
firms that the effect ontf of the implantation of magnetic
impurities with a low Kondo temperature is well understoo
both qualitatively and quantitatively.

Looking back at thetf data for samples Ag~6N!a, b, c, d
and Au~6N! shown in Fig. 4, we note that the fits to thos
data would also improve with the addition of a very sm
quantity of magnetic impurities. We performed new fits
those data using Eqs.~5! and ~8!, with cmag as an additional
adjustable parameter. For the silver samples we keptTK

540 mK as for manganese impurity atoms, whereas for
gold sample Au~6N! we choseTK510 mK as for chromium
impurity atoms. The values ofcmag from the fits are 0.009,
0.011, 0.0024, 0.012, and 0.02 ppm, respectively, for sam
Ag~6N!a, b, c, d, and Au~6N!. The new fits are shown a
continuous lines in Fig. 6 and the fit parameters are given
Table V. Note that these concentrations are about 100 ti
smaller than the nominal total impurity concentrations of t
sources. As a striking example to show how small the
numbers are, 0.01 ppm of impurities in sample Ag~6N!d cor-
responds to about 3 impurity atoms every micrometer in
wire. Such small concentrations of Kondo impurities are
sentially undetectable by any means other than measu
the phase coherence time, especially in thin films. Moreo
no commercial provider can guarantee such a high purity
the source material.

on

,

er

TABLE V. Fit parameters fortf(T) in silver and gold samples
made of our 6N sources, taking into account, on top of the con
butions of electron–electron and electron–phonon interactions,
additional contribution of dilute Kondo impurities of spin-1/2 a
described by Eqs.~5! and~8!. The corresponding fits are displaye
as continuous lines in Fig. 6.

Sample A (Athy) B cmag TK

(ns21 K22/3) (ns21 K23) ~ppm! ~K!

Ag~6N!a 0.68~0.55! 0.051 0.009 0.04
Ag~6N!b 0.54~0.51! 0.05 0.011 0.04
Ag~6N!c 0.35~0.31! 0.051 0.0024 0.04
Ag~6N!d 0.50~0.47! 0.054 0.012 0.04
Au~6N! 0.59 ~0.40! 0.08 0.02 0.01
3-7
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C. Extremely dilute magnetic impurities and temperature
dependence of the resistance

The temperature dependence of the resistance,R(T), is
often used as a probe of magnetic impurities, because o
well-known Kondo effect. Nevertheless, in thin wires, whe
the resistance also varies due to electron–electron inte
tions, it must be pointed out thatR(T) is not sensitive
enough to detect small amounts of magnetic impurities. T
contribution of electron–electron interactions,15

DR~T!

R
.3.126

R

RK

LT

L
[

Cthy

AT
, ~10!

with LT5A\D/kBT the thermal length, is much stronger an
varies much more rapidly with temperature than the Kon
term, determined byDrKondo.2BK ln(T),33 where BK
'0.2 nV cm/ppm.34 In our wires where the resistivity is
aboutr;3 mV cm, the corresponding relative variation
the resistance is about 1025 per decade of temperature for
ppm of Kondo impurities. This is more than an order
magnitude smaller than the typical contribution of electro
electron interactions between 100 mK and 1 K.

This is illustrated in the left panel of Fig. 7 with samp
Ag(5N)dMn1 in which we implanted 1 ppm of manganes
The resistances are measured in a magnetic fieldB
;20–50 mT, large enough to suppress the WL correcti
but small enough to avoid freezing out the spin–flip scat
ing of conduction electrons by magnetic impurities. W
checked on several samples showing anomalous depha
that R(T) is independent of the applied magnetic field.

A striking conclusion is that the phase coherence time
much more sensitive probe of very dilute magnetic impu
ties than the temperature dependence of the resistance, w
is dominated by electron–electron interactions at low te
perature.

FIG. 7. Resistance of sample Ag(5N)dMn1 (L) and Cu~6N!d
(s) plotted as function of 1/AT. Continuous lines are fits using th
functional formDR(T)/R5C/AT, with C52.431024 ~left panel!
and 7.631024 K1/2 ~right panel!, close to the predictions of Eq.~10!
Cthy51.831024 and 7.231024 K1/2, respectively. The logarithmic
contribution toR(T) from the Kondo effect is invisible in both
samples, as it is masked by the much larger contribution fr
electron–electron interactions in the wires. From the compariso
Figs. 5 and 7, it appears clearly that the phase coherence time
much more sensitive probe of very dilute magnetic impurities th
the temperature dependence of the resistance.
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VI. OTHER EXPLANATIONS OF ANOMALOUS
DEPHASING

The evidence presented in the previous section shows
very dilute magnetic impurities could explain the anomalo
dephasing frequently observed at low temperature. But
there other viable explanations?

A. Dephasing by high energy electromagnetic modes

Golubev and Zaikin~GZ! proposed23,35that zero tempera-
ture dephasing by high energy electromagnetic modes is
sponsible for the frequently observed saturation oftf in me-
tallic thin films. This theory, which is controversial,36

predicts that the phase coherence time saturates at low
perature att0

GZ given by35

1

t0
GZ

5
A2r

3RKpAD
S b

te
D 3/2

, ~11!

where b is a constant numerical factor expected to be
order 1. It is interesting to point out that for a given mater
t0

GZ is proportional toD3 and is insensitive to the actua
geometry of the sample.

Using this prediction, GZ were able to account for a su
set of the experimental results published in Refs. 24,37 us
the overall prefactor of the dephasing rate as an adjust
parameter.35 Note that, as explained by GZ in their late
article,35 the comparison with MJW data performed in Re
38 should be ignored because it was done using an exp

of
s a
n

FIG. 8. Comparison between the predictive powers of the c
ventional theory of electron–electron interactions~Ref. 3!, and of
the theory of Golubev and Zaikin~Refs. 23,35!. The X coordinate
gives the ratio of the phase coherence time measured at the lo
temperature,tf

max, to t0
GZ , calculated from Eq.~11! with b51. The

Y coordinate is the ratio oftf
max to tee(Tmin), the value calculated

using the conventional theory@Eq. ~3!# at the lowest temperature
Tmin . Open symbols are data points for which the phase cohere
time continues to increase at the lowest measurement tempera
Full symbols and3 are data points for which the phase coheren
time is nearly constant at low temperature. The conventional the
predicts that all data points lie on the horizontal dotted line if
extrinsic degrees of freedom, such as magnetic impurities, limit
phase coherence time. The GZ theory predicts that all data poin
on a vertical line if the phase coherence time already saturates
to the left of that line iftf still increases at low temperature.~The
dashed line corresponds to the caseb51 in the GZ theory.!
3-8
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DEPHASING OF ELECTRONS IN MESOSCOPIC METAL WIRES PHYSICAL REVIEW B68, 085413 ~2003!
sion for t0
GZ that does not apply to the experiment, but

valid only when the elastic mean free path exceeds the tr
verse dimensions of the wires.

Since the exact prefactor is unknown, it is not possible
rule out this theory by comparison with a single experime
Instead, we propose here to compare the predictive powe
the GZ theory with the conventional theory of electron
electron interactions for many samples. This is done in F
8. This figure includes all gold, silver and gold–palladiu
samples for which it has not been shown that magnetic
purities are the main source of decoherence at low temp
ture, plus sample Cu~5N!a which was used by GZ for com
parison of their theory with experiments.35 ~We do not show
other copper samples or samples made from our 5N si
source, because they clearly contain magnetic impurities.
Sec. VII and Ref. 39.! The X coordinate in Fig. 8 gives the
ratio of the phase coherence time measured at the lo
temperature,tf

max, to t0
GZ , calculated from Eq.~11! with b

51. TheY coordinate is the ratio oftf
max to tee(Tmin), the

value calculated using the conventional theory@Eq. ~3!# at
the lowest temperatureTmin . Open symbols are samples fo
which tf continues to increase at the lowest measurem
temperature; upon cooling they move to the right. Full sy
bols are samples for whichtf is nearly constant at low tem
perature; they move downward when the temperature is
duced. As for theory, GZ predict that all full symbols shou
be aligned on a vertical linetf

max/t0
GZ5b3/2, whereas open

symbols would be located attf
max/t0

GZ,b3/2. In contrast, the
conventional theory predicts that all data points should
aligned on the horizontal linetf

max/tee(Tmin)51. On this
plot the data scatter in both directions. The most salient
ture of the plot, however, is that the scatter in the horizon
direction extends over more than five orders of magnitu
whereas the scatter in the vertical direction extends o
slightly more than one decade. The horizontal scatter in
cates that GZ theory does not reproduce the dependenc
tf on sample parameters. In particular, the GZ predict
depends much too strongly on the diffusion coefficie
which varies considerably in MJW’s six gold samples.

While no theory explains all of the experimental da
without any additional parameters, it appears that the c
ventional theory does a better job than the GZ theory
predict the low temperature value oftf .

B. Dephasing by two level systems

Two approaches to electron dephasing by two-level t
neling systems~TLS! have been proposed. The first, by Imr
Fukuyama, and Schwab,21 requires a nonstandard distribu
tion of TLS parameters. It was shown later that such a d
tribution would lead to large anomalies in the low
temperature specific heat, and in acoustic attenuation at
low temperature.40 The second approach describes the c
pling between the conduction electrons and the TLS via
two-channel Kondo effect.22 In this model, the effect of TLS
is very similar to that of magnetic impurities in the Kond
regime, at least atT*TK . The main criticism raised agains
this explanation is that, starting from any realistic model o
TLS, it may be impossible to reach the strong coupling
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gime where the Kondo temperature is larger than the tun
ing level splitting.41,42 From the experimental point of view
measurements oftf from the weak localization contribution
to the magnetoresistance cannot discriminate between m
netic impurities and TLS.

VII. TEST OF THE MAGNETIC IMPURITY HYPOTHESIS:
PROBING tf„B…

A definitive test of the role of spin-flip scattering for th
saturation oftf at low temperature is to probe how th
dephasing time depends on magnetic field. It is expected
spin–flip scattering is suppressed when the dynamics
magnetic impurities is frozen by application of a sufficien
large magnetic fieldB. Indeed, if the Zeeman splitting i
much larger thankBT, magnetic impurities stay in thei
ground state. As a result spin–flip collisions vanish andtf
should climb up to the value expected from electro
electron interactions~independent ofB as long as the cyclo-
tron radius is much larger than the elastic mean free path!. In
the presence of spin-1/2 impurities, and neglecting Kon
effect, the spin–flip scattering rate of electrons vanishes
large field as~see Appendix C and Ref. 43!

tsf~B50!

tsf~B!
5

gmB/kBT

sinh~gmB/kBT!
, ~12!

whereg is the renormalized gyromagnetic factor of the ma
netic impurities.

One possible method to detect a variation intf with mag-
netic field is to measure the average amplitudeDGUCF of
universal conductance fluctuations in a metallic wire as
function of magnetic field. This method has two drawbac
First DGUCF}tf

1/4 depends only weakly on the phase coh
ence time. Second the large correlation fieldDBUCF
.h/(ewLf) of conductance fluctuations in mesoscop
wires makes it difficult to obtain accurate estimates of
averagedDGUCF(B) at low temperature in the field rang
below the relevant magnetic field scalegmB;kBT. For ex-
ample, in Cu~6N!b, DBUCF.25 mT at 40 mK, whereas the
characteristic field needed to freeze the magnetic impuri
is as low askBT/2m.55 mT.

We have chosen instead to probe the magnetic field
pendence oftf by measuring the Aharonov-Bohm~AB! os-
cillations in the magnetoresistance of ring-shaped samp
For this purpose, we have fabricated two copper rings
radiusr 50.5 and 0.75mm, respectively, on the same chip a
samples Cu~6N!c and Cu~6N!d. The ring perimeters are cho
sen to be larger than or similar to the phase coherence le
at B'0 in order to increase the sensitivity to variations
tf . The averagedh/e AB oscillations amplitudeDGAB is
related to the phase coherence time through44

DGAB5C
e2

h

LT

pr
ALf

pr
expF2

pr

Lf
G , ~13!

whereC is a geometrical factor of order 1. The short peri
of AB oscillations with B ~5.5 and 2.5 mT forr 50.5 and
0.75mm, respectively! allows to estimate accurately th
3-9
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F. PIERREet al. PHYSICAL REVIEW B 68, 085413 ~2003!
magnetic field dependence ofDGAB on the much larger field
scale needed to freeze the magnetic impurities.

This experiment was performed on copper samples
cause it is the material in which the presence of magn
impurity was most questionable: no correlations were fou
betweentf and the copper source material purity; moreov
whereas in some samplestf saturates at values as small
0.2 ns@3 times smaller than in Ag(5N)dMn1] we observed
neither a nonmonotonic temperature dependence oftf(T),
as in Ag(5N)dMn1 ~see Fig. 5!, nor a Kondo contribution to
R(T).

Our experimental procedure and data analysis are deta
in Ref. 25. Figure 9 shows the amplitude of AB oscillatio
measured across the ring in sample Cu~6N!d at T540 and
100 mK ~symbols! as a function of reduced magnetic fie
2mB/kBT. The data in Fig. 9 show that the amplitude of A
oscillations increases with magnetic field by a factor 8 at 1
mK and a factor 7 at 40 mK,45 on a characteristic field scal
proportional toT.

The solid lines in Fig. 9 are fits to the simple model re
resented by Eqs.~12! and~13!, explained in Appendix C. We
assumed thattf at large B is limited only by electron–
electron interactions and used the values given by theore
prediction@Eq. ~3!#: tf55.4 and 9.9 ns at 100 and 40 mK
respectively. The two remaining parameters, namely the
romagnetic factorg and the geometrical constant46 C, were
adjusted to reproduce accurately our data. The best fi
obtained withg51.08 andC50.17. Note that a more rigor
ous approach to the magnetic-field dependence of AB os
lation amplitude has been published recently by Vavilov a
Glazman.47 Using their prediction@Eqs.~62! and~63! in Ref.
47# with a magnetic impurity spin48 S51/2 andg50.90, we
obtain a fit indistinguishable from the solid lines calculat
with the simple model.

FIG. 9. Symbols: mean amplitude of the ABh/e oscillations
(DGh/e) across the ring in sample Cu~6N!d at T540 (n) and 100
mK (j), plotted in units ofe2/h as a function of the reduce
magnetic field 2mBB/kBT. Solid lines: fits to the two data set
using Eqs.~5!, ~12!, and~13! with C andg as fit parameters. At 40
mK, the AB oscillations are unmeasurably small at B50; the fit to
those data includes the noise floor of the experiment.
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The impurityg-factors obtained from these fits, 1.08 an
0.90, are small, like the valueg51.36 found for electrons by
neutron scattering in bulk CuO.49

This set of experiments confirms that spin–flip collisio
are responsible for the apparent low temperature satura
of tf we observe in copper samples.

VIII. COMPARISON WITH ENERGY EXCHANGE
MEASUREMENTS

Parallel to this work, a systematic correlation was fou
between dephasing and energy exchange between elect
all samples made of the same source material, using the s
deposition system, either followed the theory of electro
electron interactions for both energy exchange and phase
herence, or displayed anomalous behaviors for b
phenomena.11,24,50,51This correlation suggests that magne
impurities could also be responsible for anomalous ene
exchange. Such a possibility had not been considered u
recently because, all spin states being degenerate at
magnetic field, magnetic impurities do not contribute to e
ergy exchange in first order. However, Kaminsky a
Glazman have pointed out that energy exchange in the p
ence of magnetic impurities may take place with an app
ciable efficiency by a second-order process.52 The experi-
mental proof that excess energy exchange observed
samples made of the 5N silver and copper sources res
from dilute paramagnetic spins was obtained recently
measuring the dependence of energy exchange upon m
netic field.39 Similarly to what was observed on the depha
ing rate, the application of a large magnetic field on the
samples reduces the rate of energy exchange. Note how
that the amount of magnetic impurities needed to account
the measured energy exchange rates seems to be signific
larger than the estimations fromtf(T); in the case of cop-
per, the obtainedg-factor g52.3 is also different. More ex-
periments are needed to clarify these issues.

IX. CONCLUSION

By measuring the phase coherence time as a functio
temperature on wires made of silver, gold, and copper, fr
source materials of different purities, we have found th
anomalous dephasing is correlated to source material pu
in silver and gold samples, and systematic in copper samp
We showed experimentally that the presence of very dil
magnetic impurities with a low Kondo temperature in t
host material can result in a broad plateau intf(T) while
being undetected in the temperature dependence of the r
tance. Measurement of the magnetic field dependence
Aharonov-Bohm oscillations on relatively large copper rin
revealed that the phase coherence time increases withB on a
field scale proportional to the temperature. This confirms t
an apparent ‘‘saturation’’ oftf can be attributed to very di
lute magnetic impurities.53

In the silver and gold samples discussed in this paper,
impute the presence of magnetic impurities to the purity
the material sources. We found that large coherence time
40 mK could be obtained in samples fabricated with t
3-10
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DEPHASING OF ELECTRONS IN MESOSCOPIC METAL WIRES PHYSICAL REVIEW B68, 085413 ~2003!
silver sources of the highest purity commercially availa
~6N!. However, it is very difficult to rule out a small con
tamination during the evaporation process and eventu
sample preparation. In the case of copper, the Kondo im
rities probably originate from the copper oxide at t
surface.26
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APPENDIX A: ELECTRON COOLING IN TRANSPORT
MEASUREMENTS AT LOW TEMPERATURES

Joule heating is a concern when transport measurem
are performed at low temperatures. Any current results in
production of heat, which can be either transferred directly
the phonons in the wire, or to the electrons in the cont
pads, assumed to be much larger than the wire. At s
Kelvin temperatures, the first process becomes very ine
cient. The reason is that the phonon emission rate for
electron with an excess energykBT goes like11 g
.5kph(kBT)3, with kph.10 ns21 meV23. The distance it
will travel before losing its extra energy is thenAD/g
.18 mm3(T/1 K)23/2 for a typical diffusion coefficient
D5100 cm2/s. At T540 mK, AD/g.2.2 mm, a very mac-
roscopic distance! Therefore one must take care that the e
tron’s energy never gets so large at low temperature. Ta
alone, the cooling by the contact pads through electronic h
transport results in a temperature profile in the wire

Te~x!5AT21
3

p2
x~12x!S eV

kB
D 2

, ~A1!

with Te the electron temperature in the contacts placed at
ends of the wire, assumed to be equal to the temperatur
the phonons,x the relative position along the wire, andV the
voltage across the wire. ForT50, the maximum temperatur
is (A3/2p)(eV/kB)'3.2 K3V/(1 mV). By limiting the
voltage across the sample toeV5kBT, the maximal electron
temperature isTA11(3/4p2).1.04T. With such a low ap-
plied voltage, the phase coherence time, supposed to incr
as Te

22/3 at low temperature, varies through the sample
1 –1.0422/3.2%, which is sufficiently small for most pur
poses. However, at very low temperature, a measureme
a voltage of orderkBT/e might become very time consumin
if one considers that the input voltage noise for the b
room-temperature commercial amplifiers is about 1 nV/AHz
and that the weak localization correction to the conducta
is about 1023 of the total signal. For example at 10 mK
1023kBT/e.1 nV, and an integration time of 100 s for eac
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conductance measurement is needed to get a signal to n
ratio of 10. In fact, this estimation is often too pessimis
because cooling by phonons does play a role for lo
wires.54 In order to evaluate this effect precisely, one has
solve the complete heat equation, which can be written
reduced units (te(x)5Te(x)/T, v5eV/kBT),

v21
p2

6

d2

dx2
te
2~x!2S T

Tco
D 3

~ te
5~x!21!50, ~A2!

in which the first term describes Joule heating, the second
thermal conductivity of electrons, assuming Wiedeman
Franz law, and the last one the coupling to phonons.11,55 We
have defined a crossover temperature

Tco5~SrL2~e/kB!2!21/3, ~A3!

with L the length of the wire,r its resistivity, S the
electron–phonon coupling constant56 ~typically S
;1 –10 nW/mm3/K5 in metallic thin films on Si substrate!.
The resulting temperature profile is shown in Fig. 10 f
typical values: we consider a silver wire (S
.3 nW/mm3/K5 from Table III! with D5100 cm2/s, L
50.2 mm, atT5100 and 200 mK, foreV/kBT53. The dot-
ted line indicates the solution without phonons, the das
line the solution without electronic heat transport. For th
set of parameters, the crossover temperature isTco
.120 mK. Hence, at 200 mK phonons reduce significan
the maximum electron temperature, which does not exc
the bath temperature by more than 16%. At 100 mK, cool
by phonon emission is inefficient, and the maximum elect
temperature is 27% aboveT.

The analysis of the exact solutions of this equation allo
to distinguish two opposite regimes: forT!Tco, electrons
are decoupled from phonons~cooling by phonons will be-
come active only if the applied voltage is so high that t
maximal temperature is aboveTco), and temperature is given

FIG. 10. Electrons heating in a typical silver wire~see text! of
length L50.2 mm, biased with a dc voltageV such thateV/kBT
53 and for phonon temperaturesT5100 and 200 mK, respectively
in the left and right panel. Continuous lines: ratio of electron te
peratureTe with phonon temperature as function of the reduc
position X/L in the wire, taking into account electron–phonon i
teractions@see Eq.~A2!#. Dotted lines: electron temperature a
function of position neglecting phonons@see Eq.~A1!#. Dashed line
in the right panel: electron temperature neglecting electronic h
transport~in the left panel this line would stand atTe /T51.87).
3-11
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by the electronic conductivity alone, see Eq.~A1!. This is the
difficult regime, where the maximal voltage is of the order
kBT/e. In the opposite situationT@Tco, heat transfer to the
contacts can be neglected, and cooling by phonons rules
game. The temperature of the electrons is then nearly ho
geneous, with Te /T'(11(Tco/T)3v2)1/5 and for
(Tco/T)3v2!1 the temperature does not exceedT exces-
sively: Te'T1 1

5 @Tco
3 (eV/kB)2/T4#. One should thus fabri-

cate wires as long as possible, in order to have a small cr
over temperatureTco which allows to work at larger
voltages.

In order to test the validity of this calculation, we pe
formed a control experiment in which electrons were inte
tionally heated by applying ac currents. The sample, sim
to the others presented in this review, consists of a 1.79-m
long, 150-nm-wide, and 45-nm-thick wire made out of a 6
purity silver source. The diffusion coefficientD
5139 cm2/s results in a crossover temperatureTco
530 mK. We extracted the phase coherence lengthLf from
the magnetoresistance. For each magnetoresistance trac
show in Fig. 11 two symbols, one open and one full, a
Y-coordinate given by the corresponding value ofLf . Open
symbols are at theX-coordinate given by the cryostat tem
perature T at which the measurement was performe
whereas full symbols are at theX-coordinate given by the
calculated electron temperatureTcalc. Since the magnetore
sistance is given byLf}T21/3, Tcalc was calculated from the
time- and position-average ofTe

21/3, using temperature pro
files obtained with Eq.~A2!. For example, the pair of dat
points at Lf.10.4mm corresponds toT540 mK, Vac
50.86 mV rms, leading toTcalc5245 mK. The data points
with large heating (Tcalc@T) as well as those with little heat
ing (Tcalc.T) fall close to a single lineLf}T21/3, indicating
that the electron temperature is correctly modeled.

FIG. 11. Full symbols: phase coherence length measured
6N silver sample as a function of the electronic temperatureTcalc

calculated using Eq.~A2! for a cryostat temperatureT represented
by the attached open symbol. The continuous line represents
theoretical predictionLf}T21/3 of electron–electron interaction
~data taken at Saclay!.
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APPENDIX B: DEPHASING BY ELECTRON –ELECTRON
INTERACTIONS

Assuming that we can restrict ourself to two body inte
actions, the dephasing rate, or inverse lifetime, 1/t in(E,T) of
an electron at energyE coupled only to the electronic fluid a
temperatureT results from all collision processes allowed b
the Pauli exclusion principle,

t in
21~E,T!.E

u«u*\/tf

d« K~«!~12 f T~E2«!!h~«,T!,

~B1!

wheref T(E) is the Fermi function at temperatureT, K(«) is
the interaction ‘‘Kernel’’ of the screened Coulomb intera
tion, proportional to the modulus square of the interact
matrix element for an exchanged energy«, and

h~«,T!5E
2`

`

dE8 f T~E8!~12 f T~E81«!!

5
«

12exp~2«/kBT!
. ~B2!

The low energy cut-offu«u*\/tf in Eq. ~B1! is intro-
duced because fluctuations on time scales longer than
electron’s lifetime can be considered as static.4

The interaction kernelK(«) depends only on« since the
energies of interacting electrons are close to the Fermi
ergy EF and «&kBT!EF . Our samples are quasi-1D be
cause the width and thickness of the wires are smaller t
the lengthL«5A\D/« for the probed energy exchanged. F
quasi-1D samples the interaction kernel reads57

K~«!5ku«u23/2, ~B3!

with

k215\ApnFSL

4

RK

R
. ~B4!

The dephasing rate 1/tee(T) is the inverse lifetime aver-
aged over thermal excitations

1/tee~T!5E dE
f T~E!~12 f T~E!!

kBT
t in

21~E,T!. ~B5!

Injecting Eqs.~B1! and ~B3! into Eq. ~B5! we obtain58

1/tee~T!.E
\/tee

`

d«
kA«

kBT

exp~«/kBT!

~12exp~«/kBT!!2
. ~B6!

This expression shows that the effect of electron–elect
interactions on quantum coherence in mesoscopic wire
dominated by processes with a small exchanged energ«
'\/tf . It is interesting to point out that this implies that
sample is quasi-1D with respect to decoherence as lon
the phase coherence lengthLf5ADtf is large compared to
its transverse dimensions and small compared to its len

a

he
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This is not true for energy exchange, for which the dime
sionality is determined by the length associated with the la
est exchanged energy.

In order to obtain an analytical expression fortee(T) we
make the following approximation:

exp~«/kBT!

~12exp~«/kBT!!2
.

1

~«/kBT!2
. ~B7!

This approximation is justified since the integral is dom
nated by small energy exchanges. This leads to

tee.\F ~p/16!~RK /R!nFSL

~kBT!2 G 1/3

, ~B8!

where we used Eq.~B4! for the interaction kernel.
The calculation oftf described above makes use of a lo

energy cut-off, therefore the prefactor in Eq.~B8! is not re-
liable. To solve this technical difficulty, Altshuler, Aronov
and Khmelnitsky3 calculated the effect of electron–electro
interactions through the interaction of one electron with
fluctuating electromagnetic field resulting from other ele
trons at thermal equilibrium. Within this approach it is po
sible to calculate directly the conductivity taking into a
count electron–electron interactions. The dephasing rat
then obtained without reference to the energy decay r
Neglecting spin–orbit coupling, this calculation yields15

DR

R
~B,T!52

2R

RK

ADtN

L

Ai ~tN /tH!

Ai 8 ~tN /tH!
, ~B9!

with

tN5\F ~RK /R!nFSL

2p~kBT!2 G 1/3

,

tH5
3ne2RS

L S f0

2pwBD 2

,

where f05h/e.4.1310215 T m2 is the flux quantum,
Ai( x) is the Airy function and Ai8(x) its derivative. The time
tN is often called Nyquist time in reference to th
fluctuation-dissipation theorem used to evaluate the elec
magnetic fluctuations for the calculation of weak localizati
corrections.

Since expression~B9! includes electron–electron intera
tions, it should be possible to deduce the contributiontee of
the screened Coulomb interaction on the phase coher
time. This can be done by pointing out that

Ai ~x!

Ai 8 ~x!
5

21

A1/21x
~11e~x!!, ~B10!

where ue(x)u,0.04 for x.0. In practice, the experimenta
resolution is not sufficient to distinguish a relative discre
ancy smaller than 4% of the amplitude of weak localizat
corrections, which are themselves smaller than 1% of
measured signal. Hence we can write
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DR

R
~B,T!5

2R

RKL
A D

1/2tN11/tH
. ~B11!

A comparison with Eq.~1! ~neglecting spin–orbit coupling!
allows us to extract the phase coherence time when i
limited by electron–electron interactions,

tee5\F ~4/p!~RK /R!nFSL

~kBT!2 G 1/3

52tN . ~B12!

This expression of the phase coherence timetee is larger by
a factor 4/p2/3.1.9 than the cut-off-dependent estimation
Eq. ~B8!.

APPENDIX C: MAGNETIC FIELD DEPENDENCE
OF SPIN–FLIP SCATTERING

This appendix present a simple calculation of electr
spin-flip scattering from magnetic impurities as a function
applied magnetic fieldB. The calculation is carried out a
first order in spin–flip scattering, neglecting the Kondo e
fect. Moreover we consider here, for simplicity, magne
impurities of spin-1/2.

The spin–flip ratetsf
21(E,B) of an electron at energyE is

obtained from the Fermi Golden Rule,

tsf
21~E,B!5cmagl$P2~12 f T~E2gmB!!

1P1~12 f T~E1gmB!!%, ~C1!

wherecmag is the concentration of magnetic impurities,l is
proportional to the modulus square of the interaction pot
tial electron-magnetic impurity, andP6 is the probability to
have the magnetic impurity in the up (1) or down (2) state
relative to the magnetic field directionB. In absence of
Kondo effectl is approximated as independent of ener
and magnetic field.

Since at thermal equilibriumP65 f T(6gmB), we obtain

tsf
21~E,B!5

cmagl~11exp~E/kBT!!/2

cosh~E/kBT!1cosh~gmB/kBT!
. ~C2!

The spin–flip ratetsf
21(B) is averaged over electronic ex

citations

tsf
21~B!5E

2`

1`

dE
f T~E!~12 f T~E!!

kBT
tsf

21~E,B!,

which gives

tsf~B50!

tsf~B!
5

gmB/kBT

sinh~gmB/kBT!
. ~C3!

This result, also given in Ref. 43, is a finite-temperatu
generalization of the expression used by Benoitet al.59 A
rigorous theoretical calculation of the Aharonov-Bohm osc
lation amplitudeDGh/e in presence of magnetic impuritie
3-13
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under a large externally applied magnetic field was first p
sented by Fal’ko.60 A complete derivation of the magneti
field dependence ofDGh/e from first principles was finally

*Email address: fred.pierre@laposte.net. Permanent address
January 1, 2004: Laboratoire de Photonique et de Nanostruc
~LPN!-CNRS, Route de Nozay, 91460 Marcoussis, France.

†Present address: Center for Advanced Nanotechnolgy, Unive
of Toronto, Toronto, Ontario M5S 3E3, Canada.
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