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We have extracted the phase coherence tipef 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,, increases a$ 2 when the temperaturgis 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 saturationmgf starting between 0.1 @nl 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 quasisaturagjon of
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 ofhifeeconductance oscillations increases strongly with
magnetic field. This set of experiments suggests that the frequently observed “saturatiopifveakly
disordered metallic thin films can be attributed to spin—flip scattering from extremely dilute magnetic impu-
rities, at a level undetectable by other means.
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l. MOTIVATIONS power law 7,T~?3 was first observed in 1986 by Wind
et al® betwea 2 K and 5 K inaluminum and silver wires
The time 7, during which the quantum coherence of anand then by Echternacét al® down to 100 mK in a gold
electron is maintained is of fundamental importance in mewire. However, in 1997, Mohanty, Jariwala, and Wephb-
soscopic physics. The observability of many phenomena spédished a series of measurementsmgfon gold wires with a
cific to this field relies on a long enough phase coherencéroad range of diffusion coefficients. They observed that the
time! Amongst these are the weak localization correction taphase coherence time tends to saturate at low temperature,
the conductancéWL), the universal conductance fluctua- typically below 0.5 K, in apparent contradiction with theo-
tions (UCP), the Aharonov-BohniAB) effect, persistent cur- retical predictions. That same year, measurements of the en-
rents in rings, the proximity effect near the interface betweerergy exchange rate between electrons in copper Hvivese
a superconductor and a normal metal, and others. Hence it feund to be at odds, both qualitatively and quantitatively,
crucial to find out what mechanisms limit the quantum co-with the prediction for electron—electron interactions. Both
herence of electrons. experiments suggested that electrons in mesoscopic metallic
In metallic thin films, at low temperature, electrons expe-wires interact with each other differently and more strongly
rience mostly elastic collisions from sample boundaries, dethan predicted by theory.
fects of the ion lattice and static impurities in the metal. To shed some light on this issue we present here several
These collisions do not destroy the quantum coherence afets of experiments probing the phase coherence time at low
electrons. Instead they can be pictured as resulting from temperature in mesoscopic metal wilale summarize our
static potential on which the diffusivelike electronic quantummost important conclusions here. First, we measurgd)
states are built. down to 40 mK in several wires made of copper, silver, and
What limits the quantum coherence of electrons are ingold and fabricated from source materials of various purities.
elastic collisions. These are collisions with other electrond/Ve found in the four very pure silver wires and in the very
through the screened Coulomb interaction, with phononspure gold wire thatr,(T) does not saturate in the investi-
and also with extrinsic sources such as magnetic impuritiegated temperature range, but continues to increase as the
or two level systems in the metal. Whereas above about 1 Kemperature is lowered in agreement with the theoretical pre-
electron—phonon interactions are known to be the dominardiction. Since these samples have comparable resistances
source of decoherenéeglectron—electron interactions are and geometries as some measured in Ref. 7, this observation
expected to be the leading inelastic process at lower temperaasts doubt on the assertloiat saturation ofr, is a uni-
tures in samples without extrinsic sources of decoherénce.versal feature of weakly-disordered metals. Second, we
The theory of electron—electron interactions in the diffu-tested the impact of very dilute magnetic impurities with a
sive regime was worked out in the early 198w a review, small Kondo temperature on the temperature dependence of
see Ref. 4 It predicts a power law divergence of, when  7,. We found that even at concentrations lower than one part
the temperaturd@ goes to zero. Effects of quantum interfer- per million (1 ppm), such impurities can causey(T) to
ence are therefore expected to grow significantly upon cooldisplay a plateau over a large temperature range. This could
ing down the electrons. In mesoscopic wires, the predicte@xplain why saturation of , at low temperature is frequently
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TABLE I. Geometrical and electrical characteristics of the mea-

V sured samplesRef. 14. The diffusion coefficienD is obtained
~ using Einstein’s relation p~= vee?D with the density of states in
copper, silver and gold respectively=1.56x10*, 1.03x 10",

and 1.14 10" 31 m~3, and the resistivityp extracted from the
resistancer, thicknesst, lengthL, and widthw of the long wire.
Length and width were measured with a scanning electron micro-
scope(SEM). The thickness of most samples was measured with an
atomic force microscop€AFM); for others the value given by a
calibrated thickness monitor in the evaporator was used. A rectan-
gular cross section is assumed.

Sample Made L t w R D

at (um) (nm)  (nm) (kQ) (cn?/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)Gyos Saclay 135 65 110 0.47 150
Ag(5N)dyn1 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

FIG. 1. Photograph of a silver sample taken with a scannin Cu6N)c MSU 285 35 5 437 65
electron microscope, and schematic of measurement circuit. Th uGN)d MSU 285 20 80 8.50 50
wire resistance is obtained by a four-lead measurement in a bridgg4eN)a Saclay 270 45 110 168 70

configuration: the current is injected by two arms through the biasCUGN)b Saclay 270 45 100 0.9 160
resistor and the voltage is measured across two other arms in ordet

to probe only the wire resistance; a ratio transformer is used to o )
enhance sensitivity to small variations of the sample resistance. Placed inside a carbon liner, whereas copper and gold were
put directly in the buckets of the e-gun system. Metal evapo-

observed. Finally, we probed the magnetic field dependend@tion took place at a base pressure of abouf’I@bar with
of the phase coherence time by measuring the magnetores@? €vaporation rate of 0.2, 0.5, and 1 nm/s for silver, gold,

tance of copper Aharonov-Bohm rings showing a@nd copper, respectivelgee Ref. 11
temperature-independeny, at low temperature. The ampli- Samples made at Michigan State UniversiySU) were

tude of the Aharonov-Bohm conductance oscillations in-€vaporated on a Si substrate with only the native oxide in a

creased strongly on a field scale proportional to the temperdh€rmal evaporator used only for silver, aluminum, gold,

ture, indicating that the phase coherence time at zero fielgoPPer and titanium. The source material and boat were re-

was limited by spin-flip scattering from magnetic impurities. Placed before each evaporation and manipulated using plas-
tic tweezers. The pressure during evaporation was about

10~ ® mbar and the evaporation rate ranged between 0.2 and
Il. EXPERIMENTAL TECHNIQUES 0.5 nm/st?

We measured the low field magnetoresistance of copper,
gold, and silver wires fabricated using source materials of
Figure 1 displays the photograph of a typical sample topyrity 99.999%(5N) and 99.9999%6N). Electrical and geo-
gether with a schematic of the measurement setup. metrical characteristics of the samples are summarized in

All samples were fabricated using standard e-beam lithogTaple |.
raphy techniques. A bilayer resist, consisting of a copolymer
P(MMA/MAA ) bottom layer and a PMMA top layer, was
first spun onto an oxidized Si substrate wafer. This bilayer
was then patterned by e-beam lithography to tailor a mask. The samples were immersed in the mixing chamber of a
The metal—gold, copper, or silver—was deposited directlytop loading dilution refrigerator. Electrical lines to the
through this mask in evaporators used only for nonmagnetisample were filtered by commercial “pi” filters at the top of
metals'© the cryostat and by discrete RC filters in the mixing chamber.

Samples made at Saclay used a Si substrate thermalfyesistance measurements were performed using a standard
oxidized over 500 nm, and metal evaporation was performedc four-terminal technique with a room temperature preamp-
in an electron gun evaporator. The silver source material walifier of input voltage noise 1.5 nW/Hz and a lock-in am-

A. Sample fabrication

B. Experimental setup
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s AgBN)c r Ag(SN)b |

AR/R

FIG. 2. Magnetoresistance ddgymbolg and
fits to Eq. (1) (solid lines. Top panels are mea-
surements of two silver samples made of source
materials of nominal purity 6N99.9999%, top
left pane) and 5N (99.999%, top right pangl
Bottom panels display data measured on gold
(bottom left panel and copper(bottom right
pane) samples made of 6N nominal purity source
materials. The curves are offset vertically for
clarity.

AR/R

plifier operated at frequencies between 100 and 30@sde in the magnetoresistance of samples(@d)c and AU6N)

Fig. 1). To avoid significant heating of electrons we used adbecomes deeper and narrower upon cooling down to base
voltagesV,. across the samples such teAt,<kgT. Thisis temperature whereas it stops changing at low temperature in
particularly important at temperatures below 100 mK forsamples AGN)b and CU6N)d.

which the length scale for electron—phonon interactions, re- The magnetoresistandeR=R(B) — R(x) is fit with the
sponsible for cooling down the electronic fluid, can be asquasi-1D expression for the weak localization correction,
large as several millimetersee Appendix A A bridge cir-

cuit with a ratio transformer on one arm was used to enhance AR 2R [3]1 4 1 27-112
the measurement sensitivity to small changes in sample re- D Sl Ul (o
sistance. A magnetic field was applied perpendicular to the R ReL 2] 3LZ 3\Lf
plane of the sample using a superconducting coil. )
11 1 1 —1/2
-s|l=+3l =% , (1)
. LOW FIELD MAGNETORESISTANCE 2 |_(2b 3 LE'

MEASUREMENTS

The most accurate way to extraq at low magnetic field whereR is the resistance of a wire of |englhand W|dthW,
in metallic thin films is to measure the magnetoresistanc&x=h/€? is the resistance quantum,= D, is the phase
and to fit it using weak localization theotyBoth the ampli- ~ coherence length) is the diffusion coefficient of electrons,
tude and width of the weak localization pedttip when Ly=%/eB is the magnetic lengtiB is the magnetic field
spin—orbit coupling is strongn the resistance are sensitive applied perpendicularly to the sample plane, ahg,
to the phase coherence length. = /D74, is the spin—orbit length that characterizes the inten-
Figure 2 displays the low field magnetoresistance ofsity of spin—orbit coupling. Expressidi) holds for metallic
samples AgN)c, Ag(5N)b, Au(6N), and Ci6N)d at several wires in the diffusive regime, far from the metal—insulator
temperatures. The positive magnetoresistance indicates thaansition, and in the quasi-1D regime/.<w,t
spin—orbit scattering is stronger than inelastic scattering<Ly,L,,Ls<L, with t the sample thickness and the
(7s0<74). Raw magnetoresistance measurements already refastic mean free path of electro(see Refs. 15,16 and Ap-
veal a qualitative difference between these samples: the dipendix B.
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TABLE Il. Fit parameters of the magnetoresistance data to weak T T T T T —
localization theory: maximum phase coherence ti}j&, obtained N
at the lowest temperature 6f40 mK; spin—orbit length_, and
effective widthwy, . We also recall the widtlw obtained from
SEM pictures. The upwards arrow" indicates thatr, keeps in-
creasing down to 40 mK. In the other samplegjs nearly constant
at low temperature.
Sample e Leo Wy (W) @

(n9 (um) (nm) =

Ag(6N)a 9/ 0.65 57(65) -
Ag(6N)b 127 0.35 85(100
Ag(6N)c 22/ 1.0 90(105
Ag(6N)d 127 0.82 75(90)
Ag(5N)a 2.9 0.65 108108
Ag(5N)b 3.5 0.75 82(90)
Au(6N) 117 0.085 85(90)
Cu(6N)a 0.45 0.67 155155
Cu(6N)b 0.95 0.4 70(70) T T L
Cu(6N)c 0.2 0.35 7575) 0.1 1
Cu6N)d 0.35 0.33 8080) T(K)
Cu5N)a 1.8 052 110119 FIG. 3. Phase coherence timg versus temperature in wires
Cu(5N)b 0.9 0.67 1001100

made of copper Q6N)b (H), gold Au6N) (*), and silver Ag6N)c
(@) and Ag5N)b (O). The phase coherence time increases con-
tinuously with decreasing temperature in wires fabricated using our
In the fit procedure, we use the measured sample resigurest(6N) silver and gold sources as illustrated respectively with
tance and length given in Table 1. Our experimental setugamples A@GN)c and AUBN). Continuous lines are fits of the mea-
being designed to measure resistance changes with an higtféted phase coherence time including inelastic collisions with elec-
accuracy than absolute valuesR is known only up to a trons and phononEEq. (4)1 The dashed line is the prediction of
small additive constant that we adjusted to fit each magneglectron—electron interactions orfiq. (3)] for sample Ag6N)c. In

toresistance curve. The width was fixed at a v. iv- contrast, the phase coherence time increases much more slowly in
: alyg g samples made of coppéndependently of the source material pu-

ing the best overall fits for the complete set of data at variou§ity) and in samples made of silver using our source of oG
temperatures. The difference between the widtimeasured nominal purity.

from scanning electron microscope images and the best fit
value wy,_ (see Table |l was found to be always less than V. COMPARISON WITH THEORETICAL PREDICTIONS
15%217 The spin—orbit length_, was obtained from fits of AND DISCUSSION
the magnetoresistance measured at the highest temperature.
These parameters being determineg,remains as the only _ _ _ o
fit parameter for each magnetoresistance curve. Examples of Theory predicts that, in samples without extrinsic sources
fits are displayed as solid lines in Fig. 2. of decoherencer,(T) is limited by the contributions of

In order to getr, from L, the diffusion coefficienD electron—electrorr,, and electron—phonon,, interactions.

was determined using the measured geometrical and elect!f? Principle, decoherence by electron—electron scattering is
cal sample characteristics given in Table I. Figure 3 show&°t p?rely "‘}” expon?ntlal proc((jassl, hence Lhe decoherence
7, as a function of temperature for samples (B)C, rates from electron—electron and electron—phonon scattering

Ag(5N)b, Au(6N), and Cu6N)b. This confirms quantita- do not simply add. In pract!césee A'pp'englix. B the exact

. X . __formula for the magnetoresistance is indistinguishable from
tively the differences between samples already mentione q. (1) with a total decoherence rate

from the raw magnetoresistance data. On the one hand, the™ ’

samples A¢GN)c and AUEN), fabricated using our purest 1 1 1

(6N) silver and gold sources, present a large phase coherence = + .

time that keeps increasing at low temperature. On the other (1) 7edT)  7pi(T)
hand, the copper sample GN)b and the sample A§N)b,
fabricated using a silver source of smaller nominal purity
(5N), present a much smaller phase coherence time and e
hibit a plateau inr,(T), in contradiction with the theoretical

A. Purest silver and gold samples

2

For our wires, whose width and thickness are smaller than
L., the quasi-1D prediction for electron—electron interac-
tions applie®®

prediction for electron—electron interactions. This trend, il- (4/m)(Re JR) peSL 13 1
lustrated in Fig. 3, has been confirmed by the measurements Tee=1i TR Vr = , 3
of several samples, as summarized in Table II. (kgT)? Ay T3
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cess. Nevertheless, if the exponenfldk left as a fit param-
eter, better fits are obtained with smaller exponents ranging
from 0.59 for samples A@N)d and AU6N) up to 0.64 for
sample Ag6N)c. This issue will be discussed in Sec. VB.
The dashed line in Fig. 3 and Fig. 4 is the quantitative pre-
diction of Eq. (3) for electron—electron interactions in
sample Ag6N)c. The dephasing times are close, though al-
ways slightly smaller, to the theoretical prediction of ES).
Table 11l lists the best fit parametefs B, together with the
predictionAy,, of Eq. (3).

This data set casts doubt on the claim by Mohanty, Jari-
wala, and Webb(MJW) that saturation ofr, is a universal
phenomenon in mesoscopic wires. One can always argue that
the saturation temperature for our silver samples is below 40
mK, hence unobservable in our experiments. However, the
resistivity and dimensions of sample @&iN)a are similar to
those of sample Au-3 in the MJW papewhich exhibits
saturation ofr,, starting at about 100 mK, and has a maxi-
mum value of7y™=2 ns. In contrastr, reaches 9 ns in
Ag(6N)a.

FIG. 4. Phase coherence time vs temperature in samples
Ag(6N)a (H), Ag(6N)b (V¥), Ag(6N)c (@), Ag(6N)d (A), and
AU(BN) (*), all made of 6N sources. Continuous lines are fits of the B. Silver 5N and copper samples
data to Eq.(4). For clarity, the graph has been split in two part, | sjlver samples made from a 5N purity source, the phase
shlft(_ad_vertlcally one with respect to the _other. The quam'tat'vecoherence time is systematically shorter than predicted by
predlctlor_l of Eq.(3) for electron_—electron interactions in sample Eq. (3) and displays an unexpectedly flat temperature depen-
Ag(BN)c is shown as a dashed line. dence below 400 mK. The same is true for all the copper

. . . samples we measured, independently of source piffrity.
wherevr is the density of states per unit volume at the Fermitpase trends are illustrated for samples (@b and
energy, andSis the cross section of the wire. gu(GN)b in Fig. 3.

In order to test the theoretical predictions, the measured \ynat can be responsible for this anomalous behavior?
7,(T) curves were fit with the functional form, There have been several theoretical suggestions regarding
1 o3 3 sources of extra dephasing. Some of these, such as the pres-

Ty =ATTHBT, 4 ence of a parasitic high frequency electromagnetic

. . radiation'® can be ruled out purely on experimental grounds.
where the second term describes electron—phonon scattenrmdeed some samples do show a saturationrof while

dominant at higher temperaturéSits are shown as continu- others of similar resistance and geometry, measured in the

ous lines in Fig. 4the fit parameters minimize the distance same cryostat, do not. This indicates that, in our experiments

Eztl\j\;; r:] t(gf gztsiﬁgégtsair;ﬂrgglgt t(;:ervteerlrrllpirlgg;éo%)ggl)%tnat least, the observed excess dephasing is not an artifact of
. the measurement. The main suggestions to explain the
dence of 74(T) for samples AN)a, b, ¢ and, with a 99 P

; L anomalous behavior af, are dephasing by very dilute mag-
i“%gtll\?; rfdu?;a?hf'de“ty’ forl sar?ptl)e_s '(i@(;l)d and gsmple netic impurities:>?° dephasing by two-level systems associ-

ulohl). In all these samples, fabricated using SOUrC& ted with lattice defect&:?2 and dephasing by electron—
materials of silver and gold;4(T) follows very closely, be-

electron interactions through high energy electromagnetic
low about 1 K, the 1% dependence expected when the | odes? gh hig 9y g

electron—electron interaction is the dominant inelastic pro- The correlation between source material purity and excess
dephasing amongst silver samples fabricated using the exact
same process but with either our 5N or 6N source material

suggests that impurities are responsible for the anomalous
temperature dependence nf. The fact that, among all the

T¢ (ns)

TABLE Ill. Theoretical predictions of Eq.3) and fit parameters
for 7,(T) in the purest silver and gold samples using the functional
form given by Eq.(4).

Sample Ay A B §N silver samplest ,(T) dgviates .the most from the. predic-

(ns 1K-23) (ns 1K~23) (ns1K3) tion of electron_—electron interactions in &&iN)d, fabrlcated

in MSU (see Fig. 4 would mean that the 6N silver source

Ag(6N)a 0.55 0.73 0.045 material used at MSU contains more “dangerous” impurities
Ag(6N)b 0.51 0.59 0.05 than the one at Saclay.
Ag(6N)c 0.31 0.37 0.047 The phase coherence time in the copper samples is always
Ag(6N)d 0.47 0.56 0.044 almost independent of temperature below about 200 mK
AU(BN) 0.40 0.67 0.069 down to our base temperature of 40 nfé€e Refs. 11,24,25

However, as opposed to silver samples, this unexpected be-
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TABLE IV. Kondo temperaturely (K) of common, lowTy,
magnetic impurities in Ag, Au, and Cttaken from Ref. 2).

hanty, Jariwala, and Webb studied the effect of intentionally
doping their gold wires with iron impurities. They found that
74 in those samples did not truly saturate, but rather reached
a plateau arouh1 K and increased again below about 0.3 K.

Host\Impurlty Cr Fe Mn In addition, the presence of the iron impurities could be de-
tected by a logarithmic contribution to the temperature de-
Ag ~0.02 ~3 0.04 pendence of the resistanRéT), known as the Kondo effect.
Au ~0.01 0.3 <0.01 They concluded from those data that magnetic impurities
Cu 1.0 25 0.01 were not the cause of the saturationmgf they observed in

their nominally pure gold samples. However, it is well
known that the spin-flip scattering rate peaks near the Kondo
havior is not correlated with the source material pufBN  temperaturél, then decreases at lower temperature. While
or 6N). A likely explanation is provided by early measure- MJW showed convincingly that “saturation” of ; in gold
ments showing that the surface oxide of copper can caussould not be caused by iron impurities witly ~0.3 K, their
dephasing® data do not exclude an effect of impurities with a lower
Kondo temperature, such as manganese or chroniaea
Table V).

V. INFLUENCE ON 74 OF VERY DILUTE MAGNETIC
IMPURITIES
A. Can dilute magnetic impurities account for a plateau

Dephasing of conduction electrons by paramagnetic im- in 7,(T)?

purities has been known since 198Mence it may come as . _ . _ .
a surprise that this issue is still under debate today. In their To answer this question experimentally, we fabricated si-

Letter on the “saturation” ofr, at low temperaturé,Mo- ~ Multaneously three silver samples &§)b, Ag(S5N)Guno..
and Ag(5N)qs1, and very dilute manganese atoms were

introduced by ion implantatidfiin two of them. Manganese
] atoms form Kondo impurities in silver with a Kondo tem-
N peratureT =40 mK.

T (ns)

~e The phase coherence times extracted from WL corrections

are shown as symbols in Fig. 5. Samples@)c, evapo-
rated separately, is shown as a reference. At the time of this
experiment only the 5N purity silver source was available.
Sample Ag5N)b, in which no manganese atoms were im-
planted, already shows very little temperature dependence of

74~3.5ns below 0.3 K. Nevertheless, introducing more
manganese reduces further the phase coherence time as illus-
trated with samples Ag(5N)gos and Ag(5N)ds,; in
which, respectively, 0.3 and 1 ppm of manganese were im-
planted. For instance, by adding 1 ppm of manganege,
was reduced by a factor of 6 while leaving still nearly
independent of temperature.

The effect of manganese ar), is now compared with the
existing theory of spin—flip scattering in the Kondo regime.

FIG. 5. Phase coherence time as function of temperature in sev-
eral silver wires. Sample AGN)c (®) is made of the purest silver . . .
source. Samples A§N)b (O), Ag(5N)auos (), and In the presence of spin—flip scattering the phase coher-
Ag(5N)dyn; (©) were evaporated simultaneously using our 5N €Nce time reads
silver source. Afterward, 0.3 ppm and 1 ppm of manganese was
added by ion implantation respectively in samples Ag(5N)& 1 1 1 1
and Ag(5N)g,n;. The presence of very dilute manganese atoms, a T_¢ - T_ee+ T_ph * T’ ®)
magnetic impurity of Kondo temperatuiig =40 mK, reducesr,,
leading to an apparent “saturation” at low temperature. Continuousyhere 1f; is the spin—flip rate of electrons. This expression
lines are fits ofr,(T) taking into account the contributions of s valid when the spin—flip scattering time of the conduction
electron—electron and electron—phonon interacti@ashed ling electrons is |0nger than the Spin relaxation t|mﬁ (Or Ko-

and spin—flip collisions using the concentratiog,q of magnetic rringa time of the magnetic impurities themselves, i.ey
impurity as a fit parametddotted line is7¢ for cpag=1 ppm). Best > 7 29 This holds if

fits are obtained usingy,;=0.13, 0.39, and 0.96 ppm, respectively,
for samples A@GN)b, Ag(5N)Gunoz, and Ag(5N)dyn1, in close
agreement with the concentrations implanted and consistent with
the source material purity used.

B. Comparison with the theory of spin—flip scattering

Cmag
T= voke’ (6)
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TABLE V. Fit parameters forr,(T) in silver and gold samples
made of our 6N sources, taking into account, on top of the contri-
butions of electron—electron and electron—phonon interactions, the
additional contribution of dilute Kondo impurities of spin-1/2 as
described by Eq95) and(8). The corresponding fits are displayed
as continuous lines in Fig. 6.

Sample A (Atny) B Crmag Tk
(1K™ (nsTPKT%) (ppm) (K)
Ag(6N)a 0.68(0.55 0.051 0.009 0.04
11 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(BN) 0.59(0.40 0.08 0.02 0.01

s s Continuous lines in Fig. 5 are fits of the measurgdT)
0.1 T(K) 1 to Eq. (5) using Eq.(8), with magnetic impurities of Kondo
temperaturel =40 mK as expected for manganese atoms.
FIG. 6. Phase coherence time vs temperature measured obhe parameteré and B in Eq. (4) could not be extracted
samples A@GN)a (), Ag(6N)b (V), Ag(6N)c (®), Ag(6N)d independently for samples A&gN)b, Gynos. and dy,. TO
(A), and AUBN) (*). For clarity the graph has been split in two avoid increasing unnecessarily the number of fit parameters,
parts shifted vertically, as was done in Fig. 4. In contrast to Fig. 4the values ofA and B deduced from the fit of sample
continuous lines are fits of the data to E¢S) and (8), with the Ag(6N)c (dashed lingwere used. Sample AGN)c was cho-
concentration of magnetic impurities as an additional fit parameteta, a5 a reference because its predicted electron—electron
(see Table V. The quantitative prediction of E@3) for electron— : :
electron interactions in samples @N)b (top par} and Ag6N)d scattering rate is close to that Of_ samples (FgD,
: Ag(5N)Gyno 3, and Ag(5N)gy,;. Following this procedure,
(bottom part are shown as dashed lines.
the measurements could be reproduced accuratelygth

wherec,4is the concentration per unit volume of magnetic = 1/2 andcpyag=0.13, 0.39, and 0.96 ppm, respectively, for
impurities. In silver, gold, and copper this criterion reads ~ Samples AGN)D, Guno 3, and Gy, in close agreement with
implanted concentrations of manganese and compatible with

T=40 mKXCpad ppm, (7)  the nominal purity of the Saclay 5N silver source. This con-
firms that the effect omr, of the implantation of magnetic
impurities with a low Kondo temperature is well understood,
both qualitatively and quantitatively.

in which ¢, ppm) is now written in parts per million atoms
(ppm). In the opposite limit ¢< 7¢), the impact of spin flip
scattering onr,, depends on the physical effect probed. For §
weak localization corrections with strong spin—orbit cou- L00King back at ther, data for samples AN)a, b, ¢, d
pling, spin—flip scattering enters then as2in Eq. (5).202° and AU6N) show_n in Fig. 4_, we note t_h_at the fits to those
As long asT=Ty, 7 is well described by the Nagaoka- data would also improve with the addition of a very small

Suhl formul&®3! quantity of magnetic impurities. We performed new fits to
those data using Eq&5) and(8), with c,4as an additional
1 Crmag m2S(S+1) adjustable parameter. For the silver samples we Kgpt

= 2 2 ' 8 =40 mK as for manganese impurity atoms, whereas for the
Tt Thvp 72S(S+1)+In%(T/Ty) gold sample A(6N) we choseT, =10 mK as for chromium
with SandTy, respectively, the spin and Kondo temperatureimpurity atoms. The values afi,,q from the fits are 0.009,
of the magnetic impurities. 0.011, 0.0024, 0.012, and 0.02 ppm, respectively, for samples
Upon cooling down s decreases whefiapproacheSyx  Ag(6N)a, b, ¢, d, and A(BN). The new fits are shown as
(dotted line in Fig. 3, whereas the electron—electron scatter-continuous lines in Fig. 6 and the fit parameters are given in
ing time ¢ increases. The combination of both contribu- Taple V. Note that these concentrations are about 100 times
tions can result in a nearly constant phase coherence timgnaller than the nominal total impurity concentrations of the
aboveTy, as shown by the solid lines in Fig. 5. sources. As a striking example to show how small these
A quick way to estimate the concentration of magnetichymbers are, 0.01 ppm of impurities in sample@d)d cor-
impurities corresponding to a plateau in the phase coherenggsponds to about 3 impurity atoms every micrometer in the
time is to comparer;***at the plateau to the prediction of wire. Such small concentrations of Kondo impurities are es-
Nagaoka-Suhl alT =Ty . In samples made of copper, gold sentially undetectable by any means other than measuring

and silver this gives the phase coherence time, especially in thin films. Moreover,
latea._ no commercial provider can guarantee such a high purity for
Ty =0.6 NStmad PPM). (9 the source material.
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FIG. 7. Resistance of sample Ag(5N)yd (<) and Cy6N)d
(O) plotted as function of 4/T. Continuous lines are fits using the
functional formAR(T)/R= C/\/T, with C=2.4x10"* (left pane)

FIG. 8. Comparison between the predictive powers of the con-
ventional theory of electron—electron interactiqiRef. 3, and of
the theory of Golubev and ZaikitRefs. 23,35 The X coordinate

and 7.6<10™* K2 (right pane), close to the predictions of E4L0) ) . .
_ 5 ) S the ratio of the phase coherence time measured at the lowest
Cyv=1.8x10"% and 7.2<10~* K2, respectively. The logarithmic 9'V€S )
thy pectively garithmi temperaturer’}™, to 757, calculated from Eq(11) with b=1. The

contribution toR(T) from the Kondo effect is invisible in both ) ? .
(M) Y coordinate is the ratio of-'(}}ax t0 7o Trin), the value calculated

samples, as it is masked by the much larger contribution from -
P y 9 sing the conventional theoffEq. (3)] at the lowest temperature

electron—electron interactions in the wires. From the comparison o o bol dat ints f hich the oh h
Figs. 5 and 7, it appears clearly that the phase coherence time is d"n* pen symbols are data points for which the phase coherence

much more sensitive probe of very dilute magnetic impurities thar}témltla conkt)lnlu es t;(lncre%s? at thet Iiwesthmﬁe;iure:ent terrr:perature.
the temperature dependence of the resistance. ull Symbols andk< are data points for which the phase coherence

time is nearly constant at low temperature. The conventional theory

predicts that all data points lie on the horizontal dotted line if no

extrinsic degrees of freedom, such as magnetic impurities, limit the

phase coherence time. The GZ theory predicts that all data points lie
The temperature dependence of the resistaR¢€), is  on a vertical line if the phase coherence time already saturates, and

often used as a probe of magnetic impurities, because of the the left of that line ifr,, still increases at low temperatur@he

well-known Kondo effect. Nevertheless, in thin wires, wheredashed line corresponds to the caisel in the GZ theory.

the resistance also varies due to electron—electron interac-

tions, it must be pointed out thaR(T) is not sensitive VI. OTHER EXPLANATIONS OF ANOMALOUS

enough to detect small amounts of magnetic impurities. The DEPHASING

contribution of electron—electron interactiols,

C. Extremely dilute magnetic impurities and temperature
dependence of the resistance

The evidence presented in the previous section shows that
very dilute magnetic impurities could explain the anomalous
AR(T) ~312 R ﬁ % (10) dephasing frequently observed at low temperature. But are
R 7 6R_K L T’ there other viable explanations?

with L= VAD/kgT the thermal length, is much stronger and A. Dephasing by high energy electromagnetic modes
varies much more rapidly with temperature than the Kondo

term, determined byA pxonge=— Bk IN(T),*® where B X X . !
~0.2 ) cm/ppm3 In OUPI’(O;]N?YGS wlFlere the resistivityK is ture dephasing by high energy electromagnetic modes is re-

aboutp~3 1Q cm, the corresponding relative variation of sponsible for the frequently observed saturationr pfn me-

the resistance is about 19 per decade of temperature for 1 tallic. thin films. This theory, Whi.Ch is_controversid,
ppm of Kondo impurities. This is more than an order of predicts that the phase coherence time saturates at low tem-

GZ ; 5
magnitude smaller than the typical contribution of electron—P€erature atg™ given by’
electron interactions between 100 mK and 1 K.

Golubev and ZaikifGZ) propose®@*that zero tempera-

This is illustrated in the left panel of Fig. 7 with sample 1 V2p b 32 (11
Ag(5N)dy,1 in which we implanted 1 ppm of manganese. ng_ 3RK77\/5 Te)

The resistances are measured in a magnetic figld
~20-50 mT, large enough to suppress the WL correctionsvhere b is a constant numerical factor expected to be of
but small enough to avoid freezing out the spin—flip scatterorder 1. It is interesting to point out that for a given material
ing of conduction electrons by magnetic impurities. We 75Z is proportional toD® and is insensitive to the actual
checked on several samples showing anomalous dephasiggometry of the sample.
that R(T) is independent of the applied magnetic field. Using this prediction, GZ were able to account for a sub-
A striking conclusion is that the phase coherence time is &et of the experimental results published in Refs. 24,37 using
much more sensitive probe of very dilute magnetic impuri-the overall prefactor of the dephasing rate as an adjustable
ties than the temperature dependence of the resistance, whiparametef® Note that, as explained by GZ in their latest
is dominated by electron—electron interactions at low temarticle 3 the comparison with MJW data performed in Ref.
perature. 38 should be ignored because it was done using an expres-
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sion for TOGZ that does not apply to the experiment, but isgime where the Kondo temperature is larger than the tunnel-

. . : s 4142 . - .
valid only when the elastic mean free path exceeds the tran$?d level splitting=>"“From the experimental point of view,

verse dimensions of the wires. measurements o:f¢_from the weak chaliza_tion contribution
Since the exact prefactor is unknown, it is not possible td0 the magnetoresistance cannot discriminate between mag-

rule out this theory by comparison with a single experimentnetic impurities and TLS.

Instead, we propose here to compare the predictive power of

the GZ theory with the conventional theory of electron—viI. TEST OF THE MAGNETIC IMPURITY HYPOTHESIS:

electron interactions for many samples. This is done in Fig. PROBING 7,4(B)

8. This figure includes all gold, silver and gold—palladium . L .

samples for which it has not been shown that magnetic im- A deﬁnmve test of the role of spln—ﬂlp scattering for the

purities are the main source of decoherence at low tempergaturation ofr, at low temperature is to probe how the

ture, plus sample GGN)a which was used by GZ for com- de_phas_mg time d_epe_nds on magnetic field. It is expectgd that

parison of their theory with experimerits(We do not show SPin—flip scattering is suppressed when the dynamics of

other copper samples or samples made from our 5N silveagnetic impurities is frozen by. application of a sufﬂmen_tly

source, because they clearly contain magnetic impurities. Sda'9e magnetic field. Indeed, if the Zeeman splitting is

Sec. VIl and Ref. 39.The X coordinate in Fig. 8 gives the Much larger thankgT, magnetic impurities stay in their

ratio of the phase coherence time measured at the lowe§found state. As a result spin—flip collisions vanish and
max o Toez calculated from Eq(11) with b should climb up to the value expected from electron—

temperatures,, . Pt
—1. The coordinate is the ratio Of_z:ax t0 7o Tryr), the electron_ mt_erachonéndependent oB as _Iong as the cyclo-
tron radius is much larger than the elastic mean free)phth

value calculated using the conventional thefBg. (3)] at h f soin-1/2 i i d lecting Kond
the lowest temperatur€,,;,. Open symbols are samples for € presence ot spin- Impurities, and negiecting r1.ondo
(?ffect, the spin—flip scattering rate of electrons vanishes at

which 7, continues to increase at the lowest measureme ) .

¢
temperature; upon cooling they move to the right. Full symr]arge field assee Appendix C and Ref. %3
bols are samples for which, is nearly constant at low tem- _
perature; they move downward when the temperature is re- s(B=0) = guBlkgT )
duced. As for theory, GZ predict that all full symbols should 7s(B)  sinh(guB/kgT)

i : saamaxy _GZ__ 1.3/2
be aligned on a vertical Imegxl@z _2,2 , Whereas open whereg is the renormalized gyromagnetic factor of the mag-
symbols would be located af;*! 75“<b*? In contrast, the netic impurities.

conventional theory predicts that all data points should be 4 possible method to detect a variatiorrjwith mag-
aligned on the horizontal liney™/ red(Tmi) =1. ON this  netic field is to measure the average amplitud e of
plot the data scatter in both directions. The most salient feagnjversal conductance fluctuations in a metallic wire as a
ture of the plot, however, is that the scatter in the horizontafnction of magnetic field. This method has two drawbacks.
direction extends over more than five orders of magnitUdeFirstAGUC,:oc 774 depends only weakly on the phase coher-
whereas the scatter in the vertical direction extends ovef,.o time. S¢econd the large correlation fielB cr
slightly more than one decade. The horizontal scatter indi-_ h/(ewl,) of conductance fluctuations in mesoscopic
cates that GZ theory does not reproduce the dependence Bfroq makes it difficult to obtain accurate estimates of the
Ty ON sample parameters. In particular, the GZ prediction, o aqedA G, .(B) at low temperature in the field range
depends much too strongly on the diffusion coeff|C|ent,beIOW the relevant magnetic field scajgB~kgT. For ex-
which varies considerably in MJW's six gold samples. ample, in CBN)b, ABcr=25 mT at 40 mK,Bwhereas the

.Wh'le no thegry explains all of 'the experimental datacharacteristic field needed to freeze the magnetic impurities
without any additional parameters, it appears that the CON% o5 low asgT/2u=55 mT

ventional theory does a better job than the GZ theory to
predict the low temperature value of .

(12

We have chosen instead to probe the magnetic field de-
pendence of-, by measuring the Aharonov-Boh(AB) os-

cillations in the magnetoresistance of ring-shaped samples.
B. Dephasing by two level systems For this purpose, we have fabricated two copper rings of

Two approaches to electron dephasing by two-level tuntadiusr =0.5 and 0.73um, respectively, on the same chip as
neling system$TLS) have been proposed. The first, by Imry, samples C(6N)c and C6N)d. The ring perimeters are cho-
Fukuyama, and Schwab,requires a nonstandard distribu- S€n to be larger than or similar to the phase coherence length
tion of TLS parameters. It was shown later that such a disat B~0 in order to increase the sensitivity to variations of
tribution would lead to large anomalies in the low- 74. The averagedi/e AB oscillations amplitudeAGpg is
temperature specific heat, and in acoustic attenuation at verglated to the phase coherence time thrdtigh
low temperaturd® The second approach describes the cou-
pling between the conduction electrons and the TLS via the e’ Ly Ly T
two-channel Kondo effe In this model, the effect of TLS AGag=Cr -\ XA — Ly
is very similar to that of magnetic impurities in the Kondo
regime, at least at=Ty . The main criticism raised against whereC is a geometrical factor of order 1. The short period
this explanation is that, starting from any realistic model of aof AB oscillations with B(5.5 and 2.5 mT for =0.5 and
TLS, it may be impossible to reach the strong coupling re0.75 um, respectively allows to estimate accurately the

(13
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0.1 T T T - T The impurity g-factors obtained from these fits, 1.08 and
0.90, are small, like the valug=1.36 found for electrons by
neutron scattering in bulk Cufs.

This set of experiments confirms that spin—flip collisions

= are responsible for the apparent low temperature saturation
‘E of 7, we observe in copper samples.
2
(g VIIl. COMPARISON WITH ENERGY EXCHANGE
MEASUREMENTS
0.01

Parallel to this work, a systematic correlation was found
between dephasing and energy exchange between electrons:
all samples made of the same source material, using the same
deposition system, either followed the theory of electron—

L L L : L electron interactions for both energy exchange and phase co-
20 -10 0 10 20 herence, or displayed anomalous behaviors for both
2uB/k T phenomend?4°%°1This correlation suggests that magnetic
impurities could also be responsible for anomalous energy

FIG. 9. Symbols: mean amplitude of the A¥e oscillations  exchange. Such a possibility had not been considered until
(AGyye) across the ring in sample @N)d atT=40 (A) and 100  recently because, all spin states being degenerate at zero
mK (M), plotted in units ofe?/h as a function of the reduced magnetic field, magnetic impurities do not contribute to en-
magnetic field ZgB/kgT. Solid lines: fits to the two data sets ergy exchange in first order. However, Kaminsky and
using Egs(5), (12), and(13) with C andg as fit parameters. At 40 |azman have pointed out that energy exchange in the pres-
mK, the AB.oscnIatlons are. unmeasurably smalllatB; the fit to ence of magnetic impurities may take place with an appre-
those data includes the noise floor of the experiment. ciable efficiency by a second-order proc&ghe experi-
magnetic field dependence AfG g on the much larger field Mental proof that excess energy exchange observed in
scale needed to freeze the magnetic impurities. samplgs made of the 5N S|I\(er and copper sources results

This experiment was performed on copper samples befom dilute paramagnetic spins was obtained recently by
cause it is the material in which the presence of magnetiéneasuring the dependence of energy exchange upon mag-
impurity was most questionable: no correlations were foundetic field>® Similarly to what was observed on the dephas-
betweenr,, and the copper source material purity; moreover,ing rate, the application of a large magnetic field on these
whereas in some samples, saturates at values as small assamples reduces the rate of energy exchange. Note however
0.2 ns[3 times smaller than in Ag(5N)g,] we observed that the amount of magnetic impurities needed to account for

neither a nonmonotonic temperature dependence,(f),  the measured energy exchange rates seems to be significantly
as in Ag(5N)g1 (see Fig. 5, nor a Kondo contribution to larger than the estimations fromy(T); in the case of cop-
R(T). per, the obtained)-factor g=2.3 is also different. More ex-

Our experimental procedure and data analysis are detailgeeriments are needed to clarify these issues.
in Ref. 25. Figure 9 shows the amplitude of AB oscillations
measured across the ring in sample(@Njd at T=40 and
100 mK (symbolg as a function of reduced magnetic field
2uB/kgT. The data in Fig. 9 show that the amplitude of AB By measuring the phase coherence time as a function of
oscillations increases with magnetic field by a factor 8 at 10@emperature on wires made of silver, gold, and copper, from
mK and a factor 7 at 40 mK5 on a characteristic field scale source materials of different purities, we have found that
proportional toT. anomalous dephasing is correlated to source material purity

The solid lines in Fig. 9 are fits to the simple model rep-in silver and gold samples, and systematic in copper samples.
resented by Eq$12) and(13), explained in Appendix C. We We showed experimentally that the presence of very dilute
assumed thatr, at large B is limited only by electron— magnetic impurities with a low Kondo temperature in the
electron interactions and used the values given by theoreticlost material can result in a broad plateaurjf(T) while
prediction[Eq. (3)]: 7,=5.4 and 9.9 ns at 100 and 40 mK, being undetected in the temperature dependence of the resis-
respectively. The two remaining parameters, namely the gytance. Measurement of the magnetic field dependence of
romagnetic factog and the geometrical const&hC, were  Aharonov-Bohm oscillations on relatively large copper rings
adjusted to reproduce accurately our data. The best fit irevealed that the phase coherence time increaseBnaitha
obtained withg=1.08 andC=0.17. Note that a more rigor- field scale proportional to the temperature. This confirms that
ous approach to the magnetic-field dependence of AB oscilan apparent “saturation” of, can be attributed to very di-
lation amplitude has been published recently by Vavilov andute magnetic impurities?

Glazmart:” Using their predictiofEgs.(62) and(63) in Ref. In the silver and gold samples discussed in this paper, we
47] with a magnetic impurity spfff S=1/2 andg=0.90, we  impute the presence of magnetic impurities to the purity of
obtain a fit indistinguishable from the solid lines calculatedthe material sources. We found that large coherence times at
with the simple model. 40 mK could be obtained in samples fabricated with the

IX. CONCLUSION
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silver sources of the highest purity commercially available
(6N). However, it is very difficult to rule out a small con-

tamination during the evaporation process and eventually
sample preparation. In the case of copper, the Kondo impu- 45 |
rities probably originate from the copper oxide at the
surface?® e

P . 1 mr———~-~ R T T T T 1.3
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teractions[see Eq.(A2)]. Dotted lines: electron temperature as

function of position neglecting phonofisee Eq(A1)]. Dashed line
in the right panel: electron temperature neglecting electronic heat
transport(in the left panel this line would stand &t /T=1.87).

Joule heating is a concern when transport measurements
are performed at low temperatures. Any current results in theonductance measurement is needed to get a signal to noise
production of heat, which can be either transferred directly taatio of 10. In fact, this estimation is often too pessimistic
the phonons in the wire, or to the electrons in the contacbecause cooling by phonons does play a role for long
pads, assumed to be much larger than the wire. At subwires>* In order to evaluate this effect precisely, one has to
Kelvin temperatures, the first process becomes very ineffisolve the complete heat equation, which can be written in
cient. The reason is that the phonon emission rate for areduced unitst(x)=T(X)/T, v=eV/kgT),
electron with an excess energikgT goes liké' y

APPENDIX A: ELECTRON COOLING IN TRANSPORT
MEASUREMENTS AT LOW TEMPERATURES

=5kn(kgT)?, With kpy=10 ns *meV 3. The distance it , md T\ . B
will travel before losing its extra energy is thedD/y v +F@te(x)_ Teo (tex)=1)=0,  (A2)

=18 umX (T/1 K) 32 for a typical diffusion coefficient
D =100 cnf/s. At T=40 mK, VD/y=2.2 mm, a very mac- in which the first term describes Joule heating, the second the
roscopic distance! Therefore one must take care that the eletiermal conductivity of electrons, assuming Wiedemann-
tron’s energy never gets so large at low temperature. TakeRranz law, and the last one the coupling to phondrisWe
alone, the cooling by the contact pads through electronic hedtave defined a crossover temperature

transport results in a temperature profile in the wire

Teo=(2pL2(elkg)®) ™%, (A3)
To(x) = \/T2+ ix(l—x)<i/)2 (A1) with L the length of the wire,p its resistivity, 2 the
© w? kg/ ' electron—phonon  coupling constht (typically 3

, , ~1-10 nW/jum®/K® in metallic thin films on Si substrate
with T, the electron temperature in the contacts placed at thgp o resulting temperature profile is shown in Fig. 10 for
ends of the wire, assumed to be equal to the temperature %;pical values: we consider a silver wire 3(
the phononsx the relative position along the wire, ahtthe  _3 nW/um3/KS from Table Il) with D=100 cn®/s, L
voltage across the wire. Far=0, the maximum temperature _g » mm, afl =100 and 200 mK, foeV/kgT=3. The dot-
is (V3/2m)(eVikg)~3.2 KXV/(1 mV). By limiting the  ted line indicates the solution without phonons, the dashed
voltage across the sample@®&/=kgT, the maximal electron |ine the solution without electronic heat transport. For this
temperature i§ y1+(3/47°)=1.04T. With such alow ap- set of parameters, the crossover temperature Tis
plied voltage, the phase coherence time, supposed to increase) 20 mK. Hence, at 200 mK phonons reduce significantly
as T, ?® at low temperature, varies through the sample bythe maximum electron temperature, which does not exceed
1-1.04 ?®=29%, which is sufficiently small for most pur- the bath temperature by more than 16%. At 100 mK, cooling
poses. However, at very low temperature, a measurement @f phonon emission is inefficient, and the maximum electron
a voltage of ordekgT/e might become very time consuming temperature is 27% abovie
if one considers that the input voltage noise for the best The analysis of the exact solutions of this equation allows
room-temperature commercial amplifiers is about 1 YWz  to distinguish two opposite regimes: fdr<T,,, electrons
and that the weak localization correction to the conductancare decoupled from phonorisooling by phonons will be-
is about 102 of the total signal. For example at 10 mK, come active only if the applied voltage is so high that the
10 %kgT/e=1 nV, and an integration time of 100 s for each maximal temperature is aboilg,), and temperature is given
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APPENDIX B: DEPHASING BY ELECTRON —ELECTRON
INTERACTIONS

20

Assuming that we can restrict ourself to two body inter-
actions, the dephasing rate, or inverse lifetime; (&, T) of
an electron at enerdy coupled only to the electronic fluid at
temperaturd results from all collision processes allowed by
the Pauli exclusion principle,

Lo (#m)

TiEl(E,T)zf de K(e)(1—fr(E-&))h(e,T),
\s\%h/rd)
(B1)

wheref;(E) is the Fermi function at temperatufe K(¢) is
the interaction “Kernel” of the screened Coulomb interac-
002 '0'.1 ! T T o7 tion,_proportional to the modulus square of the interaction
matrix element for an exchanged eneggyand
T, Tcalc (K)

FIG. 11. Full symbols: phase coherence length measured on a h(s.T)=J dE'fr(E")(1—f1(E'+¢))
6N silver sample as a function of the electronic temperaliyg »
calculated using EqA2) for a cryostat temperatur€ represented
by the attached open symbol. The continuous line represents the e
i ot -1/3 _ i : = . B2
theoretical predictiori ,«cT of electron—electron interactions 1—exp(—elkgT) (B2

(data taken at Saclay

The low energy cut-offe|=#/74 in Eq. (B1) is intro-
by the electronic conductivity alone, see E41). Thisisthe duced because fluctuations on time scales longer than the
difficult regime, where the maximal voltage is of the order ofelectron’s lifetime can be considered as stétic.
kgT/e. In the opposite situatiolm>T,,, heat transfer to the The interaction kerneK(e) depends only om since the
contacts can be neglected, and cooling by phonons rules tlenergies of interacting electrons are close to the Fermi en-
game. The temperature of the electrons is then nearly home@rgy Er and e<kgT<Eg. Our samples are quasi-1D be-
geneous, with To/T~(1+(T/T)%?)Y® and for cause the width and thickness of the wires are smaller than
(Teo/ T)3v2<1 the temperature does not exceBdexces- the lengthL,=\AD/e for the probed energy exchanged. For
sively: Te~T+ [ T3 (eV/kg)%T*]. One should thus fabri- quasi-1D samples the interaction kernel ré4ds
cate wires as long as possible, in order to have a small cross-

over temperatureT,, which allows to work at larger K(e)=«le| %7, (B3)
voltages. with
In order to test the validity of this calculation, we per-
formed a control experiment in which electrons were inten- —7-SLR
tionally heated by applying ac currents. The sample, similar K l=h/ Z _x (B4)

to the others presented in this review, consists of a 1.79-mm-
long, 150-nm-wide, and 45-nm-thick wire made out of a 6N ) . ] o
purity silver source. The diffusion coefficientD The dephasing rate 4(T) is the inverse lifetime aver-
—139 cnf/s results in a crossover temperaturk,, aded over thermal excitations
=30 mK. We extracted the phase coherence lehgtfirom
the magnetoresistance. For each magnetoresistance trace we /. (T):j dEfT(E)(l_fT(E)) +YE,T). (B5)

. . ee n ' "
show in Fig. 11 two symbols, one open and one full, at a kgT
Y-coordinate given by the corresponding valueLgf. Open o _ _
symbols are at th&-coordinate given by the cryostat tem-  Injecting Eqs.(B1) and (B3) into Eq. (B5) we obtairi®
perature T at which the measurement was performed,
whereas full symbols are at thécoordinate given by the o ke exple/kgT)
calculated electron temperatufe,.. Since the magnetore- Ured T)= - de keT (1—exp(e/k )2
sistance is given by 4= T~ 3 T . was calculated from the e B
time- and position-average Cﬁg”?‘, using temperature pro- This expression shows that the effect of electron—electron
files obtained with Eq(A2). For example, the pair of data interactions on quantum coherence in mesoscopic wires is
points at L 4=10.4um corresponds toT=40 mK, V,. dominated by processes with a small exchanged energy
=0.86 mVrms, leading td ;=245 mK. The data points ~#%/7,. Itis interesting to point out that this implies that a
with large heating T.a>T) as well as those with little heat- sample is quasi-1D with respect to decoherence as long as
ing (T.a=T) fall close to a single Iinda¢mT‘1’3, indicating  the phase coherence lendth= D, is large compared to
that the electron temperature is correctly modeled. its transverse dimensions and small compared to its length.

(B6)
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This is not true for energy exchange, for which the dimen- AR 2R \/T
sionality is determined by the length associated with the larg- F(B’T)_ ReL NV 12r+ 1y (B11)
est exchanged energy.
In order to obtain an analytical expression fQg(T) we A comparison with Eq(1) (neglecting spin—orbit coupling
make the following approximation: allows us to extract the phase coherence time when it is
limited by electron—electron interactions,

expe/kgT) _ 1 . ®7) y
(1—exp(elkgT))? (elkgT)? S (4l7) (R IR) veSL
This approximation is justified since the integral is domi- (kgT)?
nated by small energy exchanges. This leads to C2m. (B12)
(7/16) (R /R) veSL s This expression of the phase coherence tigeis larger by

Tee

’ (B8) 4 factor 4423=1.9 than the cut-off-dependent estimation in

Eq. (BS).

(kgT)?

where we used EqB4) for the interaction kernel.

The calculation ofr,, described above makes use of a low
energy cut-off, therefore the prefactor in E&8) is not re- APPENDIX C: MAGNETIC FIELD DEPENDENCE
liable. To solve this technical difficulty, Altshuler, Aronov, OF SPIN-FLIP SCATTERING
and Khmelnitsky calculated the effect of electron—electron

interactions through the interaction of one electron with theS i-lrl]fllis 222322?1( I?rr(()e;err;[aanseltri‘::pilri ?Jarlilgglsag:na ?Jniltiec():r:rg?
fluctuating electromagnetic field resulting from other elec- P P 9 9 P

trons at thermal equilibrium. Within this approach it is pos-]‘:’ilfspt)l'ggjé??r?nseti'g_f:(ﬁms‘cl?tgri%alcwgufer;t;ﬁ C?r:gegoﬂlétoa;f_
sible to calculate directly the conductivity taking into ac- P P 9. neg 9

count electron—electron interactions. The dephasing rate fgct. Moreover we consider here, for simplicity, magnetic
mpurities of spin-1/2.

then obtained without reference to the energy decay rate’ . 1 .
Neglecting spin—orbit coupling, this calculation yields The spin—flip raters;"(E, B) of an electron at enerdy is
g gsp piing y obtained from the Fermi Golden Rule,

AR g 1y= ZRDm Al g 75 (EB) = Cragh{P_ (1~ fr(E-QuB))
R Re L A" (ry/my)
. +P,(1-fr(E+guB))}, (C1)
" wherec,4is the concentration of magnetic impurities;is
(R¢/R) v SL 3 proportional to the modulus square of the interaction poten-
w=h|l—————| , tial electron-magnetic impurity, anél-. is the probability to
2m(kgT)? have the magnetic impurity in the ug-( or down (—) state

relative to the magnetic field directioB. In absence of
_3ve’RS[ ¢ |2 Kondo effect\ is approximated as independent of energy
TH=TL 27wB)/ and magnetic field.
Since at thermal equilibriur®.. =f(=guB), we obtain

where ¢o=h/e=4.1x10"®Tm? is the flux quantum,

Ai(x) is the Airy function and A'i(x) its derivative. The time

7y IS often called Nyquist time in reference to the

fluctuation-dissipation theorem used to evaluate the electro-

magnetic fluctuations for the calculation of weak localization  The spin—flip rater;fl(B) is averaged over electronic ex-

corrections. citations
Since expressiofB9) includes electron—electron interac-

tions, it should be possible to deduce the contributignof

Crnag (1+€Xp(E/KpT))/2

-1 _
7 (B.B)= coshE/kgT)+cosiguB/kgT) "

(C2)

te fr(E)(1-FH(E)) _,

the screened Coulomb interaction on the phase coherence T;l(B):f_w dE kT st (E.B),
time. This can be done by pointing out that
which gives
A 2 (1 (610
= (X)), -
A" (x) L2+ x T{B=0) _ 9uBlksT (3

7s( B) sinh(guB/kgT) "
where|e(x)|<0.04 forx>0. In practice, the experimental
resolution is not sufficient to distinguish a relative discrep- This result, also given in Ref. 43, is a finite-temperature
ancy smaller than 4% of the amplitude of weak localizationgeneralization of the expression used by Beraial>® A
corrections, which are themselves smaller than 1% of the&igorous theoretical calculation of the Aharonov-Bohm oscil-
measured signal. Hence we can write lation amplitudeA Gy, in presence of magnetic impurities
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under a large externally applied magnetic field was first prepublished recently by Vavilov and Glazm&hAs discussed
sented by Fal'kd® A complete derivation of the magnetic in Sec. VII, the Vavilov-Glazman crossover function f8r
field dependence oA Gy, from first principles was finally =1/2 is nearly indistinguishable from ours.
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