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1. — Introduction

Phase-coherehelectrontransport in metals and semiconductorsforms the basisof the
“eld called "mesoscopicphysics." Underpinning this "eld are two conceptsthat became
widely appreciatedin the 1980's: rst, static disorder doesnot destroy phasecoherence
of conduction electrons, hencequantum interference phenomenaare obsenable even in
highly-disordered materials, and second,the transport properties of small systems°uc-
tuate from sample to sample, and hence can be di®erert from the ensenble average.
Phase-cohereh electron transport was heavily studied in the 80's; the new phenomena
discovered included the "weak localization" corrections to the resistivity of Tms and
wires, universal conductance °uctuations in small wires, and Aharonov-Bohm conduc-
tance oscillations and persistert currents in small rings [1]. Electron phase coherence
extends over B length scale often called the dephasing length, or Ls. In disordered
metals, L4 = D¢, where D is the electron di®usion constart and ¢4 is the phaseco-
herencetime. The phasecoherencetime is limited by inelastic scattering processesuc
as electron-phononand electron-electron scattering. In thin Tms and wires, the former
dominates at temperatures above about 1 K, while the latter is believed to dominate at
lower temperatures.

By the end of the 1980's,all of the phase-coherentransport phenomenalisted above
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were well understood, and arise from single-electron physics. The persistert currents,
which are a thermodynamic property, were larger than anticipated and are now believed
to be a many-body e®ect. Mesoscopicphysics branched out in seweral new directions
in the 1990's,and the "eld now encompasses broad range of phenomenaobsened in
small samples[2]. Among the newer areasof emphasisare nonequilibrium and nonlinear
phenomena. For example, a mesoscopicconductor driven by an applied voltage bias
exhibits °uctuations in the current known as shot noise [3, 4], in analogy to the well-
known shot noise obsened long ago in vacuum tube devices. While the shot noise
power depends on the shape of the nonequilibrium electron energy distribution, f (E),
unfortunately it dependsonly weakly on the degreeof energyexchangebetweenelectrons
[5], henceit doesnot provide an accurateway to probe the energydependenceand overall
rate of inelastic electron-electronscattering. To obtain that information, experimenters
tried instead to devisea way to measuref (E) directly under nonequilibrium conditions.
In 1997,the Quantronics group at Sacley reported measuremets of f (E) in the middle
of short Cu wires connectedto massiwe resenoirs at both ends[6]. They found that f (E)
was more rounded than could be explained by the existing theories of electron-electron
and electron-phononscattering in disordered metals.

Sewral months before the Saclay paper appeared, Mohanty, Jariwala, and Webb
(MJW) [7] published a paper reporting that the phasecoherencetime, ¢4, in mesoscopic
Au wirestendedto saturate at low temperature, whereasthe theoriesdescribingelectron-
electron and electron-phononscattering predicted that ¢4 should increaseon cooling as
an inversepower law of temperature [8, 9]. The near simultaneous reports of two com-
pletely di®erert experiments that cortradicted the contemporary theoretical paradigm
was somewhatof a shock to the "eld. Understanding decoherencanedanismshastaken
on new importance recertly, partly due to the surge of interest in quantum computing.
Although workers in quantum computing generally stay away from normal metals for
precisely the reasonthat decoherencetimes in metals are short, neverthelessthere is
an underlying worry that unknown or poorly-understood decoherencanecanismscould
derail someof the popular quantum computing schemesproposedto date. Another area
of intenseinterest in condensedmatter physicsis the question of whether or not there is
a metal-insulator transition in the two- dimensional electron gasin Si MOSFETs and in
other 2D systems[10]. The scalingtheory of localization predicts that all 2D conductors
are insulators at zerotemperature (neglecting nite sizee®ects)however that prediction
fails if the conduction electronslose phasecoherenceat a nite rate at zerotemperature.
For all thesereasons,it is a matter of someimportance to determine the physical origin
of the obsenations reported by MJW and Saclay.

This chapter presents a pedagogicalintroduction to the two experiments discussed
above. We do not include technical details concerningsample preparation and measure-
ment techniques;the readerinterestedin those details should consult the original papers.
The presenation here is largely historical, so that the reader can seehow our point of
view hasewolved over the past v e years. The chapter is organizedasfollows. In the next
section, we provide a brief theoretical badground. Then we describe in more detail the
surprising experimental discoveriesreported by MJW and Saclay in 1997 that initiated
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our interest in this subject. After setting the stage, we describe a seriesof experimerts
performed in collaboration betweenthe Saclay group and our group at Michigan State
University, which demonstrate a strong link betweenthesetwo discoveries. The following
section shawvs how our attention was drawn toward magnetic impurities, due to a com-
bination of experimental coincidencesand a key theoretical developmert. Finally, we
describe experimerts designedto test the hypothesisthat sud impurities could accourt
for both the anomalous energy exchange and electron decoherence. We conclude with
our current outlook on the “eld.

2. — Background

The study of disorderedsystemshasbeena major theme of condensedmatter physics
over the past three decades. Although it was realized already by Anderson in the late
1950'sthat a suxciently strong disorder potential leadsto localization of electronic wave-
functions [11], experimental and theoretical work on electron localization in solids didn't
blossomuntil the work of Thoulessin the late 1970's[12]. Soon thereafter a scaling the-
ory of localization was developed [13], followed by intense theoretical and experimental
e®ortsto understand localization e®ectsover the whole range of conductors from good
metals to insulators [14].

Since this chapter discussesexperiments performed with good metals (far from the
metal-insulator transition), we are interested in the perturbativ e regime of localization
theory, known as"weaklocalization" [15, 16]. Weaklocalization theory appliesto weakly-
disordered metals with ke lg > 1, where kg is the Fermi wavelength and I is the mean
free path for elastic scattering. In good metals where the electron-electroninteractions
are well screened,the weak localization problem naturally divides itself into two parts:
“rst, the nature of the electronic eigenstatesis determined by elastic scattering from the
static disorder potential, and second,the transitions between those states are induced
by inelastic scattering. The latter provide an upper bound to the time or distance over
which weak localization e®ectsare obsenable, and they also provide the mecanismsby
which the electronsachieve thermal equilibrium with ead other and with the lattice. We
emphasizethat it hasnot beenproventhat this division of the problemis justi ed in any
situation; there is still no complete theory of electronic transport that encompasseslis-
order and electron-electroninteractions on an equal footing. Nevertheless,it is assumed
that this picture is adequatein the limits of weak disorder and weak interactions, when
the weak localization corrections to the Drude conductivity are small.

Theoretical work on the nature of inelastic scattering in disordered systemswas pio-
neeredby Schmid in the early 1970's[17]. He showed that the rates for electron-phonon
and electron-electronscattering in disorderedmetals are signi cantly larger than in their
crystalline counterparts. Most of the experiments we will discussin this paper were
performed at temperatures below 1 K, where electron-phonon scattering is relatively
weak, and the dominant inelastic scattering medanism is electron-electron scattering.
Calculating the e-escattering rate in disordered metals proved quite tricky, with seweral
theoretical papers presening con’icting results [18]. Finally in 1982, Altshuler, Aronov
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and Khmelnitskii (AAK) solved the problem using a mean- eld treatment of the °uc-
tuating electric "eld acting on one electron due to all of the other electrons[8]. They
called the e-e scattering rate the Nyquist rate, sincethe °uctuating electric "eld in the
calculation is the sameone that givesrise to the Johnson-Nyquist noise of a resistor in
thermal equilibrium. In 1D and 2D samples,the Nyquist rate is dominated by scattering
ewverts with small energytransfer. The scattering rate, ¢i.!, dependson the dimension-
ality of the samplerelative to the decoherencdength set by the Nyquist scattering itself:
Lee = v/Déee. For evaluation of the Nyquist rate, a quasi-2D sampleis de ned as one
whosethicknessis lessthan L¢e, While a quasi-1D sample has both thicknessand width
lessthan Lee. The temperature dependenceof the Nyquist scattering rate is ¢j.t oc TP,
wherep=3/2, 1, and 2/3 for d=3, 2, and 1, respectively. The de nition of dimensionality
used here is similar to that used for the quantum interference phenomenathemsehes,
e.g. the weak localization magnetoresistance.There the length scalesto be comparedto
the sample dimensionsincorporate spin-orbit and spin-°ip scattering aswell asinelastic
electron-electronand electron-phononscattering [19].

In addition to setting an upper limit on the phasecoherencetime of conduction elec-
trons, electron-electron scattering in disordered metals has seweral other consequences
[9], three of which will appear later in this chapter. First, e-e scattering cortributes to
the temperature dependenceof the electrical resistance.In quasi-1D wires, the e-escat-
tering cortribution to the resistancevaries with temperature as #¥4 Ti 172 [25]. That
temperature dependencesenes as a useful electron thermometer for experimentalists,
letting them know whether the electrons in the sample are being heated signi cantly
above the cryostat temperature by the applied drive current. Second,e-e scattering in
a disordered metal leadsto a dip in the single-particle density of states at the Fermi
level, as measuredby electron tunneling. That feature has been exploited as an exper-
imental tool by the Saclay group, and will be discussednear the end of this chapter.
Third, and most importantly for this chapter, e-e scattering provides a mecanism for
energy exchangebetweenelectrons. Altshuler and Aronov calculated the matrix elemen
describing energy excdhange between a pair of electronsin a disordered metal [9]. The
squaredmatrix elemen enters into the kernel function, K ("), appearing in the collision
integral of the Boltzmann equation. In disordered metals the kernel dependson ", the
quartit y of energy exchangedbetweenthe two electrons, with a power law that depends
on the sample dimensionality. The theoretical result is K (") o "9%% 2, Note that the
temperature dependenceof ¢ee, but not the exact prefactor, can be obtained by the
appropriate energy integration of K (") [26, 27).

Experimental veri cation of the Nyquist e-e scattering theory started soon after the
theory was published. In two dimensions, howewver, the temperature dependence of
Nyquist scattering, ¢iet oc TP with p=1, is the sameas that of the large-energy e-e
scattering, hencethe temperature dependencealone does not distinguish between the
two. In 1D that isn't the case,asthe Nyquist rate hasthe unusual p=2/3 temperature
dependencecomparedto p=1/2 for corvertional large-energye-escattering. The expo-
nent p=2/3 was rst con rmed independertly by Giordano [28] and by Prober [29], in
experiments at temperatures above 1 K. In 1993, Echternach et al. [30] published data



Ener gy and phase relaxa tion in mesoscopic metals 5

con rming the power law p=2/3 in a Au wire over the temperature range 100mK - 1 K.

3. — Two surprises of 1997

In 1997, Mohanty, Jariwala, and Webb reported measuremets of ¢4 in six quasi-
1D Au wires [7]. They measuredthe perpendicular magnetoresistanceof the samples,
and extracted ¢4 from “ts of the data to weak localization theory. When the spin-orbit
scattering time is much shorter than ¢4, asis the casein Au Ims, L 4 is the only free pa-
rameter in the ts [31], aslong asthe samplewidth is known. (To obtain ¢4 from L4, one
needsto know D, which can be obtained from the sample conductivity via the Einstein
relation.) The impact of the 1997 paper by MJW wasbasedon se\eral factors. First, the
six Au samplesmeasuredby MJW had a wide range of resistivities, and the temperature
at which ¢4 saturated appearedto vary systematically with a particular combination of
resistivity and sample dimensions. Second,MJW were careful to avoid electron heating
by the measuremen current; they con rmed from the temperature dependenceof the re-
sistancethat the electronsin the samplecortinuedto cool well below the temperature at
which ¢4 saturated. Third, MJW pointed out that seeral other groupshad obsened sat-
uration of ¢4 in other systems,ranging from GaAs heterostructuresto highly-disordered
AuPd alloy wires. Fourth, MJW measured¢4 in a few samplesintentionally doped with
a small concerration of Fe impurities. In those samples, ¢4 started to saturate near 1
K, but then started increasingagain at temperatures below about 0.3 K. Basedon those
data, MJW argued that spin-°ip scattering from magnetic impurities could not be the
causeof the saturation they obsenedin their nominally pure Au samples.MJW wert on
to claim that saturation of ¢4 must be a universal occurrencein disordered metal wires,
and two of the authors, Mohanty and Webb, proposeda theoretical model to accoun for
the universal saturation [32].

After publication of the paper by MJW, se\eral theoretical papersappearedsuggesting
possible explanations for their results. One suggestionwas that electromagnetic noise,
either from outside or inside the cryostat or possibly from the sampleitself, could lead to
electron decoherencebut without simultaneously leading to obsenable electron heating
[33]. If correct, that suggestionis worrisome for experimentalists, becauseit meansthat
the standard experimental cheds onerelieson to assurethe absenceof electron heating
are not suzcient to rule out decoherencéy electromagneticradiation. Fortunately, later
experiments have showvn that this explanation is not the causeof MIJW's results [34, 26].

A secondsuggestionwas that two-level tunneling systems(TLS), which are known
to be presen in all disordered materials, could causesaturation of ¢4 under certain con-
ditions. It should be emphasizedthat the standard model of tunneling systems|[35, 36]
does not predict saturation of ¢4, but rather a linear temperature dependenceof the
decoherencaate, ¢} 1 > T . To obtain saturation, Imry, Fukuyama, and Schwab had to
assumean unusual distribution of two-level systemenergylevelswith the preponderence
of TLS piled up at very low energy[37]. Later, Aleiner, Altshuler and Galperin shaved
that if the model of Imry, Fukuyama and Scdwab were correct, it would imply a very
large contribution to the speci ¢ heat and acoustic attenuation at very low temperature
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[38]. Although experimental measuremets of those quartities have not been made on
metals, it is unlikely that sud large anomaliesexist. They certainly do not exist in insu-
lators, where the standard tunneling model has beenthoroughly tested and agreeswith

experimert exceptat the very lowest temperatures measured[39]. A secondmodel of ¢4
saturation by TLS was proposedby Zawadowski, von Delft, and Ralph [40]. Those au-
thors proposedthat TLS coupledto the conduction electronsvia the two-channel Kondo
e®ect,with a broad distribution of Kondo temperatures, could cause¢4 to saturate over
a nite temperature range, although eventually ¢4 must divergein the limit of zerotem-
perature. The question of whether the Kondo temperature of the electron-TLS system
can ever be large enoughto obsene experimertally is currently under debate. Aleiner
et al. claim that the Kondo temperature is always too low to be relevant [41], whereas
Zawadowski and collaborators believe that it may be higher in certain circumstances[42)].

A third theoretical suggestionwasthat electron-electroninteractions themseheslead
to a nite decoherenceate evenat zerotemperature [43]. This suggestionshasturned out
to be extremely controversial within the theoretical community, with numerous papers
attacking the suggestion[44, 45|, followed by repliesto those attacks by the authors [46].
Rather than erter the theoretical fray [47], we prefer to addressthe issueby comparing
the theoretical predictions with available experimental data. After consideringall of the
decoherencedata on 1D wires published in refs. [7, 26, 48, 49|, we believe that they can
not be described consisterily by the Golubev-Zaikin prediction. Further information on
this point will be preserted elsewhere[50].

The secondsurprise of 1997that concernsus wasthe paper by Pothier et al. reporting
measuremets of the local electron energy distribution function f (E) in mesoscopicCu
wires driven out of equilibrium by an applied voltage or current bias [6]. Those exper-
iments are basedon the idea that the shape of f (E) depends strongly on the amount
of energy exchange between electrons during the typical time it takes an electron to
di®usefrom one end of the wire to the other, ¢p. If the characteristic time for energy
exchange, ¢, is much shorter than ¢p , then f (E) is a hot Fermi-Dirac distribution, with
an e®ectiwe electron temperature proportional to the potential di®erencel betweenthe
two resenoirs at the endsof the wire. In the opposite limit, ¢p < ¢, f(E) is equal to
the average of the two Fermi-Dirac distributions in the resenoirs, and has a staircase
shape. (A thorough discussionof f (E) in thesetwo limits is givenin [51].) Pothier et
al. measuredthe local shape of f (E) by fabricating a narrow superconducting wire that
intersected the normal samplewire at a small tunnel junction. The di®erenial current-
voltage characteristic of the junction probesthe convolution of the density of statesof the
superconducting probe and the nonequilibrium distribution function in the normal wire.
Pothier et al. found in their experiments that f (E) was much more rounded than pre-
dicted, or equivalertly that ¢+ wasmuch smallerthan predicted by the Altshuler-Aronov
theory of e-einteractions [52).

To extract quartitativ e information about e-e scattering from the measuredf (E),
Pothier et al. modeled their data by numerically solving the steady-state Boltzmann
equationfor their one-dimensionalsamplegeometry In the di®usive regime,the equation
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takesthe form [3, 4]:

@f (G E) _

@) D=go— = ~Ten GEH{f D) + I (GE{T D)

whereZn, (x; E; {f }) and Z24 (x; E; {f }) are the rates at which electronsare scattered
in and out of a state at energy E by inelastic processes. Neglecting electron-phonon
scattering, which is weakin theseexperimernts, the dominant inelastic processshould be

two-body electron-electronscattering. The collision integrals then take the form:

Z
2) To (GE;{f )= d"dEX (") fE.(L—FEFEA—FL )

where the shorthand f £ standsfor f (x; E) : The kernel function K (") is proportional to
the squaredinteraction matrix elemer. To t the f (E) data in Cu accurately, Pothier
et al. had to usea kernel function K (") o "i 2 rather than the "i 3=2 power predicted by
theory. In addition, the overall rate of energy exchangein the energyrange accessibleo
the experiment, 10— 100V , was many times greater than predicted by theory.

In responseto the paper by Pothier et al., Narozhny, Aleiner and Altshuler suggested
that the obsened broadening of f (E) might be due to a broadening of the BCS-like
density of statesin the superconducting probe usedto measuref (E), rather than in the
normal wire itself [53]. The mecanismthey proposed,however, dependson a rather high
value of the normal-state resistanceof the superconducting probe, which is not the case
in the experimerts. A secondtheoretical proposalwasthat two-level systemscould be a
medium for energy exchangewithin the two-channel Kondo model [54]. This suggestion
is contingent on the outcome of the theoretical debate merntioned above regarding the
Kondo temperature.

4. — A correlation between energy and phase relaxation

After the papersappeareddescribinganomalousdecoherenceand energy exchange of
electronsin mesoscopiavires, we embarked on a program to nd out if the two obsena-
tions were related. The key wasto fabricate samplesfor both experiments using a single
deposition systemin the Saclay lab, to remove the possibility of variations betweenlabs
in sample preparation techniques or contamination during deposition. Energy exchange
measuremets were continued at Saclay, while decoherencemeasuremets were carried
out at Michigan State University. To enlarge the data sample, we measuredsamples
made of three metals: Cu, Ag, and Au.

Our initial results were both surprising and striking. Fig. 1 shows data of ¢4 vs.
temperature for one sampleeadt of Cu and Ag, and two samplesof Au. The samplesare
labeled accordingto the purity of the sourcematerial usedin fabrication { "6N" means
99.9999%purity. (The sample "Au6N" was fabricated and measured after the other
three, and will be discussedin the following section.) In the Ag sample, ¢4 continuesto
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Fig. 1. { Electron phase coherencetime vs temperature for four samples of di®erert materials
and source purity, as labeled in the gure. ("4N", "5N", and "6N" refer to 99.99%, 99.999%,
and 99.9999% source purit y, respectively.) The solid line is a t of the Ag6N data to Eq.(3).
The dashed line shows the predicted 7% =* dependenceof 74 at low temperature [44]. Data
from [26, 48].

increasedown to the lowest temperature measured,40 mK, with no sign of saturation.
The solid line is a "t of the Ag data to the functional form:

3 = AT>+BT®

which represens the sum of the electron-electronand electron-phonon scattering rates.
The best valuesof the T parametersare A=0.7 ns 'Ki 273, and B=55 1 Ki 3, com-
pared to the theoretical prediction A=0.6 ns Ki 273 [44]. Thus the Ag data are in
agreemen with the theory of Nyquist dephasingin both the overall magnitude and tem-
perature dependence. This data set casts doubt on the claim by MJW that saturation
of ¢4 is a universal phenomenonin mesoscopicwires. One can always argue that the
saturation temperature for our Ag sampleis below 40 mK, henceunobsenable in our
experiments. However, the resistivity and dimensionsor this Ag sample are similar to
those of sample Au-3 in the MJW paper [7], which exhibits saturation of ¢4 starting
above 100 mK, and hasa maximum value of ¢ = 2 ns. In cortrast, ¢4 reaces10ns
in our Ag sample.

In cortrast to the behavior of the Ag sample, ¢4 in the Cu sampleis nearly independert
of temperature below about 1 K. The data labeled Au4N in Fig. 1 are more puzzling.
In that sample ¢4 is only 10 ps near 1 K, and it increasesto 0.1 ns below about 0.3 K.
Since the magnitude of the weak-localization magnetoresistanceis proportional to L 4,
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E/eU

Fig. 2. { Electron energy distribution functions measuredin Ag, Cu, and Au wires for applied
bias U=0.1, 0.2, 0.3, and 0.4 mV, plotted as a function of the reduced energy E/eU. For each
sample, the electron di®usion time 7o = L?/D is shown in the "gure. Sample lengths and
di®usion constants for the Ag, Cu, and Au samples, respectively, are L=20, 5, and 5 pum, and
D=0.020, 0.009, and 0.013m?/s. Taken from [56].

measuremets below 1 K wereditcult for this sample,and the signal-to-noiseratio was
poor.

In spite of their peculiarity, the data showvn in Fig. 1 proved to be very important
in advancing our understanding, becausemeasuremets of energy exchangein similarly
prepared sampleswere going on simultaneously at Saclay [55, 56]. Fig. 2 shaws data
taken at Saclay of the energydistribution function in Ag, Cu, and Au samplesfabricated
in the samee-beam evaporator and using the samesourcematerial asthe Ag6N, Cu5N,
and Au4N samplesshawvn in Fig. 1. Fig. 2 shows data for four di®eren values of the
potential U applied between the two ends of the wire. The energyis scaledby U on
the horizontal axis to facilitate comparison. Sewral features are immediately apparert
in Fig. 2. First, the amount of rounding of f (E) is about the samein the Ag and Cu
samples,even though the di®usiontime ¢p = L?=D in the former is seweral times longer
than in the latter. Also, f (E) is much more rounded in the Au samplethan in either
the Ag or Cu samples, despite a di®usion time comparableto the latter. These data
indicate, without further analysis, that the energy exchange rate is highest in the Au
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Fig. 3. { Solid lines: distribution functions measuredin Ag (left) and Cu (right) wires for applied
bias U=0.1, 0.2, 0.3, and 0.4 mV (from bottom to top), plotted as a function of the reduced
energy E/eU. The curvesare displaced vertically for clarity. Opencircles: distribution functions
calculated using either the kernel function K(c) / i 372 (top panels) or K(¢) / &' ? (bottom
panel). Taken from [56].

sample,secondhighestin the Cu sample,and lowestin the Ag sample. Second,the data
setsfor di®eren valuesof U lie nearly on top of ead other on the scaledplot for Cu and
Au, but not for Ag. It is easyto show from the Boltzmann equation that scaling of the
data on this plot implies that K (") o« "i 2. Determination of the kernel function that
will "t the Ag data requires numerical solution of the Boltzmann equation, Egs. (1) and
(2). Fig. 3 shows the numerical ts to the Ag and Cu data. The Ag data are 't well
using a kernel function of the form K (") o "i =2, for all valuesof the bias voltage U [57).
The prefactor in K (") that "ts the data is about "v e times larger than the theoretical
prefactor calculated by Altshuler and Aronov. When one attempts to t the Cu data
using the sameform for K (") (top-right panel), not only is the prefactor many times
larger than theory predicts, but the data for di®erent bias voltagescan not be 't using
the same prefactor. As shown in the bottom panel, the form K (") « "i ? ts the Cu
data well.
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Fig. 4. { Relative variations of the resistanceas a function of temperature of Au samplesfabri-
cated from Au source material of 99.99%purity (left) and 99.9999%purity (right). The dotted
lines are the predictions of the theory of electron-electron interaction; the solid line in the left
panel is a 't with an additional logarithmic term due to the Kondo e®ect. Taken from [48].

Comparing the decoherenceand energy exchange results on this rst set of samples
made of three materials, we 'nd a striking correlation. The Ag samplesfollow theoretical
predictions in both measuremets. In contrast, the Cu samplesshowv saturation of ¢4
and an interaction kernel K (") o« "i 2. The rst batch of Au samplesmade from 99.99%
purity source material show similar behavior to Cu, but with ¢4 a factor 100 shorter
and energy exdhangerates a factor of 10 larger. This correlation between decoherence
and energy exchangesuggestghat the anomalousbehavior obsenedin theseCu and Au
samplesis causedby the samemedanism. But what is that mecanism? Although it has
beenknown since 1980that dilute magnetic impurities causedecoherenceof conduction
electrons via spin-°ip scattering [20], we did not see how magnetic impurities could
enhanceenergy exchange betweenelectrons, sincethe Zeemanstates of the impurity are
degeneratein the absenceof an applied "eld. Nevertheless,magnetic impurities werethe
“rst thing to ched for.

5. — Magnetic impurities - the signs

In addition to limiting electron phasecoherence,magnetic impurities in metals also
in°uence other transport properties. The left panel of Fig. 4 shawsthat the temperature
dependenceof the resistanceof sample Au4N is much stronger than the prediction of
e-e interaction theory, which is shown by the dotted line. The solid line includes also
a logarithmic term assaiated with the Kondo e®ect[58], and 'ts the data well above
150 mK. At lower temperatures the data shov a weaker temperature dependence,as
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expected if the Kondo temperature of the magnetic impurities is somewhat above 150
mK. The prefactor of the logarithmic term can be compared with previous work on
AuFe alloys [59, 60, 61, 62], and suggestsa magnetic impurit y concenration ¢ = 55 ppm.
For comparison, the right panel of Fig. 4 shavs R(T) data for a Au sample fabricated
at Michigan State University using a Au source of extremely high purity, in a bell-jar
evaporator usedonly for the nonmagneticmetals Cu, Ag, Au, Al, and Ti. The resistance
follows the Ti 172 prediction of electron-electroninteraction theory.

In addition to the small positive magnetoresistanceassaiated with weak-localization,
Au samplesfabricated from the lesspure sourcematerial exhibited a much larger negative
magnetoresistanceat higher "eld. Similar behavior had beenreported by Mohanty and
Webb in Au sampleswith Fe implanted intentionally [62]. By comparing our data with
theirs, we estimated the Fe concerration in our Au4N sample to be about 30 ppm,
consistert with the estimate from R(T). In contrast, the pure Au6N sampleshoned only
the weak localization contribution to the magnetoresistance.

It is now clear that the extremely short values of ¢4 shown in Fig. 1 for sample
Au4dN are due to a large concenration of Fe impurities. So how does ¢4 behave in
the pure sample Au6N? Fig. 1 shaws that it behaves similarly to ¢4 of our original
Ag samples; it shawvs no sign of saturation, but rather cortinues to increase as the
temperature decreasesall the way to 40 mK. This pure Au sample demonstratesthat
there is nothing magical about Ag { it is simply the easiestmaterial to prepare samples
without magnetic impurities.

The presenceof a large concertration of Fe impurities in the “rst batch of Au4N
samplesfrom Sacla, along with the strong correlation betweendecoherenceand energy
exchange in all our samples, suggestedthat those same Fe impurities were also the
causeof the anomalousenergy exchange. But how could that be? The answer to that
guestion was provided by Kaminsky and Glazman [63]. Those authors calculated the
rate for a secondorder scattering processinvolving two conduction electrons and one
magnetic impurity. The rst electron scatters from the impurity while °ipping its spin
and changingits energyby an amournt ". That puts the whole systeminto a virtual state
with an energydi®erence' relativeto the initial state. Finally, a secondelectron scatters
from the impurity, taking or giving up the energy" soasto consene energy from start
to end. Since a second-orderprocessinvolvesthe fourth power of the electron-impurity
coupling constart, one might expect such a processto have a very small rate and hence
be irrelevant. Kaminski and Glazman shaved, howewer, that the rate for this processis
renormalized by the Kondo e®ect,and might be large enoughto accourt for the Saclayy
energy exchangedata in both Cu and Au.

One can make a qualitativ e comparisonof the decoherencalata and energy exchange
data in sampleswith magnetic impurities by just comparing the saturated value of ¢4
with the inverse prefactor of K ("). For Au, ¢4 = 10 ps at saturation while K (") =
K o="2 with K 1 = 0:1 ns. This is consistert with the argumert that the second-order
energy exchange processis wealer than the rst-order spin-°ip processresponsible for
decoherence. A similar comparisonin Cu is more puzzling: both ¢4 and K * are of
order 1 ns. Géppert and Grabert [64] and Kroha and Zawadowski [65] have developed
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Fig. 5. { Phase coherencetime vs. temperature for four Ag samples: six 9's purity (2), ve
9's purity (), ion implanted with 0.3 ppm Mn (&), and ion implanted with 1.0 ppm Mn (8).
The solid lines are ts including electron-phonon and electron-electron scattering, and spin-°ip
scattering for the latter three. We usethe Suhl-Nagaoka form for spin-°ip scattering, Eq. (4),
with Tk = 40mK and the impurit y concertration as a 't parameter. The spin-°ip term for
the highest concertration of Mn is showvn by itself asthe dotted line. Inset. The temperature
dependenceof the resistance of the 1 ppm Mn sample shows only the T ¥ dependencedue to
e-einteractions. The Kondo contribution is too small to ascertain. Taken from [50].

the Kaminsky-Glazman idea further, allowing a detailed comparisonto be made between
theory and experiment. While the comparisonworks reasonablywell in Au, in Cu the
theoretical 'ts to the energy exchangedata require an impurit y conceriration of se\eral
ppm, while the ¢4 data suggesta much lower concerration of about 0.2 pm.

6. — Magnetic impurities — the tests

While the previous section preserted circumstantial evidenceimplicating magnetic
impurities in both decoherenceand energy exchange,the "nal verdict dependson direct
experimental tests. We describe here three di®erert typesof experiments. The rst is a
che to seeif dilute magnetic impurities are capable of causing saturation of ¢4, since
MJW shawved that Fe impurities in Au do not causesaturation. The secondand third
are experiments where the magnetic impurit y dynamics are corntrolled by application of
an external magnetic eld. Measuremens of ¢4 and energy exchange as a function of
“eld will show clearly the role, if any, of magnetic impurities.
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First, let us discussthe apparert contradiction between the proceeding discussion
and MJW's original assertion that magnetic impurities could not be the causeof ¢4
saturation. The spin-°ip scattering rate from magnetic impurities is not independent of
temperature. Each speci ¢ combination of magnetic impurity and host material has a
Kondo temperature, Tk , that dependson the electron-impurity coupling constart and
the density of statesof conduction electronsat the Fermi surface. The spin-°ip scattering
rate is small for T > Tk, it increaseson cooling reaching a maximum at T = Tk, then it
decreasesagain for T < Tx . The ertire temperature dependenceis often approximated
using the Suhl-Nagaola form [66]:

@ 1l mag V2S(S + 1)
St T Yror 125(S+ 1)+ In3(T=Tg)

where " mag is the volume concertration of magnetic impurites and °¢ is the electronic
density of statesat the Fermi level. This formula is a useful rst approximation, although
it is known to be incorrect for T < Tk . For Fe impurities in Au, Tx ~ 0:3 K, which
explains why ¢4 increasesbelow about 0.3 K in Au samplescortaining Fe. Hencewhile
MJW proved conclusiwely that the saturation of ¢4 they obsenedin their nominally pure
Au samplescould not be causedby Fe impurities, they did not prove that the saturation
could not be causedby some other magnetic impurity with a lower value of Tx . For
example, Mn and Cr both have very low Kondo temperatures in Au, reportedly belowv
0.01K [67].

To test whether magnetic impurities with low Tk can causean apparert saturation
of ¢4 over a substartial temperature range, we measured¢a in Ag samplesintentionally
implanted with Mn impurities with Tx = 0:04 K [50]. The sourcepurity for those sam-
ples was 99.999%( v e 9's), somewhat lower the usual 99.9999%(six 9's) used for our
other Ag samples. Fig. 5 shaws the results for a six 9's purity Ag sample, a nominally
pure "ve 9's purity sample, and two samplesdoped with nominally 0.3 and 1 ppm of
Mn, respectively. Even at thesevery low concerirations, the Mn impurities have a strong
e®ecton ¢4. If the Mn concerration is 1 ppm or larger, adip in ¢4 (corresponding to the
peakin Eg. (2)) is visible near T = Tk . At lower concerrations the dip is not visible,
and ¢4 appearsto be nearly °at over a substartial temperature range. The solid lines in
the "gure represen the sum of scattering rates due to electron-phonon,electron-electron,
and spin-°ip scattering, i.e. the sum of Egs. (3) and (4). The only t parametersare
the Mn concerrations, which comeout to be 0.13,0.37,and 1.0 ppm for the lower three
curves, respectively, indicating that our "ve 9's Ag source probably contains about 0.1
ppm of Mn. (One peculiar aspect of these ts is that they work best with S=1/2, ewven
though Mn in Ag is expected to have a spin S=5/2.) We emphasizethat at these low
concerrations, the magnetic impurities are not detectable in the temperature depen-
denceof the resistance,becausethe logarithmic Kondo cortribution is swamped by the
much larger Ti 172 dependencedue to e-einteractions. The inset to Fig. 5 shaws the
resistanceplotted as a function of Ti =2 for the samplewith nominally 1 ppm Mn. The
data follow the straight line, with no sign of an additional logarithmic term.
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Fig. 6. { Phase coherencetime 74 vs temperature of 4 Cu samples (Tled symbols) compared
with sample Ag6N from Fig. 1 (+). The uncertainties are indicated by error bars at the lowest
temperature where they are usually the largest. The Aharonov-Bohm data shown in Figs. (7)
and (8) weretaken on sample Cu4 (¥). 7a increasescontin uously with decreasingtemperatures
in the silver sample, whereasin all Cu samples 74 shows a saturation at low temperatures.
Taken from [69].

The preceding discussionshows that dilute magnetic impurities can causethe ap-
pearanceof ¢4 saturation over a limited temperature range, due to the interplay between
the opposite temperature dependenciesof e-e scattering and spin-°ip scattering when
T > Tk . Is this what is happening in our Cu samples?Fig. 6 shavs measuremets of ¢4
from many Cu samples;we always nd similar behavior, although the maximum value of
¢A varies from 0.2to 2 nsin di®erent samples. To determine whether magnetic impuri-
ties are responsible for our obsenations in Cu, we needa direct test, i.e. a measuremenh
of ¢4 vs. applied magnetic eld. Seeral methods to accomplish this are possible; we
believe that the method conmbining the highest sensitivity with easeof implementation
is a measuremeh of Aharonov-Bohm resistance oscillations in Cu rings [68]. Indeed,
similar measuremets were carried out by Benoit et al. over a decadeago, on Au rings
intentionally doped with a very large concerrations (40 and 120 ppm) of Mn impurities
[70]. Here we are interested in detecting impurity concernrations at the level of 1ppm or
less. To enhancethe sensitivity of the measuremen to ¢4, the rings should be as large
as possible,but not solarge asto make the signal unmeasurably small.

Fig. 7 shows variations of the conductanceof a Cu ring with diameter 1.5t m. In
the main part of the "gure, one seesmainly the universal conductance °uctuations,
which have a characteristic magnetic eld scaleB. ~ (h=€)=(wL 4) with w the sample
linewidth. B correspondsto putting one °ux quantum through a phase-coheren area
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Fig. 7. { Measured conductance of a Cu ring of diameter 1.5 um, in units of e? /h, asa function of
magnetic "eld at a temperature 7'= 100 mK. The narrow Aharonov-Bohm oscillations (¢ B '

2.5 mT) are superimposedon the larger and much broader universal conductance °uctuations.
Left inset: blowup of the data near zero eld. The AB oscillations are hardly visible. Right
inset: blowup of the data at large magnetic "eld. The AB oscillations are much larger. Taken
from [69].

in the arms of the sample. (Using w = 80 nm and L4 = 1.3 * m determined from the
magnetoresistanceof along wire on the samesubstrate, we obtain B, =~ 0:04 T, consisten
with the data.) The Aharonov-Bohm oscillations have a much smaller period equal to
¢ B = (h=e)=(¥s?) ~ 2:5 mT. The two insets show that, while the AB oscillations are
essetially absen nearzero eld, they areclearly visible in the vicinity of 1.4 T. Theseraw
data already tell us what we suspected, namely that the decoherencdime is too short to
allow obsenation of AB oscillations at small B, but grows larger when B exceedsabout
1T.

To analyze the data quartitativ ely, we took Fourier transforms of data segmets of
width 0.2 T, and measuredthe power in an interval of inverseB spannedby the periods
corresponding to the inner and outer areasof the ring. The results are shawvn in Fig.
8 for temperatures 40 and 100 mK. The magnetic eld on the abscissais scaledby the
temperature, to shaw that the characteristic "eld scaleat which the AB oscillations grow
is proportional to the temperature. The solid and dotted lines in the "gure are ts
to a simple model of "eld-dependert spin-°ip scattering [69, 70, 71]. We assumethat

ekl = it + ¢t and useat low eld the value of ¢ obtained from weak localization
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Fig. 8. { Symbols: mean amplitude of the AB h/e oscillations (¢ Gh=) in units of e?/h in
sample Cu4 at T'= 40 (M) and 100 mK (¥), plotted asa function of the reduced magnetic "eld
2ug B/ks T. Lines: ts to the two data sets using a simple model of "eld-dep endert spin-°ip
scattering. Taken from [69].

"ts to the magnetoresistanceof a long wire fabricated on the samesubstrate as the AB
ring. At high “eld, spin-°ip scattering is frozen out, so the decoherencerate becomes
¢! evaluated from AAK theory. From the T, we obtain the value g = 1:05 for the
magnetic impurities. A more sophisticated model, which incorporates also the energy
dependenceof the scattering rates at intermediate magnetic "eld, has been proposed
recertly by Vavilov and Glazman [24]. Using their model, it may be possiblein principle
to determine both the g-factor and the spin of the magnetic impurities.

What about energy exchange in Cu? If the anomalous energy exchange obsened
in the Saclay experiments on Cu wires is also due to magnetic impurities as proposed
by Kaminsky and Glazman, then it should vanish in a suzciently large magnetic “eld.
Measuring energy exchangein a eld is not easy{ the method pioneeredby Pothier
et al. expoited the sharp feature in the density of states of a superconducting wire to
extract f (E) from the tunneling current-voltagerelation. Superconductivity in the wire is
likely to be suppressedn a eld large enoughto suppressthe Kaminsky-Glazman energy
exchange mechanism. To circumvent this problem, the Saclay group exploited the zero-
bias anomaly of a small tunnel junction placedin a high-resistanceernvironment, known
asthe "dynamical Coulomb blockade" [72]. (A similar feature alsoappearsin large tunnel
junctions, whereit is known asthe Altshuler-Aronov dip in the tunneling density of states
of the disorderedmetal due to e-einteractions [9].) Dynamical Coulomb blockade theory
provides a complete quartitativ e analysis of the | — V curve, facilitating comparison of
experiment with theory. Fig. 9 shows the di®ererial conductanceof the probe tunnel
junction attached to a Cu wire [73]. The zero-biasanomaly is seenas a single dip in
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Fig. 9. { Measured di®erertial conductance of the tunnel junction betweenan Al probe wire and
a5 pum long Cu samplewire at B= 08T for U = 0 (%) and U = 0.2 mV (?). Taken from [73].

dl =dV when the wire is in equilibrium (U = 0), whereasthe zero-biasanomaly is split
into two dips when the wire is driven out of equilibrium by U # 0. The two dips are the

signatures of the two stepsin f (E).
Fig. 9 shows data for the casewhere energy exchangein the samplewire is relatively

0 -0.

A 0.0 0. 3 0.0
V(mV) V(mV) V(mV)

Fig. 10. { Open circles: measured di®erertial conductance betweenthe probe wire and a 5um

long Cu sample wire at three di®erert valuesof magnetic “eld, for three di®erert bias voltages U

acrossthe wire. Solid lines: "ts to the theory of [75], including both rst-order and second-order

energy exchange processes.Courtesy of A. Anthore and H. Pothier.
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weak, i.e. ¢ < ¢4. The e®ectof increasing energy exchange in the sample wire is to

smearout the staircasestructure of the distribution function, gradually rounding it into

a hot Fermi-Dirac distribution when ¢ > ¢4. The correspnding e®ecton the dl =dV

curve is to smearout the double-dip feature into a single, broader, dip. Fig. 10 shaws
the ewolution of dl =dV with magnetic "eld, for three di®eren valuesof the bias voltage
U acrossthe wire. Consider rst the left panel with U = 0:1 mV . At low magnetic
“eld (B = 0:3T), the "double-dip" feature is partially smearedout, indicating the the

e-einteractions are relatively strong (¢ ~ ¢q). As B increases,the double-dip becomes
more clear, indicating that the e-einteractions are suppressecby B. As U increasesthe

corresponding magnetic eld B neededto suppressenergy exdiange increasespropor-

tionally, con rming that the extra energy exchangeat small B is mediated by magnetic
impurities.

There is an additional feature visible in the data of Fig. 10. The middle and right pan-
elsshow that the degreeof smearingdue to e-einteractions rst increases, then decreases
with increasingB. This non-monotonic behavior as a function of magnetic "eld is to be
expected for energy exchange mediated by magnetic impurities. At very small B, only
the second-orderKaminsky-Glazman energy exchange mechanism is available. When B
is increaseduntil the Zeemansplitting of the impurity spin states is comparableto U,
g* s B =~ eU, the conduction electrons can exchange energy with the impurity spin sys-
tem through a rst-order process.Hencethe energyexchangerate rst increaseswith B.
As B is increasedfurther, the rst-order processfreezesout exponertially in gt g B=el,
whereasthe second-orderprocessfreezesout quadratically in B. At large elds sud
that g'B > eU, the impurity spins cannot °ip, and electron-electron interactions are
the only remaining sourceof energy exchange.

The data shown in Fig 10 clearly demonstratethe role of magneticimpurities in energy
exchangein Cu. The Saclay group have peformed similar experimerts also on seeral
Ag samples[74]. A quartitativ e analysis of the data requires further theoretical work
beyond that provided in the original paper of Kaminsky and Glazman. An important
step in that direction was taken by Géppert et al. [75], who attempted to incorporate
the nonequilibrium aspects of the problem with the Kondo e®ect. The solid lines in
Fig. 10 are 'ts of that theory to the Cu data. Although the quality of the ts is
excellert, the Saclay group have found that the ts to both the Cu and Ag data require
a magnetic impurit y concernration that is many times larger than what we obtain from
measuremets of ¢4 on similarly-prepared samples.

7. — Conclusions and outlook

What conclusionscan we draw from the work presened here? First, although anoma-
lously large electron decoherenceand energy exchangerates are often obsened in meso-
scopic metal wires, they are not universal features of weakly-disorderedmetals, at least
not at temperatures above 40 mK. On the other hand, we can say nothing about what
may happen at lower temperatures. Further experiments at temperatures far below the
Kondo temperature of any magneticimpurities presen in the sampleswould be welcome.
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Second,we have shown that dilute magnetic impurities can causeboth the anomalous
decoherenceand energy exchange often obsened in weakly-disordered metallic wires.
What is particularly surprising is that an extremely small quantity of such impurities {
aslittle as0.1 ppm { hasa noticeable e®ecton the low temperature behavior of ¢4. We
emphasizethat the origin of thoseimpurities, whenthey are presen, is not necessarilythe
sourcematerial usedin samplefabrication. In Cu samples for example,it wasshown long
ago that the surfaceplays a role in electron decoherencd76]. The magnetic impurities
implicated in our Aharonov-Bohm measuremets probably comefrom the surface oxide
of Cu.

There are seeral outstanding questions. Saturation of ¢4 at low temperature has
beenobsened in other material systems,such as highly-disordered alloys and the two-
dimensional electron gasin semiconductors[77]. Especially in the latter system, it is
not obvious how magnetic impurities could play a role. From our own experiencewith
metals, we suspect that the anomaliesare due to some extrinsic factor, which may be
peculiar to ead particular material system. What is neededasa rst stepin ead system
are experimerts that determine directly the presenceor absenceof magnetic impurities,
such asthose we preserted in the previous section.

A major discrepancystill exists regarding the quartitativ e interpretation of energy
exchange experiments in the presenceof magnetic impurities [74]. Fits to the data of
existing theory always require an impurity concerration that is many times larger than
that inferred from measuremets of ¢4 on similarly prepared samples. What is needed
is a careful experimental study of decoherenceand energy exchangeon a pair of samples
fabricated simultaneously, hencewith exactly the sameimpurit y concerration. A major
technical ditcult y is that the tunnel junctions usedin the energy exchange experiments
are fragile, and are likely to burn out during the processof ion implantation.

Over forty years ago, the Kondo minimum in the resistivity of metals preseried a
mystery to solid-state physicists, until it wasrealizedthat sample purity wasthe crucial
uncortrolled factor in many of the experiments. If our interpretation of the recert con-
troversy surrounding electron decoherencsds correct, we have comefull circle, but with
a detection limit many times more sensitive than before.
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