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Abstract

| offer a simple introductionto the basicsof dephasing
(or “decoherence”)j.e. the processby which quantum-
mechanicalinterferencds destryed. Emphasisgs placed
on the physicalprinciplesand concreteexamples,rather
thanthe formalism.

Oscillations fading away

Oscillationsare ubiquitousin physics,andsois their de-
cay, shawvn in thepicturebelow:

v

Maybethis curve just representshe amplitudeof a pen-
dulum, which losesits enegy dueto friction andfinally
comesto arest. Thenit would have little to do with the
phenomenonwhich we call “dephasing”and which this
shortintroductionis about. But maybethe graphreally
shavs a superpositionof mary oscillatory curves, each
oneof themhaving aslightly differentfrequeng - seethe
next picture (wherethe frequenciesare distinguishedoy
appropriatecolors). Initially all the oscillationsstartwith
the samephase put, with time progressingthey “get out
of phase” sotheir averagevaluedecays.

Spinsin a spatially varying field

An examplefor this kind of behaiour is anensembleof

spinsin an inhomogeneousnagneticfield (picturedbe-
low), whenthe field strengthdiffers betweenthe places
of the spins. Sincethe field controlsthe precessiorire-

gueng, the averagemagnetizatiorshowvs decayingoscil-

lations,justlikeit hasbeenexplainedabove. Thiseffectis

importantin nuclearandelectronicspinresonancexper

imentsandis one of the first exampleswhere“dephas-
ing” was analyzedfor a quantum-mechanicdivo-level

system,the spin. To obsenre it, onefirst appliesa Rabi-
pulseof an (additional)oscillatingmagneticfield in such
a way thatall the spinsareflipped from their initial di-

rection (pointing along the externalfield) into the plane
perpendiculato it. Thenthe component®f the magne-
tization within thatplanewill shav the decayingpattern
displayedabove.
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Thespinis a particularlyniceexampleto illustratethe ef-
fects of dephasing. This is becausea spin lying in the
xy planeis describedby a quantum-mechanicauper
position of the states“spin up” and “spin down” along
thez-direction,bothhaving equalweights(probabilities).
The phase-fctore®¥ which appearsn this superposition
takeson a directgeometricaimeaning sincethe phasep
is equalto the angley of the spinin the xy plane. The
time-rateof changen ¢, i.e. the precessiorirequeny ¢,
is givenby theenepy differencebetweentheupanddown
stateswhichis proportionalto theappliedmagnetidield.
Of coursethis kind of picturecanbeappliedto arny two-
level systemevenif thetwo stateshave aratherabstract
meaning.

Fluctuations in time

Besidedluctuationsn spaceanotheisourceof dephasing
in anensembleof spinsmay be fluctuationsof the mag-

neticfield in time. In sucha case the phaseof the pre-

cessingspin advanceswith aratewhich is constantonly

ontheaverage Sometimeshephasewill grow fasterthan

usual,sometimest will lag behind,giving riseto a fluc-

tuatingtime-evolution of the magnetizationtself. Again,

a decayingoscillatory patternwill resultif oneaverages
this over mary spins,eachof whichis subjectto different
time-dependerftuctuations.Alternatively, onecouldrun

anexperimentmary timesonasinglesystemandaverage
overtheoutcomesf mary runs.

At this point, it is interestingto note that not all kinds
of fluctuationswill leadto a completedecayof the os-
cillations. Maybe positive fluctuationsof the magnetic
field (increasingts valueabove average)arefollowed by

fluctuationspointingin the otherdirection,which tendto

cancelthe effect on the precessingpin. Then,although
the phaseshowvs somejitter aroundits averagevalue,the
deviationsfrom that value cannotincreasewith time. A

completedecaycanresultonly if positve and negative
fluctuationgddo notcancel.In thatcasethephasemayper

form akind of randomwalk, deviating ever morestrongly
from its averagevalue. However, it is notuncommorfor

thefluctuationsto be of thefirst, “harmless”variety: For

example thethermalfluctuationsof the magneticfield in

free spacewill beexactly of thistype!

Fluctuations which merely changethe phase

Now, you shouldnotstartto believe thata spinwill notbe
dephasedy thethermalfluctuationsof themagnetidield.
This impressionmay arise here merely becauseup to
now, we have assumedhatonly the“z-component’of the
magneticfield fluctuates,which is the one that controls
the precessiorfrequeng, via the enegy differencebe-
tween‘up” and“down”. Suchasortof externalinfluence,
which only changegshe enegies of different quantum-
mechanicaktatesjs called“diagonalcoupling”, because
the quantum-mechanicalperatorrepresentinghe action
of the externalfield is diagonalin the eigenbasiof the
systemto be dephasedi.e. the spin. It is the simplest
kind of coupling(atleastfor calculations).

Fluctuations that canflip the spin

However, the fluctuatingmagnetidfield usuallywill have
componentshatpointinto directionsotherthanthe “spe-
cial” z-axiswhichis selectedy the strong,externallyap-
plied staticfield. Theseother componentsan even tip
the spin out of the xy-plane. And, furthermore for them
theargumentaboutthecancellatiorof “positiveandnega-
tive” fluctuationsdoesnot work anymore,sothat,indeed,
the thermally fluctuating magneticfield will randomize
the phaseof the spinand its anglewith respecto the z-
axis. This couplingis called“nondiagonal”’(asyou may
have guessed)lt canflip an“up” spininto a“down” spin
and vice versa,therebychangingthe occupationproba-
bilities of “up” and“down”. Sincethesestateshave dif-
ferentenegies(whenthey arein the staticexternalfield),
an enegy exchanges involvedthattakesplacebetween
thespin(the “system”) andthefluctuatingfield, whichis
oftencalleda“bath” in the generalcontext of dephasing.
The name“bath” derives, of course,from the heatbath
consideredn thermodynamicswhich is held at a given
temperatureand drives a small systeminto equilibrium
whencoupledto it. We will comebacklater to discuss
thedistinctionbetweerdephasingandthe morecommon
effectsof heatingandenegy dissipationthatarealsopro-
ducedby a heatbath.



Fluctuations are harmlesswhen too fast or too slow

Of course the strengthof the fluctuationsis importantin
determininghow fastthespinis dephasedBut evenmore
importantthanthe strengthis the frequeny spectrum.If
thefluctuationsareveryfast,they tendto averageoutand
their effect is relatively small: The dephasingime will
belong. In nuclearmagneticresonancethis applieses-
peciallyto moleculesn aliquid. Sincetheir surrounding
changesvhenthey move around,the magneticfield act-
ing onanuclearspininsidethe moleculefluctuatesather
rapidly. That, in turn, increaseghe dephasingime and
thereforeleadsto a sharpeningof the transitionline in
the NMR spectrumcomparedo the situationin a solid.
This effectis called“motional narr owing”. Onecanun-
derstandt betterif onerealizesthatthe phaseperforms
a kind of randomwalk dueto the fluctuatingfield. The
total averagedistancetravelled by a randomwalker gets
smallerwhenthe stepsghemselesgetsmallerbothin du-
rationandin size. This correspondso the rapid fluctua-
tionsof themagnetidield actingonaspinin aliquid.

In the caseof NMR, the magneticfield producedby the
spin of a neighboringprotoncorrespondso a frequeng
shift of abouta few tensof kilohertz. Therefore|if there
were no fluctuationsin the positionsand orientationof
neighboringspins,the dephasingime would belessthan
amillisecond. Usually, however, it is ratheron the order
of tensof millisecondsup to asecondpwing to this aver
agingphenomenon.

On the otherhand,dephasingnay alsobe suppressedf
the fluctuationsarevery slow. Thisis becausehe effect
of thefluctuatingfield (in the x ory directions)depends
on the phaseof the precessingpin. If the spin’s preces-
sion frequeng is much larger than the typical frequen-
ciesof the randomfield, the influenceof the latteris di-
minished- againbecausef the averagingargument. If
you tried to applythis lastargumentto the fluctuationsin
the z-direction(the “diagonalcoupling”), you would fail:
There,the influenceof the field doesnot dependon the
currentphaseof the spin. Becauseof this, it will notcan-
celoutevenif thespinprecesseseryfast.n fact,for the
diagonalcoupling,the low frequeng fluctuationsarethe
mostharmful: they canneverbe“too slow”.

Thus, this rathersimple situationmalesit clearwhy the

frequeng spectrumof the bath mattersso muchin de-
phasing.

Spontaneousemissionof energy into the “bath”: the

exampleof the atom

Up to now, the fluctuatingfield hasbeentreatedasif it
wereimposedon the spinasa kind of classical(but ran-
dom)externalforce. Whathasbeennegglectedis theback-
reactionof the system(spin) onto the bath. This is im-
portant,sinceit is the basisof enegy dissipation- and
it alsoleadsto dephasingaswe will see. In discussing
this, let us take an atom as an example, insteadof the
spin. Although even a fluctuating classicalelectromag-
neticfield is ableto de-excite the atom (“induced emis-
sion”), it is equallylikely to pumpenegy into it. There-
fore,in thelongruntheatomwould have anequalpopula-
tion of groundstateandexcited stateswhich corresponds
to equilibriumatinfinite temperatureOnly becausé¢here
is the extra enepy dissipationprovided by spontaneous
emissionof photonswill therebea differencen thepop-
ulations of the atom’s enepgy levels. This is especially
importantat low temperatures andfor an atom, room
temperatures practicallyzero,whenwe regardthe tran-
sitionsbetweerthe groundstateandexcitedlevelswhich
have a few electronvolts of enegy! Then, enegy can
only be emittedby the atominto thefield. This falls into
the category of a “nondiagonal’ coupling betweenbath
andsystem- i.e. onewhich changeghe populationsof
thevariousenengy levelsby “flipping” the state.

When doesit shov up as a kind of dephasing?Imag-
ine shininga stronglaserbeamonto the atom. This pro-
ducescoherent'Rabi oscillations”,wherethe atomcon-
tinuouslycyclesbetweergroundandexcited state. Their
frequeng will getlargerif the beamis moreintense. If

youdoit with anensemblef atoms,you canrecordthese
oscillationsby detectingthe photonswhich are sponta-
neouslyemittedby the atomsin the upperlevel (“reso-
nancefluorescence”)immediatelyafter switchingon the
beam,you will seecleanoscillationsin the brightnesf

theresonancéuorescenceAfter awhile (typically some
nanoseconds)he oscillationsfadeaway andonly the av-

eragebrightnesdevel is osened. This is becausevery
spontaneousmissiornresetshe atomto thegroundstate.



Sincethis happensat randompointsin time, the oscilla-
tionsin the populationsof thetwo atomiclevelsgetout of

phasdor thedifferentatomsin theensembleBy theway;,

in this examplespontaneousmissionis both the source
of dephasin@andthe meansf observinghe coherenbs-
cillations.

The role of vacuum fluctuations

How doesthe “frequeng spectrunof fluctuations”come
into play here? After all, thereare no (thermal)fluctu-
ationsat zerotemperature However, both the effects of
thermalfluctuationsand those of spontaneougmission
dependon the densityof field modesof the electromag-
neticfield. In the caseof spontaneousmission evaluat-
ing the modedensityat the transitionfrequeng directly
determineghe decayrate, sinceit countsthe numberof

plified, sinceit leavesunanswerethe questionvhy these
vacuumfluctuationsdo not also excite the atomfrom its
groundstate.A consistentvay of looking at thesethings
is to saythatspontaneousmissionfrom anexcited level
is partly dueto vacuumfluctuationsandpartly dueto “ra-
diationreaction”(the dampingforceactingon ary radiat-
ing chage). For an excited state theseactinto the same
direction,while they cancelfor the groundstate(leading
to a balanceof fluctuationsanddissipation).

Therefore,althoughthe vacuumfluctuationsare impor-
tantin decayanddephasingwe have to take carenot to
treatthemon the samefooting asthe “usual” thermal(or
arbitraryclassicalfluctuations.They cannotbe separated
from the correspondinglissipative processeglik e radia-
tion reaction,in this example),becausehe latter neces-
sarily areof the samestrength.Their main effect will be
to leadto transitionsdownwardsin enegy (spontaneous

modesa photoncanbe emittedinto. Typical spontaneous emission)but they will never excite theatom. Of course,

decaylifetimes are on the order of nanosecondsThis is
abouta million timeslonger than the oscillation period
10~'%s of anatomwhich s in a superpositiorof ground
stateandexcitedlevels. Therefore onecould have a mil-
lion cyclesof coherentoscillationsin an obsenablelike
the atom’s dipole moment, after exciting the atom into
sucha superposition.(Of course for a singleatom,you

cannotmeasurehis in a singlerun! Every measurement

fixesthe stateanddestrgs the coherenevolution. That's

why we talkedaboutanensembl®f atomsin the example
of the Rabi oscillationsdiscussedbore.) In the caseof

thermalfluctuations(inducedabsorptionand emission),
the modedensitystill hasto be multiplied by the aver-

agenumbem of thermalphotonsin sucha field mode,in

orderto find the decayrateof anatomiclevel.

In thegeneraformulafor thetransitionrates the effect of
spontaneousmissionis thenjustto replace'n” by “n+1”
in the emissionrate. This hassuggestedin interpreta-
tion of spontaneousmissionasbeinga kind of induced
emissiondueto the “vacuumfluctuations”of the electro-
magneticfield - i.e. dueto the factthat the fluctuations
of electricandmagnetidield valuesdo notvanishevenin
the groundstateof thefield. That,again,is merelyacon-
sequencef thefinite extentof thegroundstatewavefunc-
tion of a harmonicoscillator - the electromagnetidield
beingmerelyacollectionof independenmormalmodeos-
cillators. However, this view turnsoutto beabit oversim-

this is just a basicconsequencef enegy conseration:

While a photoncanbe emittedinto thefield, thereareno

photonsto be absorbedut of the field, at zerotempera-
ture. Thisis notto saythattherearenot alsoother more

subtleeffectsof thevacuunfluctuationsjik e for example
enegy shifts,smearingf wave functionsanda changeof

the effective electronmass.

The frequency spectrum of electromagnetic vacuum
fluctuations

Let uscomebackto the questionof the fluctuationspec-
trumin the caseof the atom. The behaiour of the spec-
trumof theelectricfield fluctuationsactingontothe atom
canbe obtainedin two steps:For the vacuumin threedi-
mensionakpace the relevantdensityof electromagnetic
modesgrows like w? with increasingrequeng w. Since
eachfield modecarriesan enegy of fuw/2 (in its ground
state),and sincethe enegy densitygoeslik e the square
of theelectricfield, thefrequeny spectrunof theelectric
field vacuumfluctuationsgrows very fast, like w3. This
meanghatthe spontaneousmissiornratealsogrows like
w? - if all otherthings are kept equal(in particularthe
dipole matrix elementof the transition). This fastgrowth
with frequeng hasthe consequencthattransitionswith
a small enegy difference(frequeng) will be very long
lived. If youwantto presere coherencdor alongtime,



thisis goodnews. Of course you have to paya pricefor
it: All the dynamicstaking placein a systemwith such
a low transitionfrequeng usually will be very slow as
well. But sincew?® falls off fasterthanw at low frequen-
cies, you might still be betteroff with a low-frequengy
system,if you wantto obsenre coherentoscillationsfor
mary periods.

In the caseof atoms,this is relevantfor Rydbeg atoms,
i.e. atomswhich have beenexcitedinto a high-lying level

with a large quantumnumber(for examplen=30). Since
the electronis so far away from the nucleus,its velocity

andthe frequeng of its orbit arevery low, which means
small transitionfrequencieso neighboringlevels (they

droplike 1/n?). Somavhatunfortunatelythe dipole mo-

mentis necessarilywery large, dueto the large radiusof

this “outer” orbit. However, combiningall the numbers
still leadsto arelatively long typical lifetime of Rydbeg

stateswhichis arounda millisecondfor n=30.

Although other bathswill have differentspectrathe de-
cayof thespectrunmowardslow frequenciess acommon
feature.Thereforeasarule of thumb,thegeneratrendis
indeedtowardslongerdephasingimes(bettercoherence
propertieswhenonegoesto systemawith slowerdynam-
ics (lowerfrequencies).

What is the actual magnitude of the electromagnetic
vacuum fluctuations? If onewantsto answerthis ques-
tion, onefirst hasto definethefrequeng rangeoverwhich
thefluctuationsshouldbe takeninto account.Taking the
electrons comptonfrequengy of about10?! Hz (equiva-
lentto its restmass)asa (slightly arbitrary) uppercutoff,
the strengthof the field fluctuationsis aboutten million
timeslarger thanthe electricfield thatbindsthe electron
to thenucleus!'However, this doesnot leadto a catastro-
phe,becausenostof it is dueto fluctuationsat very high
frequencieswhich are much larger than the typical or-
bital frequeng of theelectronin theatom. They justlead
to a“jitter” of the electrons position,by about1/1000th
of theelectrons orbital radius.This smeargheelectrons
wavefunctionalittle bit, which increaseshe averagedis-
tanceto the nucleusfor the s-orbitalsandthereforeshifts
theirenegiesto somavhathighervalues(by arounda Gi-
gahertz,i.e. one millionth of the typical transitionfre-
guencies)Theeffectis thefamous‘Lamb shift”.

Thevacuumfluctuationsof the electricfield.

If onewantsto estimatethe relaxationof an electronin,
say the first excited stateof the atom,oneshouldrather
take into accountonly those fluctuationswhich are in
resonancewith the transitionfrequeng on the order of
105 Hz. Of coursethey donothave to beexactlyin res-
onance.lIt sufficesif they canextractenegy from / feed
enegy into the atomresonantlyfor aboutthe lifetime of
the excited state,which is on the orderof a nanosecond.
(Actually, if you wantto calculatethe lifetime by esti-
matingthe strengthof the fluctuations.this is a selfcon-
sisteng problem). So we needto know the magnitude
of electricfield fluctuationsat the transitionfrequeng,
with a frequeny spreadof a Gigahertz. It turnsout to
be roughly 10* V/m, which is aboutten million times
smallerthanthe electricfield binding the electronto the
nucleus And therefordt doesnotcomeasasurprisethat,
in orderfor this relatively small fluctuatingfield to have
anappreciableffectonthe electronin theatom,it hasto
actresonantlyfor afew million cycles- whichis justthe
lifetime of the excited state,abouta nanosecond(Nature
is selfconsistentafterall.)
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Thefluctuationsremainingafterfiltering out only a narrav
frequeng intenval aroundthe atoms transitionfrequeng.

By the way: Had we allowed for a frequeng spread
which is four timeslarger, the magnitudeof the fluctu-
ationswould only have grown by a factorof two. Thisis
justthe old storythatthe spreadn a sumof independent
randomvariableghere:the frequengy component®f the
electricfield) grows like the squareroot of the number
of variablesadded.And thatbehaiour is importanthere,



otherwisewe would not getafixedandfinite lifetime (be-
causehaving asmallerlifetime would increasehefluctu-
ationswould decreas¢helifetime....)!

Changingthe fluctuation spectrum

Finally, one might askwhetherthe electromagnetidield
fluctuationscanalsobe “too fast” or “too slow” for de-
phasingthe atom. Now, their spectrumin free spaceis
certainlyfixed,but assoonastheboundaryconditionsare

different,the modesof the electromagnetidield change.

This is particularlyimportantif the atomis enclosedn
a small box, of dimensionscomparableto the relevant
wavelength- which is actually donein the experimen-
tal field of “cavity QuantumElectrodynamics”.Then,if
thereis a mismatchbetweerthetransitionfrequeng and
the available modefrequenciesspontaneoudecayis in-
deedsuppressed.However, evenif the frequeny of a

andtunnelbetweerthem. Now “up” and“down” getre-
placedby “left” and“right” (seepicture).
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A double-wellpotentialwith atunnelbarrier: groundandfirst

excitedstate(full lines)areseparatedby thetunnelsplitting.

The potentialenegiesof left andright well mayfluctuate(as
indicated) Jeadingto dephasing.

modeis tunedto resonancevith the atom, spontaneous | "€ particlecanbeanion, a proton,anatom,a muonor

decayis no longeranirreversibleprocessasit hadbeen
in free space.The enegy is exchangedcontinuouslybe-
tweenatomandmode,in a kind of “vacuumRabi oscil-
lation”. Physically onecansimply imaginethattheatom
reabsorbsa photonwhich it had emitted previously but
which hasbeenreflectedoff thewalls of the cavity. Thus,

anotherimportantfeatureof a “bath” becomesapparent:

it shouldleadto irreversibleprocesseswhich is (strictly
speakingpnly possibléf it hasa continuumof excitation
frequencies unlike the discretespectrunof thefield in a
cavity.

Other examplesof two-level systems

Onceyou know thestoryof dephasindor atwo-level sys-
tem like the spin or an atom, in principle you have un-
derstoodit for every othertwo-level systemaswell. In

practice,it still paysoff to take a look at all thoseother
examples.Although the two-level dynamicsis of course
alwaysthe same(“flipping” the“spin”, inducingRabios-
cillationsandsoon), the physicalfeaturesof the various
bathsthatareresponsibldor dephasingrary widely.

An importantexamplearetunnelingsystemswhereapar
ticle cansit at the two minimaof a double-wellpotential

anelectron.Thetwo wells of the double-wellcanbe two
enegetically preferredlocationsin a crystal or a glass,
which arecloseto eachother Maybethey evenhave the
sameenengy (likely in the crystal,dueto symmetry).The
wells could alsobe the two possiblepositionsof the ni-
trogenatomin the ammoniacN H3 molecule- a classic
textbook example of a two-level system. On the other
hand,thedouble-wellsystemalsooccursin moreabstract
settings: for examplefor the two possibledirectionsof
currentflow in asmallsuperconductingQUID ring or in
thedescriptionof a chemicalreaction.

Other examplesof baths

In the solid, the “bath” may be the lattice vibrationsthat
producedistortionsof the chaige density and therefore
time-varying electricfields. In a metal, the conduction
electronsare anotherbath. The fluctuationspectrumof
the electricfield thenis determinedat low frequencies)
by theNyquistnoisewhichis dueto therandommotionof
electrongn the metal. On the otherhand,in a supercon-
ducting metal, the electronicsourceof noiseis strongly
suppressedtlow frequencieandvanishesxponentially
atzerotemperature A caselike the Fermiliquid 3He is
in-between:althoughit is clean(andthereforedoesnot



shav Nyquistnoise),thefluctuationsactingon a particle
immersedn theliquid arestill strongerthanthey would
bein a superconductofor, for this case,n a superfluid).
In general,electronicfluctuationsare more importantat
low temperatureandlow frequencieswhile thelatticevi-
brationsdominateat highertemperaturesAn isolator, of
course doesnot shaw electronicfluctuations(at low fre-
guencies)sincethereareno conductiorelectrongnoving
around. Therefore,coherencas maintainedeven better
thanin a superconductorComparedwith thesesources
of noise fluctuationsof the vacuumelectromagnetiéield
aregenerallytiny (aswewill show laterin the exampleof
Nyquistnoise).

Experimental resultson tunneling systemsin solids

In someslightly disorderedcrystals,there are pairs of

equivalentsitesbetweenwhich a particlecantunnel. For

example experimentshave beenperformedusingprotons
or positive muons. A typical valuefor the tunnelingfre-

quencieencounterethereis 10! H z (for protonsin nio-

bium). At low temperaturesthe interactionof the tun-

neling particlewith the surroundingelectronss the most
importantdephasingmechanism. The decoherenceate
growslinearlywith temperaturand,for abouttenKelvin,

becomesoughly the sameasthe tunnelingrate. There-
fore, above ten Kelvin the oscillatory motion is over

damped afterstartingthe particlein onewell, it will not

evenperformonecycle of coherentoscillationsbetween
thetwo wells. Ontheotherhand,belowr nineKelvin, nio-

biumbecomesuperconductingThen,thelow-frequeny

fluctuationsof the electronsare strongly suppressednd
sois thedephasingate.

If thereis a whole lattice of equivalentsitesfor the tun-
nelingparticle,it maydelocalizeandmovethroughouthe
wholecrystal. This hasbeenobsenedfor positve muons
moving in a crystalof aluminium. However, usuallythis
motion is not coherentbut diffusive, sincethe phaseco-
herencas lostaftereachtunnelingevent. At hightemper
aturesthetunnelingis thermallyactivated(lattice vibra-
tions helping the particle over the barrier) and therefore
the rate increaseswith increasingtemperature. On the
otherhand,atlow temperaturethetunnelingis quantum-
mechanicabhndthereforeits rateincreasesvith decreas-

ing temperaturesincethen dephasings wealened. In
thatcase pnespeakof “quantumdiffusion”.

In orderto go to the regime of coherentdelocalizedmo-
tion, onehasto suppresshe dephasingate muchbelon
thetunnelingrate. This hasbeenachievedfor muonsus-
ing the superconductingtateof aluminium (at lessthan
one Kelvin). There, dephasingrates of lessthan one
Megahertzwere inferred, comparedwith a jump rate of
108 Hz. In aninsulator typical dephasingatesfor com-
parablequantunmdiffusionexperimentsareaslow or even
lower.

“Quantum Brownian motion”

Up to now, we have beenoccupiedwith two-level sys-
tems. What aboutdephasingn other simple quantum
systemslike, for example,a free particleor a harmonic
oscillator?

Of course,the multitude of possibilitiesfor the bathis
greatly increased becausenow not only the frequeny
spectrumbut alsothe detailsof the spatialcouplingcan
vary: |s the fluctuatingforce homogeneou@ spaceor
not? If not, whatarethe typical wavelengthsof the fluc-
tuatingfield?

In orderto getafirstinsightinto the problem,oneconsid-
ersthe simplestsituation,whichis thatof ahomogeneous
force. Physically this canbe justified at leastif the po-
tential restrictsthe particle's motion to a finite region of
space. Then,if the relevantwavelengthsof the field are
muchlongerthanthe extentof this region, the force may
be treatedas essentiallyconstantacrossspace. This is
routinely assumedor the atom, wherethis procedures
calledthe “dipole approximation”,becauseafter the ap-
proximation,only theatom's electricdipole momentcou-
plesto theelectricfield.

Still, thereremainsthe questionof the fluctuationspec-
trum. One may have a specificmodelfor the bathin a
certainphysicalsituation. On the other hand,one may
be interestedn genericfeaturesonly. Sincecouplingto
a bath leadsto dissipation(friction) and physically the
mostimportanttype of friction force is just proportional
to the velocity, onemaytry a bathspectrunthatwill re-
producethis behaiour in the classicalimit. Thus,what



oneasksfor, is the quantumversionof classicalBrown-

ian motion! The fluctuatingforce in Brownianmotionis

“white”, i.e. the fluctuationsat differentinstantsof time

arenot correlatedandthe correspondingpower spectrum
is flat over the whole rangeof frequencies. This alone
(andthe valueof the classicalfriction constantfixesthe
importantlow-frequengy behaviour of the bathspectrum
alsofor the quantumcase atlow temperatures.

This type of bath,leadingto a velocity-proportionafric-
tion and a white-noiseforce at higher temperaturess
called"Ohmic”. Thatis becaus¢he Nyquistnoiseof the
electricfield (andthecurrent)in anOhmicresistoris also
“white” atlow frequenciesandfinite temperatures.

(Offline readers: There is a Java simulation
of a classical bath of oscillators available at
iff.physik.unibas.ch/~f|0rian/di’ssiraﬁve.htmD.

Dephasingvs. dissipation: The example of the har-
monic oscillator

If oneappliesthe modelof QuantumBrownianmotionto
the harmonicoscillator, the resultmay look like the one
shawvn in thefollowing picture.

In thispicture,theprobabilitydensityis plottedin aspace-
time diagram,wheretime runsto theright andthe oscil-
lator coordinateis plottedon the vertical axis. The oscil-
lator startsin a superpositiorof two Gaussiarwave pack-
ets,which areat two oppositesidesof the origin. In the
courseof time, thecenterof masspositionsof thepaclets
oscillatejust like a classicaloscillatorwould do. When-
ever they meetat the origin, an interferencepatternbe-
comesvisible. It is dueto the superpositiorof the plane

wave componentsvhich make up the two paclets. The
momentaof theseplanewaves are centeredaroundthe
classicalvalue of the momentumof an oscillator swing-
ing throughthe origin. Sinceboth oscillationsmove in
oppositedirections,the momentaare +p and —p, sothe
interferenceermin the wavefunctionhasa wavenumber
of 2p/h, giving riseto thefringesobsenedin the picture.

Onthetime-scaleshowvn in this picture,the amplitudeof
the oscillationsstaysconstan@approximatelysothe fric-
tion forcehasnotyetleadto dissipationof anappreciable
fraction of the oscillatorenegy. However, the interfer
encepatternsclearly becomé'washedout” in the course
of time. Thisis dueto thedephasingffectsof the*Ohmic
bath”. Obviously, dephasingproceedsnuch fasterthan
enegy dissipationin this example. This can be under
stoodquite easily: In fact, if a quantumoscillatoris in
excited level numbern and makes a transitionto lower
level n — 1 (dueto the action of the bath), the phaseof
thequantumstateis alreadylost completely However, in
termsof enepy, thiscorrespondsnly to asmallfractional
change namelyl/n. Thereforethe dephasingateis n
timesaslarge asthe enegy decayrate. In a very rough
but qualitatively correctfashion,this also explains why
dephasings sofastfor superposition®f “macroscopic”
or “nearly classical’quantumstates:Thesebelongto the
limit of largequantumnumbers.

Quantum chaos: Adding noisehelps

The model of “Quantum Brownian motion” has also
turned out to be useful in the field of quantumchaos.
Thereonewantsto find out what happendgo classically
chaotic motion when quantummechanicshecomesm-
portant. Theanswergenerallyis thatquantummechanics
opposeghaos.

However, in real life thereis some“noise”, i.e. fluctua-
tions which candephasdhe quantum-mechanicaloher
entmotion. It turnsout thatthey are ableto restorethe
featuresof the classicallychaoticmotion, sothat, for ex-
ample,initial statesvhicharequitecloseto eachotherget
separate@xponentiallyfastin the courseof time. Amaz-
ingly, the exactamountof noisemaybeunimportantjf it
lieswithin somelimits! It canbestrongenoughto restore
the classicalfeaturesof the motion, yet weakenoughso



thatthefriction andheatingwhich invariably go with the
noisedo not matter(on the time-scalesconsidered).In

orderto describetheseeffectsof dephasingon quantum
chaos,one often usesthe model of “QuantumBrownian
motion”, sinceit is somehav “generic” andthe calcula-
tions get comparatiely simplein the limit of high tem-
peratures.

Quantum Brownian motion at low temperatures

QuantumBrownianmotionbecomegparticularlyinterest-
ing atlow temperaturesThekind of bathspectrumwhich
one hasto choosein orderto geta white noiseforce at
high temperatureproducesa force with long-rangecor-
relationsin time at low temperaturesTherefore the sit-
uationis quite differentfrom classicalBrownian motion,
wherethe force acting on the particle at one instant of
time is independenbf the history of the particle’s mo-
tion. Althoughthe particlestill relaxesto a well-defined
equilibriumstateindependentf its initial conditions(“er-
godic motion”), it doesso “much more slowly” thanat
highertemperatures.In fact, at T = 0, the spreadof
an ensembleof particlesundegoing quantumBrownian
motion only grows logarithmicallywith time - compared
with the normaldiffusionat high temperaturesyherethe
width grows like the squareroot of time. Therearealso
peculiarpropertiesof dephasingn this case. For exam-
ple, thelossof someinterferencepatternwhich hadbeen
presenin the beginningis not describedy the usualex-
ponentialdecaylaw with some“dephasingrate”, but in-
steadit is “only” a powerlaw decayin time. Compare
this to the caseof the atom,wherethe excitedlevel hasa
finite decayrateatT = 0. Thedifferencestemsfrom the
factthatthe quantumlevelsof thefreeparticlearespaced
infinitely closeandthe decayrate depend=n the level.
Thus,whenthe relaxationproceedsrom highly excited
stategowardslower statesthecorrespondinglecayrates
getsmallerandsmaller resultingfinally in the power-law
decayof the interferencepattern,insteadof an exponen-
tial decay

It is not entirely self-evident that coupling to the bath
leadsto relaxationto equilibriumat 7T = 0. For ex-
ample, a freely moving chage is not affectedat all by
theelectromagnetifield andits vacuumfluctuationsdue
to Lorentzinvariance:Any inertial frame of referencds

equallygood,sothereis noreasorfor the particleto slow
down. Putdifferently, only anacceleratedhage(likethe
electronin the atom)will radiateaway enegy. This ex-
ampleshavsthattherearebathswhichdonotalwayslead
to ergodic behaviour at zerotemperature.On the other
hand,for Brownianmotionit is to beexpecteddueto the
velocity-proportionalfriction force that deccelerateshe
particle.

The “Heisenberg microscope”: Finite wavelengthsof
the fluctuating field

In our discussiorup to now, the fluctuatingforce hashad
thesamemagnitudeanddirectionthroughoull of space.
Its fluctuationsonly take placein time. Onemaywonder
whatis the effect of aforcethatis not constanin space,
i.e. wherethewavelengthsof thefield arenotassumedo

be very large. Thatthis is indeedan importantquestion
may be seenin the exampleof the “Heisenbeig micro-

scopé:

Heisenbey's gedanlen experimentis aboutfinding out
the position of an electron- for example,to determine
which slit the electrongoesthroughin the double-slitex-
periment.Onecouldtry to do this by scatterindight off
the electronjust whenit is aboutto go throughthe slits.
Of coursea high spatialresolutionis neededo determine
exactly throughwhich of the slits it hasgone. In order



to achieve this resolution,one mustuselight of a very
small wavelength,smallerthanthe distanceof the slits.
However, althoughit could (in principle) be doneandal-
thoughthe electronwill alwaysbe detectedn eitherone
or the otherslit (not both at the sametime), it doesnot
helpto clearup the mysteryof how the interferencepat-
ternis actuallyformed. This is becausdhe interference
patternvanishesvhenever the spatialresolutionis large
enougho detectwhich way the electrongoesthroughthe
doubleslit setup.The photonsof smallwavelengthshave
largemomentasothey will changeghe momentunof the
electrondrasticallyin the courseof scattering.Sincethe
momentumntransferredo the electronis random,the de-
flection of the electronis randomaswell. Therefore,a
lot of differentinterferencepatternsare superimposedn
the screengachof thembelongingto a differentmomen-
tumtransfer Takentogetherthey justform abroaddistri-
bution without ary interferencdringes. Theinterference
patterngetscompletelysmeareautjustatthe pointwhen
thewavelengthof the photonsgetssmallenoughto detect
which slit the electronhasgonethrough. This is a con-
sequencef Heisenbeg's uncertaintyrelation,which this
gedanlenexperimentwasinventedto illustrate.

Whatdo we learnfrom this aboutdephasing?f anelec-
tron in an interferencesetupabsorbs(or emits) a field
guantumof a sufficiently small wavelengthsuchthat its
path could (in principle) be resoled, this is enoughto
destry the interference.Corversely it may happenthat
field fluctuationsdo not dephasethe particle’s motion
whentheirwavelengthis too large- evenif they arerather
strong!

Perhapsit helpsto look at an example relatedto the
Heisenbey gedanlen experiment: Supposewe do not
shinelight on the electronto find out its position. Will

it not, neverthelessreveal its position automatically by
radiatingaway photons? After all, the vacuumfluctua-
tions of the electromagnetidield shouldnot only induce
an atomto decayfrom its excited statebut shouldalso
be ableto dephaséhe electronin this setup.As we have
pointedout above, a freely moving electronwill not be
harmedby thosevacuumfluctuationsandit will notemit
photons simply becausét is not accelerate@ndits iner
tial frameis asgoodasary. But attheslits (or ary mirrors
etc. in the setup)it will have to changedirection(with a
certainprobability atleast)andthis scatteringoy a poten-

tial shouldresultin “braking radiation” (which also pro-
ducesthe X raysin an X ray tube). In fact, the emission
of photonswill evenhappernwith unit probability! How-
ever, mostof themarevery long-wavelengthphotons.(In
earliertimes, this fact was called the “infrared catastro-
phe”) They never reveal throughwhich slit the electron
hasgone,only perhapshatit is presentin the interfer
encesetupat all. The correctquestionto askis: what
is the probability for the emissionof photonsthathave a
wavelengthshortenoughto distinguishbetweenthe two
interfering paths? The answeris that, underreasonable
experimentalconditions(electronsamoving with lessthan
10% of the speedof light), this probability is lessthan
onein tenthousandso the interferencepatternwill not
bespoiledatall. Furthermorethermalfluctuationsof the
electromagnetidield are also completelyirrelevant, be-
causeagain,their wavelengthsaremuchtoo long (if one
doesnot performinterferencesxperimentsinside a very
hotfurnace...).

Measurementmeansdephasingand entanglement

In the previous example of the Heisenbeg microscope,
we have alreadypointedoutthefactthatthemeasurement
of theelectronspositiondestrystheinterferencepattern,
i.e. leadsto dephasingThisis generallytrue: As soonas
the differentinterfering pathsbecomedistinguishablen
principle, the interferences lost. It is the couplingto a
measuremerdpparatu®r a bathwhich makesthe paths
distinguishableln fact, for this purposea bathis equi-
alentto a measuremenapparatusand vice versa. The
differenceis really a practicalone: While the apparatus
is designedsuchthat the informationacquiredaboutthe
systemcanbe readout reliably by the experimenterit is
simply lostin the caseof interactionwith a bath.

In the quantummechanicaformalism, the possibility of
distinctionbetweerthe pathsof theelectronor generally
the statesof the system,is dueto entanglementbetween
thequantumstatesof systemandbath(or apparatus)Be-
causethis is so centralto dephasingwe will explain it
now briefly (eventhoughtheaim of thisintroductionis to
avoid theformalismandemphasizehe physics).

Onestartsoutwith asystemin aquantunstate| ) which
is asuperpositiorof two stateq1) and|2):
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[P) = 4y [1) + 202 (2)

Herethe complex numbersy; andy), aretheamplitudes
of the two stateswhosesquaresaddup to give the total

probabilityone: |11 |* + |12|* = 1. Thetwo statescould

be “spin up” and“spin down”, “atom excited” or “deex-

cited” or an electron“going the upperway” and “going

thelowerway” (roughly speaking).

If a“bath” (or an apparatus)s present,the total wave-
function is that of both systemand bath. If they have
not yet interacted,their stateswill be completelyinde-
pendentFor example thebathmaybein its groundstate
(the “vacuum”in the caseof the electromagnetidield),
independenbf the systems state. In this case,the to-
tal wavefunctionis just the product® of the systemstate
shavn above andthe bathstate|xo):

(41 [1) +¢212)) @ [x0)

After theinteractionhastaken placefor awhile, thetotal
guantumstateis no longer simply a productstate- and
thereforeit is called“entangled”:

1 |1) @ |x1) + 12 [2) ® |x2)

This is the simplestexample of an entangledstatethat
may resultin the courseof the interaction. The system
statehasnot changedout the bath stateis changed:lt is
no longerthe groundstate|xo), but hasbecomea differ-
entstate,dependenbn the systems state- either|y; ), if
the systemhad beenin state|1), or |x2), if the system
had beenin state|2). Thus, the bath statenow carries
someinformationon the systems state.In the caseof the
measuremendpparatuspne speakof a “pointer” state,
becausét actslike aneedlein acorventionalinstrument.
Sincethe systemstartedout in a superpositiorof states,
the total wavefunctionis now alsoa superpositiorof the
two differentpossibilities.

How doesthis destry aninterferencepattern?First one
mustaskhow “interference”shavs upin theinitial super
positionof systemstates.Generally interferencemeans

dependencef someobsenable quantity on a phasedif-
ference.For example,supposestates|1) and|2) aretwo
orbitalsof anatom (or planewave statesof an electron).
Then,the probability densityof finding the electronat a
certainpoint 2 in spacenot only depend=on the densi-
ties of theindividual orbitals, but alsoon aninterference
term. As usual,the probability densityis given by the
magnitudesquaredf the projectionof the electronstate
|¥) ontoa positionstate|z):

(2] W) = [ ]* (2] DI + |2 (2] 2))°
+2 Re [{7¢2 (1] 7) (x| 2)]

Now if the complex amplitudeof, say the secondstate,
9, is multiplied with a phasefactorei?, this affectsthe
valueof theinterferenceerm,i.e. thetermwhichcontains
both complex amplitudesy)» andy;. Thetotal probabil-
ity densitythusdepend®on the phase-diferencebetween
theseamplitudes.

After theinteractionwith the bath,the interferenceerm
is replacedby somethingcontaining also the overlap
(x1| x=2) of thetwo bathstates:

2 Re [¢7v2 (1] z) {z| 2) (x1]| x2)]

This additionalcomplex numbermay first of all, change
the phaseof the interferenceterm. But moreimportant
is the factthatits magnitudecanbe shavn to be always
smalleror equalto unity. If it is smaller the interfer

encetermwill be suppressedelative to the otherterms.
In the extremecasewherethe overlapvanishesthereis

no interferenceary more: Any dependencen the phase
differencebetweerthe comple< amplitudesy; andis is

lost completely Thattakesplaceexactly whenthe infor-

mationacquiredby the apparatusr bathis, in principle,

detailedenoughto distinguishperfectly betweerthe two

systemstategjust by determiningthe bathstateitself).

You canimaginethatin generathingsmaygetmorecom-
plicated: The systems statemay changeaswell in the
courseof theinteraction. For example,in the caseof the
atom, this may go so far that in the final superposition
bothstateg1) and|2) arereplacedy thegroundstate so
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thetotal wavefunctionis a productstateagainandnot en-
tangledanymore.Then,thequantumstatehasbeentrans-
ferredentirelyfrom theatomto thefield, whichis now in

asuperpositioof “1 photonthere”and“no photonthere”.

In addition,the two partsof the final total quantumstate
neednot be simpleproductstategshemseles(which they

have beenin the example): An atomin an excited state
may go eitherdirectly to the ground stateor to another
lowerlying level, eachwith a certainprobability. How-

ever, thegeneralprincipleis justasshown here.

Entanglement does not automatically mean dephas-
ing!

Thereis one possiblemisunderstandingvhich hasto be

avoidedin this contet: In general,it is not truethaten-

tanglementbetweensystemand bath aloneleadsto de-

phasing.Thereareimportantsituationswhenasmallsys-

temis entangledvith abathto anappreciablelegree,and

yet shaws perfectly coherentoscillationsor interference
patterns.

Thiswill occurwhenererthebathis ableto adaptwithout
delayto thesystem$ state|.e. whenit followsthemotion
of the systemadiabatically(becauset consistsof modes
with highfrequencies)Take,for example thecouplingof
anelectronto the vacuumfluctuationsof the electromag-
netic field. Whenthe electrongoesthroughsomeinter
ferencesetup,thetotal stateis not just a superpositiorof
“electronhereor there”. Rather the configurationof the
electromagnetitield is changedn thevicinity of theelec-
tron. Thismeanghatthe stateof theelectromagnetiield
depend®nthepositionof the electron,suchthatthetotal
stateis indeedan entangledstate! The samehappengor
themotionof anelectronin acrystal,whereit will distort
the surroundingecrystallattice. However, this hasalmost
no effect on ary interferencepattern. Wheneer the two
possiblepathsof anelectronmeetat somescreenwhere
the patternis to be obsened, the correspondingtatesof
thefield coincideagain,sotheir overlapis unity. In fact,
thereis a slight effect of the couplingto the bath: The
“vacuumfluctuations”of the field leadto somejitter of
the electronicposition. This is, afterall, the origin of the
Lambenegy shiftin anatom.However, theeffectis usu-
ally small and, more importantly, it doesnot grow with
increasingpathlengthtravelled by the electron- quitein

contrastto “real” dephasingwherecoherenceroperties
aredestroeedmoreandmorein the courseof time.

In the caseof a two-level system,coherentoscillations
betweersystemstateq1) and|2) will justbereplacedoy
coherenbscillationshetweerentangledstateg1) ® |x1)

and|2) ® [x2). Although the couplingto the bathusu-
ally changesheoscillationfrequeng andalsothemagni-
tudesof somequantities(lik e the averagedipole moment
in thecaseof theatom),it doesnotdestrg theoscillations
themseles.

In principle, this is nothing but the story of “bath fluc-
tuationswhich aretoo fast” to dephasdhe system,only
dressedn the languageof entanglemenfand appliedto
zerotemperature).

Dephasingvill take placeonly dueto thosemodeswhich
have frequenciesomparablédo the systems motion. At
zero temperaturethe systemwill just emit quantainto
thesemodeswhich carryaway both enegy andinforma-
tion aboutthe systemstate. Sincethey arefree to move
away and be detectedsomavhere else, they are called
“real” quanta,in contrastto the “virtual” quantawhich
belongto thefield statethatfollows adiabaticallythe mo-
tion of theparticle. The“virtual” quantaaretightly bound
to the particleand cannotbe setfree dueto enegy con-
senation. They areonly presentislong astheinteraction
is there,while “real” quantalive on evenwhentheinter
actionthatproducedhemceasesgain.In this sensethe
typeof entanglemerdiscussethereis “reversible”. Apart
from that, thereis (of course)no differencebetweerboth
typesof quanta.

The Aharonov-Bohmring: “which-way” information,
enemy transfer and the Pauli principle

A simpleversionof the double-slitexperimentfor elec-
tronsconsistan a metalring whereanelectroncantravel
eitherthe upperor the lower arm (seethe picture). This
hasthe advantagethat the phase-diferencebetweenthe
two pathscan be adjustedby applying a magneticfield
whichthreadghering. Evenwhenthefield is confinedto
theinterior of theopeningin thering andcannotaffectthe
electronsmotiondirectly, the Aharonos-Bohmeffectwill

makethephase-diferencedependenvnthemagnetidiux
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insidethering. In theexperimentsthe diametemf sucha
ring is typically only afew micrometers.

O

An Aharona-Bohmring, with thetwo possiblepathsof an
electronthatgoesthroughthering once.Accordingto the path
it takes,the spinmayendupin oneor the otherfinal state
(indicatedby colors).

Suppossometwo-level system(for example:spinortun-

neling system)is presentin one of the armsof the ring.

It will beinfluencedif the electronmovesthroughthat
particulararm. The spin may be flipped or the particle
may jump from the left to the right well of the double-
well potential. In this way, the electronhasleft a trace
in its “environment”, revealingthe pathit took. In that
casegvery interferenceeffect thatdependon the phase-
differencebetweerthetwo armsis lost, sincetheelectron
hasbecomeentangledwith the ervironmentandthe new

stateof thelatteris orthogonalto the old one. Of course,
thisonly happensvith someprobability, dependingnthe

strengthdurationandtype of theinteractionbetweerthe

electronandthe two-level system. To putit differently:

The new stateneednotbe fully orthogonako theold one
(thespinhasbeenrotatedonly alittle bit), sotheinterfer

encepatternis not lost completely ashasbeenexplained
above.

Sincethe statesof the two-level systemwill in general
have differentenengies, the electronmay needto supply
enoughenenpy to flip the state. This would be no prob-
lem at all if the electronwerethe only electronaround
and moving with somerather high velocity. Then, we
would have practically the samesituationasin Heisen-
berg’s gedanlen experiment,with a singleelectronpass-
ing throughadouble-slitsetup.Theonly differencevould

be that the electrons pathis revealedautomatically- it

triggerssomemeasuremenivhen going through one of

the slits. However, in a metalthe electronis not alone.

This meanghatit cannotjustemitanarbitraryamountof
enegy into the “bath”, becausédt may endup in a state
which is alreadyoccupiedby anotherelectronandthis is
forbiddenby the Pauli principle.

At temperatureghat are much higher than the enegy
neededo flip the spin, thisis not really a problem. Each
of thosefast-mwing electronghat carry the electriccur

rent can then easily emit this much enegy, becausehe
chancehatit will endupin anoccupiedstateis very low:

The statesareonly sparelyoccupiedn a“thermalrange”
aroundthe Fermienepgy. Ontheotherhand,at suchtem-
peraturest may notevenbenecessaryor the electronto
supplythe enegy. Thetwo-level systemwill bein its ex-

citedstatewith a50-50chanceandthenit will passenegy
to the electronwhenbeingflippedto its groundstate.

At low temperatureswhen the electroncannotflip the
stateof the spinor tunnelingsystemthetwo still become
entangled but this entanglemenonly persistsaslong as
they interact. This is the kind of “reversible” entangle-
mentwhich hasbeendiscusse@bove. After the electron
hasmovedon,thetwo-level systemwill beleftin its origi-
nal stateandthereforethisdoesnotleadto realdephasing.

The “Pauli principle mechanism” indeed limits the
strengthof dephasingvhich an electronexperiencesn a
solid at low temperaturesOnly if the two-level systems
stateshave degeneratenegies,it will beableto dephase
the electronicmotion all the way down to zerotempera-
ture because¢henno enepy transferis neededo flip the
state. Of course the samequalitatve considerationsp-
ply to ary othertype of ervironment,be it phononsor
eventheotherelectrons.Then,the possibleenegy trans-
fersaredistributedaccordingto thebathspectrum.

Whetherdephasings really suppressetly the Pauli prin-
ciple doesnotonly dependnthetemperaturéut alsoon
the type of experimentcarriedout. If, for example,one
drivesan electriccurrentwith aratherhigh voltage,this
may meanthat the electronis suppliedwith enoughen-
ergy to flip the spin,leave atracein the ervironmentand
loseits phase- i.e. to destrg theinterferenceeffects. But
in ameasuremerdf theresistancgor its inverse thecon-
ductance)the voltageappliedis ideally infinitely small,
sothatpossibilityis ruledoutin sucha situation.

In ary case atlow temperatureghe Pauli principle plays
animportantrole in the dephasingf electronsin solids
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andthus addsan additionalfeaturewhich is completely
absentfrom all singleparticle interferenceexperiments
(whetherin opticsor with singleatomsjonsor electrons).
This makes the discussiorrathersubtle,becauseoneis
notallowedany moreto think in termsof asingleparticle
thatis merelycoupledto a bath. In fact,sinceevery elec-
tron couplesto the bath,this will in generalevenleadto
aneffective interactionbetweertheelectronghemseles,
sothat, apartfrom the original bath,one hasto consider
the otherelectronsasan additionalervironment- evenif
one startsout with a modelwherethe original Coulomb
interactionbetweerthe electronshadbeenneglected.

Interfer enceeffectsin mesoscopighysicsand optics:
the role of dirt

The example of the Aharono/-Bohm ring has already
demonstratedhat in solid-statephysics- or more pre-
cisely mesoscopigphysics- interestingeffects may be-
comeimportantin discussionsf interferenceanddephas-

ing.

In mesoscopighysics,one analyzeselectroniccircuits
on the micrometerscaleat low temperatureswherethe
wave propertiesof the electronsbecomeimportant. In-

terferenceeffectsshow up everywhere:Theflow of elec-
tronsis now describednuchbetterin termsof theanalogy
to the passagef electromagnetievavesin a network of

waveguidesthanusingOhm'’s law. For example,the cur-

rent runningthroughone wire of the circuit dependson

the presencef otherleadsattachedo it evenwhenthese
donotcarryary currentthemseles.

Sometimes the interferenceeffects are quite “fragile”.

For example theelectriccurrentis carriedby thefastelec-
tronsat the Fermi surface,so it is their wavelengththat
determineghe spacingof interferenceringes. However,

atfinite temperaturegherangeof relevantenegies(and
wavelengths)gets smearedaroundthe Fermi enegy, so
thatoneobseresanaverageoverinterferencepatternde-
longing to differentwavelengths which appearsvashed
out. Dirt is anothemproblem:A singleimpurity atomthat
scattergheelectrorwavesmaycompletelyshiftthephase
of the electrongoingthroughawire. If the experimental
setupis suchthatonly the average over the currentmea-
suredin mary “identical” systemss obsened(which dif-

fer in thedetailedplacemenbf theimpurity atoms!)then
againtheinterferencepatternmaydisappear

However, it would not be correctto think thatfinite tem-
peraturesor dirt alone destry all the interferenceef-
fects. In principle, impuritiesonly producea very com-
plicatedbut still perfectly coherentinterferencepattern,
whichmaylook like the onein the picturebelow:

Thisis completelyanalogougo the scatteringpf coherent
monochromatidight from a disorderedmaterial: There,
thereflectedight shows a“specklepattern”whichis due
tothecomplicatedsuperpositiomf all thesphericalvaves
emanatingrom therandomlyplacedscatterers.

Evenmaving a singleimpurity canproduceanimportant
changen theinterferencepatternand,thereforejn quan-
tities like the conductancef a sample. The samewiill
happenf theimpuritiesremainfixed but the wavelength
of the electronds changedslightly or a magneticfield is
turnedon that introducesextra phasedor the wave mo-
tion of the electrons.Experimentally the lasttwo possi-
bilities are easierto realize,of course. (The wavelength
canbetunedby changingthe densityof the electrons)f
onevariessuchan externalparametetik e wavelengthor
magneticfield, the conductancevill fluctuatewildly, de-
pendingon the detailedarrangemendf impurities. Inter-
estingly the magnitudeof the fluctuationsin the conduc-
tanceis more or lessalwaysthe same: This is why this
phenomenoris called “universal conductancefluctua-
tions”.

If one takesthe averageof the conductanceover mary
samplegqwith differentplacemenbf impurities, but oth-
erwise identical), nothing remainsof the conductance
fluctuationsor, in generalary interferencesffectthathad
beensensitve to the detailsof theimpurity configuration.
Observinghingsatfinite temperaturess similar, because
it meansaveragingover differentwavelengths.

Nevertheless,there are interferenceeffects which still
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shav up evenwhenonly anaverageover mary disordered
sampless considered.

Suchaneffectwasfirst obsenedin the scatteringpf radar
waves from clouds, wherethe intensity of the diffusely
reflectedradiationwasfoundto be enhancedn the back-
ward direction. The dropletsin the cloudsact like ran-
domly placedscatterersindthe sameeffectis obsenedin
the scatteringof any kind of radiationfrom a disordered
medium: light, soundwaves, electronwavesetc.! How-
ever, the strengthof the effect depend®on therelationbe-
tweenthewavelength\ andthe meanfree scatteringpath
1, which describedhow farthewave cantravel on average
beforebeingscattered.If scatterings weak,sothat! is
muchlargerthan ), the effectis tiny (but sometimestill
important). Sincethe effect dependsn the interference
of wavesthathave beenscatteredrom several scatterers
(“multiple scattering”),it only occursif the phaseis not
scrambledon the way. The radiationshouldremainco-
herentduring the time it takesto make a round-trip vis-
iting several scatterers.Thatis why the effect is called
“coherent backscattering’. For the electrons,t means
thatthe conductancés lowered,sincethe backscattering
is enhanced. This is called “weak localization”, since
it is the precursorof complete(“strong”) localizationof
electronwavesin a disorderednedium,whenthe waves
cannotmove at all andthe electricconductanceanishes.
(Stronglocalizationoccurspredominantlyin one-or two-
dimensionakystems)

Multiple scatteringof awave from impurities,leadingto weak
localization:Oneof the pathsis thetime-reverseof the other

Calculatingthe scatteredntensityis in principle straight-
forward: One “simply” hasto sum the amplitudesfor
scatteringat any numberof scatterersin every possible
order The magnitudesquaredf the resultingamplitude
givestheintensity Expandingout the squareof the sum
over pathsobviously givesa sumover pairs of paths(i.e.
a sum over productsof two amplitudeseach). This is

completelyanalogougo the treatmentof interferencen
a double-slitexperiment,whereone hasto considerthe
phasedifferencebetweenthe two possiblepaths. How-
ever, now thereis not only onepair of pathsbut onehas
to sum over the contributions of every possiblepair of
those“random-walk” paths. Usually, the phasediffer-
encefluctuateswildly from one pair to the next, so the
contributionsaverageout. Therearetwo possiblespecial
typesof pairswherethe phase-diferenceis alwayszero,
sothisargumentoesnotapply: Thefirstonecorresponds
to pairing the pathwith itself andgivesa contribution as
one would expectit from a classicalcalculation,where
oneconsidergprobabilitiesof scatteringnsteadof ampli-
tudes. The otherone correspondso pairing a pathwith
its time-reversedcopy, wherethe scatteringtakes place
at the samescattererspnly in the reverseorder There
again,thetotal phaseaccumulate@longthetwo versions
of the pathis the same.This contritution givesthe extra
“coherentbackscattering”lt is representeth the picture
above. Althoughit is of the samesize asthe classical
contribution, it reactsmuch more sensitvely to external
disturbancegdephasingpr a magneticfield. In thesesit-
uationsthe phasef the pathandits time-reversedcopy
will becomdlifferent.

Dephasing of “universal conductance fluctuations”
and in “weak localization”

Theinterferenceeffectsdescribedbore canbe destryed
in a variety of ways: For coherentbackscatteringf ra-
diation from atomsin an atomic vapour it sufiices if
the atomsare moving about,suchthatthe wave will en-
counteranotherconfigurationat later times. Then the
phasesaccumulatedalong a path and its time-reversed
copy aredifferent,andthedifferenceitself fluctuategsee
the picture). The longerinterferencepathsobviously get
their phasescrambledmore easily sinceit takes more
timeto traversethem. This thenresultsbothin a suppres-
sionof theintensityof backscatterethdiationaswell asa
“smoothing” of its angulardependencén theideal case
the intensity of backscatteretight shavs a sharpcuspin
thebackwarddirectionwhenplottedversusthe scattering
angle).If dephasings very strong,theeffectis destryed
completely suchthatonly the diffuse“single” scattering
remainswhichis usuallyisotropic.
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Dephasinglueto motion of the scatterersThe partialwaves
traveling alongonepathor its time-reverseseea different
configurationof scatterers.

For electrondn asolid, theimpuritiesthemselesusually
donotmove. However, theremaybemagneticimpurities,
i.e. spinsto beflippedand‘revealing”thepathof theelec-
tron. Then,therearethe vibrationsof the crystallattice
which constitutea“bath” thatdephasetheelectrons mo-
tion especiallyat highertemperature¢shown in the pic-
ture: the differentdistortionpatternsof thelattice, acting
on the pathandits time-reversedcopy). At low temper
aturesthe “Nyquist” fluctuationsof the electricfield due
to therandommotionof otherelectronsdbecomemoreim-

portant. Thisis simply a consequencef the factthatthe
bathspectrumof the electronbathis strongerat low fre-
guencieghanthatof thephonorbathandthat,atlow tem-
peraturespnly thelow-frequeny bathmodesmatter Af-

ter all, the higherfrequeny modesare neitherthermally
excited nor hasthe electronenoughenegy available to
excite them,dueto the Pauli principle.

Schematiaepresentationf dephasindy electronsor phonons
in ametal: The electronwave feelsa differentfluctuating
electricfield dependingon whetherit travelsoneor theother
path.

Becauseof dephasingthe conductancdluctuationsget
washedut, sothattheir magnitudes diminishedandthe
fine structurein the plot of conductancerersusmagnetic
field or wavelengthis nolongervisible.

Theweaklocalizationeffectis alsoreducedwhichmeans
theresistances lowered Usuallyit would not be possi-

ble to measurehis rathertiny resistancechange. How-
ever, measuringhe resistances a function of the mag-
netic field (“magnetoresistance’is one accurateway to
find out aboutthe strengthof dephasing.This is because
themagnetidield itself destrgystheweaklocalizationef-
fect. Thetwo time-reversedpathsacquiredifferentphases
in a magneticfield, which dependon the magneticflux
enclosedyy the path (Aharonos-Bohmeffect). Sincethe
pathsarerandom,this phasedifferencefluctuateswildly
andthe sumover all pathsdoesnot shav ary morethe
weaklocalizationinterferenceeffect. Again, the effect of
the magneticfield is more pronouncedor longer paths,
sincethey enclosea largermagnetidlux. If themagnetic
field getssoweakthatit couldonly affectverylong paths
whicharedephasednyway (by phononsglectronsmag-
neticimpuritiesetc.),it ceaseso have aninfluenceonthe
resistance.This is how the strengthof dephasingcanbe
obtainedin experiments- for example,to analyzeit asa
functionof temperature.

Dephasingby Nyquist noise: The numbers

It is instructive to look at the typical numbersof the de-
phasingtime in this exampleandto understandhow they
comeabout. At low temperaturesthe mostimportant
effect is due to the Nyquist noise of the electric field,
which is producedby the randommotion of electronsn
the metal ( - piling up a little bit extra negative chage
hereor thereby chance)lf onelooksatthesefluctuations
with a roughresolution,the valuesof the electricfield at
differentpointsin spaceandtime fluctuatecompletelyin-
dependently{“white noise”). The averagesquareof these
fluctuationsis proportionalto the temperaturendto the
resistivity (whichis plausible).If you askfor the precise
magnitude however, you have to specifyoverwhich vol-
umein spaceand over which time interval you want to
averagethe fluctuatingfield (specifyingthe resolution).
As usual,thetypical magnitudeof the avemged fluctuat-
ing field dropswith theinversesquareroot of the volume
andthetime-intenal, just asthe statisticalerror of anav-
eragedropswith theinversesquareroot of the numberof
datapoints considered.Which volume and which time-
interval shouldone inserthereto get an estimateof the
field fluctuationsthatwill dephaséehe electronicmotion?
Consideran electronmoving alongone of thoserandom
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paths.If thepathextendsat mostabouta distancel awvay
from its startingpoint, then L? is the volumeover which
theaverageof theelectricfield fluctuationds to betaken.
Of course,in a thin wire of cross-sectiord, the volume
is A x L instead becauséhe electroncannotmove out-
sideof thewire in thetrans\ersedirection(perpendicular
to thewire axis). Thetime is simply givenby thetime it
takesto travel throughthe path. Sincethis is a diffusive
motion,traveling doublethedistancequadrupleshetime
needed.

The averagemagnitudeof the electricfield fluctuations
dueto Nyquist noiseturnsout to be somavherearound
oneV/m atatemperature@f oneKelvin, whenoneplugs
in the typical numbersof one micrometercubedvolume
and a nanosecondime interval (as well as typical re-

sistwvities). In contrastto that, the vacuumelectricfield

fluctuationswhich give rise to spontaneouslecayof an
atomin free spacehave a strengthof roughly 10* V/m.

Therefore,the Nyquist noise may seemcomparatiely
tiny. However, rememberthat the decayof the atomis

governedby vacuumfluctuationswhich are at frequen-
ciesaround10'® Hz. Here,we aredealingwith typical

timesof a nanosecond;orrespondindgo a million times
lower frequencies At sucha low frequeng, the vacuum
(free-spaceglectricfield fluctuationsarealreadydown by
afactorof 10°, muchtoo smallto play ary significantrole
in thedephasingf electronsn metals.

While the fluctuationsof the averagedfield get smaller
if one increaseshe path length, the resulting fluctua-
tions of the phasedifferenceget larger. Calculatingthe
phase-diferencebetweenthe two differentpathsconsid-
ered(a path andits time-reverse)meansintegrating the
differenceof enegiesover time. The differenceof en-
ergiesis the differenceof electrostatigpotentialsat two

points (on the two paths). This potential differenceis

the value of the electricfield multiplied by the distance,
which is typically L again. The travel time itself goes
like L2, aswe have alreadyseenabove. If you have
countedall pawerscorrectly youwill find thattheaverage
squae of the phase-diferencegrows like L? x (Lz)2 x

T/ (L®* x L?) = T x L in the three-dimensionatase
andlike I2 x (L2)* x T/(A x L x L2) = T x L3/A

in the caseof the wire. As soonas the fluctuationsof
the phase-diferencereachone, the phasecoherenceof

the pathsis essentiallylost. This thendefinesthe phase
coherencdength L in the exampleof weaklocalization-
andprescribedts theoreticaldependencen temperature.
Specifically in theimportantcaseof the wire, the length
L goeslike T—'/3, which meansthe dephasingime, be-
ing proportionalto L2, grows as7'~2/3 whenonelowers
the temperature.(In the three-dimensionataseit turns
out that high-frequeny fluctuationsof the electricfield,
whichhave nothingto dowith Nyquistnoise,arethedom-
inantones- andtheirtemperaturelependencss different
from theonederivedhere.)

Using the typical valuesof resistvity anddiffusion con-
stant,onearrivesat a phasecoherencdengthin the mi-
crometerrange at a temperatureof about one Kelvin
(that's why we usedthesevaluesalreadyabove). Thisis
alsowhatexperimentdind. Thetime it takestheelectron
to travel random-valk pathsof this lengthis aboutone
nanosecond.Raisingthe temperaturedecreaseshe de-
phasingtime, sothatit will be down by afactorof about
20at100Kelvin, meaninghatthephasecoherencéength
dropsto aboutone fourth its value at one Kelvin - if it
were not for the crystalvibrations,which acceleratehe
lossof coherencat highertemperatures.

A dephasingime of onenanosecontheanghatthe mo-
tion is impressiely coherent:After all, during thattime
interval the electronwill have scatteredaboutten thou-
sandtimes from impurities, so the “multiple scattering”
at the heartof the weak localization effect is fully de-
veloped. The micrometercoherencdengthis aboutone
hundredtimesa meanfree scatteringpathlength.

Puzzling behaviour at low temperatures

When the temperaturdbecomedow, the fluctuationsin

theernvironmentof anelectrongetlesssevere. Therefore,
dephasings wealenedand one startsto obsenre all the
differentinterferenceeffectsdescribedabore - thosethat
dependon the specificarrangementf impuritiesandthe
geometryof the sample aswell asthosethataremorero-

bustin thatthey remainafteraveragingoverimpurity po-
sitions. The electrongemainphase-coheremver longer
andlonger periodsof time, in which they cantravel far

ther, so the interferenceeffects shav up in larger and
larger partsof the sample. In fact (asit was explained
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above), the theory of weak localization predictsan in-
creaseof the dephasingime beyond all boundsas one
approachegerotemperature at leastaslong asstrong
localizationdoesnot setin andthereareno magnetiam-
purities.

Thereforeit is no surprisethat the demandson experi-
mentalaccuray becomegreateras one lowersthe tem-
perature.If the experimentis not carriedout very care-
fully, someexternal noise (perhapsdue to the measure-
ment setupor somenot-quite-staticcontrol fields) may
lead to extra dephasingwhich then dominatesary “in-
trinsic” dephasingnechanismshathave alreadybecome
quite weak. It alsobecomesnoreimportantto approach
the ideal limit of zero voltagein measurementsf the
linear conductanceotherwisethe electronswill be sup-
pliedwith “surplus” enegy thatthey canpassinto abath,
therebydestrging interferenceeffects. Jouleheatingand
shotnoisemaybeotherproblemsvhenonecarriesoutthe
experimentat a finite current. In weaklocalizationmea-
surementsary stray magneticfields or remainingmag-
netic impuritiesin the samplemay aswell spoil the ex-
periment.And finally, sinceoneis interestecprimarily in
thetemperaturelependencef the “dephasingime” (ob-
servingits increasdowardslower temperaturespnehas
to take careto measurdehe temperaturétself accurately
which is not so easyat low temperaturesyhendifferent
partsof the system(electronsphonons)nay be at differ-
enttemperatures.

For all of thesereasonsit hadnotbeenconsidereda seri-
oustroublethat experimentsn mesoscopighysicscon-
sistentlyshaveda saturatiorof thedephasindime atlow
temperaturesin contrastto the predictionsof theoryfor
the ideal case. However, someyearsagonew weaklo-
calizationexperimentswere carriedout in which special
carewastakento eliminatethe known culpritsfor an“ex-
trinsic” saturationof the dephasingime. It was found
thatthe saturatioratlessthanaboutoneKelvin remained,
so the dephasingtime did not get larger and larger as
“demanded’by theory It wasspeculatedhatzero-point
fluctuationsof the electricfield in the metal(notthe free-
spacevariety)mightberesponsibldor thedephasingime
leveling off at low temperatures Consequentlythe the-
ory hasbeenreexamined,paying specialattentionto the
fact that the agumentson enegy conseration and the
Pauli principle given above canbe justified directly only

in a perturbatve calculation.However, at presentthein-

terpretationof the experimentsis still unclear Even if

the saturatiorturnsoutto be“only” dueto someremain-
ing externalnoise,the experimentswvould shown practical
limitationsto the obsenation(andexploitation)of single-
particleinterferenceeffectsin mesoscopiphysics. Fur

thermorejt hasbeensuggestethatthe samenoisecould
be at the origin of the surprisinglylarge size of the “per-

sistent”currentsvhichareobsenedto flow atequilibrium
in smallmetalringsatlow temperatures.

Summingit up

Whatcanonelearnfrom theconcepbf dephasindor “de-
coherence”)First of all, dephasingsetsthe limits to the
obsenation of interferenceeffects, whetherthey are co-
herentoscillationsof simpletwo-level systemg“qubits”),
coherentdynamicsof ions in traps, freezingof chaotic
motionin quantumchaos, classical” interferencesetups
or the subtlephenomena&ncounteredh the scatteringof
wavesin disorderednedia. It alsoprovidesa theoretical
modelproblemwhich is midway betweensingle-particle
physicsandthe full-fledgedmary-particleproblem. Ob-
senation and analysisof the various“dephasingtimes”
canrevealdetailsaboutthe “bath” andtheinteractionbe-
tweenparticleandbath.And onamoregeneralevel, de-
phasinghelpsto explainwhy theweird effectsof quantum
mechanicsare not obsened in the behaiour of macro-
scopicbodies.

Further reading

The book by Weiss, “Quantum-dissipativesystems
(World Scientific,2nd edition 1999),givesathoroughin-
troductionto the theoreticaltreatmentof dissipationand
decoherencén quantummechanicgwith particularem-
phasison the two-level systems). | have basedthe dis-
cussionof anatom’s spontaneoudecayon theveryread-
able accountin Milonni’'s book “The QuantumVacuum
- an introduction to Quantumelectodynamic’ (Aca-
demicPress,1994). Quantumdiffusion experimentsare
reviewed in the article “Coheenceand Decoheenceof
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Positive Particle Statesin Solids, by Karlsson,in Phys-
ica ScriptaT76, 179 (1998). The basicsof mesoscopic
physicg(includingdephasingn weaklocalization theex-
ampleof the Aharonos-Bohm-ringandtherelationto en-
tanglement)can be found in Imry’s book, “Introduction
to Mesoscopi®hysics (Oxford University Press;1997).
Anotherreferencevith particularemphasi®ndissipation
anddephasingn mesoscopisystemgincludingquantum
chaos)is: Dittrich etal., “QuantumTransportand Dissi-
pation’ (Wiley-VCH, 1998).Referenceso therecentde-
bateonsaturatiorof theweak-localizatiorephasingime
atlow temperaturesanbe found, for example,by using
WebOfScienceo locatecitationsto theoriginalletterde-
scribingthemeasuremeni@iohanty JarinvalaandWebb,
PRL78,3366,1997).
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