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The observation of quantum transport phenomena in metals is limited by the eventual loss of phase coher-
ence of the conduction electrons on the length stgle We address the question of whetligy is the same
in the context of different quantum transport phenomena. Specifically, we have mehagured two differ-
ent experiments on the same sample. The experiments are magnetoresistandenaigk I/ersus magnetic
field, and the samples are thin-Ag films in the quasi-two-dimensional regime. We detdrjiren fits of the
magnetoresistance data to weak-localization thé@dtl), and from fits of the noise versus magnetic field to
universal conductance fluctuation thedlyCF). We find that the two values df, are the same at tempera-
tures above about 10 K, but thiag, in the UCF experiment is shorter than that in the WL experiment at lower
temperatures. This result is consistent with a recent theoretical discussion of quasielastic electron-electron
scattering in disordered meta|$0163-1829)00132-7

I. INTRODUCTION =\Dr,, is expected to be the same for different quantum
transport phenomenaD(= vel, is the electron diffusion
A key ingredient in quantum transport phenomena in disconstant, where is the Fermi velocity andl, is the elastic
ordered solids is the phase coherence of conduction electromsean-free path. Surprisingly, this question was not ad-
over distances much longer than the elastic mean-free patbiressed in the 80s, perhaps because most of the theoretical
Although quantum phase coherence is crucial for localizatioralculations ofr,* were performed before the discovery of
of electronic wave function’;® discussion of the phase- UCF. In 1990, Stern, Aharonov and Ifiishowed theoreti-
coherence length didn’t appear in the literature until 1979 incally that the dephasing rates fore and h/2e Aharonov-
the context of weak-localization theoty’ The beauty of Bohm oscillations could be different in the case of dephasing
guantum phase coherence in disordered solids only becanty magnetic impurities(Those two types of oscillations are
widely appreciated a few years later with the experimentatlirectly related to UCF and weak-localizatiOWL) physics,
observation of the Aharonov-Bohm effect in disorderedrespectively. Those authors also discussed the Nyquist

metal cylinder®® and small rings>*? and the discovery of dephasing rate in their paper, but did not discuss the issue of
universal conductance ﬂuctuationiUCF) in small whether the NqulSt rate mlght be different in the context of

wires3-16 These experiments demonstrated convincinglyVL and UCF. Chandrasekhar, Santhanam, and Pfobto

that elastic scattering from nonmagnetic, static impuritiegnentioned the possibility that the dephasing lengths for UCF

does not destroy phase coherence of conduction electrons1d WL might be different, but they did not present any
With the arrival of weak-localization theory, theorists experimental evidence indicating which one is larger. This

started calculating the rates of inelastic scattering process estion was f|r§t addressed experlmentally by us in 1993,
that destroy phase coherer@e? In nonmagnetic systems when we determined , from two different measurements on

.- . 7 . . _
phase breaking is due mainly to inelastic electron—phonorff1 quasi-2D Ag filt:” Fits of WL theory to magnetoresis

and electron-electron scattering, which occur at much highethnce (:atelltwel_d a value we Callt‘? f Vl\('jh'(lje tf|ts_0|deCF|
rates in disordered solids than in crystalline softi#uch L?C%ry 0 11 NoISe Versus magnetic-ield data yield a value
. We found that the two values agreed at temperatures

attention was paid in the 80s to the dephasing rate due to¢ UCE
electron-electron scattering, because this is the dominaff 10 and 25 K, but that 4= was somewhat shorter than
dephasing process in nonmagnetic samples at temperatureg ~ at temperatures of 1 and 4 K. The primary limitation of
below a few K. Altshuler, Aronov and Khmelnitskii ~that work was that only one sample was measured, and only
showed that the electron-electron scattering rate in lowat four temperatures.

dimensional samples is dominated by collisions with small \We present here a more complete set of measurements of
energy transfer, the so-called Nyquist scattering rate. Severde sort we reported earliéf,along with a full discussion of
groups performed experiments to measure the temperatutBe theory. We have measured two new quasi-2D Ag

dependence of the phase-breaking rate in one-dimensiong®@mples at 10 temperatures between 1 and 30 K. Our new

(1D)??? and (2D) systems?* results confirm our earlier results, and show clearly that
Despite the wealth of theoretical and experimental workl "~ ~L3" above 10 K, but ;" <Ly" below 10 K. In the

on dephasing performed in the 80s, some questions remameantime, Blantéf has published a theoretical paper where

today. A natural question that arises is whether the phaséie claims that ;" andL}}" should be different in 1D or 2D

breaking rater(;1 and hence the phase-breaking length  at low temperature. Whilda\(’;’L is indeed determined by the
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& FIG. 2. Magnetoconductance of Ag sample 1 at 10 temperatures
® * between 1.0 and 28.6 K. The solid lines are fits to weak localization
e o theory[Eqg. (1) in the tex] with the fixed value ofL,,=0.44um
obtained from the five lowest temperature fits. Valued gfob-
10-15-' ' - tained from the fits are shown in Fig. 5.
1 1 1 | N | 1 1
10° 10° . .
T (K) excessive annealing at room temperature, the samples were

_ ) quickly mounted in the cryostat and cooled to 77 K within 12
1 s e powen e o s paauly TG, Shee resiiances o he samles atlow emperature
Both figures show da?a from Ag sample 1, which has IateralpdimenRere 4.8(2 and 3.8(1 for samples 1 and 2, respectively.

: ) _ . . esistance and noise measurements were made on the
sions 7umx 107 um and_ is 14-nm thick. Inset: Expanded view of sfamples in the temperature range from 1 to 28.6 K in a
the low-temperature resistance versus temperature, showing the €i- d liquid H& tat. The t t d d f
fects of weak localization and electron-electron interactions. pumped fiquid He cryostat. 1he temperature dependence o

the resistance is shown in Fig(al Below 10 K, the resis-

tance increases with decreasing temperature due to weak lo-
Nyquist dephasing rate, Blanter finds thaf"" is determined  calization and electron-electron interaction effects
by a different rate, called the out-scattering rate, which co- Magnetoresistance measurements were made in a
incides in 2D with an alternative calculation of the dephasing4-terminal configuration with a lock-in amplifier. A ratio
rate presented in the 86%*°More to the point, Blanter finds transformer was used to increase the sensitivity of the mea-
theoretically thaﬂ_gCF< LY" at low temperature, in agree- surement to small changes in resistance. Noise measure-
ment with our experiment. We find that the absolute valuesnents were made using a 5-terminal ac bridge techritjue.
of the dephasing rates are in good agreement with BlanterBower spectra were taken with several bandwidths, the

predictions, with no adjustable fitting parameters. choice of which was based on the signal-to-noise ratio at a

The issue of dephasing has attracted renewed interest rgiven temperature. These ranged from 0.05-1.25 Hz to 0.5—
cently due to the observation that the dephasing rate in some2.5 Hz.(The 1f frequency dependence of the noise power
samples saturates at finite temperafirén disagreement was constant over this frequency rangghe first stage of
with the theoretical prediction. We note here that the inter-amplification in both measurements was a liquid-nitrogen-
pretation of the results in Ref. 29 is highly controversfal. cooled Triad G-5 transformer. We tested for Joule heating at

Unfortunately, the measurements reported in this paper ar@ach measurement temperature using low-field magnetoresis-
restricted to temperatures above 1 K, so we can not addressnce data taken at several excitation currents. The drive
the issue oL, saturation here. level for the noise measuremeriand for the magnetoresis-

tance data shownwas chosen such that its effect on the
value ofL 4 inferred from the magnetoresistance fits was no

II. EXPERIMENT more than a few percent.
Two 14 nm-thick polycrystalline silver films were depos-
|tecéI onto h|gh-reS|st]:V|It%/tS|Ilco_Phsubstratles cooled t?t 1300II< IIl. MAGNETORESISTANCE
under a pressure o orr. The samples were patterne AND WEAK LOCALIZATION

into 5-terminal devices using standard optical lithography

and lift-off processing. Lateral dimensions were Magnetoresistance data on sample 1 are shown in Fig. 2,
7 umx107um (sample 1 and 18u.mx330um (sample 2. for temperatures between 1.0 and 28.6 K. At low tempera-
In order to maintain the grain sizes at about 10 nm and avoitures, the conductance first decreases then increases with in-
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creasing magnetic field. This is the characteristic signature afeveral different materiaf:3"~4°
a sample with moderate spin-orbit scattering. Normal weak As the temperature is lowered ard, becomes longer
localization is due to the constructive interference of time-than |, the sensitivity of the sample’s conductance to its
reversed paths that return to the origin. Spin-orbit scatteringnicroscopic impurity potential increases. Sample-to-sample
rotates the relative spin directions of the two paths, causinfjuctuations in the conductance approach the universal value
destructive interference and weak “antilocalization” for of e?/h in a phase-coherence volume, and are called univer-
paths with lengthsL such thatLs<L<L,, where Lss sal conductance fluctuations, or UCF. Experimentally, UCF
=D 74 is the spin-orbit scattering length. At low-magnetic are usually observed as static fluctuations as a function of
fields, the antilocalization is suppressed starting at the fiel@pplied magnetic field or chemical potentidf in a single
scale corresponding to the dephasing lengtB,,  mesoscopic sample at low temperature. But UCF can also be
%(h/e)/l_(zﬁ_ When the field surpasses the spin-orbit fieldobserved dynamically. In the UCF regime, the conductance
scale, Bgy~(h/€)/L2, the sign of the magnetoresistance Of @ phase-coherence volume can bg sensitive to the motion
changes as the localizing effect of paths itk L, is sup-  Of even one atomic-scale scattetéf? This extraordinary
pressed. sensitivity leads to an enhancement of hbise relative to
The theory of weak localization gives the magnetocon-the classicalhigh-temperatueresult. _
ductance in the 2D limit as the following combination of ~ Figure Xb) shows the normalized resistance noise power

digamma functions:® of sample 1 at 0.2 Hz vs temperatuB is roughly propor-
tional to 17T from 28.6 K down to about 6.5 K, and between
e? 1 B 1 (1 B, 1 and 6 K it varies a§ ~ Y2 The observed increase of noise
o(0=0B)=—-— { (— + —) + —‘I’(— + —) with reduced temperature is indicative of the UCF regime. In
272 2 B 2 12 B . i
the simplest 2D case one can express the temperature depen
3 (1 B dence of the UCF noise power @(T)xng(T)Ly, L5,
- E\If > + it (1)  whereng(T) is the density of mobile scatterers as a function

of temperature and.,,= JVAD/kgT is called the thermal
whereB; =B+ Bg,, B,=B,, andB;=(4/3)Bs,+ B, and length®’ This description does not suffice here, however. As
the characteristic fields are defined Byr,=37%/(4eD),  the ratio ofL to Lg, changes, we expect the amplitude of
and forB, andBg,: By7x=%/(4eD). Here, 7, is the mean the UCF noise to change as well. In the limit bf;>L,
time between elastic scattering events. The expressions f¢gtrong-spin-orbit scatteringthe noise amplitude should be
B, and B are valid when there is no appreciable magneticeduced by a factor of four relative to the weak-spin-orbit
impurity (spin-flip) scattering, which we believe to be the limit.**~*¢ This crossover competes with the increaslng

case for these samplé&s. andLy, in the above expression to weaken the temperature
Fits of Eq.(1) to the data are shown in Fig. 2. There were dependence.
two parameters involved in these fits, namely and Bg,. UCF-enhanced noise also features a strong magnetic-field

Evaluation ofB, is robust only at low temperature where the dependenc&’**~*>The effect can be explained either via
samples are in the strong spin-orbit scattering regime, i.erandom matrix theory by an analysis of the eigenvalue sta-
Lsoe<Lg4. The values obtained at 1, 1.5, 2.1, 3.1, and 4.5 Ktistics of the sample Hamiltonian or transfer matrix, or from
were averaged and the entire data set fit to one valllenf @ Green’s-function calculation. In the latter approach, noise
since spin-orbit scattering is expected to be temperaturarises equally from the Cooperon and diffuson basis states in
independent. The fit gave a value of .;=0.44um. L,at zero field. As the magnetic field is applied, the Cooperon
each temperature is obtained from the fits with this fixedcontribution decreases over a field scBLecA(h/e)/Lfﬁ ina
value ofL . quasi-two-dimensional sample, where the constante-

We note that at the lowest temperatures measured, thereignds weakly o, andLg,. WhenB>B., the UCF noise
reason to doubt the validity of Eq1).3*** A discussion of s reduced by a factor of two. UCF theory gives a prescrip-
this issue will be postponed to Sec. V, after we have distion to calculate the field dependence of the UCF-enhanced
cussed the noise measurements and the temperature depgff- noise** The noise crossover function is defined as
dence ofL .

v(B,T)E—SG(B’T), )
IV. 1/f NOISE AND UNIVERSAL CONDUCTANCE Se(0,T)

FLUCTUATIONS . .
whereSg(B,T) is the conductance noise power at a chosen

Resistance noise in disordered metals arises from the mdérequency as a function of magnetic field and temperature.
tion of atomic defects® When the relaxation times of the (Since the conductance changes only very slightly \Bitim
defects are very broadly distributed, the noise obeys a powethese experiments, the field dependence of conductance
law frequency dependence, and is callefl ddise. Such a noise power and of resistance noise power are practically
broad distribution occurs for thermally activated processesndistinguishablg. Measurement of the field dependence of
when the distribution of barrier heights is broad compared tdhe noise provides an excellent way to deterniingin the
kgT.%® At low temperature, defects move by quantum-context of UCF. The advantages of this noise reduction tech-
mechanical tunneling, and the broad distribution of relax-nique over the more typical magnetofingerprint measurement
ation times arises from the exponential dependence of thestatic conductance fluctuations versus figlde twofold. In
tunneling rate on particle mass, barrier height, tunneling dis2D, the characteristic field scale for the magnetofingerprint is
tance, etc. Low-temperatureflfoise has been observed in related toLy,, while the field scale for the noise reduction is



5620 D. HOADLEY, PAUL McCONVILLE, AND NORMAN O. BIRGE PRB 60

related toL ,. A second consideration is experimental statis-

tics. In a magnetofingerprint measurement, the range of mag- (B EEURRALL R BEURERLLL L ]
netic field covered must be many times larger than the cor- 1.0t 4
relation magnetic field, so that one can extract an B B R .
autocorrelation function averaged over many fluctuations. In & 09 \ ‘ .
the temperature range of our experiment it would require an ;)ET: 0 8: ]
inaccessibly large range of field to obtain proper statistics to L i
satisfactorily determind.,. For noise measurements, the ) 07F ~
range of magnetic field need only be of the same order asthe & N 7
correlation field. The noise power at fixed field already rep- n 0-6f . 7]
resents an average over contributions from all the mobile 0.5F Tl eexilT . T
defects in the sample; the noise statistics can be improvec
simply by averaging over longer times. 1.4

The noise crossover function(B) in Eq. (2), has been 10 I - ]
calculated theoretically in the limits dfy, and L, either BN N i
much greater than or much less thBQ.M In our silver . § 09r -2k
samples, these three lengths are comparable in the experi i & 45K | ]
mental temperature range. For example, at 4.5Ll 9 O-Sf ‘!i - 137K| ]
~0.7um,Ly=~0.1um, andL¢~0.5um. To obtain proper o 07F ‘x! -
fits to our data, we have evaluated the theoretical functions & B - 7
numerically for arbitrankt , andLg,. Spin-orbit scattering is n 0.6 C ~tef s TEPPRES ]
accounted for by separating the singlet and triplet contribu- 05+ S
tions in the Cooperon channel, following the work of Chan- '
drasekar, Santhanam, and ProbeFinite temperature intro- 1.1
duces thermal smearing that is evaluated by numerical
integration of Eq.4) in Ref. 44. The details of the calcula- 1.0
tion are given in the appendix. = 0.9

Figures 3a), 3(b), and 3c) show the normalized noise 2
versus field data at ten temperatures. As the temperature ii % 0.8
lowered, the magnetic-field scale characterizing the noise re- & 0.7
duction decreases, indicating growthlof. In principle, we = —o- 5K
should fit these data to the noise crossover functi¢B) 2 06 & 65K
given by Eq.(A9) in the Appendix, with the same two free 05 -l 199K
parameters we used in the weak localization fits to the mag- P |L® 286K

netoresistance, namely, andL,. In practice, however, we A L
found that the shape @f(B) depends only weakly ohg,, so 10 103 1072 10™ 10°
it is difficult to obtain an accurate determinationlaf, from B (Tesla)
the noise data alone. Hence, we used the valukgiob-
tgined from .the magnetoresistance fits. No.significant devia- FiG 3. 1f-noise power of Ag sample 1 versus magnetic field,
tion from this value was detected by the fits to the data ofyormalized to its value at zero field, at 10 temperatures between 1.0
noise vs magnetic field. A second consideration in fitting theand 28.6 K. The lines are fits to universal conductance fluctuation
data of Fig. 3 comes from the observation that at temperaeory[Eq. (3) in the text and Eq(A9) in the Appendi} with the
tures of 6.5 K and above the noise does not drop @fits  fixed value ofLo,=0.44,m. Values off cr andL , obtained from
zero-field value, as expected from UCF theory. Whepis  the fits are shown in Figs. 4 and 5, respectively.
not much greater thah,, the amplitude of the noise is not
well described by UCF theory. Resistance noise can ariswherev(B,T) is given by Eq.(A9) in the Appendix. This
from changes in orientation of single anisotropic defects okrude approach is justified by the excellent fits we obtain at
by changes in relative position of two neighboring defectsthe higher temperatures in Fig. 3. Figure 4 shdyys- versus
These processes takes place on a length scale typical of themperature. As expected, this parameter is equal to 1 at low
spacing between neighboring defeti{shence, the induced temperature, and starts to decrease rapidly above about 6 K.
noise is called “local interference” nois®.The local inter-
ference processes do not vary with small magnetic fields. A
crude way of accounting for the mixture of local interference
and long-range interferencee., UCH noise in our samples Figure 5, which is the central result of this work, shows
is to add an extra fitting parameter called the “fractionL 4 from the UCF and WL fits for all data taken on both
UCF”, or fyce.* Hence, the actual function we fit to the samples. Above a few Kl 4 exhibits strong temperature
data is dependence, indicative of electron-phonon scattering. At
lower temperatures the curves become less steep, indicative
of a crossover to electron-electron scattering. The central is-
Sc(B,T) sue of this paper is the comparison of the valuek pfrom

Se(0,T) = Tuerv(B, D+ (1= Tuce), ® " the two different experiments:’- andL ;°". At our highest

V. DISCUSSION
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FIG. 4. Fraction UCF {ycp) versus temperature, obtained from Power(A), for sample 1 at 4.5 K. The noise decreases surprisingly
the fits shown in Fig. 3. At low temperature, thd hbise is entirely ~ quickly with increasing drive, whereas the value lof obtained
attributed to UCF physics, whereas above di®K a magnetic-  from a fit of noise versus field is roughly 10 times less sensitive to
field-independent noise mechanism becomes increasingly impofrive.
tant.

. UCE below. But first we discuss several other ideas to rule out the
few measurement temperatureg," andL ;" agree. As we possibility of systematic errors or experimental artifacts.
proceed to lower temperatures, however, we find increasing The first consideration is that sample 1, which is only
difference between the two. At 1 K, the ratio between the7_,le wide, is approaching a dimensional crossover wihgn
two values is about 1.6. The difference betwde}l- and s of order 1um. That is why we measured two samples with
LiCF cannot be dismissed as “within the noise,” because itsimilar aspect ratios and very different widths. The figure
is well outside of the statistical uncertainties shown in theshows that the value mtiCF from sample 2 (width 18 um)
figure. We believe that the difference is real, as we will ShOWagrees with that from sample 1 (widt¥ um) at 4.5 K, and

the values oL\Q’L agree at all temperaturegdloise measure-
T . T . - ments were prohibitively time consuming on the larger
:::ﬁ:i;fm | sample below a few K.Hence, we see no experimental evi-
Sample 1 (Noise) dence of dimensional crossover effects.
Q a Sample 2 (Noise) Uncertainty in our knowledge of the sample thickness will
5 © result in uncertainty in the calculated diffusion constBnt
We used the Drude model and free-electron theory to obtain
the mean-free path and diffusion constant from the resistiv-
ity. The values we found for sample 1 werg=12 nm and
D=5.7x103m?s, using the bulk value of the Fermi veloc-
@ ity of silver, ve=1.39x 10° m/s. The only sensitivity in the
a fitting process toD is through the thermal length, and the
o . noise crossover function is quite insensitiveltq. In fact,
8 changingD by a factor of 3 introduces at most a 10% change
in the value ofL , extracted from the fit at the lowest tem-
peratures.
A further possible source of systematic error could have
1 . et ' . been sample heating due to the measurement current. As
10° 10° discussed earlier, we measured the magnetoresistance versus
T(K) drive current at all temperatures to determine the maximum
_acceptable drive for the noise measurements. Our criterion
FIG. 5. L, versus temperature for both Ag samples, obtalneqNas thatL\Q’L was reduced by no more than a few percent

from the fits of weak-localization theory to the magnetoresistanc . .
data(Fig. 2) and the fits of UCF theory to the noise versus field datz:from the extrapolated zero-drive value. Figure 6 Shdl\)gé

nfersus current density squared for sample 1 at 4.5 K. At a
: 20 WL

its noise was measured only at 4.5 K and abp@dove about 10 ~ current density of 10A/cm Ly Is reduced by only 2%

K, the values ofL, from the two different measurements are in from the extrapolated zero-drive value. To check whether

agreement. At lower temperatures, the UCF valugé pfis consis-  this same drive level influencet}°", we measured the
tently shorter than the WL value. noise versus field at that drive level and at half that level.
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L L B L B AL B A values ofL ;" obtained from the fits of noise versus field are
i o  10f Ao Drive i robust, as Fig. 7 shows. o _
1.0 -.§\§ A 500°AmeDive | Another con5|der,_31t|on is the role of spin-flip scattering,
SR 2 Fit using WL L, . which we have not included in our WL and UCF fits. Ac-
09F ~ %o - cording to the theories, spin-flip scattering enters into the
L NA i dephasing rates differently for WL and UCF. For UCF, we
) i jg o have 7= 75"+ 5] 7o + 75, Wherej=0 or 1 for the sin-
& 0.8 N glet and triplet contributions, respectively. For WL, the cor-
o i [ o i responding result is slightly more complicated, because spin-
;9’: 071 gé 7 flip scattering enters the singlet and triplet contributions
B e : differently. We are interested in the low-temperature regime,
0.6F I 5 - where T§01> L L‘Q"‘ is determined by the low-field mag-
= RN I . netoresistance, WhIChlln this casells domllnated by the singlet
o5 T L - contribution t0 WL: Tiiasinglet™ 7~ T 27 - These expres-
L - 4 sions indicate that spin-flip scattering is expected to cause a
) ST ST A EUT R greater dephasing rate in WL than in UCF. Hence, this can-
10 107 102 1071 100 not account for the difference we observe.
B (Tesla) We believe that the experimental difference bet\/\fegﬁF

and L‘Q"‘ indicates a true difference between the dephasing
FIG. 7. Normalized noise versus magnetic field for sample 1 atrates relevant for WL and UCF phenomena. Blanter has re-
4.5 K, at two different drive currents. Not only are the data barelycently showR? that in the limit where the dominant dephas-
distinguishable, but both are clearly incompatible with the predictedng mechanism is electron-electron scattering with small en-
dependencddashed ling based on the WL value of , at this  ergy transfer (also called “quasielastic’ scattering or
temperature. Nyquist scatterintf**%, WL and UCF phenomena are gov-
erned by two different dephasing rates. The appropriate rate
- . . . ; -1 ; -
The results are shown in Fig. 7. There is no noticeable shiffor WL, which Blanter callsz,, ", is the dephasing rate first
between these data sets. Furthermore, the dotted line in Figalculated by Altshuler, Aronov, and Khmelnitskii in 1982.
7 is the theoretical crossover function obtained by using the "€ appropriate rate for UCF differs by a logarithmic factor,

value ofL , from the magnetoresistance. This curve is clearlyahnd is called the “out-scattering” rlzl’slte, 07|(out- Ironically, I
incompatible with the data, demonstrating that joule heatingn€ out-scattering rate was initially believed by severa

9-20 ;
from the drive current cannot be the source of the observeguthors’ ™ in the 1980s to be the relevant rate for WL,

difference betweei YSF and LWt although this disagreement was later cleared up by
¢ ' |Eukuyama‘f’.O Blanter explains that the calculation of the out-

One aspect of the drive dependence of the noise is pe . X . .
plexing. The noise at fixed field is apparently far more senScattering rate in Refs. 19-20 omitted a class of important

sitive to drive heating than its field dependence, or than th(—f\j""‘gr"’Ims in the diffusion propagator. Coincidentally, these

magnetoresistance. Figure 6 shows also the drive depefic the same diagrams that do not contribute to the UCF

dence of the zero-field noise of sample 1 at 4.5 K. At a drive iffusion propagator, which explains why those calculations

of 10° Alcm?, the noise was reduced by 20% relative to theProduce the correct result for the UCF dephasing rate.
extrapolated zero-drive value, even though such a drive In_2D, the formula for the dgphasmg rate que t(%écigfsasr
hardly affected the magnetoresistance or the field depene—IaStIC electron-electron scattering, or the Nyquist rate;

dence of the noise. We tried to model this effect by heating.

2
Using the measured temperature dependence of the zero-field 1 ~ @ kB_T n i _ 3mkgT In<ﬂ> (4
noise and ot 3", and the known temperature dependence s G h 12Go) 2nk2it | 37

of Ly,, we can infer the temperature dependence of the den- . o
sity of mobile defectsny(T). [We assume for simplicity that WhereG is the sheet conductance of the samfig:=e“/h is
the spin-orbit scattering crossover occurred at temperaturd2€ conductance quantum, anid the sample thicknesfThe
above 4.5 K. Eliminating this assumption does not improvePrefactor inside the logarithm of E¢4) varies slightly be-
the agreement between the heating model and the]daia. Ween Refs. 17 %Qd 1BThe 2D form for the out-scattering
obtain the strongest dependence of noise on drive within St€ IS given by

heating model, we assume that the defects are thermally

linked to the phonons, while}F, andL, are determined :37TkBT|n
by the temperature of the conduction electrons. Even with Yout 4hk§|t
these best-case assumptions, the heating model is not capable

of explaining the 10-fold difference between the noise andvherex=4me’n(Eg)t is the screening length, amdEg) is

the L, sensitivity to drive. Of course, the best thing to do the density of states at the Fermi level. Plugging in the pa-
would be to make all measurements with a drive current thatameters for sample 1, we find,*=2.6x10°s™ and yy
does not noticeably affect either the magnetoresistance of6.4x10°s™* at T=1K. Given our diffusion constanb
noise measurements. At the lowest temperatures, however,5.7<10 *m?s, this gives Ly =4.7um and L}°"
that was impractical due to the signal-to-noise limitations of=3.0um at 1 K. The theoretical values of the phase-
the noise measurement. In any case, we reiterate that thmeaking lengths are almost exactly a factor of two greater

AD 2 [ K2It\2
: )

keT \ 37
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than the experimental values at 1 K shown in Fig. 5. Equivathe noise measurements, we could not extend the data pre-
lently, the theoretical rates are a factor of four smaller tharsented here to low enough temperature to address the issue of
the experimental rates. What is striking, though, is that thesaturation.

ratio of the lengthgor the rates agrees very well with ex-

periment for the data below about 3 K, which is the tempera- VI. CONCLUSION

ture range where these theoretical expressions are valid. The ) )
ratio of the rates is about 2.5 both from experiment and from We have measured the phase-breaking lengths associated
theory, i.e. ,yout/T(;lzz_s%(L\gL/LgCF)z for T between 1 With weak localizationfWL) and universal conductance fluc-

and 3 K. At higher temperature, the dephasing rates detefd@tions(UCF) in two 2D Ag samples. Analysis of the UCF

mined from the experiment follow a steeper temperature gedata required calculation of the noise crossover function for

pendence, and the two dephasing rates merge. Both of thegPitrary values oflLs, and Ly, (the spin-orbit scattering

features are expected when electron-phonon scattering biéngth and thermal length, respectivefglative to the phase-
comes the dominant dephasing mechanism. breaking length. We find that the two phase-breaking lengths

The identification of the low-temperature dephasing®'® the same at temperatures above 10 K, but they differ at

mechanism as quasielastic electron-electron scattering intr@W temperature. Between 1 and 3 K, the UCF dephasing
duces a complication in the interpretation of magnetic-field-/a€ is @ factor of 2.5 larger than the WL dephasing rate.
dependent phenomena. Collisions with small energy transfef1€S€ results are consistent with a recent theoretical treat-
do not destroy phase coherence immediately. The phase ment of dephasing due to eleptron-electfon collisions with
randomized only after several collisions or after passage of §Mall energy transfer, or Nyquist dephasing. We also show
sufficiently long time”8 Hence, the Nyquist scattering rate that corrections to the thgoretlcal WL expression due to the
does not simply add to other dephasing rates such as thgtgcullar behavior of Nyquist scattering are very small for our
associated with the magnetic fieldg=4DeB/%. In prin-  lOW-resistance samples. . .
ciple, then, the expression for the weak-localization magne- "€ difference between the dephasing rates associated
toresistance, Eq1), and possibly also the expression for the With WL and UCF should be even larger in the 1D regime
field-dependence of UCF, EGA.9), should be modified at than in the 2D regime studied he%%Expenments S|m!lar to
low temperatures. This problem has been addressed theoreffloSe performed here, but on 1D wires, would provide yet a
cally by Altshuler, Altshuler, and Arond% and by Eiler®* stronger test of the theoretical predictions.

and its importance in 1D has been emphasized by Echternach

et al>! For our 2D samples, we can estimate the error in our ACKNOWLEDGMENTS
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APPENDIX
2Gg kgTr, ') 17 _ _ .
7(;1%7-4;1 1—-—— - ¢ . (6) Here, we outline the calculation of the UCF noise cross-
3G h over function in a 2D conductor for arbitrary temperature

. _ . and spin-orbit scattering. We follow the procedure of Alt-
For our Ag samples, the correction term is about 6%, whichyhyjer and Spivak! calculating the variance of the conduc-

leads to a correction of only 3% to the experimental deterignce in the unsaturated caséGl<e?/h). Stoné* de-
mination of L ;" from Eq. (1). Note that the magnetic-field scriped this calculation in a 2D sample, but without the
dependence of the Nyquist rate tends to increase the appargpéatment of spin-orbit scattering. We treat spin-orbit scatter-
scattering rate, hence it tends to decrease the experimentallyy following the work of Chandrasekhar, Santhanam, and
determined value OLWL relative to the true value. Maklng Pr()beﬁ17 In the presence of Spin-orbit Scattering, the phase-
this correction to the data in Fig. 5 would only increase thepreaking lengthl,, is no longer simply equal to the inelas-
difference between the experimental values Ldf" and tic scattering lengthL;,. The j=1 triplet states havé.,
Ly“". We have chosen not to make the small correction=[L; 2+ (4/3)L,2]~"2 while L 4=L;, for the j=0 singlet
because there is no mention in the theoretical literature oftate.
whether a similar correction is needed toiCF. We begin by considering theflhoise reduction function,
Although the theoretical explanation outlined above isv(B), given in Eq.(2) in the text. This function varies from
gratifying, it does not address all aspects of the data. Thé to 3 asymptotically a8 increases. To make the connection
theoretical scattering rates given by E¢Y.and(5) are lin-  betweenv(B) and UCF theory, we must consider the noise
ear inT, so that we expequsnxT*l’2 at low temperature. The within a specified bandwidth, due to a subset of mobile de-
data in Fig. 5, however, show a slight flattening offlgf vs  fects in the sample. If we assume that the dynamics of that
T in the same temperature range where the theory predicensemble of defects is unchanged by the magnetic field, then
the correct ratio between the WL and UCF results. As menthe field dependence of the noise is given by the expression
tioned earlier, saturation df, at low temperature has been for the ensemble average of conductance fluctuations due to
observed in some other sampfé<Due to the difficulty of a change in the microscopic impurity potential
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Se(B, T)*[6G'(B,T)]? The\, ; are the eigenvalues of the Cooperon diffusion equa-
tion,
=([6G(B,T,V)— 6G(B,T,V')]?)
- _ ' e \2 1 4 1 AE
2{Va{G(B,T)]—(5G(B,T,V)8G(B,T,V"))}, [D(—iV—Z—A +—+—j——i—}‘Pnj=>\nj‘Pnj.
(Al) h T(p 3 Tso h ! ! !

(A7)
where VafG]=((8G)?) andV andV' are the impurity con-

figurations before and after movement of an imputftffhe ~ As mentioned beforej=1 corresponds to the spin-triplet
second term above can be expressed asMay,+y')],  eigenstates, and=0 the singlet state. The eigenvalues of the
where y,= 7-;1 and 7’=1/T¢[1—<VV’)/<V)2] in the limit  Cooperon equation are given by

that y' <y,."" These expressions are valid in the unsatur-

ated regime, where the total conductance fluctuation ampli-
X . e 1 4 1 AE
tude in a coherence volume is much less teath. In that Mnj=47BD(n+5|+—+5j——i—, (A8
limit we can write h 2] mn 377 h
, ,d(VarlG(y)]) with degeneracy determined by the area of our 2D samples,
Var Gy, +y')]=VaiG(yy)]+y dy : 2BL,L,(e/h). After taking a derivative ofF;(B) with re-
7:,76?2 spect to (1¢,) we can expresS(B), the contribution to the
(A2) noise from the Cooperon channel, as
Then
2
(B)— 2y V2O w) s [ Gtk e BT 2BLL,
o — —_— oC _
SG Y d71f> ' C( ) —o0 2kBT 2kBT n=0 h/e
S0
1 3
d , X Zf(anvs,b)+ Zf(am,b) , (A9)
d—m{<[5G(B,T,7¢] )}
Rpcr————
d‘y¢ ] 17¢
Now we need to find V&G(B,T,y,)]. This quantity can be f(a, b)= an,x(—3aﬁ,x+ b?)
divided into two contributions, which in diagrammatic X (a2 +b?)3
theory are called the Cooperon and diffuson channels. The '
two contributions are equal in zero field, and only the former
is reduced in the presence of a fie(tVe are neglecting the 88L§(n+ 3) L§
Zeeman reduction of the diffuson, which occurs at very high an,s= a(hle) 2,2
field 343 According to Stoné? m™Lle
e’\?( 16 21 2 2
<(5Gcooperoa2>:(ﬁ> <_4> a :BBLZ(n+ 5) Ly 4L
4 “om(hle) 22 34212
foc d(AE) ( AE )F (AE.B)
— o0 2kBT ZkBT ¢ ! ' b: AEL% ZA_E Lg
(A5) m?hD  keT 72L3°
where K (x) =x coth)—1/sintfx and F(AE,B) is the en-
ergy correlation function for the Cooperon given by The upper limit on the sum in E§A9) corresponds to when
the cyclotron orbit of an electron is comparablé to Elec-
1 1 1 3 trons with shorter cyclotron orbits do not contribute to the
FC(AE,B)ZE TN |2+ gR Z T aln, |7 conductance fluctuations in the diffusive regime.
n.j=0 nj=0 nj=1 Equation(A9) is the result we need to fit our data via Eq.
3 1 (3) of this paper. In the limit of low-magnetic field, we con-
+ gRe( 2—) (A6)  vert the sum to an integral. Further details are given in the

Appendix of Ref. 52.
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