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Electronic coherence in metals: Comparing weak localization
and time-dependent conductance fluctuations
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Quantum corrections to the conductivity allow experimental assessment of electronic coherence in metals.
We consider whether independent measurements of different corrections are quantitatively consistent, particu-
larly in systems with spin-orbit or magnetic impurity scattering. We report weak localization and time-
dependent universal conductance fluctuation data in quasi-one- and two-dimensional AuPd wires between 2
and 20 K. The data inferred from both methods are in excellent quantitative agreement, implying that precisely
the same coherence length is relevant to both corrections.
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Quantum coherence of electrons in solids remains a topic Time-dependent UCF result from changes in defects’ po-
of much interest. Technologically, coherent control and masitions that alter the phases of interfering trajectories, and
nipulation of electrons is relevant in proposed novelhence the conductance within a coherent volume. With an
devicest? Scientifically, the mechanisms and temperatureappropriate broad distribution of defect relaxation times, the
dependence of decoherence are of fundamental importanceesulting noise power has afldependencé&’ Applied mag-
and have profound implications for the ground state of metnetic flux suppresses the cooperon contribution to the
als in the presence of disorder. Quantum corrections to thBuctuation3® over a field scale related to;°"", reducing
conductivity allow coherence to be examined experimentallythe noise power by a factor of two. A&—0, Li°Y“F grows
Specific corrections that have been used include the wealelative to sample sizd,, and thermal smearing is reduced,
localization(WL) magnetoresistancayniversal conductance leading to an increase of TDUCF noise power. For WL and
fluctuations as a function of magnetic fiefl(MFUCF), the field dependence of TDUCE?°the quasi-1D limit oc-
time-dependent  universal  conductance fluctuationsurs in samples of widthv and thickness whenw, t<L,,
(TDUCF),”® and Aharonov-Bohm oscillatiorfs. while the quasi-2D limit occurs whet< L ,<w. The ther-

These corrections result from interference between eleamal length,L+, is defined ast=\AD/kgT and is important
tronic trajectories on length scales shorter than the coherender determining the magnitude of UCF.
length,L ,= D, whereD is the electron diffusion constant Previous experimental comparisons betwdejf- and
and 74 is the time scale over which the phase of the elecd}”"“" were equivocal. In quasi-2D silver filn#$22the two
tron’s wave function is perturbed strongly by environmentallengths agreed quantitatively only above a temperature
degrees of freedom. It is interesting to ask whether preciselyvhereLLDUCF% Lso the spin-orbit scattering length. At 2 K,
the same time(length scales are relevant to the various Ly~ ~2x LiPY“F. The results were interpreted as consistent
quantum corrections. For example, the electron “outwith L} set by Nyquist scattering ard," determined by
scattering” time(for scattering out of a particular momentum the out-scattering rat€. Similar investigations in quasi-1D
statg in the Boltzmann equation with screened Coulomb in-Li wires?® showed better agreement betwédft andLTPYCF
teractions has a different temperature depend@niban the in a weak spin-orbit system, but data were limited. A theo-
coherence time for weak localizatié! and has been sug- retical reexaminatio’¥ now predicts agreement between
gested as relevant to UGFOne must also consider whether these lengths in both quasi-1D and quasi-2D systems when
other complications(e.g., spin-orbit coupling; scattering decoherence arises from electron-electron interactions. This
from dilute magnetic impuritiesaffect the inferred values of agreement is expected to remain ffuas long as other de-
L, identically. Subtleties are known to exist regarding mag-coherence mechanisns.g., electron-phonon; spin-flip scat-
netic impurities in Aharonov-Bohm ring$.These questions tering) do not involve smal(<kgT) energy transfers
have particular relevance as recent publications concerning We comparel}* andLPY“" in mesoscopic AuPd wires
saturatioh® of L}*(T) asT—0 have included comparisons in both the quasi-1D and 2D limits. The AuPd is known to
with Aharonov-Bohm experimenisand MFUCF dat&® have extremely strong spin-orbit scatteriigdne quasi-2D

Weak localization results from electron trajectories thatsample was deliberately contaminated with ferromagnetic
form closed loops, and their time-reversed conjugates. Witlimpurities. We find that coherence lengths inferred from both
no spin-orbit scattering and at zero magnetic field, such pairg/L and TDUCF are in strong numerical agreement between
constructively interfere, leading to a lowered conductance2 and 20 K, independent of dimensionality and magnetic im-
Strong spin-orbit interactions lead instead to destructive inpurity concentration. This agreement implies that coherence
terference, and a conductance increase at zero magnetic fieldngths inferred from these different experimental techniques
Magnetic flux through such a loop suppresses these interfemay be compareduantitatively even in the presence of sig-
ence effects, resulting in a magnetoresistance with a fieldificant spin-orbit interactions and decoherence due to spin-
scale that reflectls‘;;’L and the sample geometry. flip scattering.
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FIG. 1. Noise measurement scheme. Trimming capacitors are

used to null away any capacitive phase differences between the two

bridge halves. The samples consist of seven leads with only five
consecutive leads used.
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All samples were fabricated by electron beam lithography

on undoped GaAs substrates. Figure 1 shows the sample
configuration, and the parameters for each sample are de- 0.0000 . . .
scribed in Table I. For each sample between 6.5 and 9 nm of 00 02 04 ]g.s[T] 0.
Aug Pdy 4 was evaporated to create the wire, followed by a

second lithography step to create the leads. The leads con- i, 2. weak (antilocalization magnetoresistance at various
sisted of 1.5 nm thick Ti and followed by 25 nm of Au. Each temperatures for a 43 nm wide witquasi-1D, top and a 500 nm
segment of wire between Ti/Au leads was A in length,  wide wire (quasi-2D, bottory with fits to Eqgs.(1) and(2) respec-

and each wire consisted of seven segments. All evaporationgely. Top to bottom, temperatures are 2 K, 4 K, 6 K, 8 K, 10 K,
were performed via an electron beam evaporator~& 14 K, and 20 K.

X 10" millibars. Knowing the purity of the starting material,

the AuPd alloy likely contains magnetic impurities at the fveiguration while varying a perpendicular magnetic field be-
parts per million level, as discussed below. To produce qyeen +1.25 T. For the TDUCF, the demodulated lock-in
sample(D) with a higher magnetic impurity concentration, ot was fed into a dual channel signal analyzer to trans-
roughly 2.5 nm of Nj sFe, , was evaporated with the sample ¢4y the signal into the frequency domain. A typical fre-
shutterclosedimmediately prior to AuPd deposition. Contact quency range was 78 mHz to 1.5 Hz. Background pre-amp
resistances were less than Q0 Diffusion constants were  nise was measured simultaneously using the out-of-phase
calculated using the Einstein relation and the density ofyt of the lock-in, and subtracted from the in-phase noise

6 . .
states for bulk Al - _ signal. Excellent agreement with a fldependence of the
Samples were measured in"He cryostat and initially 5ise power was found consistently. As expected for

characterized by four-terminal resistance versus temperatufey | JCFE the measured noise power increased as0, and
in a 3 T magnetic field normal to the wire. Magnetic impu- depend;ad nontrivially o as described below. '

rity concentrations in all samples were sufficiently low that Figure 2 shows typical magnetoresistance curves for a
no Kondo upturn in resistivity was distinguishable. Currentsquasi_lD and a quasi-2D sample. The WL magnetoresistance

from 10 nA to 10uA were set at each temperature SuChqrmylas with strong spin-orbit interactions for 1D and 2D
that no Joule heating was detectedR(T). are

All noise measurements were performed using a five-

8§ 1.0 12

terminal ac bridge technigéewith a carrier frequency of AR| _ € R 1, 1(w 2|12 .
600 Hz. No drive current dependence was observed in either R T oomh Ll L2 12\ 2 ' (1)
. 1D & B
WL or TDUCF until currents large enough to affel(T).
WL magnetoresistance was measured in a four-terminal con- AR| &2 RD{{//G . }L_é) |n<1|‘_§>] .
TABLE |. Samples used in magnetotransport and noise mea- R |,p A7k 2 2Li ZLi '

surements. Free electron density of states for Au used to calculate . 528 e .
D: 1x 107 m~3 JL, from Ref. 26. Sample D was deliberately con- respectively?>28 The differing forms result from divergences

taminated with additional ferromagnetic impurities. that depend on di.mensional?c?/.Note thatAR=R(B)-R(B
=) for Eq. (1) while AR=R(B)-R(B=0) for Eq. (2). Here

Sample  w [nm] t [nm] R [Q] D [m?/s] ¢ is the digamma functiorl.g is the magnetic length and is
defined asLg= VA/2eB, and R is the sheet resistance. In
A 43 9 321 1.3410°° fitting the quasi-1D magnetoresistance data, at 2 K the width
B 35 9 31.5 1.3410°3 w was allowed to vary, and was then fixed for all other fits.
C 500 6.5 84.5 7.910% Widths found in this manne@3 nm and 35 nmwere con-
D 500 8.5 47.9 0.6 1074 sistent with both electron micrographs and estimates based

on measured resistances dRd found in codeposited films.
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FIG. 3. Normalized noise power as a function of magnetic field £, 4. The coherence lengths of the four samples, as indicated.
for a 500 nm wide wire. The 20 K point does not drop by a full cjosed squares: WL data; open circles: Beenakker/van Houton/
factor of 2 due to local interference noise. Inset: At high field thereStone(Refs. 19 and 30fit to TDUCF field dependence; open tri-
is a large upturn in the noise for a sample deliberately dosed Wmﬁingles: Aleiner fifEq. (3)] to TDUCF field dependence. Only one
additional magnetic impuritie§500 nm wide sample at 4 )< TDUCF fit is shown for the 2D samples since both fits result in the

same number to within 3%. Dashed lines are predicted values for
Including Lgp as a fit parameter leads tg;o<10 nm, with L, assuming decoherence is dominated by Nyquist scattéRr{
little impact onL . 33) and using sample parameters from Table I. Solid linesLgre

Figure 3 shows examples of the normalized noise poweyalues calculated from the same sample parameters.
(Sk(B)/Sx(B=0)) as a function of field. As in WL, the char-
acteristic field scale involves magnetic flux through loop-like i mization and analysis.

trajectories, with a lower field corresponding to a larger  The inset to Fig. 3 shows the normalized noise power as a
L, - The normalized noise power as a functiorBab the  fynction of field for the magnetically contaminated sample.

crossover functiony(B), and depends on dimensionality. The upturn at large fields is a suppression of spin-flip deco-
Analytical expressions for the crossover functions in theherence as the Zeeman splitting of the magnetic impurities

and confidence intervals were determined by nonlingar

strong spin-orbit limit have recently been calculatéd: exceedsgT. An analogous upturn has been observed in in-
%[ Ai(x) |2 vestigations of Li wire€ and in recent Aharonov-Bohm
vip(B) = 1_—( - ) , (3 measurements in Cu ring3.Some upturn is visible at the

2\Ai"(x) highestB/T ratio in all of our samples, consistent with some

—2 2 magnetic impurities even in nominally “clean” devices. Note
wherex=L,/(3(#/Bew) )» and that the effects of spin-flips on WL and TDUCF depend on
1 Lé ! Lé the ratio of the spin-flip time and the temperature-dependent
von(B) = 57 E'/’ 57 212 ) impurity Korringa time?8 For T> ~ 40 mKX the ppm con-
¢ ¢ centration of magnetic impurities, spin-flip scattering should
respectively. These functional forms are strictly valid wheninyolve large energy transfef$and affect WL and TDUCF
il T,<kgT. Here AX) is the Airy function, and)’(x) is the  identically. For our samplegvith ~ a few ppm impuritie}

derivative of the digamma function. this crossover is well below 1 K, outside the regime of these
PreviousL j;>V“F extractiond®22have used the numerical experiments.
crossover function calculated by Stéhefor quasi-2D The resulting coherence lengths from both WL and UCF

samples, as well as an approximate analytical form derivegheasurements are shown in Fig. 4. The temperature depen-
by Beenakker and van Hout€nfor 1D samples. Compari- dence becomes steeper as electron-phonon scattering in-
sons between the analytic and numerical forms demonstratesteases. Clearly, over the temperature range measured the
T-independent  differences (numerical>analytica) of  coherence lengths inferred from the two techniques are in
roughly 14% for quasi-1D samples and 3% for quasi-2Dexcellent agreement. This agreement remains strong even in
samples. As in the WL data, the resulting fits were essentiallyhe presence of magnetic impurity scattering significant
unaffected by includind.so as a fit parameter, sindgnis SO0 enough to suppress the coherence length by more than a
short. factor of two. This strongly supports the theoretical
To account for field-independent local interferencestatemerff that weak localization and UCF measurements
noisé-32 at higher temperatures, a second fitting parameteiprobepreciselythe same coherence physics, even in the pres-
z, the fraction of noise that is due to UCF, was introducedence of strong spin-orbit and magnetic impurity scattering.
into the fitting function,f(B)=(1-2) +zv(B). We found that The agreement is noteworthy. Firkt, values at the low-
was indistinguishable from 1 for all temperatures measure@st temperatures are below those predicted from the pure
except for 20 K in the 2D samples, wher=0.68. All fits  Nyquist electron-electron dephasif@r example, see Ref.
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33). This is not surprising given the presence of magnetic We have carefully measured weak localization magne-
impurities in the AuPd, as described above. Second, thtoresistance and the magnetic field dependence of time-
agreement persists even thouljhr, is never <kgT, sug- dependgnt universal conductance fluctations in me_soscopic
gesting that Eqg(3) and(4) are robust even when that con- AUPd wires. By comparing the coheLrence lTeDTJ%chS inferred
straint is somewhat relaxed. from these data, we have shown thaff- andL ] are in
These results leave open the question of why the cohefduantitative agreement, even in .the presence 'of potenﬂa]ly
ence lengths in Ag inferred from WL and TDUCF have dif- SuPtle effects such as strong spin-orbit scattering and spin-
fering temperature dependencié€? The simplest explana- flip contributions to dephasing. Numerical consistency
tion would involve some subtle effect from triplet channel should therefore be expected between complementary UCF

interactions that is only relevant whégo~ L 4. Until further and WL measurements of electronic coherence.

theoretical and experimental investigations address this re- We would like to thank N. O. Birge for his helpful advice
gime, any quantitative attempts to compare different cohereoncerning noise measurements, and I. L. Aleiner and A. D.
ence phenomena in materials with intermediate spin-orbiStone for discussions of the theory. This work was supported
scattering should be done with care. by DOE Grant No. DE-FG03-01ER45946/A001.
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