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Abstract

We have measured the low-temperature electron dephasing times in AuPd and Sb thick films,
using weak-localization method. In particular, the electron dephasing times at temperatures
approach absolute zero were extracted in both the as-prepared, and then annealed, samples. The
effects of thermal annealing on electron dephasing are currently under theoretical and experimental
debate.
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Abstract. We have studied the effect of thermal annealing on electron dephasing times 74
m three=dimensional polyerystalline metals. Measurement= are performed on assputtered and
armenled AulPd and Sb thick films, using the weak-localization method. In all samples, we find
that 7 possssses an extremely weak temperature dependence as T — 0, Our resulis show
that the effect of annealing is non-universal, and it depends strongly on the amount of disorder
quenched in the microstructures during deposition. The obeerved “saturation”™ behavior of 7
cannot be easily explainsd by magnetic scattering. We suggest that the issue of saturation can
be better addressed in three-dimensional, rather than lower-dimensional, structures,

Introduction. The electron dephasing time 7, 1= a vary important guantity that governs
the mescscopic phonomena at low temperatures. Particularly, the hehavior of the dephasing
time near #ero temperatire, rg = 7.1 — (1}, has recently attracted vigorous experimental
[1-7] and theoretical [3-13] attentiom. One of the central themes of this renewed interest
is concerned with whether 7! should reach a finite or an infinite value as T — 0. The
connection of the zero-temperature dephasing behavior with the very fundamental condensed-
mattoer physics probloms such as the validity of the Fermi-liquid picture, the possibility of the
ooccurrence of a quantnm phase transition, and the persistent currents m metals, etc., has
been addressod. Conventionally, it is accepted that 72 should reach an infinite value if there
exist only the mmelastic electron-clectrom and electron-phonon scattering.  However, several
recent measuretnents performed om different mesoseopic comcductors have revealed that '."3
depends only very weakly on T, if at all, when T is sufficiently low. There is no generally
acceptod process of electron-low-cnergy-excitation interactions that can satisfactorily explain
the “saturation™ of '."E formd in the experiments. Tt shonld be noted that those experiments
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TapLE | — Hesistivitics, diffusion constants, and dephasing times of the as-sputtered AuPd and Sb
thick films. The value of v i extwcted by least-squares fitting the measeored 7, (T to eq (1.

Film FE00 K (8 em) go (pflem) D jem® /) o (107 s
AuPdle 151 124 (RE] .18
AuPdda 500 AGT 1.3 .85
AuPdse 535 4T3 1.3 188
AuPdbe 117 115 h3 .14
ShilB T TG hE .24
ahi 1485 1645 20 0.51

[1.2.4.6,7] have ruled out electron heating, external microwave noises, and very dilute magnetic
mmpurities as the origing for the observed finite dephasing as T — (0.

To unravel the i=ane of electron dephasing, systematic information of rﬁ' over a wide range
of sample properties is very desirable. Bearing this in mind, we have in this work performed
systematic measurements of r,'_ﬂ on several sories of as-spufferad and subsequently annealed
AuPid and 5b fhiek films. The low-field magnetoresizstances of the as-sputtered samples are
first measured. The samples are then annealed, and their magnetoresistances measured. The
annealing and magnetoresistance measurement procedures are repeated a fow times, 1, 18
extracted by comparing the measured magnetoresistances with the throcdimensional (2D)
weak-localization (WL} theoretical predictions [14]. Generally, thermal annealing canses a
docrease in the sample resistivity, signifving a reduction in the amount of defeets in the mi-
crostructures, Controlled annealing measuremments are thns erueial for testing the theorotical
models of electron dephasing invoking magnetic impurities and dynamical defects [15].

Erperimental methad, Thick-film samples were prepared by de sputtering depositlon
onto glass snbstrates held at room temperature. The deposition rate was varied to tune the
amount of disorder, fe., the residnal resistivity gn (= {10 K)) of the films. The AuPid
films weore typically G000 A = 0.3mm » 17 mm. while the Sh films were typically 3000 A
#0.3mm = 17mum. Thermal amnealing of the AuPd (5h) films was performed in a 99,0005
pure Ar atmesphere at moderate temperatures of ~ 100-3007C {~ 150=C) for aboat ome-halt
to several honrs until gy changed by a desirable amonnt. The use of an extremely high-purity
Ar atmosphere greatly minimized the presence of amy oxyveen residonal gas in the annealing.
The values of the relevant parameters for our as=puttersd films are listed o table 1.

Wo notice that the four AuPid filns listed in table T were newly made from a new AuggPidyg
target ditferent from that nsed m our previous stndy [3]. Moreover, a different sputtering gun
and a different vacuum chamber were untilized. Provionsly, we had studied 7, In a series of
de sputtered AnPd thick films prepared and measured in a different laboratory [3,16]). By
applving these new samples, we are able to perform a close comparizon study of 7, In the same
material prepared under different conditions. Such a comparizon = indispensable for clarifying
the possible role, if at all, of magnetic scattering on r,f. If there were any noticeable magnetic
contarmination during this experiment. it & natural to expect an aninfentional magnetic con-
centration, oy, that differs from that in our previously samples [3]. Consequently, a distinet
value of 71 should be observed. On the other hand, if a similar value of 7 is measured, this
result mnat then bear important information abont an intrinsic material property.

In addition to the newly prepared AuPd samples, we have stodied two “aged™ Shfilms. The
two 5b films listed in table I were first deposited and studied two years ago m ref. [17]. During
the past two vears, they were exposod to air all the time. One might have naively speculated
that these two samples must be heavily contaminated by {magnetic) impurities and, thus,
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Fig. 1 — {a} 72 a= a function of temperature IE four as-prepared AaPd thick films. (B) AR
[0 — ROOK)| A0 K)Y as 8 function of +T for three AuPd thick films.

have a shorter 7, with a mnch weaker T-dependence, compared with that measured two yvoars
ago, To the contrary, this experiment indicates that 3D AnPd and Sb are nof as vulnerable
to contamination as speculated. Our resnlts point to an experimental fact that sugeesta that
the chserved saturation of 74 cannot be readily explained by magnetic scattering.

Nesults and discussion. We have measured the magnetoresistances and compared with
D WL predictions [14] to extract the valnes of 74, Ow experimental method and data
analysis procedure had been disenssed previously [18]. Here we emphasize that, in the lmit
of strong spin-crbit seattering (which applies for both AuPd and 5h), 7, 15 the orly adjusting
parameter in the least-squares fits of the measured magnetoresistances with WL predictions,
Thiz great advantage makes the extraction of to highly reliable. Empirically, 7o can be written
in the form
1Ty = 1/75 +1/7(T) (1)

where 7! dominates at the lowest measurement temperatures, and 73 is the relovant inelastic
acattering time which is usually important at a (few) degreefs) kelvin and higher. In three
dimensions, electron-phonon acattering i= the predominant inelastic process while the Nyqnist
electron-electron scattering is negligibly small [19], ie. 1/7 = 1/, ineq. {1). The electron-
phonon scattering rate 1/7., varies az T9, with 2 < p < 4.

Figure 1{a) shows our measured 7, as a function of temperature for four as-sputterad AnPd
films. This figure demonstrates that 7, first increases with decreasing T at a fow degrees kelvin,
where the electron-phonon seattering dominates the total dephasing and 1/7, = 1/7., «T% In
AuPd [16]. Below abont 2 K, the inelastic process is much less effective and a new mechanism
progressivaly takes over, resnlting in a very weak temperature dependenee of 7 as T — (0.
To our knowledge, there is no generally accepted process of electron-low-cneroy-exeitation
interactions that can acconnt for such a weak T behavior. A weak temperatnre dependence
of 7 is also observed in the two Shthick films listed in table I In fact, an {almost) absence
of temmperature dependence of 7. has previously been found in onmeronz three-dimensional
polyerystalline metals [3]. We notice that the values of 74 in fig. 1(a) follow elosely the scaling
relation of 7 = 1071901 5 established in fig. 3 of [3]. where the diffusion constant [0 is in
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Fig. 2 — vy ag a function of tamperatare for (o) the as-prepared and annealed AuPdle thick film, and

(b} the as-prepared and annealed SHO1E thick film.

err? /5. This result suggests that the hehavior of 7 found in fig. 1{a) is material intrinzic.

It should be emphasized that the weak T-dependence or the so-called “saturation” of 77
n fig. 1{a) 1s observed in a temperature regine where the sample resistance ‘u'Llil:“- as —/T all
the way down to our lowest measurement temperatures (fig. 1{b)). This [—/ ]"j dependence
of the resistance is well deseribed by the 3D electron-electron interaction etfects [20]. This
result indicates that the saturation of 72 18 nof caused by electron heating. A similar assertion
of non-hot-electron effects has also ]’]L"E‘].L reached mn previous experiments [1,3,4,6,7].

Information ahont the effect of annealing is crocial for clarifving the natnre of magnetic
scattering and dynamieal defects. Figure 2{a) shows the variation of 7. with temperature for
the as-prepared and subsequently annealed AuPdle thick film. This ficure clearly indicates
that 7. increases with annealing. Similar behavior of mereasing 7, with annealing has also been
foamd i the as-preparod and annealed AuPd6e thick film At first glance, thiz ohsorvation
15 easily explained.  Soppose that annealing resnlts i the rearrangement of lattice atoms
and relaxation of grain boundaries and, henee, makes the film less disorderad. Becanse two-
lewvel systems ([ TLS) are closely associated with the presence of defects in the micrcstruetures,
their nmmber coneentration would be redoced by annealing. By assuming that dynamical
defects are effective seatterers, one can then nnderstand fiz. 2{a) o terms of a reducing
TLS picture., However, our further measnrements indicate that the nature of low-temperature
dophasing in real metals 18 not so atraightforward. We find that the effect of annealing om 72 s
distinctly different in strongly disordered samples (fig. 3). For the convenience of discussion,
the AnPdle and AuPdie (AuPd4a and AuPdSe) thick filhms are referred to as moderately
(strongly) disordered, because they have py ~ 120 (4707 pQcm before annealing.

Figure 2ih) shows the variation of 7, with T for the as-prepared and ammealed ShO1B thick
film. Thi= figure cloarly mdicates that 7. increases with annealing. Sinilar effect of aunealing
has also been found n the Sb12 thick film. The results of figs. 2{a) and (b) suggest that an
enhancerment of 7., by thermal annealing is common to differont moedemiéely disordered metals.
{ We notlce that the high resistivities in 5hb films arise from a low carrier concentration instead
of a short electrom mean free path [17]). Our Sh thick films are thns moderately disordered. )
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The importance of three-dimensional structures, One of the widely accopted expla-
nations for the “saturation” hehavior of Tg mmvokes magnetic spin-spin scattering due to a
lowr-lewe]l contamination of the sample. This explanation has bheen challenged in several re-
cent careful experiments [1,3,4,6,7]. However, despite this experimental situation, there is
atill an insisting opinion that argues for non-gero magnetic scattering n the sample. To com-
pletaly reject anch an opinion is non-trivial, because it i= argned that the level of unintentional
contamination 15 so low that it cannot be detected by the state-of-the-art material analysis
techniques., The situation becomes more serions when redncad-dimensional systems are in-
volved, Inthe case of low-dimensional structures, surface effects due to interfaces, substrates,
and paramagnetic oxidation are non-negligible. Therefore, it s not straightforward to as-
cribe the obsorved saturation of TE to either mtrinsic material properties or surface finterface
cffocta, On the other hand, this kind of ambiguity does aef occur in our #hree- dimensional
measurements. In fact, we believe that magnetic scattering can at most play a snbdominant
role in our experiment. Our reasons are given as follows. 1) Suppose that there is a low level
of magnetic contamination in our as-sputtered films. Upon annealing, the magnetic mpurity
concentration iy, shonld be left unchanged. If the orlginal “saturation™ in our as-spnttered
aamples i3 cansed by spin-spin scattering, one should then expect the same valne of Tfj [ o n:,']
after annealing. Howeser, we find increasing T.E_: with annealing. Our result is thus in disagroo-
ment with this assnmption. 1) Our argument for & non-magnetic origin is supported by the
observation of an inereased 71 in the aged and annealed Sb films. Sinee our SbO1B and Sh12
thick films were aged in air for two years, one might have naively expectod a large decreaso
in 7 due to magnetic contamination. Nevertheless, this is not the case found in fig. 2(h).
i) Moreover, if our samples do contain an appreciable level of nnintentional magnetie mpu-
rities, the contammated concentration n,, should be basieally the same in all films, becanse
gimilar fabrication and measurement procodures wore involved. One shonld then expect a
ajmilar T,f m all as-preparved samples, regardless of disorder. This 15 certainly inconsistent with
the ohserved scaling relation TE w D71 disenssed above. Therefore, magnetic scattering in its
current form cannot easily explain our overall resnlts in a congistent manner.

In order to explain the widely observed saturation behavior of T_;’. it has recently been
proposed that dynamical defects can be important [10.11]. The low-energy excitations of the
dynamical defects are usnally modelled by two-level systems. We already discussed that TLS
might be partly responsible for the saturated dephasing found in our moderately disordered
film=. Howeser, it i impossible to perform a quantitative comparizon of our experiment with
the TLS theories. The diffienlties lie on the facts that i) the number concentration of TLS in
a particular sample is not known, i1) the strength of conpling between condnetlon electrons
and a TLS is poorly understood, and i) the dynamical properties of real defects {impurities,
grain boundaries, ete.) are even less clear. Experimentally, we also find other foatures of
thermal annealing (fig. 3) that seem incompatible with a TLS picture of dephasing.

In addition to the moderately disordered samples, we have performed measnrements on
thick films contaning mmch higher levels of disorder. Surprisingly, we discover that the etfoct of
annealing i= completely ditferent. In the strongly disordered AnPdda and AuPdbe thick films,
wie find that annealing canses a negligible effect on 7., Figure 3 shows the variation of 7,
with T for the as-prepared and annealed AnPd4a thick film. This fignre clearly demonstrates
that the values of 7 for the as-prepared and annealed samples are essentially the same, even
though the resistance, and henee diffusion constant I changed by a factor of more than 6. The
absence of an appreciable annealing effect in this case mmplies that, in addition to the nsnal
TLS addressed above, these two films contain other defocts that cannot be readily cored by
thermal annealing. Such a nuoll effect of annealing seoms to sugeest that, despite a large effort
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in this direction, no real defects of any nature can be found to have dynamical properties that
may explain the saturation behavior of 7. A comparison of figs. 2 and 3 strongly indicates
that low-temmperature dephasing is very sensitive to the microstructures,

The ob=ervation of fig. 3 desorves further discussion. First, we rocall that onr measnred
Ta in the as-sputtered, strongly (and moderately) disordered filns follows the sealing relation
of T‘_'f « D71 mentiomed above [3], implying that the result of fiz. 3 is material intrinsic.
Secondly, n the context of magnetic scattering, Blachly and Giordano recently fonund that
Kondo effect is very sensitive to disorder. namely, an increase in disorder suppresses Kondo
effect [21]. Along this line, if the original saturated rf_f‘ found in fig. & were due to magnetic
scattering, ome should argne that thermal annealing that suppresses disorder shonld enhanece
Kondo aeffect. Then, a decreasod r"‘ should be expocted with annealing. Since onr T,E_: doos not
change even when the sample resistivity 18 reduced by a factor of more than @ by annealing,
fig. 3 thus cannot be easily reconciled with a magnetic scattering scenario. Besides, this picture
of a weakenod Kondo effect by disorder is al=so incompatible with our result for the moderately
disordered films (fig. 2) where an inereaszed, instead of a decreased, 75 with annealing is found.
Thirdly, one might argue that annealing in the presonce of cxygen can lead to the cxidation
of magnetic impurities, and henee to the dizappearance of Kondo resistivigy [22]. We argne
that this is unlikely in our ease, sinee we had taken precautions by annealing our films in a
00 900%, pure Ar atmosphere, where the amonnt of cygen residual pas was great lv minimisod.
Moroowver, since we do not find a rapid incroase in the T-dependence of TE aftor annoaling,
there 12 thus no clear evidence of the prosence of oxrgen or magnetic impurities in our films.
In any ecase, it wonld be interesting to study if annealing in oxyeen would hawve a drastic effect
on T

Lastly, we discuss the advantage of using three-, mstead of lower-dimensional, mesoscopic
structures for v, measnrements.  In 3D, the dominating inelastic process is the olectron-
phonon scattering for which 7., obeys a strong T7F (2 < p < 4} dependence [16.19]. Such a
temperature variation is much stronger than the dominating p = 2/3 i one dimension and
p = 1in two dimensions (which are both due to electron-electron scattering [20]). Inspection of
the solid lines, which are drawn properticnal to T2, in figs. 1 and 3 reveals that our measnred
TE at 0.3 K is already ~ two orders of magnifude lower than that as wonld be extrapolated
from the measnred 7., at a few degrees kelvin. Such a huge discrepancy is well cutside any
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experimental noeertainties.  On the contrary, in the case of narrow wires, the dominating
inelastic dephasing time obeys a much weaker T2/ law just mentioned. In this case, any
discrepancy hetween the measured and extrapolated values of 78 wonld be less dramatic n
the attainable experimental temperature range, rendering a [lj.wn:ummanuu of the prosence or
ahsonce of a saturated 7 '] less clear-cut,

Conelusion. We have studied the influence of thermal annealing on low-termperat ure
electron dephasing in polverystalline AnPd and Sb thick fihlns. We find that 79 reveals an
extromely weak temperature dependence in both as-sputtered and annealed samples. The
offect of annealing is nom-universal, depending strongly on the amonnt of disorder gquenched
in the microstrnetures during deposition. The observed satnration behavior of 729 cannot be
easily L"I.I?IL'I.L]JI'_‘[l by magnetic-seattering in its current form. We also find that the disorder
hohavior of 7 ., in aspreparved and annealed samples i2 very different. & complete theoretical
excplanation would need to take the micrestroctures into account.
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