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One-Dimensional Electron-Electron Scattering with Small Energy Transfers
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We report magnetoresistance studies of Al and Ag wires of width 35 to 110 nm which probe the
electron phase-breaking rate. We find that this rate at low temperatures is determined by one-
dimensional electron-electron scattering with small energy transfers. This confirms the importance
of this mechanism for electron energy loss in one-dimensional systems, as suggested by Al’tshuler
et al., and defines clearly the relevant dimensional length scales.

PACS numbers: 71.55.Jv, 72.15.Gd

In the past decade the understanding of electron
scattering processes in disordered metals at low tem-
peratures has advanced dramatically through studies of
electron localization effects. Localization studies are
now a reliable tool for the probing of electronic
processes which are inaccessible to other measurement
techniques. A prime example is the electron phase-
breaking (phase decoherence) rate, T 1. Experiments
on two-dimensional (2D) systems"? have shown that
phase breaking is due to two mechanisms: 2D
electron-electron scattering,>* dominant at low tem-
peratures (7 <5 K), and electron-phonon scattering.
Thus, g '=751+7,L

For one-dimensional (1D) systems the electron
phase-breaking mechanisms are not well understood.
While several experiments®=® have studied 1D localiza-
tion effects,’ the predicted 1D electron-electron
phase-breaking rate was not clearly observed. For
some studies®’ the wires were too wide to be in the
one-dimensional limit with respect to electron-electron
scattering. (The dimensional requirements for observ-
ing 1D localization are much less stringent.) In a
study of narrower wires of quench-condensed Li,
another scattering mechanism of unknown but non-1D
origin appeared to be dominant.® A recent study!? has
claimed to observe the 1D electron-electron rate, but
the wire studied was not clearly in the 1D size regime.

There are a number of reasons why it is important to
resolve the issue of the 1D phase-breaking rate. First,
the 1D electron phase-coherence length

[¢= (DT¢)1/2,

with D the diffusion constant, sets the dimensional
scale for the observation and understanding of
Aharonov-Bohm quantum interference effects in met-
al rings,!! and universal conductance fluctuations!? in
rings and wires. Second, an understanding of the 1D
rate may help settle a significant open issue which has
not been resolved by the 2D experiments. There are
two different predictions** for the 2D electron-
electron phase-breaking rate. These predictions use
different physical approaches and have a different
form, but (for 2D systems) are numerically similar.

The 1D experiments may settle which approach is
correct. Finally, for future ultrasmall devices the tem-
poral and spatial limits on electron phase coherence
may be of paramount importance in device operation.

The Al and Ag wires we have studied are extremely
narrow, and are small enough to be in the 1D size re-
gime for electron-electron scattering.’® We find that
the electron phase-breaking rates fully confirm the
theoretical predictions for 1D electron-electron scatter-
ing with small energy transfers, as regards the magni-
tude, temperature dependence, and width dependence.

Electron-electron scattering in disordered metals'?
leads to energy relaxation (AE ~ kg T) and to destruc-
tion of phase memory (A¢ — 27). The energy relaxa-
tion rate 7. ! is the inelastic rate. An inelastic collision
with large energy change (AE ~ kgT) certainly des-
troys the electron phase memory and contributes to
the phase-breaking rate. Al’tshuler and co-workers>
calculated another contribution to the phase-breaking
rate in disordered systems, from multiple collisions
with small energy transfers (quasielastic collisions,
with AE << kgT). This quasielastic rate is equivalent
to the Nyquist rate, 75 !, due to the scattering of elec-
trons by electromagnetic fluctuations. The relative
magnitudes of 75! and 77! depend on system dimen-
sionality. In three dimensions, the inelastic rate dom-
inates the Nyquist rate.> In 2D, 75! and 77! have the
same temperature dependence and similar magni-
tudes,>* and therefore are difficult to distinguish. In
1D systems, the Nyquist rate is predicted to be greater
than the energy relaxation rate,’ so that 75!=75".
Thus, in 1D systems the theoretical prediction for
phase breaking due to small energy transfers can be
clearly tested.

The prediction for the 1D electron-electron scatter-
ing rate is’

Rg
V2(#5/e?)
Ry is the film sheet resistance, D is the diffusion con-
stant equal to vgl//3 with /the mean-free path, and W

is the wire width. For a wire to be in the 1D regime
for this mechanism, both the wire width and thickness
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TABLE I. Sample parameters. 4. was determined by fitting with Eq. (3), with 74 Uin-
ferred from the magnetoresistance data. 4.F is calculated from Eq. (1). For sample groups
All, Al2, and Al3, [, =0.45, 0.55, and 0.56 um, respectively. For samples Agl and Ag2,
lso.=0.32 and 0.52 pm, respectively, and /;=1.80 and 1.19 um, respectively.

we R° D¢ A 10774,
Sample (nm) Q) (cm?/sec) AN (K 3sec™!)
Alla 35 1.8 39 1.02 2.0
Allb 46 1.8 39 1.03 2.1
Al2a 40 1.4 49 0.94 2.4
Al2b 60 14 49 1.04 2.1
Al2c¢ 62 14 49 1.32 2.0
AI2F Film 1.3 53 Film 1.6
Al3 110 1.1 63 1.11 2.0
Agl 60 2.6 48 1.10 4.4
Ag2 100 1.5 85 1.06 2.2

8Width determined directly from examination in a JEOL-100CX scanning transmission electron mi-

croscope in conjunction with electrical measurements.

bAt4.5K.

¢D was determined from the p/ product established by previous measurements of the superconduct-
ing critical field, dH,,/dT (see Ref. 16), with the resistivity, p, taken at 4.5 K. For the Ag samples,

pl=5.36x10"12Q) -cm? was used.

must be less than the phase-breaking length /g
=(D7Y?) and the thermal diffusion length
Ir=(&D/kgT)V?, in analogy to the 2D case.> In the
2D case, one requires the film thickness to be less
than both /g and /7.

The wires studied in this work were made of Al or
Ag. They were fabricated by electron-beam lithogra-
phy with use of a novel bilayer resist technique!* and
deposited from a point source by thermal evaporation
onto oxidized Si substrates. The wires were in the
form of meander lines — 50 wm long with widths
ranging from 35 to 110 nm ( =5 nm) and thickness 20
nm. Groups of Al wires were evaporated at the same
time so that the electrical properties of each group
(e.g., group Al2) are essentially the same; they differ
only in width. In most depositions, a 2D film was co-
evaporated along with the wires for comparison of

|
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Here I;72=1I32+ 312 +3+472 7t =I52 +272
with [, = (D7, )2 the spin-orbit scattering length,
and = (D7,)"2 the diffusion length for magnetic
scattering. Iy =~/3kc/eHW, and B(T/T,) is the super-
conducting fluctuation parameter.>’ B8=0 for Ag.
The dimensionality of each term is determined by the
appropriate length scale: The triplet term (prefactor
£) is 1D as long as W < I,; the Maki-Thompson term
and the singlet term (prefactor +) are 1D if W < I;.
Fitting of the theory to the data was carried out as
described in Ref. 6, with /, and /;, as fitting parame-
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]{%Uz‘z +iF "= B+ DT + 721712,

measured quantities. 7, was 1.44 K, 1.36 K, and 1.32
K for sample groups All, Al2, and Al3, respectively,
as determined from the coevaporated 2D films.!® Oth-
er relevant sample parameters are listed in Table I.
The experiment consisted of resistance measurements
at 1.5 K< T'< 20 K in a perpendicular magnetic field
with a four-terminal ac bridge. Small currents were
used to avoid self-heating.

Figure 1 shows the magnetoresistance of sample
Al2a, of width W =40 nm, at three representative
temperatures. The smooth curves are fits by the 1D
magnetoresistance theory’ including contributions
from localization and from Maki-Thompson supercon-
ducting fluctuations (for Al only). (Aslamasov-Larkin
superconducting fluctuations are negligible.'’) The
formula for these contributions at fixed temperature
and magnetic field is

()

ters. In the case of the Ag wires, / was an additional
fitting parameter since there was evidence of magnetic
scattering in these samples. Values of these parame-
ters are given in the caption of Table I. An important
self-consistency check is that the inferred dimensional
length scales /, and /, are greater than the wire width.
Our wires are well within this 1D size regime, ensuring
that the 1D localization theory has been properly ap-
plied.

The phase-breaking rate inferred from the magne-
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FIG. 1. Normalized magnetoresistance, 8R/R, of wire
Al2a at three temperatures; SR(T,H)=8R(TH)
—AR(T,0). Fitting parameters for the 1D theory are
l=1.19 umat 3K, 0.52 um at 8 K, and 0.24 um at 15 K.

toresistance data is plotted in Fig. 2 for several sam-
ples. The solid lines for the wires are fits by the form

Tg = A, T+ 4,T, (3)

corresponding to a combination of 1D electron-
electron scattering [Eq. (1)] and 3D electron-phonon
scattering.”1® The rate found in the codeposited 2D
film is also included in the figure. For the film the
solid line is a fit by the theoretical form!'®
Aee T+ A, T3. As can be seen, all the fits are excel-
lent. It is even more significant that below ~ 6 K the
magnitude of 74 ! for the wires is significantly greater
than for the codeposited 2D film, with 74! increasing
as W decreases. The coefficients A4, determined by
fitting with Eq. (3) can be compared with the 1D
theoretical prefactor of Eq. (1); the agreement is ex-
cellent (see Table I). At high temperatures, electron-
phonon scattering dominates; it is essentially the same
magnitude for the film and the wires, and is consistent
with previous studies.® 716

An important further test of the 1D electron-
electron theory is the predicted width dependence at
fixed temperature. This is shown in Fig. 3. Here we
have subtracted the electron-phonon scattering rate.
The solid lines correspond to the theoretical magni-
tude and width dependence directly from Eq. (1), with
no adjustable parameters. The quantitative agreement
is excellent. The predicted width dependence is seen
clearly. We note that all three groups of aluminum
wires, All, Al2, and Al3, have similar properties, so
that such intercomparison is sensible.

The results in the present study may be contrasted
with results on Al wires in previous studies.®’ Those
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FIG. 2. Phase-breaking rate vs temperature. The solid
lines for the wires are fits by Eq. (3). The data for wire Ag2
(W=100 nm) from 2 to 4.5 K are normalized to the Rg
and D of the Al samples according to Eq. (1), to allow com-
parison with results for the Al wires. The solid line for the
2D Al film is a fit by the form A,T+A4,T°, with
Ap=39x%x10% K- 'sec!. The dashed line plots the
electron-phonon rate, « T>. The scale for 1, applies for the
Al samples only.
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FIG. 3. Electron-electron contribution to 74'= [(total

phase-breaking rate) — (electron-phonon rate=4,,7°)] as a
function of wire width. The solid lines give the theoretical
prediction of Eq. (1). The data are normalized to the Rg
and D of samples Al2, according to Eq. (1).
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wires, while one-dimensional with respect to the locali-
zation contribution and Maki-Thompson fluctuations,
showed electron-electron scattering rates identical to
those of their coevaporated 2D films, because the
wires were wider than /r and thus in the 2D electron-
electron scattering regime. An example is a wire 240
nm wide.® Its measured rate is ~ 2.5 times smaller
than the 1D prediction. The wires in the present study
are all narrower than /r up to ~ 10 K. Our present
results with those of Ref. 6 confirm that /r is the
length scale determining dimensionality for electron-
electron scattering.

In another recent study!? it was claimed that the 1D
Nyquist rate was observed in one Au-Pd wire of
cross-sectional width 46 nm. This wire showed strong
magnetic scattering. The authors analyzed the wire
magnetoresistance data using the 1D localization
theory. However, the wire was wider than the dimen-
sional length scales for both the triplet and singlet
terms: /,=10 nm and /; —~ 30 nm. This implies that
the wire is not in the 1D limit of the localization
theory. In addition, the wire width is greater than /r
throughout the entire temperature range (/r= 18 nm
at 5 K), so that the wire is also not in the one-
dimensional limit with regard to electron-electron
scattering. We conclude that Ref. 10 does not unam-
biguously demonstrate the 1D Nyquist rate.

In summary, we find that the electron phase-
breaking rate at low temperatures is due to one-
dimensional electron-electron scattering with small en-
ergy transfers. Our results also confirm that the ther-
mal diffusion length /; is the relevant length scale
determining dimensionality for this mechanism.
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