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The effect of measurement-probe geometry on the weak-localization magnetoresistance of short silver
wires is investigated. The wires have lengths comparable to the electron phase coherence length /,,
which is a few microns at 1 K. The influence of different probe geometries is seen directly in the magni-
tude and shape of the low-field magnetoresistance of these wires. We have extended the theory of weak
localization to include the effects of the measurement geometry, and find good quantitative agreement

with experiment.

PACS numbers: 71.55.Jv, 72.15.Gd, 72.15.Lh

Studies of electrical transport in small (mesoscopic)
systems have dramatically increased our understanding
of electron quantum interference effects, including elec-
tron localization' and conductance fluctuations.> When
the system size L is less than or comparable to the elec-
tron phase-breaking length /,, the measuring probes
directly influence these interference effects. Recent ex-
perimental® and theoretical* studies on this subject have
focused on conductance fluctuations. However, weak lo-
calization (WL) can provide significant new physical in-
sight into the effects of measurement-probe geometry.
First, in the theory of WL, it is much simpler to treat
complex measurement geometries. Theoretical work on
conductance fluctuations has been restricted to quasi-
one-dimensional geometries. Second, the influence of
different geometries can be seen directly in the low-field
magnetoresistance (MR), without recourse to detailed
statistical analysis. The first experiments on WL in
short wires were by Masden and Giordano,’ but because
of a lack of MR data and complications from electron-
electron interactions, their results were not conclusive.

In this Letter, we report on detailed measurements of
the WL magnetoresistance of short, narrow Ag wires in
two different probe configurations, shown in Fig. 1. Fig-
ure 1(a) shows a short wire with four narrow measure-
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FIG. 1. Schematic of probe geometry of short wires: (a)
Short wire, length L, with narrow probes. (b) Short wire with
wide probes; L, ~3 um, W, ~0.3 um.

ment probes. Figure 1(b) shows a short wire with wide
probes: two two-dimensional (2D) probes and two one-
dimensional (1D) probes. We are able to see the
influence of the different probe configurations in the
magnitude and the shape of the low-field MR of these
wires. We have extended the theory to account for 2D
probes, and find good quantitative agreement with exper-
iment.

The wires in this study were prepared by thermal eva-
poration onto oxidized silicon substrates previously pat-
terned with use of a bilayer electron-beam technique.®
They had widths W ~40 nm, thickness 20 nm, and sheet
resistances Ro~1.0-2.5 Q. Sample dimensions were
measured in a scanning electron microscope. Long
wires, with length L ~53 um, and wide 2D films were
codeposited for comparison of material properties. The
relevant properties of the wires are summarized in Table
I. The MR was measured in a perpendicular field with
use of a four-terminal ac bridge in the temperature range
1.25-20 K. Figure 2(a) shows the MR, 6R/R =[R(H)
—R(0)1/R, of the L ~1.3-um wires and their codeposit-

TABLE I. Sample parameters. Ro is at 4.5 K. Narrow-
probe configuration corresponds to Fig. 1(a), wide-probe
configuration to Fig. 1(b). Values of /, are at 1.25 K, except
for sample B, for which a satisfactory fit at 1.25 K was not pos-
sible because of the presence of conductance fluctuations. /..
for a particular sample was found to be independent of temper-
ature (Ref. 7). Samples A, B, C, and E were codeposited;
samples D and F were codeposited.

Ro L Probe 1, (1.25 K) Lso.
Sample (Q (um) config. (um) (um)
A 1.4 1.3 Narrow 2.2 0.43
B 1.4 1.4 Wide 1.3 (3.5K) 0.41
C 2.2 49 Narrow 1.5 0.30
D 1.1 4.8 Wide 3.0 0.65
E 1.4 53 (Long wire) 2.3 0.39
F 1.2 53 (Long wire) 2.9 0.51
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FIG. 2. (a) Magnetoresistance at 1.25 K, samples A, B, and
E. For samples A and B, only the symmetry component is
shown. (b) Symmetric component of the magnetoresistance of
sample B at 3.5 K. Solid line, fitted with full theory, Eq. (4),
with /[,=1.3 um, /5, =0.43 um. Dashed line, best fit with Eq.
(3), 1,=0.62 um, /s, =0.46 um. Bottom curve, theoretical
weak-localization magnetoresistance of a 2D film with the
same Ra. The zero of this curve is offset for clarity.

ed long wire. The most striking difference between the
three samples is in the magnitude of the MR. The MR
of the short wire with narrow probes is about half that of
the long wire, and the MR of the short wire with wide
probes is less than a tenth of that of the long wire.

In order to explain these results quantitatively, we
must incorporate the effects of the measurement probes
in the theory of WL. Theoretically, WL is described by
the particle-particle propagator, C(r,r'), which is a solu-
tion of the diffusion equation. In the absence of magnet-
ic field and spin-dependent scattering,®

(=V2+1,79)Cr,r') =8(r,1')/hD, (1

AR __Ro

l, (B*+a*)coth(L/1,)—U,/L)(B*—a?)+2aB

where D = % vl is the diffusion constant, v is the Fermi
velocity, and / («/,) is the elastic mean free path. The
fractional change in resistance due to WL is given by
AR/R=2e?D/nc)Cy where o is the conductivity and
Cy is C(r,r) averaged over the sample.s‘9 The influence
of the probes is taken into account by the application of
the appropriate boundary conditions to Eq. (1). Doucot
and Rammal® have developed a formalism for solving
Eq. (1) for a network of wires of equal width W, with the
boundary condition that C(r,r') be continuous at each
wire intersection. This formalism is equivalent to the as-
sumption that the phase coherence decays at a length
scale /, into the probes.! For the narrow-probe
geometry of Fig. 1(a), when the length of each measure-
ment probe L,>>[,, one obtains '

AR _ _Ro_ I, Scoth(L/l,) —3(,/L)+4
R nhle? W S+acoth(Z/l,)

(2)

In the limit of L>>/,, this reduces to the usual long-wire
result®

AR __Ro 1,
R nhle? W'

In the opposite limit of L </, Eq. (2) reduces to half
the result of Eq. (3). C(r,r') measures the enhanced
probability that a diffusing electron will return to the
point r because of quantum interference. An electron
which diffuses into a probe which is within a distance /,
of r has a reduced chance of returning to r; the greater
the number of such probes, the lower the probability
C(r,r). The majority of points in the long wire are more
than /, away from the probes, and therefore have, in
essence, only two wires into which diffusion can occur.
In contrast, each point in the short wire with narrow
probes can diffuse into four measurement probes, leading
to a factor of 2 reduction in the MR.

We shall now extend the approach of Doucot and
Rammal to solve Eq. (1) in the geometry of Fig. 1(b),
the short wire with wide probes. We present here an
outline of the calculation; the details will be given else-
where. First we solve Eq. (1) in the 1D wire, 2D probes,
and 1D probes, and demand that C(r,r') be continuous
at the ends of the wire. Assuming that the length of the
voltage probes L, > /,, we obtain

&)

R zhle? W B2+ a?+2aBcoth(L/1,)

, 4)

where a=W/l,, B=pi+B P1=W,lly, B2=(n/2)
xIn(2lyp/1), W, is the width of the probes, /,, is the
phase-breaking length in the probes, and /,p is the
phase-breaking length in the pads; the last two can be
different from /, in the wire.” B; contains the effects of
the 1D probes and B, the effects of the 2D probes.!! It is
useful to look at the limits of Eq. (4). As expected, in
the limit of L>>/,, we regain the long-wire result, Eq.

2254

(3). In the opposite limit of L </,, AR/R «1n(2l,,p/1),
characteristic of 2D localization.! As before, the ampli-
tude of C(r,r') is determined by the diffusion into the
probes. Since the probability of diffusion into 2D probes
is greater than that into narrow 1D probes, the ampli-
tude of the MR is reduced compared to the short wire
with narrow probes. The 2D nature of the probes also
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shows up explicitly in the shape of the MR. This shape
is qualitatively different from the one obtained by assum-
ing that C(r,r') =0 in the probes. '°

The formulation of including spin-orbit scattering'?
and the effect of an external magnetic field H on 1D
wires is described in detail in Ref. 7. For the wide
probes, !? Fig. 1(b), a magnetic field modifies the value of
B2 to

B2=n/lln(4Ho/H) —y(5 +H/H)],

where y is the digamma function, Ho=hc/4el?, and
H,,=hc/4el¢2m. The weak-localization MR is symmetric
in the field. The experimental MR also contains contri-
butions from symmetric and antisymmetric conductance
fluctuations.'* We therefore fit only the envelope of the
symmetric component of the experimental MR.

We first discuss the qualitative features of the MR of
the short wires. Figure 2(b) shows the MR of the short
wire with wide probes, sample B, at 3.5 K, where L ~1,.
The MR shows a sharp rise near zero field. This sharp
rise is similar to the weak-localization MR of a 2D film,
also shown in Fig. 2(b), suggesting that it may be due to
the influence of the 2D probes. A fit to Eq. (4), which
incorporates the effect of the 2D probes, shows that this
is indeed the case. The dashed line shows the best least-
squares fit to the long-wire formula, Eq. (3), with two
adjustable parameters, /, and the spin-orbit length /.
This fit, as expected, is unable to account for the sharp
rise. Similar unsatisfactory fits are found at other tem-
peratures and in other wires with wide probes when
L < 1.5l,. The sharp rise in the MR is not seen in the
short wires with narrow probes, samples A and C. Data
for these wires are fitted well with the appropriate for-
mula, Eq. (2).

An important self-consistency check on the theory is
to compare the values of /, inferred from the theory fits
to those obtained for the codeposited long wires. By
fitting the MR of the short wires at all temperatures, we
determined /, vs L/I}¥, where IV is I, for the respec-
tive long wire. This is plotted in Fig. 3 on a log-log
scale. The solid lines (with slopes —1) are, by def-
inition, /, for codeposited long wires. Data for the two
short wires with wide probes are shown in Fig. 3(a). The
solid circles shows the values of /, inferred from the ap-
propriate formula, Eq. (4). Figure 3(a) shows that these
values of /, are consistent with those obtained for the
codeposited long wire.'> For comparison, we show the
values of /, inferred from fits with the long-wire formula,
Eq. (3), for the ~5-um wire, sample D. For this sam-
ple, fits with Eq. (3) are reasonable, but the values of /,
inferred are too small by a factor of —1.8 at the lowest
temperature, where L ~2/,. The shape of the MR of
sample B at L < 1.5/, precludes fits with the long-wire
formula.

The values of /, for the two short wires with narrow
probes inferred from Eq. (2) are shown in Fig. 3(b),
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FIG. 3. [, vs L/l."w, for T=1.25-20 K. Solid lines, with
slopes — 1, are data for long wires, samples E and F. (a) Data
for short wires with wide probes, samples B and D. Solid cir-
cles from fits with full theory, Eq. (4); open circles from fits to
the long-wire formula, Eq. (3). (b) Data for short wires with
narrow probes, samples A and C. Solid circles from fits with
Eq. (2). Data for sample C have been normalized to the Ro
and W of sample E.

along with /, for the codeposited long wire, sample E.
(The values of /, for sample C have been adjusted to
take into account the dependence of /, on Ro and W.":%)
Here again we find that the values of /, inferred for the
short wires are in good agreement with those found in
the long wire.

In addition to weak localization, we have also studied
the amplitude of the conductance fluctuations in the two
different probe configurations. The conductance fluctua-
tions were measured at higher magnetic fields in the
temperature range 1.25-4.6 K. Comparing the two
L~1.3-um wires (samples A and B), we find that the
rms value of the conductance fluctuations, AG, for the
sample with wide probes is typically half that for the
sample with narrow probes. For example, at 1.25 K,
AG =0.11¢%/h for sample B; AG =0.21¢%/h for sample
A. This reduction in amplitude for sample B is similar
to the reduction in the amplitude of the weak-
localization MR. We again attribute this to the presence
of the wide probes.

In conclusion, we find that WL provides a simple and
physically insightful means of investigating the effect of
measurement-probe geometry on quantum interference.
We believe that the approach we have developed can be
used to extend the theory for other quantum interference
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effects to more complex geometries.
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