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Observation of spin-polarization effects in disordered metals
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We have studied the properties of submicrometer thin-film Au conductors that are in direct contact
with relatively thick films of Fe. The magnetoresistance of these structures exhibits features that

appear to be due to spin polarization of the conduction electrons in the Au, which is induced through

their proximity to the Fe. The results imply that the length scale over which electrons maintain

a "memory" of this polarization is of order 1 p, m at a temperature of 4 K. This is much longer

than both the elastic mean free path and the spin-orbit scattering length, but is of the order of the
electron-phase-coherence length. Our results are in accord with recent theories.

I. INTRODUCTION

It is now well established that weak localization plays
a central role in electrical conduction in disordered
metals. " It has been studied extensively in recent years,
and seems well understood. Indeed, weak localization
is now widely used as a tool with which to study var-

ious electron-scattering processes. The magnetoresis-
tance due to weak localization is a sensitive function
of several diA'erent length scales, including the electron-
phase-coherence length, L~, and the spin-orbit scatter-
ing length, Lsp. The phase coherence length is the (av-
erage) distance which an electron travels between scat-
tering events which disrupt its phase memory. These
are usually inelastic scattering events, but may also be
due to spin-spin scattering, in which the conduction elec-

tron is scattered by a magnetic impurity. In spin-orbit
scattering the spin of the conduction electron is altered
due to the presence of spin-orbit coupling in the elastic-
scattering potential.

Phase coherence plays an important role not only
in weak localization but also in so-called mesoscopic
systems. 5 These are systems whose dimensions are
comparable to or smaller than L~. Many properties of
mesoscopic systems cannot be understood in terms of
ensemble averaging; rather, each sample must be treated
as a unique "individual. " For example, the magnetore-
sistance exhibits fluctuations which are independent of
the size of the system, so long as it is smaller than L~.
These are known as universal conductance fluctuations
(UCI' 's), and when expressed in terms of conductance
their magnitude is e /h.

Ill this paper we report the experimental observation of
spin-polarization eA'ects in mesoscopic conductors. Using
methods described in t, he next section we have fabricated
Au "wires" which have cross sect, ions of order (300 A),
and lengths of 0.3 —3 pm. Both ends of the wire are
continuous wit, h a Au film, but the Au contact film on

one end is coated with a thick layer of Fe. The Fe film is

ferromagnetic and the conduction electrons in the Fe are
thus spin polarized. While the electrons in the Au would
normally be unpolarized, we expect that the polarization

in the Fe must penetrate, to some extent, into the Au.
As we will discuss in detail below, our results suggest
that this is indeed the case. The length scale over which
"memory" of the spin polarization extends into the Au

appears to be of order L~, as expected on general grounds
for mesoscopic systems.

II. THEORY AND BACKGROUND

We will rely on magnetoresistance measurements to
obtain information about spin-polarization eKects, so it
is useful to discuss first the behavior one would expect,
to find in the absence of such polarization. For a "large"
system, i.e. , one that is macroscopic as opposed to meso-

scopic, weak localization results in a pronounced mag-
netoresistance in relatively small magnetic fields. ' ~ In
this paper we will be concerned with Au, which has a
short spin-orbit scattering length in which case weak lo-

calization yields a positive magnetoresistance which is

symmetric about 0 = 0. The functional form of the
magnetoresistance has been calculated theoretically,
and observed in previous experiments. For strong spin-
orbit scattering the magnetoresistance is a function of es-

sentially only one parameter, Ly (aside from dependences
on factors such as the cross-sectional area, or sheet resis-

tance, etc. , which can be easily and independently deter-
mined). Hence measurements of the magnetoresistance
can be used to deduce Ly in a fairly direct manner.

The detailed functional forms of the weak-localization
magnetoresistance in one and two dimensions have been
discussed amply elsewhere, and need not be repeated
here. We only note that the direction of the magnetic
field can be of crucial importance. For example, in two di-

mensions one can view the weak localization magnetore-
sistance as arising from the phase shift experienced by
electron waves which travel in opposite directions around
a closed path which is threaded by a magnetic Aux. Thus
the magnetic field must have a component perpendicu-
lar to the plane of the sample in order for there to be
a nonzero magnetoresistance; an in-plane field will give
rise to a magnetoresistance which is much smaller than
that caused by a perpendicular field of the same size. In

45 14 238 1992 The American Physical Society



45 OBSERVATION OF SPIN-POLARIZATION EFFECTS IN. . . 14 239

contrast, for a one-dimensional system there will be a sig-
nificant magnetoresistance for all directions of the field,
although it will be largest when the field is perpendicular
to the direction of current flow. This "directionality' of
the magnetoresistance will be import;ant in our analysis
below.

In a mesoscopic system one has, in addition to
the usual weak-localization magnetoresistance, the UCF
fluctuations ' ' described in the Introduction. At
sufficiently low temperatures these fluctuations are of or-
der b.G ez/h. It turns out that this is comparable to
the size of the weak-localization magnetoresistance dis-
cussed above, and as a result, UCF's tend to obscure
weak localization. Nevertheless, it is usually possible to
observe, at least qualitatively, the weak-localization mag-
netoresistance even in mesoscopic samples. In addition,
as the temperature is increased, Ly, and also the ther-

mal length, Lz —y Dh/k~T, become comparable to or
smaller than the sample dimensions, and the UCF's de-

crease in magnitude.
While the weak-localization magnetoresistance gener-

ally remains visible even in the presence of UCF, the
functional form of this magnetoresistance is different
in a mesoscopic system as compared to a macroscopic
one. For a wire which is much shorter than Ly
(which is the geometry we have studied), the impor-
tant (classical) electron "trajectories" will include ones
in which the electrons diffuse into the leads a distance of
order L~. As a result, the magnetoresistance of such a
sample will reflect the properties of the leads as well as
those of the sample. Indeed, if the sample length, L, is
much less than Ly the behavior will be completely de-
termined by the leads. For the systems we have studied,
i.e. , a two-lead geometry in which the leads are thin films,
this behavior will be two dimensional. When L L~ the
detailed functional form of the magnetoresistance can-
not be classified as simply one or two dimensional. The
magnetoresistance for systems which are of order L~ in
length has been discussed extensively elsewhere, and
quantitative theoretical predictions are available for sev-
eral different sample geometries, although apparently not
for the one appropriate for our experiments. In any case,
as will become clear below, our analysis will hinge largely
on the qualitative features of the data, so the lack of quan-
titative theoretical predictions for the magnetoresistance
for our particular sample geometry is not a serious draw-
back.

An interesting property of mesoscopic systems which
will turn out to be very important in the present work
concerns the symmetry of the resistance with respect to
changes of the sign of t, he magnetic field. This became
apparent as a result of four-lead measurements of the
resistance. It turns out that in this case for a normal,
i.e. , nonmagnetic, metal the resistance is not invariant
under reversal of the direction of the magnetic field. How-
ever, it is invariant if the field reversal is accompanied by
interchange of the current and voltage leads. For a two-
lead measuring geometry like the one we have employed,
there is no problem with reversing the leads (since they
are already the same), so we expect R(+H) = R( H)—
However, in the more general case, i.e. , in a magnetic

system, this symmetry only applies if the magnetization
of the system also changes sign with H. That is, one
really has

R(+H, +M) = R( H—, M—),
where M is the magnetization.

The problem of spin-polarization effects in mesoscopic
systems has been discussed theoretically in several recent
papers. is Consider a system which has strong spin-
orbit scattering, and thus has a short spin-orbit scatter-
ing length (as is the case in the Au systems we have
studied) so that LsQ (( L~.2i Hence, the spin direction
of an electron will be "rotated" many times as it travels
a distance Ly. i These rotations will depend on the de-
tails of the scattering potential and hence will appear to
be "random. " However, a second electron which has the
same initial polarization, and follows the same classical
path as the first one, will experience the same sequence of
scattering events, and will end up with the same final spin
direction. In this way spin "memory" can be maintained
over distances of order L~, which is much longer than
LsQ . This has been demonstrated explicitly by several
calculations, and schemes for observing this effect experi-
mentally have been discussed. zs Our sample geometry
is, in fact, very similar to ones proposed by Zyuzin and
Zyuzin and Scrota. z

Spin-polarization effects in pure metals (as opposed to
the disordered case which is appropriate for the present
experiments) have been the subject of a good deal of pre-
vious work. There have been extensive surface physics
studies of the polarization of electrons emitted from
solids 2 (i.e. , through photoemission, etc.). This work
does not appear to be directly relevant to our experi-
ments, since the surface physics measurements are sensi-
tive to electrons which are typically 1 eV or more above
the Fermi level, while the electrons relevant to transport
measurements are essentially right at the Fermi level.

We know of at least two different types of transport
experiments which seem relevant to our work. The first
is tunneling between a ferromagnet and a superconductor
in a large magnetic field. In a series of experiments,
it has been shown that the tunneling conductance ex-
hibits a series of peaks which arise from differences in the
density of states for spin-up and spin-down electrons in
both the ferromagnet and the superconductor. An anal-
ysis of the peak intensities yields the spin polarization of
the tunneling electrons. The result for this polarization
is in good agreement with theoretical calculations, with
a value of 44%%uo for Fe, the ferromagnet relevant for our
work.

Another interesting set of experiments has been re-
ported by Johnson and Silsbee, si s4 who studied the
transport of spin, and its coupling to charge transport.
By using a ferromagnet in contact with a normal metal,
they were able to generate and detect spin currents.
Their work differs from ours in (at least) one important
respect. Their measurements were sensitive to the ab-
solute polarization, which will be disrupted by any scat-
tering or interaction (i.e. , with a magnetic field) which
affects the spin direction. In contrast, as we will see
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below, our experiments appear to be sensitive to "spin
memory, " in much the same way that weak localization
is sensitive to "phase memory. "

III. EXPERIMENTAL TECHNIQUE
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FIG. 1. Schematic description of the method used to make
short "wires" in contact with diR'erent metals. PR denotes
photoresist. The diR'erent steps are discussed in the text.

The samples we have studied were fabricated using a
step-edge method very similar to that described by Gar-
funkel and Weissman, which is sketched in Fig. 1.
Optical contact lithography together with lift-off is first
used to deposit a Cr pattern on a glass substrate,
Fig. 1(a). The precise shape of this pattern is not im-

portant; the only requirement is that it have a relatively
long straight section. This structure is then ion milled
at normal incidence with Ar+, Fig. 1(a), which removes
some of the glass (where it is exposed), along with some
of the Cr. For the structures studied in this work, the
glass was milled to a depth of typically 750 A. The re-
maining Cr was then removed chemically, producing a
substrate which contained a step. An 150 A thick film
of 99.999%%up pure Au was then evaporated onto the sub-
strate at a 45' angle so as to coat the "vertical" edge
of the step, Fig. 1(b). Just prior to this evaporation,
the substrate was exposed to an 02 glow discharge, to
improve the adhesion of the Au film. The typical (low
temperature) sheet resistance of this film was 4 0, corre-
sponding to a resistivity of 6 pA cm, and an elastic mean
free path of 50 A. These numbers are appropriate for
all of the samples (both one and two dimensional) con-
sidered below. Another stage of lithography was then
performed. In this case the slide was exposed so that
following development of the photoresist, half of the step
was coated with photoresist, while the Au film on t, he
other half remained exposed, as shown in Fig. 1(c). This
pattern was projected onto the photoresist coated sub-
strate with an optical microscope. The key result of
this step was to produce a photoresist edge which was
perpendicular to the step in the substrate. Next a metal
film (typically 500 —2000 A thick) of either Fe or Ag was
evaporated at an angle so as to cast a "shadow" over the

photoresist edge, Fig. 1(d). The result was a "slot" which
separated the edge of the photoresist from the edge of
the Fe (or Ag) film; in this slot the Au film was exposed.
The width of the slot was determined by the thickness of
the photoresist (which was approximately 5000 A) and
the evaporation angle, and varied from 3000 A to 3 pm.
The evaporated film of either Fe or Ag overcoated the
underlying Au layer, and will be referred to as a Au/Fe
(or Au/Ag) film in the following. The final step was to
ion mill this structure, with direction of t,he Ar+ beam
coplanar with the slot, and at angle of 45' from normal
incidence, such that the Au on the vertical edge of the
step was protected, i.e. , was in the shadow of the glass
step. ss This milling was used to remove all of the ex-
posed Au, leaving behind a narrow Au "wire" which ran
along the edge of the step. Following removal of the re-
maining photoresist, this short Au wire connected films
of Au and either Au/Fe or Au/Ag, Fig. 1(e). The cross-
sectional area of the wire depended on the milling time,
and was in the range 150 x 1200 Az to 150 x 800 Az.

This method was used to produce small Au structures
whose electrical resistance could be measured in a two-
lead geometry. One of these leads was the Au film which
was continuous at one end with the Au wire, while the
other lead was a Au/Fe or Au/Ag film. As discussed
in the Introduction, the samples with Au/Fe were ex-
pected to exhibit spin-polarization effects; the samples
with Au/Ag were studied for comparison purposes.

Several other comparison samples were also examined.
First, the magnetoresistance of Au films codeposited with
the samples was studied to determine the phase break-
ing length of the two-dimensional Au. These samples
were patterned using conventional photolithography and
lift-off techniques, to make "meander" patterns typically
120 pm wide and 5 cm long. In addition, the phase break-
ing length in long ( 50—100 pm) Au wires made using
a step-edge methodss [i.e. , essentially just skipping steps
(c) and (d) in Fig. 1] was measured. Finally, we also stud-
ied the magnetoresistance of Au/Fe films like those used
for one of the contact pads in Fig. 1(d). These results
will all be described in the following section.

The measurements were performed in a standard He
cryostat, in which the sample was mounted on a Cu block
inside a vacuum can. The block was weakly coupled ther-
mally to the ~He bath, and the sample temperature could
be varied from 1.3 to 10 K, or higher. A superconduct-
ing magnet provided a field for t,he magnetoresistance
measurements. This field could be directed either per-
pendicular or parallel to the plane of the substrate. For
the parallel measurements, the field was perpendicular to
the direction of current flow.

The resistance measurements were carried out with
a standard ac bridge setup, similar to that described
elsewhere. Using a ratio transformer, the resistance of
the sample was compared to that of a reference sam-
ple. The resistance of the entire structure, including the
Au wire and the contact pads, was typically 30—150 Q.
With such a low resistance it was necessary to position
the reference sample of the bridge at low temperatures,
so as to eliminate the eKects of lead resistance. The ref-
erence samples were thick Au films patterned to give a
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IV. RESULTS

Magnetoresistance measurements were first performed
on Au films codeposited with the samples, and on long
Au wires fabricated as described above. In both cases,
the magnetoresistance was well described by the pre-
dicted form appropriate for weak localization in two
and one dimensions, respectively. Figure 2(a) shows
the magnetoresistance of a long Au wire at several tem-
peratures. The solid curves are fits to the predicted
weak-localization magnetoresistance. At each temper-
ature there are two fitted parameters, the phase break-
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FIG. 2. (a) Magnetoresistance of a long Au wire at three
different temperatures, as indicated. The cross-sectional area
was 150 x 1200 A. , and the length of the sample was 75 pm.
The solid curves are Sts to the predicted weak-localization
magnetoresistance in one dimension, with strong spin-orbit
scattering (Refs. 4 and 9). (b) Phase-coherence length derived
from data like that in (a), for one and two dimensions. The
solid and dotted curves are guides to the eye.

resistance comparable to that of the sample. These refer-
ence films had sheet resistances of typically 0.1 0 or less,
so any changes of their resistance due to weak localiza-
tion (or electron-electron interactions) were much smaller
than the changes in the sample resistance, and could be
neglected. The lock-in amplifier could, with suitable av-

eraging, detect voltage changes less than 10 V, and the
sample current was kept below 10 A. Measurements
at higher currents demonstrated that the behavior de-
scribed in this paper was independent of the measuring
current.

ing length and the zero field resistance [the curves in
Fig. 2(a) were all offset to give AR = 0 at H = 0].
The cross-sectional area of the wire is also required to
calculate the magnetoresistance, but it is known from in-
dependent measurements at room temperature, and is
not a free parameter in the fits. The theory is seen
to give an essentially perfect description of the results.
The phase-coherence lengths obtained from these fits
are shown in Fig. 2(b), where we also show L~ de-
rived from similar measurements for a Au film sample.
From previous studies of electron inelastic-scattering in
similar systems, » we expect that electron-phonon
and electron-electron scattering could both be impor-
tant. The scattering times for these process are charac-
terized by temperature dependences of the form T ".For
electron-phonon scattering p 2.5, while for electron-
electron scattering p = 1 in two dimensions and p = s
in one dimension. Since L~ ——/Dr~, we would expect a
simple power law L~ T &~ when only one scattering
process is important.

While the amount of data is limited, it appears from
Fig. 2(b) that in both cases the temperature dependence
of Ly cannot be described by a power law with a sin-
gle value of p over the entire temperature range studied
(a pure power-law behavior would yield a straight line).
This suggests that both electron-phonon and electron-
electron scattering are important, with the former dom-
inating at high temperatures [with a higher value of p
and thus a larger slope in Fig. 2(b)), while the latter
dominates at low temperatures. " In addition, the abso-
lute magnitudes of L~ are also consistent with previous
quantitative results, both theoretical and experimental,
for these scattering rates. 4~ 44 Similar results were found
for other one- and two-dimensional samples. It should be
noted that the theory predicts that Ly depends on the
cross-sectional area in one-dimension (1D), and the sheet
resistance (and hence film thickness) in 2D. We did not
attempt to study the variation of L~ with these param-
eters, as it was not important for the present study. As
far as the present work is concerned, the key result of the
magnetoresistance measurements described above is that
Ly is typically in the range 1-2 pm, which is comparable
to or larger than our typical sample length.

Figure 3 shows results for the magnetoresistance of a
2.0-pm-long sample which had a Au/Ag film in contact
at one end. Here we show results for both polarities
of the field, and it is seen that to within the experi-
mental uncertainties, the resistance is symmetric; i.e. ,

R(+H) = R( H), as expected —for a two-lead measure-
ment. The scatter in the data is larger than in the results
for the large samples, because the total voltage across
the sample is much less for the short samples. Never-
theless, to within this scatter, R(H) is independent of
the sign of H. Near 0 = 0 the characteristic weak-
localization "dip" is evident. There are, in addition, un-
dulations in R which are due to universal conductance
fluctuations. As a check on this interpretation one can
estimate the predicted magnitude of the fluctuations in
this case. If we begin by assuming that the sample can
be treated as a single phase-coherent region (see, how-
ever, below), we expect AG to be of order e2/h times
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FIG. 3. Magnetoresistance of a Au wire with a Au/Ag
contact film at one end. The wire was 2.0 p, m long, T =
4.19 K, and the field was perpendicular to the plane of the
substrate. The solid symbols are data taken with one polarity
of H, while the open symbols are for the opposite polarity. In
both cases, the results were independent of the direction in
which H was swept. The zero of the vertical scale is arbitrary.

FIG. 4. Magnetoresistance for a Au wire with a Au/Ag
contact film at one end. The wire was 0.6 pm long and the
field was perpendicular to the plane of the substrate. The
solid symbols are data taken at 4.20 K, while the open symbols
were obtained at 1.34 K. In both cases, to within experimental
error the results were independent of the direction in which
H was swept. The two curves have been oH'set vertically for
clarity. The zero of the vertical scale is arbitrary.

length of I = 2 pm and D = 15 cm s as estimated
from the elastic mean free path given above, we find
T, 0.025 K. The measurements in Fig. 3 were per-
formed at 4.2 K, so the reduction factor due to energy
averaging is 0.08. We therefore expect the UCF fluc-
tuations to be AG 0.25e2/h = 3 x 10 s mho. Con-
verting this to resistance we have AR/R = 1.5 x 10
(since for this sample R 50 0), which is a little larger
than the fluctuations observed in Fig. 3 which are several
parts in 10 5. However, the sample length in this case is
about a factor of 2 larger than the phase breaking length
[Fig. 2(b)] so we would expect an additional reduction of
the UCF fluctuations due to subsystem averaging by
an amount of order (L~/L)2 4 which brings the the-
oretical predictions into very good agreement with the
fluctuation magnitude obeseved in Fig. 3. It is also in-

teresting to consider the field scale of the fluctuations.
According to the theory the field "correlation" scale
for UCF should be H, A (h/e) where A is the area of
a phase-coherent region which is normal to the field. For
the sample in Fig. 3, A = L, ~ x L~, where L~ is the
width of the sample in the plane perpendicular to the
field. Using L~ —1 pm (see above) and Liv = 1000 A. as
measured for this sample, we find 0, = 800 Oe, which is
in good agreement with the results in Fig. 3. The gen-
eral behavior seen here is thus in good agreement with the
theory of UCF (Refs. 10—13) and with previous studies
of similar samples.

Figure 4 shows the magnetoresistance near H = 0 in
more detail for another sample with a Au/Ag film at one
end. We again see the characteristic weak-localization
minimum at H = 0. The magnitude of the dip becomes
larger as the temperature is reduced, and its width be-
comes smaller. This is caused by the increase of L~ as
T is lowered [compare with Fig. 2(a)]. In addition, we
find again that to within the uncertainties the resistance
is symmetric about H = 0, i.e. , R(+H) = R( H), as-
expected for a nonmagnetic system.

10x10
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1 000

FIG. 5. Magnetoresistance for a Au wire with a Au/Fe
contact film at one end. The wire was 0.5 p, m long, the tem-
perature was 4.20 K, and the field was perpendicular to the
plane of the substrate. The solid symbols are data. taken with
one polarity of H, while the open symbols are for the opposite
polarity. In both cases, the field was swept from "negative"
towards "positive" fields. The zero of the vertical scale is
arbitrary.

We now consider samples in which a Au/Fe film served
as one contact pad. Figure 5 shows results for a sam-
ple which was 0.5 pm long. The results seen here are
characteristic of those found for all ten samples with a
Au/Fe contact film which we have studied. First, there
are fluctuations in the resistance which have a magni-
tude of several parts in 10 . The magnitude of these
fluctuations is quite similar to that seen in Fig. 3, and as
shown above this is consistent with UCF theory. Sec-
ond, the resistance is, especially at low fields, a sensitive
function of the field direction and history. At high fields
(above about 500 Oe in Fig. 5, although this field varied
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FIG. 6. Magnetoresistance for a Au wire with a Au/Fe
contact film at one end. The wire was the same sample as in
Fig. 5, the temperature was 4.20 K, and the field was perpen-
dicular to the plane of the substrate. The open symbols are
data taken by sweeping II from —200 to 300 Oe, while the
closed symbols are for a sweep in the opposite direction. The
solid curves are guides to the eye. The zero of the vertical
scale is arbitrary.

somewhat from sample to sample) the resistance and the
associated fluctuations are the same for +H, and there
is negligible hyst;eresis. However, as can be seen from
Fig. 6, at lower fields the resistance is very different for
+H and is strongly hysteretic. In particular, we note that
in general R(+H) g R( H—), at low fields. This behav-
ior, which is clearly suggestive of magnetic effects, was
never observed in samples with Au/Ag contacts. Hence
the proximity of the Fe clearly has a pronounced effect
on the behavior.

A quantitative analysis of the results in Fig. 6 would
require, at a minimum, knowledge of the direction of the
magnetization, M, in the Fe film as a function of field.
This direction will depend on many factors, such as im-
perfections in the film, the previous field history, etc. ,

and is difficult to predict ahead of time. Presumably, the
domain size is large compared to the width of the Au
wire, so that a single magnetic domain is in contact with
the end of the wire. This domain should be affected by
changes in the magnetic field, and the existence of some
hysteresis in low fields would not be surprising. Thus we

expect that the direction of M in the Fe which is directly
adjacent to the Au wire will depend on the field history.
The results in Fig. 6 can then be understood qualitatively
if we assume that the direction of M near H = 0 depends
on the direction of H during the most recent excursion
to "large" fields; here "large" means of the order of a
few hundred Oe. Hence, when H was swept down from
large positive fields the direction of M was presumably
"positive, " and this direction was evidently maintained
for small negative fields. Similarly, for the sweep up from
large negative fields M was presumably in the opposite
direction. When H is restricted to relatively small fields,
as in Fig. 6, we speculate that changing the sign of H
does not change the direction of M. From (I) we would
therefore expect R(+H) g R( H), as obs—erved.

We believe that this is the correct qualitative expla-

nation of the asymmetry and hysteresis seen in Fig. 6.
However, this explanation leaves open the microscopic
origin of these effects. There are two different micro-
scopic mechanisms of which we are aware that we feel
are plausible. (I) Electrons from the Fe will diffuse into
the Au wire, since the two are in direct contact. These
electrons will be spin polarized, since the polarization of
electrons at the Fermi level in Fe is known from much
previous work to be 44%%uo.

so The direction of this polar-
ization will depend on the direction of the magnetization
in the portion of the Fe film which is adjacent to the Au
wire. In Au the spin-orbit scattering is strong, so elec-
trons with different polarizations will experience different
scattering potentials, thus changing the spin polariza-
t, ion of the electrons in the Au is essentially equivalent
to "changing" the potential, i.e. , "changing" the sample
in the manner of universal conductance fluctuations. In
accord with our understanding of UCF we expect that
this will result in a conductance change which is com-
parable in magnitude to UCF fluctuations, and this is
consistent with the observed size of the fluctuations in
Fig. 6. (The magnitude of these fluctuations must, of
course, depend in some way on the degree of spin po-
larization, but the UCF magnitude should provide an
approximate upper bound. ) We believe that this is the
most likely microscopic explanation of the behavior we
have observed. IIowever, a second explanation is con-
sistent with the results we have presented so far. (2)
In a mesoscopic system the electrons maintain phase co-
herence over a distance of order L~ (the value of L~ in
the Au/Fe film will be considered below). As discussed
above, this coherence will not be limited to the "sample"
proper, but will also extend out into the leads a distance
Iy. In our case this means that the electrons in the Au
will diffuse into the Fe contact film, and hence the mea-
sured conductance will depend to some extent on what
happens in the Fe.

We have conducted two measurements which we be-
lieve make it possible to distinguish between these two
alternatives. First, we have measured the magnetoresis-
tance of a film of Au overcoated with a layer of Fe. These
films were chosen to be the same thicknesses as those used
to make the Au/Fe contacts at the ends of our Au wires,
so this measurement should yield direct information on
the contribution of the contact to the overall behavior
of the structure. Figure 7 shows the magnetoresistance
for a Au/Fe film. It is seen that the magnitude of the
magnetoresistance is relatively small, about an order of
magnitude smaller than that seen in our Au wire sam-
ples. Fitting these results to weak-localization theory
yields a qualitative value of the phase breaking length
of 3000 A. . Moreover, this length is independent of
temperature over the range we have studied, suggesting
that the Fe produces strong spin-spin scattering (which
is temperature independent), which dominates the phase
breaking length. This also means that phase coherence
does not extend very far into the Au/Fe film as com-
pared with the phase-coherence length for electrons in
the Au wire. It is also noteworthy that the results for
the Au/Fe film are, to within the experimental scatter,
symmetric with respect to the sign of H, and exhibit
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FIG. 7. Magnetoresistance of a Au/Fe film. The temper-
ature was 4.26 K, and the field was perpendicular to the plane
of the substrate. The solid symbols are data taken by sweep-

ing H from —200 to 300 Oe, while the open symbols are for a
sweep in the opposite direction. To within experimental, the
results were independent of the direction the field was swept,
in contrast to the results in Fig. 6. The zero of the verti-
cal scale is arbitrary. The small fluctuations are due to the
uncertainties in the measurements, and not UCF.
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FIG. 8. Magnetoresistance for a Au wire with a Au/Fe
contact film at one end. The wire had a length of 0.6 p, m,
the temperature was 4.22 K, and the field was parallel to the
plane of the substrate. The open symbols are data taken by
sweeping H from —200 to 300 Oe, while the closed symbols
are for a sweep in the opposite direction. The solid curves
are guides to the eye, and the zero of the vertical scale is
arbitrary.

4xlO aa y+SgP~

S~R a~

no hysteresis. That this behavior is qualitatively so
different from that seen in Figs. 5 and 6 strongly sug-
gests that the behavior seen in Figs. 5 and 6 is not due
to electron-phase-coherent effects in the Au/Fe contacts.
Rather, we believe that they are due to processes wliich
occur in the Au wire it,self.

A second measurement supports this conclusion. We
have studied the magnetoresistance of the Au wire struc-
tures with H directed in the plane of the substrate and
perpendicular to the direction of current flow. Some typ-
ical results for this case are shown in Fig. 8, where we
again see a pronounced asymmetry and hysteresis, which
is very similar to that found with perpendicular fields
(Fig. 6). If these effects were due to electron motion in
the Au/Fe film (or in the Au film at the other end of
the wire), the magnetoresistance should in t, his case be
very small, since for parallel fields the flux through the
classical electron trajectories is greatly reduced as com-
pared to the situation with the field perpendicular to the
plane. For processes taking place in the Au wire itself,
perpendicular and parallel fields should yield similar re-
sults since the flux is the same in the two cases because
of the peculiar geometry of our samples. As can be seen
from Fig. I (see also Refs. 36 and 35) our samples are
essentially "wrapped around" the step in the substrate.
The angle of the final milling [Fig. 1(e)] ensures that half
of the sample cross section is on the "vertical" portion
of the step, while the other half is on the "flat" portion
of the substrate. That is, t, he sample has an "L" shaped
cross section so that a magnetic field applied in the plane
of the substrate and perpendicular to the direction of the
current (as was the case in Fig. 8) will produce the same
effective flux as far as weak localization and UCF are
concerned as does a field perpendicular to the substrate.
Hence, if the important physics is taking place in the Au
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FIG. 9. (a) Magnetoresistance for a Au wire with a Au/Fe
contact film at one end. The wire had a length of 1.5 pm, and
the field was perpendicular to the plane of the substrate. The
temperature was 4.20 K for the lower data set, 5.01 K for
the middle set, and 6.32 K for the upper set. From repeated
scans at each temperature, it was determined that essentially
all of the fluctuations visible at 4.20 K were reproducible, the
largest ones at 5.01 K were repeatable, while at 6.32 K the
results were, to within experimental error, symmetric with no

dependence on the direction in which the field was swept. The
data shown here were all taken by sweeping II from —200 to
300 Oe, and the solid curves are guides to the eye. The solid
curve is a guide to the eye, and the zero of the vertical scale
is arbitrary. (b) qualitative variation of the phase-coherence

length, Iy (see text), obtained from fits to data like that
shown in (a).
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wire as opposed to the contact films, then the measure-
ments in Figs. 5 and 8 should yield similar results. The
essential qualitative features of the data, the magnitude
and the field scale of the fluctuations, are seen to be the
same in the two cases.

Our results thus suggest that the asymmetry and hys-
teresis we observe is due to spin-polarization effects in
the Au wires, and we believe that this polarization arises
through the diffusion of polarized electrons from the Fe
into the Au. As noted in Sec. II, theory predicts that the
length scale for this spin "memory" is L~. In order to
determine this length scale experimentally we have ex-
amined the asymmetry as a function of temperature. By
changing T one varies L~, and thereby effectively changes
the length of the sample, when measured in terms of
L~. Some typical results are shown in Fig. 9(a). It
is seen that as T is increased the asymmetry decreases
markedly. At the highest temperatures in Fig. 9(a) the
magnetoresistance is, to within the experimental error,
symmetric; i e , R(.+.H) = R( H). T—he magnitude of
the weak-localization magnetoresistance is also seen to
decrease rapidly as T is increased, implying that L~ is
becoming smaller. While the finite length of the sample
together with the UCF fluctuations preclude a quantita-
tive analysis, we can nevertheless make qualitative fits
of these results to the theoretical predictions for a long
one-dimensional sample. These fits will admittedly not
be quantitatively correct, but should give at least a qual-
itative estimate of the variation of L~, the results are
shown in Fig. 9(b). One sees that the vanishing of the

asymmetry occurs as Ly is becoming significantly smaller
than the sample length. A more quantitative analysis
will have to await further theoretical calculations of the
magnetoresistance in such complicated geometries, but
these results clearly support an interpretation in terms
of polarization diffusion from the Fe into the Au.

V. SUMMARY AND CONCLUSIONS

We have studied mesoscopic Au wires which are in
direct contact at one end with a ferromagnetic film.
We have observed features in the magnetoresistance
which indicate that spin-polarization effects are impor-
tant. Furthermore, the experiments seem to suggest that
the effects arise from processes inside the Au wires. An
explanation in terms of the diffusion of spin polarization
from the ferromagnet into the Au is in good qualitative
agreement with our results. The sample geometry we
have employed should prove useful for a number of other
experiments in this area.
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