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Measurements of the electrical resistance of mesoscopic systems can provide useful information
concerning properties other than those directly related to transport. We illustrate this point using
results for the magnetic-Beld dependence of the resistance of thin Ni wires and Blms. We show how
such measurements can yield detailed information concerning the behavior of the magnetization in
these systems. In many cases such transport studies can provide the same information as, and are
much simpler than, direct measurement of the magnetization. We believe that this approach may be
of great general utility in the study of mesoscopic systems. In addition, our specific results for meso-
scopic Ni structures have revealed what appears to be, to our knowledge, a hitherto unrecognized
contribution to the magnetoresistance in ferromagnets.

I. INTRODUCTION

In the past 15 years there has been a good deal of
interest in the properties of small, so-called mesoscopic,
systems. Most of the experimental studies of these sys-
tems have involved transport measurements, usually of
the resistance as a function of temperature or magnetic
field. However, there is increasing interest in other prop-
erties, such as the magnetization, optical absorption, etc.
Such nontransport properties are inherently difficult to
measure, because of the small volume of material which
is involved. This has prompted a variety of ingenious
experimental approaches, including the study of arrays
of mesoscopic systems, and the use of very small Hall
sensors and microsquid magnetometers. While these ap-
proaches have led to many interesting results, we would
like to point out that ordinary transport measurements
can, in some cases, yield very useful information concern-
ing nontransport properties.

This point is certainly not new; indeed, previous work-
ers have made use of the anomalous Hall effect in thin
films to infer the magnetization of either the films them-
selves, or of thin layers of other materials deposited onto
such films. ' Nevertheless, we believe that the power of
this type of experimental probe is not widely appreciated.
We illustrate the utility of this approach with some re-
sults for the behavior of thin Ni films and wires. ' We
show that measurement of the magnetoresistance can be
used to discern, with good precision, the behavior of the
magnetization in such systems. Our results also suggest
the existence of a hitherto unrecognized contribution to
the magnetoresistance of ferromagnetic metals, and we

speculate as to its origin.

II. THEORETICAL BACKGROUND

Our experiments make use of the fact that the resis-
tivity of a metal depends, in general, on the directions

of the applied magnetic field, H, the magnetization, M,
and the current used to measure the resistivity, p. One
could speak in terms of elements of the conductivity ten-
sor, which would be useful if we wanted to discuss the
Hall effect, etc. However, since our discussion will be
limited to resistivity measurements, we will worry only
about the current direction, as that will make the con-
nection to experiment more direct.

While arguments based on symmetry alone are useful,
the magnitude of any variations of p with II and M can
only be understood in terms of specific microscopic mech-
anisms. One effect, which plays a major role in our exper-
iments, is known as the anisotropic magnetoresistance.
This magnetoresistance is simply the difference

p~~
—p~,

where the subscripts refer to the cases with M parallel
and perpendicular to the current (we will not be con-
cerned here with crystalline directions, so our arguments
apply strictly only to a polycrystal). This resistivity dif-
ference has been explained in terms of a simple band pic-
ture as follows. Ni, and many other metallic ferromag-
nets, have s and d bands, which are split into spin-up and
spin-down subbands. In Ni, the spin-up (majority spin) d
band lies entirely below the Fermi level, while the other
three subbands intersect E~. The s subbands make a
much higher contribution to the conductivity than does
the spin-down d subband, due to their lower effective
masses, so the transport is dominated by the s electrons.
Since most scattering processes conserve spin, the spin-
up s electrons can, to a first approximation, only scatter
into other spin-up s band states, since the spin-up d band
is full. However, the spin-down s electrons can also scat-
ter into the spin-down d states, and since this band has
a large density of states at the E~, the scattering rate
for this process is large. This basic picture was first put
forth by Mott, to account for the fact that the resistivity
of Ni is lower in the ferromagnetic state than it is above
T'

To explain the anisotropic magnetoresistance, Smit
proposed that the spin-orbit interaction will cause some
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mixing of spin states in the (now predominantly) s and
d bands. This mixing makes it possible for spin-up 8
electrons to be scattered into the d bands, thereby con-
tributing to the resistivity. Smit argued further that the
magnitude of this spin-orbit mixing, and hence the result-
ing scattering cross section for the 8 electrons, depends
on the wave vector of the electronic state, leading to a
difference between

p~~
and p~. While this general picture

has been refined by more recent work, ' it is believed
to be the essential explanation of the anisotropic mag-
netoresistance. A quantitative calculation of the mag-
netoresistance from this mechanism is, of course, quite
diKcult. Fortunately it has been studied in a number
of previous experiments, which have found that for Ni,
in the low Beld limit, p~~

—p~ 3 x 10 pO cm at
low temperatures. We will compare this value with our
experiments below.

Another mechanism which contributes to the
magnetoresistance at low temperatures is weak
localization. In two dimensions, i.e., thin films,
this magnetoresistance is no larger than R~e /(27rh),
where A is the sheet resistance. For the samples we
have studied, R was typically 5—10 0, making this con-
tribution about two orders of magnitude smaller than
the anisotropic magnetoresistance. In one dimension,
i.e. , for very narrow wires, the weak localization effect
is somewhat larger, as it varies as A, where A. is the
cross-sectional area of the sample. The form of this mag-
netoresistance has been discussed extensively elsewhere,
and will be compared with our results below.

III. EXPERIMENTAL METHOD AND RESULTS

0.1

H (kOe)

FIG. 1. Change in resistivity of a 250 A Ni film as a func-
tion of magnetic field for a field applied perpendicular to the
plane of the substrate. The temperature was 4.2 K; quantita-
tively similar results were found for temperatures in the range
1—10 K. Note that the zero of the vertical scale is arbitrary,
since we are plotting only the change in p. This is also the
case for the other figures below.

be parallel to the field, and perpendicular to the plane
of the film. Assuming that the crystalline anisotropy is
small, which is the case for Ni, the field required to
bring M perpendicular to the plane is 4vrM = 6 kOe;
here, the factor of 4' is just the demagnetizing factor
for a very thin film. Such behavior of M, in conjunction
with the anisotropic magnetoresistance, explains the re-
sults in Fig. 1 quite well. In small fields M was directed
in the plane, and we measured a combination of

p~~
and

p~, since the domains were presumably randomly ori-
Thin films of Ni were deposited by thermal evaporation

onto glass substrates. They were typically 250 A thick,
and had a sheet resistance of typically 10 0 at room
temperature and 7 0 at low temperatures. They were
patterned photolithographically into long strips to give
a convenient resistance for the measurements. Narrow
wires were produced. from the films using a substrate-
step technique, and were typically 20 pm in length,
and 500 A or less in diameter, with much larger contact
films of either Ni or Cu attached at each end. The resis-
tance was measured using a standard ac bridge method.
The temperature was varied between —1.4 and 10 K, al-
though most of the results shown below were independent
of T in this range.

A. Ni Films
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Figures 1—3 show results for the resistance of a Ni Blm
as a function of magnetic Beld, for fields applied perpen-
dicular (Fig. 1) and parallel (Figs. 2 and 3) to the plane
of the film. To understand these results, we begin with
the perpendicular Geld case, and note that because of the
large demagnetizing energy for a sample of this shape, M
prefers to lie in the plane of the film. As H~ is increased,
M will rotate out of the plane, and at large fields it will

-200 -100 0 100 200 300
H (Oe)

FIG. 2. (a) Resistivity of the 250 A Ni film considered in
Fig. 1 as a function of magnetic field for a field applied in
the plane of the substrate and perpendicular to the direction
of the current. The inset shows the sample geometry. The
temperature was 4.2 K; quantitatively similar results were
found for temperatures in the range 1—10 K. (b) Expanded
view of the behavior in low fields.
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FIG. 3. Resistivity of a 220 A Ni film as a function of mag-
netic field for a field applied in the plane of the substrate and
parallel to the direction of the current. The temperature was
4.2 K; quantitatively similar results were found for tempera-
tures in the range 1—10 K.

ented within the plane of the film. As H~ was increased,
M was rotated out of the plane, so that in high fields,
we measured p~. This change was complete at a field
of approximately 5—6 kOe, in good agreement with our
estimate of the Beld required to bring M perpendicular
to the plane. This interpretation is in good accord with
recent studies of Fe films, in which the magnetization and
magnetoresistance were measured simultaneously.

For the sample in Fig. 1, we find p(H = 0) —p(H =
1 T) 10 x 10 2 pB cm, which is about a factor of
3 larger than the anisotropic magnetoresistance reported
in Ref. 7. However, given the inevitable differences in the
polycrystalline texture of such Glms, we believe that this
level of agreement is quite satisfactory. We also note
that the behavior in Fig. 1 was independent of tempera-
ture in the range we studied, 1.4—10 K, which is expected
for this magnetoresistance mechanism.

Figure 2 shows results for fields in the plane of the
film. The sample was patterned into a meander or ser-
pentine shape, with approximately 80 long parallel seg-
ments connected by much shorter ones at each end, as
shown schematically in the inset to Fig. 2. The results in
Fig. 2 were obtained with the Beld directed perpendicu-
lar to these long segments, so that in large fields M was
perpendicular to the current for more than 95% of the
sample. The qualitative behavior in Fig. 2 is the same as
that found in Fig. 1. p was largest in small fields, and de-
creased to a constant value at large Belds. However, this
change in p was complete in fields much less than 1 kOe,
far lower than in Fig. 1. The reason for this lower value
is that for this field direction, the demagnetizing field is
extremely small, hence it takes only a small field to rotate
M to make it parallel to the field (and perpendicular to
the current). The overall change of p was approximately
half that found in Fig. 1, while from the simple arguments
given so far we would expect the changes to be the same.
The reason for this is probably hysteresis in the domain
wall motion. The offset of the two curves in the bottom

part of Fig. 2 shows the behavior after cycling the Geld to
large negative and large positive values. This ofFset was
also approximately the width of the plateaus in p seen in
small Belds. We believe that both are caused by domain
walls, which become trapped in metastable locations or
configurations at small fi.elds. Presumably, if these walls
were able to avoid being trapped, p would rise to much
larger values at low fields than observed in Fig. 2.

Figure 3 shows results for fields parallel to the current
in a similar Ni film. Here, the Geld was parallel to the
long legs of the meander pattern shown in Fig. 2. We see
that p was a minimum at small Gelds, as expected, since
the field was parallel to the current at high fields (rather
than at low fields in Figs. 1 and 2). The magnitude of
the change in p from low to high Gelds was approximately
the same as seen in Fig. 1, although the Geld required
to saturate the change in p was somewhat larger than
one would expect from the demagnetizing field for this
orientation. We will return to this point further in the
next section, when we discuss a second mechanism, which
contributes to the magnetoresistance.

The results shown in Figs. 1—3 demonstrate that the
behavior of the resistivity of our Ni films directly rejects
the orientation of the magnetization. The changes in

p are large, and consistent with previous studies of the
anisotropic magnetoresistance in similar films. Note that
these changes are at least two orders of magnitude larger
than would arise from the magnetoresistance associated
with weak localization and electron-electron interaction
effects in two dimensions. The fact that p is extremely
sensitive to the direction of M makes it possible to use
resistance measurements to precisely monitor M in very
small thin film samples. This conclusion is in accord with
recent studies of Fe films.

B. Thin Ni Wires

We next consider measurements of the resistivity of
very narrow wires as a function of H for different Geld
orientations. As we will see, these results confirm the im-
portance of the anisotropic magnetoresistance discussed
in the previous section. However, we will also find a hith-
erto unrecognized (to our knowledge) contribution to the
magnetoresistance.

Figure 4 shows results for a narrow wire with the field
perpendicular to the substrate, and thus perpendicular to
the current. The behavior was very similar to that found
for a film with a perpendicular field, Fig. 1. In zero field
the demagnetizing energy tends to align M along the axis
of the wire. The applied field again gradually rotated M
away from this axis until at high fields it was perpendic-
ular to the wire. The Beld required for saturation was
= 2 kOe, which is roughly equal to 2vrM, the expected
demagnetizing field for a sample with this shape. The
overall magnitude of the change in p was also about the
same as found for the films. Similar behavior was found
for a Geld in the plane of the substrate and perpendicu-
lar to wire axis, Fig. 5. While the change in p in Fig. 5
was essentially the same as seen in Fig. 4, p did not sat-
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FIG. 4. Resistivity of a 435 A diameter Ni wire as a func-
tion of magnetic field for a field applied perpendicular to the
plane of the substrate. The temperature was 4.2 K; quantita-
tively similar results were found for temperatures in the range
1—10 K.

FIG. 6. Resistivity of the 435 A. diameter Ni wire consid-
ered in Fig. 4 as a function of magnetic field for a Beld applied
parallel to the direction of the current. The temperature was
4.2 K; quantitatively similar results were found for tempera-
tures in the range 1—10 K.

urate until somewhat higher fields, although most of the
change was complete by 4—5 kOe. The reason for the
small change in p at higher fields is not clear, but may
be related to the behavior seen with parallel fields, which
we describe next.

The results with the field parallel to the axis of the
wire, Fig. 6, are rather difI'erent from any presented to
this point. First, there was a striking hysteresis, whose
origin we now consider. For this sample geometry the
magnetization should lie along the axis of the wire, and
thus be either parallel or antiparallel to both the current
and H. Moreover, since the domain wall thickness in Ni
is 500 A. , which is larger than the wire diameter, all of
the walls should have their normals along the axis of the
wire; the energy cost of forming a wall which curves or
meanders through such a thin wire is prohibitive. Thus,
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FIG. 5. Resistivity of the 435 A. diameter Ni wire consid-
ered in Fig. 4 as a function of magnetic Beld for a field ap-
plied iri the plane of the substrate and perpendicular to the
current. The temperature was 4.2 K; quantitatively similar
results were found for temperatures in the range 1—10 K.

according to the arguments we have been using to this
point, we should be measuring p~I for all values of H,
and for this situation the anisotropic magnetoresistance
picture discussed above predicts that there should be no
change in p. Nevertheless, the change in p with H was of
the same order of magnitude as seen previously, so it is
clear that the model we have used so far is incomplete.
The situation here is difI'erent from those we have en-
countered so far, since in the usual cases, e.g. , Figs. 1—3,
M may be parallel or perpendicular to H, depending on
demagnetizing efI'ects and hysteresis. However, here we

have a case in which it is possible for M to be directed op-
posite to H; this as can be seen as follows. The solid curve
in Fig. 6 was obtained after sweeping the field down from
a large positive value, which means that the magnetiza-
tion of the entire wire was initially parallel to H. Since H
was not allowed to reverse direction, M remained parallel
to H for the entire sweep. However, prior to obtaining
the dotted curve, H was set to a large negative value,
so that M for the entire wire was initially antiparallel to
H. Because of hysteresis in the domain wall motion, we

believe that M remained in the negative direction up to
a field of approximately 100 Oe, i.e. , the field at which

p was a minimum. This interpretation is supported by
the observation that the p(H) relation defined by the
dotted curve was completely reversible provided that H
was not taken above about 100 Oe (the precise value of
this field varied somewhat from sample to sample). This
strongly suggests that there were no domain walls in the
sample for fields in this range. However, when H was
swept to larger values, p(II) became hysteretic, indicat-

+

ing that domain walls, and hence regions of reversed M
were present. The behavior became nonhysteretic after
H was swept to values above 700 Oe, so this must have
been the field at which all of the domain walls were swept
out of the wire, and M was everywhere in the positive
direction.

The presence or absence of hysteresis allows us to con-
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elude that the sample was in a single domain state along
both the solid curve, where M

~~
0, and the dashed curve

with H ( 100 Oe, where M was antiparallel to H. We see
that p was significantly diAerent in the two cases; we will
refer to this as the longitudinal magnetoresistance, since
it appears to have a completely different origin from the
anisotropic magnetoresistance. This longitudinal mag-
netoresistance depends on the direction of M relative to
H, and also on the magnitude of H. It is also compara-
ble in magnitude to the anisotropic magnetoresistance in
Figs. 1, 2, 4, and 5. We are not aware of any mention of
this contribution to the magnetoresistance in the modern
literature.

We next consider the origin of the longitudinal mag-
netoresistance. Figure 7 shows results for two diferent
samples; one had a diameter of 170 A, while the other
was 550 A in diameter. Here, we only show results for
H & 0 after the field had been swept to large values, so
that the wires were uniformly magnetized (hence there

were no domain walls), and M was always in the positive
direction, i.e., it was always parallel to H. A striking fea-
ture of Fig. 7(a) is that the magnitude of the longitudinal
magnetoresistance depends strongly on the diameter of
the wire, d. Figure 8 shows that this magnetoresistance
decreases as the wire is made smaller. This is opposite to
what one might have expected for a mesoscopic eft'ect. A
second important result is shown in Fig. 7(b). Here we
plot the same data as in Fig. 7(a), but with the results
for the smaller sample scaled up by a constant factor. We
see that to within the uncertainties, the two magnetore-
sistance curves have essentially the same dependence on
H.

Given the experimental results for the longitudinal
magnetoresistance in Figs. 6—8, we now consider its
microscopic origin. We have already seen that the
anisotropic magnetoresistance is caused by band struc-
ture effects, so it is tempting to also attribute the longi-
tudinal magnetoresistance to a similar sort of band struc-
ture mechanism. However, the size dependence observed
in Fig. 7 appears to rule out an explanation of this kind.

The form of the longitudinal magnetoresistance in
Figs. 6 and 7 is quite similar to that predicted for weak
localization, and it has been suggested that this may
be the origin of the e8'ect. Indeed, the fact that the mag-
netoresistance is size dependent leads one to think imme-
diately of weak localization. There are, however, several
problems with this proposal. First, we have already seen
from Fig. 8 that the magnitude of the magnetoresistance
becomes smaller as the wire is made smaller, which is
opposite to the predictions of weak localization. Second,
the field scale, Fig. 7(b), is independent of wire diame-
ter, which is also contrary to weak localization. Third,
in order for weak localization to yield a positive magne-
toresistance, as observed in Figs. 6 and 7, the spin-orbit
scattering must be strong. It is well known from work on
a variety of metals that the spin-orbit scattering varies
systematically with atomic number, Z. This scattering
is relatively weak in low Z metals, such as Mg and Cu,
and strong in high Z metals such as Au and Bi. We
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FIG. 7. (a) Fractional change of resistance, AR/R, as a
function magnetic field for two Ni wires, one with a diameter
of 170 A, and one with a diameter of 550 A. Note that the
zero of the vertical axis is arbitrary, and has been chosen so
that both samples have AR/R = 0 at H = 0. (b) Same data
as in (a), but with the data for the 170 A. wire scaled up by
a constant factor. The solid curve is again the data for the
550 A wire, while the dashed curve is the scaled data for the
170 A sample.
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FIG. 8. Total resistivity change from H = 0 to H = 1 kOe
as a function of wire diameter, from results like those shown
in Figs. 6 and 7. The field was applied parallel to the axis of
the wire.
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would expect the spin-orbit scattering in Ni to be similar
to that in Cu, and thus be weak. However, the sign of
the magnetoresistance in Figs. 6 and 7 can only be ex-
plained in terms of weak localization if one assumes that
the spin-orbit scattering in Ni is strong. This is con-
trary to previous results for Ni films, which reported
a negative magnetoresistance, and hence weak spin-orbit
scattering. Nevertheless, the samples studied in Ref. 24
were granular Ni Glms which were partially oxidized, so
it is conceivable that our samples may behave differently.

Despite these clear difFiculties with an explanation
based on weak localization, we have attempted to Gt our
results for the parallel magnetoresistance to the theory
of weak localization. Some typical results are shown
in Fig. 9, where we compare our measurements with
weak localization theory for the two samples considered
in Fig. 7. Here we have assumed that the spin-orbit scat-
tering is very strong; relaxing that assumption would not
significantly affect any of the Gtted curves or the fitting
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E

E

2.510

0

170A Ni wire

2.508

I
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FIG. 9. GL, where G is the conductance and L is the length
as a function of magnetic field for several Ni wires. The field
was applied parallel to the direction of the current and the
temperature was 4.2 K. The solid curves are fits to weak local-
ization theory, which yielded the values for the phase breaking
length given below. Since the theory clearly does not provide
a reasonable Gt of the data in either case, the values of L~
are meaningfu11 only for comparison purposes. (a) A 550 A.

diameter wire; L~ = 80000 A. (b) A 170 A diameter wire;
I p = 1400 A. .

parameters. Most of the parameters which enter the the-
ory, such as the resistivity, cross-sectional area, etc. , are
known from other measurements. The only free parame-
ter in each of these fits is the phase breaking length, Ly,
which is the distance an electron is able to diffuse without
losing phase memory. There have been many stud-
ies of L@ in a variety of metals, and it is now established
that there are three main types of scattering which con-
tribute to Ly in these systems: electron-phonon scatter-
ing, electron-electron scattering, and spin scattering.
The last process is one in which the electrons scatter
from centers having a magnetic moment, thereby flip-
ping the spin of the electron. Spin scattering is usually
important only in metals which have a large concentra-
tion of magnetic impurities (typically 50 ppm or more).
These three scattering processes can be distinguished by
their temperature dependences; in particular, the scatter-
ing rates for both electron-phonon and electron-electron
scattering are strongly temperature dependent, while the
spin scattering rate is generally temperature indepen-
dent. Since Ni is magnetic, one might expect there to
be a large amount of spin scattering. However, it is not
clear to us that this will necessarily be the case. Well
below T„as in our experiments, the Ni spins will be
strongly coupled to their neighbors, so it is not obvi-
ous that a scattering process which flips the conduction
electron along with a local spin will be energetically fa-
vored. The possibility of electron-magnon scattering also
complicates matters. The only previous experiments on
Ni (Ref. 24) reported a temperature independent magne-
toresistance, which means that Ly was also independent
of T. However, as noted above, the granular/oxidized
nature of those samples makes a comparison with our
results problematic.

Returning to the results in Fig. 9, we see that there is
no agreement at all between the data and weak localiza-
tion theory. This disagreement is not due to a poor or
incorrect choice of any of the parameters which are in-
volved; variations of the cross-sectional area, etc. , within
reasonable ranges do not significantly improve the fit. As
noted above, the fits involve only one free parameter, L@,
and this parameter determines both the field at which
the conductance varies rapidly (at low fields), and also
the overall change in the conductance from low to high
Gelds. No value of I~ can simultaneously provide a good
Gt to both of these aspects of the data. Moreover, the
best fit value of L~ for the 550 A. wire is of order 8 pm,
which is unphysically large. We therefore conclude that
weak localization is not responsible for the longitudinal
magnetoresistance.

We now wish to suggest a tentative explanation of
the longitudinal magnetoresistance, which is based on
electron-magnon scattering. There are two main experi-
mental facts that must be explained. First, we consider
the strong field dependence in rather low fields (& 2 kOe).
This can be accounted for by a small gap in the magnon
dispersion relation at low energies. If we assume that the
main contribution to the resistivity comes from electron-
magnon scattering processes in which a magnon is cre-
ated, a gap at low energies would suppress this process.
When a magnetic Geld is applied parallel to M, the en-
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ergy of a magnon is lowered, thereby reducing the gap
and increasing the scattering rate. This explains the sign
of the magnetoresistance, as well as why it depends on
the direction of the field relative to M. Since the mag-
netoresistance saturates at 2 kOe, the gap must be no
larger than 1 K in zero field. Experimental studies of
the magnon dispersion in Ni (Ref. 27) have not directly
observed such a gap. However, the resolution of the dis-
persion measurements is not much better than 1 meV, so
a gap of a few K, or less, would be consistent with those
experiments.

The second important feature of the longitudinal mag-
netoresistance is its dependence on wire diameter. We
believe that this can be accounted for in terms of magnon
subbands corresponding to standing spin waves with
wave vectors perpendicular to the wire axis. If, as seems
likely, there is some extra anisotropy or other form of
pinning at the surface, this will cause the lowest energy
magnons to have a wavelength of half the wire diame-
ter, with corresponding subbands at shorter wavelengths.
At energies below the energy of the lowest subband,
there will be a reduced density of states available for
magnon creation, thereby reducing the electron-magnon
scattering cross section. Given the measured magnon
dispersion, the lowest-magnon subband would have an
energy of 4vr D/d, where D is the spin wave stiffness
constant, and d is again the wire diameter. This energy
is a few K for our wires, and thus approximately matches
the field scale seen in Figs. 6 and 7. Note that such an
effect should be present also in thin films, and this is
consistent with the results in Fig. 3.

While our model is admittedly very qualitative, the
required energy scales do seem to match with the avail-
able experimental evidence. A careful calculation based
on the model should be feasible, and would certainly be
of great interest. New experiments with other materials,
such as Fe or Fe based alloys, would also be worthwhile.
These materials have a larger anisotropy than Ni, which,
if our model is correct, should increase the energy and
Geld scales associated with the magnetoresistance.

wires considered in Figs. 6 and 7 the smallest resolvable
changes of B correspond to the reversal of the magnetiza-
tion of a 100 A long section of the wire. Improvements
in this effective sensitivity seem quite feasible. A care-
ful analysis of our results has revealed an unappreciated
contribution to the magnetoresistance of a ferromagnet.
This contribution is comparable in size to the much stud-
ied anisotropic magnetoresistance. Indeed, it has prob-
ably been important, and not accounted for, in many
previous experimental studies; our work suggests that it
may be useful to reexamine those old results in light of
this mechanism.

While this paper was being written, we learned of
studies of the magnetization and magnetoresistance of
Fe films and strips. Their magnetoresistance results,
in both parallel and perpendicular fields, are extremely
similar to our results for Ni. Most importantly, their
magnetization measurements confirm our inferences con-
cerning the behavior of M in the various geometries. It
is interesting that they also observed the longitudinal
magnetoresistance we have reported. However, their Fe
strips were more than an order of magnitude wider than
our Ni wires, allowing a more complicated magnetization
distribution, and thus complicating the analysis. This
prevented them from noticing what we believe are essen-
tial differences between the anisotropic and longitudinal
magnetoresistances.

Indeed, we were able to recognize the longitudinal mag-
netoresistance because of the unique experimental situ-
ations afforded by mesoscopic samples. The shapes and
sizes of our narrow Ni wires made possible the simple
domain structure required in order to isolate the longi-
tudinal magnetoresistance from the anisotropic one. We
also wish to emphasize that the general experimental ap-
proach we have described here should not be limited to
magnetic properties, but may, under the right circum-
stances, be of much wider applicability. Finally, we cau-
tion that the model we have proposed for the longitudinal
magnetoresistance is only a tentative one at this point,
and that more work will be required to fully understand
this efFect.

IV. DISCUSSION

The objective of this paper was to demonstrate that
transport studies of mesoscopic systems can yield de-
tailed information concerning nontransport quantities.
As a particular example, we have shown how measure-
ments of the resistance of small ferromagnetic samples
can be used to infer the behavior of the magnetization.
In this case, the measurements are much simpler than
direct measurement of the magnetization (e.g. , with a
superconducting quantum interference device) and yield
essentially the same information. The efFective resolu-
tion, in terms of M, is also quite good. For the narrow

ACKNOWLEDGMENTS

We are grateful to R. E. Bartolo, M. A. Blachly, H.
Fukuyama, and P. C. E. Stamp for useful discussions,
and D. P. DiVincenzo for a helpful comment. We also
thank J. Deak and M. McElfresh for performing mag-
netization measurements on our films. We are particu-
larly indebted to P. C. E. Stamp and H. Fukuyama for
their persistent questions, which prompted us to examine
the longitudinal magnetoresistance in detail. This work
was supported by the NSF through Grant No. DMR-
9220455.

See, for example, Mesoscopic Phenomena in Solids, edited
by B. L. Al'tshuler, R. A. Webb, and P. A. Lee (Elsevier,
Amsterdam, 1991).
G. Bergmann, Phys. Today $2 (8), 25 (1979).

H. Vloeberghs, J. Vranken, C. Van Haesendonck, and Y.
Bruynseraede, Europhys. Lett. 12, 557 (1990).
N. Giordano and J. D. Monnier, Physica B 194-196, 1009
(1994).



9862 KIMIN HONG AND N. GIORDANO

K. Hong and N. Giordano, in Proceedings of the NATO
Workshop on Quantum Tunneling of Magnetization, edited
by L. Gunther and B. Barbara (Kluwer, Dordrecht, in
press).
See, for example, A. P. Cracknell, Magnetism in Crystalline
Materials (Pergamon, New York, 1975).
T. R. McGuire and R. I. Potter, IEEE Trans. Magn.
MAG-11, 1018 (1975).
N. F. Mott, Proc. R. Soc. London Ser. A 158, 699 (1936).
J. Smit, Physica 16, 612 (1951).
See, for example, R. I. Potter, Phys. Rev. B 10, 4626
(1974).
G. Bergmann, Phys. Rep. 107, 1 (1984).
P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. 57,
287 (1985).
B. L. Al'tshuler and A. G. Aronov, in Electron-Electron
Interactions in Disordered Systems, edited by A. L. Efros
and M. Pollak (Elsevier, Amsterdam, 1985), p. l.
The magnetoresistance from electron-electron interaction
effects is negligible in our field range (Refs. 12 and 13).
D. E. Prober, M. D. Feuer, and N. Giordano, Appl. Phys.
Lett. $7, 94 (1980).
From previous results for Ni (see, for example, Ref. 17),
we expect that the anisotropy will be small. We have con-
firmed this for our films through direct measurements of
the magnetization.
B.D. Cullity, Introduction to Magnetic Materials (Addison-
Wesley, Reading, MA, 1972).
C. Shearwood, S. J. Blundell, M. J. Baird, J. A. C. Bland,
M. Gester, and H. Ahmed, J. Appl. Phys. 75, 5249 (1994).
In making such a detailed comparison with previous mea-
surements of p for perpendicular and parallel Gelds, one
should note that in our samples, in a zero-Geld demagne-
tized state, the domains will probably be randomly ori-
ented. Hence, roughly speaking, even in zero Geld, half
the sample will have the magnetization perpendicular to

the current and half will have it parallel. Allowing for this
would make our value for pj —

p~~ a factor of 2 larger, and
thus approximately a factor of 5 larger than reported in
Ref. 7. Note also that we found pt~

—p~ to depend somewhat
on film thickness. For thinner (250 A) films this resistivity
difference approached that reported in Ref. 7.
We also note that the results in Ref. 18 are in strong
support of our interpretation. However, their quasi-one-
dimensional samples were more than an order of magni-
tude wider than ours, so it was possible for domain walls
to enter in more complicated ways than in our case.
It is interesting to note that measurements of the resistivity
as a function of Geld for macroscopic Ni wires were reported
more than a century ago [M. Cantone, Bendiconti/Reale
Accadernia dei Iincei, serie quinta (L Accademia, Rome,
1892), Vol. 1, p. 119],and the results were essentially simi-
lar to those in Fig. 6. However, our interpretation is some-
what different.
H. Fukuyama (private communication).
C. Van Haesendonck, M. Gijs, and Y. Bruynseraede,
in Localization, Interaction, and Tr ansport Phenomena,
edited by B. Kramer, G. Bergmann, and Y. Bruynseraede
(Springer, Berlin, 1985), p. 221.
S. Kobayashi, Y. Ogtuka, F. Komori, and W. Sasaki, J.
Phys. Soc. 3pn. 51, 689 (1982).
The Gtting function and procedure are described in D. E.
Beutler and N. Giordano, Phys. Rev. B 38, 8 (1988).
Such a value of L@ is unphysical for the following reason.
The magnetoresistance in Fig. 7 was found to be indepen-
dent of temperature, implying that I y must also be T in-
dependent. However, the Gtted value of Ly is much larger
than the expected electron-phonon and electron-phonon
phase breaking lengths (Ref. 23), so they should have dom-
inated Ly making it temperature dependent.
V. J. Minkiewicz, M. F. Collins, R. Nathans, and G. Shi-
rane, Phys. Rev. 182, 624 (1969).


