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We have studied the resistivity and magnetoresistance of mechanically stable Co contacts of nanometer sizes
made by electron(e)-beam lithography on Si, GaAs, and Al2O3 substrates. These constrictions were generated
using two techniques. The first one uses conventional e-beam lithography to design fingers at different dis-
tances touching a perpendicular electrode. These contacts are generally in the tens of nanometers range with
resistances as high as 500V. After ion milling these contacts, resistances as high as 20 kV may be obtained.
The second technique consists of Co deposition through a 400 nm hole made in a bilayer resist. The resistance
in the “current perpendicular to the plane” geometry is monitored during deposition which is stopped when the
desired resistance is obtained. Contacts in the kV range were thus fabricated between the bottom disk-like
electrode and the top thin film. Magnetoresistance was measured in a wide range of applied magnetic fields and
temperatures. Due to the large shape anisotropy difference between the electrodes, two well-defined coercive
fields induce clear switching in the magnetization observable in the resistance. The magnetoresistances are in
all cases below 1% and of varying signs. These effects are well within the range of the expected anisotropic
magnetoresistance generated at the contacts or their vicinity.
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I. INTRODUCTION

In the past years, the field of submicron scale ferromag-
netic nanocontacts has gained great interest due to reports of
extremely large values of magnetoresistance. This effect was
observed in mechanically formed(contacting two separate
wires glued in a simple piezoelectric device)1 nanocontacts
of various ferromagnetic metals,2,3 half-metallic
ferromagnets,4,5 or electrodeposited nanocontacts.6–9 Nano-
contacts with resistances in the 5–1000V range have been
claimed to exhibit these large magnetoresistances.6,9 The ef-
fect is attributed to ballistic magnetoresistance(BMR) and
theoretical models based on the presence of an extremely
thin domain wall at the nanocontact have been invoked to
explain the effect.10–14

Although there are many interesting effects related to the
electronic transport in ferromagnets in reduced dimensions,
possible artifacts, such as magnetomechanical effects, have
been ignored in this field until recently.15–17It is well known
that the application of external fields on ferromagnetic mate-
rials induces forces which lead to displacements and distor-
tions. Even when magnetic structures are expected not to
move, i.e., are mechanically clamped, magnetostriction tends
to distort ferromagnets in directions linked to their magneti-
zation. Although the effect in simple ferromagnets is small
(in the ppm range), it is likely to significantly affect the cross
section of two electrodes in contact. Both magnetomechani-
cal and magnetostrictive effects may be enhanced if the elec-
trodes are macroscopic but the contacts are nanoscopic.

To exploit BMR in a device(i.e., to make it useful in a
variety of applications), it is desirable to establish this effect
in mechanically stable, lithographically defined structures.
To the best of our knowledge, BMR has never been observed
in rigid structures such as those obtained using lithographic
techniques.15,18–22

In this paper we report the magnetotransport properties of
mechanically stable magnetic nanoconstrictions prepared us-
ing two methods based on conventional e-beam lithography.
In the first method, seven ferromagnetic “fingers” are placed
at slightly different distances from a perpendicularly oriented
main ferromagnetic electrode. In this way, we are able to
produce ferromagnetic nanoconstrictions with various widths
in a single sample. The second method consists of the depo-
sition of a pillar of magnetic material through a nanometer
scale hole made in a resist bilayer.

II. EXPERIMENT

Co nanoconstrictions with different widths on a single
substrate were simultaneously prepared using e-beam lithog-
raphy and ion milling. The fabrication process consists of
three separate stages. In the first stage, a 50 nm thick Co film
is deposited onto Si, GaAs, and/or Al2O3 substrates by mo-
lecular beam epitaxy, subsequently a 3 nm Al capping layer
is grown to prevent the oxidation of the Co film. In the
second stage, a polymethylmethacrylate(PMMA) layer is
spun onto the Co film, then the pattern for the nanoconstric-
tions is defined using e-beam writing. The essential parts of
the e-beam pattern are seven finger-like contact structures in
the middle of the pattern and a perpendicularly oriented com-
mon central electrode. Each of the fingers has a width of
1.2 mm whereas the central electrode is 4mm wide. The
perpendicular orientation together with the different widths
ensures different coercive fields of the finger and the central
electrode. The nanoconstrictions are obtained using a single
scan with the electron beam, which produces a cut between
the common electrode and the fingers. After the e-beam writ-
ing the PMMA structure is transferred into the magnetic film
by ion milling, followed by a lift-off process. In the final
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stage, macroscopic contacts are defined using standard opti-
cal lithography and Ar-sputter etching for the transport mea-
surements.

Figure 1 shows three typical nanoconstrictions with dif-
ferent widths ranging from 45 nm to over 130 nm in a Co
film on Si. The nanolithographic process has been tested on
many samples. Although the width of the bridges cannot be
accurately predicted, the process gives reproducible results in
the sense that there is always a usable series of nanoconstric-
tions with widths in the range of 30–150 nm.

A second type of magnetic nanoconstrictions was pre-
pared depositing a pillar of Co through a nanometer scaled
hole made in a resist bilayer(see Fig. 2). First, a conducting
base layer is deposited on a Si substrate. The base layer is
created using direct current magnetron sputtering. A 10 nm
Al layer is sputtered on an undoped Si substrate to improve
the adhesion of the 30 nm Au layer. A 200 nm methacrylic
acid (MAA ) resist layer is spun on the sample, and a 100 nm
PMMA layer is spun on the MAA layer. The sample is baked
for 1 h at 155 °C before undergoing e-beam lithography in
which a circle is written into the bilayer resist. The sample is
developed to remove the exposed resist creating a hole
(around 400 nm diameter) through to the conducting base
layer. In the final step, Co is deposited by e-beam evapora-
tion. During the evaporation a Co pillar is grown in the cy-
lindrical well created in the resist layers. At some point dur-
ing evaporation the growing pillar and the Co layer on top of

the resist layer make contact which creates a nanoconstric-
tion. The resistance in the “current perpendicular to the
plane” geometry is monitored during the deposition, which is
stopped when a desired resistance is obtained. Contacts in
the kV range can thus be reproducibly fabricated between
the bottom disk-like electrode and the top thin film.

Transport measurements were done using a four-point
technique in a wide temperature ranges4.2–300 Kd up to
80 kG with the applied magnetic field parallel to the film
plane.

III. RESULTS

The temperature dependence of the resistance allows dis-
criminating between the nanogaps and nanoconstrictions
even if the nanoconstrictions or nanogaps are below the reso-
lution of the scanning electron microscopy(see Fig. 3).

As an illustration of many measurements we present re-
sults for a sample consisting of a 50 nm Co film on Si with
four nanoconstrictions of widths approximately 30, 40, 50,
and 100 nm. Figure 4(a) shows typical magnetoresistance
curves for three nanoconstrictions atT=4.2K when the ap-
plied magnetic field is in the film plane and perpendicular to
the “fingers.” The magnetic field was swept from 2 to
−2 kOe. A peak was observed at −45 Oe close to the coer-
cive field for the three nanoconstrictions. In all the cases the
magnetoresistances are around 0.2%, close to the magnetore-
sistances obtained in Co nanowires,23 NiFe nanocontacts,18

and Ni nanoconstrictions.24 The magnetoresistance(MR) for
these three contacts have the same magnitude up to 300 K
[see Fig. 4(b)]. In this geometry the MR is almost indepen-

FIG. 1. Scanning electron micrograph of three typical nanocon-
strictions with different widths on a Co film on Si. The width de-
creases from 130 nm on the right to 45 nm on the left.

FIG. 2. Preparation of nanoconstriction using a hole in an insu-
lating membrane while monitoring the resistance during growth of a
Co nanopillar.

FIG. 3. Evolution of the resistance with temperature for(a) a
75 nm Co nanoconstriction and(b) 120 nm nanogap on GaAs.

FIG. 4. (a) Magnetoresistance of three nanoconstrictions(100,
50, and 40 nm width) with the magnetic field in the film plane and
perpendicular to the nanoconstrictions, at 4.2 K(field swept from
positive to negative). (b) Evolution of the magnetoresistance with
temperature for the three nanoconstrictions.
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dent of the temperature and nanoconstriction size in all
ranges investigated.

With the magnetic field applied parallel to the fingers, the
magnetoresistances remain below 1% for the four nanocon-
strictions(see Fig. 5). However, they behave differently de-
pending on the nanoconstriction width. The 30 and 40 nm
nanoconstrictions exhibit a positive MR peak at −35 Oe al-
most temperature independent in the range of temperatures
up to 300 K. The 50 nm nanoconstriction exhibits a negative
MR dip at −55 Oe. The depth of the dip decreases with the
temperature until it disappears above 275 K, while a peak at
65 Oe develops with increasing temperature. This peak is the
only feature present at temperatures above 275 K. The
100 nm nanoconstriction shows a peak at −5 Oe and a dip at
−65 Oe. Again, the depth of the dip decreases with the tem-
perature until it disappears above 275 K.

All nanoconstrictions with sizes in the 30–150 nm range,
prepared by this method, have less than 1% magnetoresis-
tances. To narrow the nanoconstriction width we performed
an additional ion milling while monitoring its resistance. Fig-
ure 6(a) shows the resistance versus applied magnetic field
for a 150 nm Co nanoconstriction. The measurements were
taken atT=4.2 K with the magnetic field parallel to the film
and perpendicular to the nanoconstriction. The curve shows a
slight MR of less than 0.02%. After ion milling the sample a
second time, the resistance increases substantially, the nano-
constriction is narrower(less than 30 nm width) while the
MR increases only up to 0.4%[see Fig. 6(b)]. Resistances as
high as 23 kV were obtained for some contacts which at
these very high resistances exhibited a negative coefficient of

resistivity and again small magnetoresistance.
All the nanoconstrictions prepared by patterning the Co

film show very small values of magnetoresistance with resis-
tances up to 500V. After a second ion mill the nanoconstric-
tions yield resistances in the 20 kV range, but still the mag-
netoresistances were less than 1%. The nanoconstrictions
prepared on GaAs or Al2O3 substrates yield similar results.

Resistances in the kV range were obtained by depositing
a Co pillar through a nanometer hole made in a bilayer resist
(as described in Sec. II). Figure 7 shows the time evolution
of the magnetoresistance of a nanoconstriction with an initial
resistance of 1.5 kV [see Fig. 7(a)] a magnetic field parallel
to the film at 200 K. Two distinct changes in resistance were
found corresponding to the two different coercive fields of
the top and bottom electrodes. Changes in resistance of the
order of 0.2% were observed. While taking measurements at
4.2 K, a sudden large drop in the resistance to about 96V
occurred. This 96V resistance was quite stable for a few
days, [see Fig. 7(b)] where the 150 K magnetoresistance
curve includes two distinct drops at the coercive fields as
well as a small peak around zero field. With the sample kept
in the cryostat for two days, the resistance jumped back up to
around 1 kV [see Fig. 7(c)]. With this sudden change in
resistance came a different magnetoresistive behavior. There
were still two distinct jumps(occurring at roughly the same
coercive fields as in the initial state) but now they were posi-
tive and not negative as earlier. The following two days no
further changes in MR or resistance were observed. Finally, a
large current was run through the sample to increase the
resistance roughly to 136 kV. However, no magnetoresistive
effects were observed at this resistance[see Fig. 7(d)].

IV. DISCUSSION

The results showed above can be interpreted as due to
anisotropic magnetoresistance(AMR) together with single
domain wall resistance. For the patterned nanoconstrictions,

FIG. 5. (a) Magnetoresistance of four nanoconstrictions(100,
50, 40, and 30 nm width) obtained with the magnetic field in the
film plane and parallel to the nanoconstrictions, at 4.2 K(field
swept from positive to negative). (b) Evolution of the magnetore-
sistance with temperature for the four nanoconstrictions.

FIG. 6. Magnetoresistance of a 150 nm nanoconstriction before
(a) and after(b) a second ion milling process. Both curves were
obtained with the magnetic field in the film plane and parallel to the
nanoconstrictions, at 4.2 K(both field direction sweeps).

FIG. 7. Magnetoresistance of a pillar nanoconstriction(a) initial
state,(b) after one day,(c) after three days and(d) after running a
large current through the sample. All curves were obtained with the
magnetic field parallel to the film plane.
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when the magnetic field is applied parallel to the fingers and
to the current, the AMR ratio is 0.33%, 0.25%, and 0.64%
for the 100, 50, and 40 nm nanoconstrictions, respectively.
Therefore the measured resistance changessDR/Rd are
within the expected AMR contributions. Note that in our
case the current flows perpendicular in some portions of the
sample and parallel in others. Moreover, due to the existence
of the nanoconstrictions, a complicated domain structure
maybe expected and is found in its vicinity. Therefore, if the
magnetoresistance is caused by ordinary anisotropic MR, in
our case this will be a mixture of parallel and perpendicular
MR.25 For the 100 and 50 nm nanoconstrictions, the magne-
toresistance curves also show a dip around −65 Oe, which
can be attributed to individual domain wall resistance. It has
been reported that domain wall resistance effects can be
positive26–29or negative30,31 in good agreement with theoret-
ical models. Domain walls may suppress weak localization,12

thereby removing a source of resistivity, while band bending
effects32 imply either negative or positive magnetoresistance.
Theoretical predictions12,33 also imply that the domain wall
resistance decreases with increasing temperature. In our case,
the negative magnetoresistance decreases with increasing
temperature, until only AMR is observed at temperatures
above 275 K.

In the case of the “pillar” nanoconstrictions, the negative
(positive) jump at −100 Oes−260 Oed can be interpreted as
an injection and trapping of a domain wall and the positive
(negative) jump at −1000 Oes−1000 Oed as a depinning and
annihilation of the domain wall. Again a magnetoresistance

less than 0.2% can be explained by the AMR of the nano-
constriction.

V. CONCLUSIONS

To summarize, we have developed two methods to pre-
pare mechanically stable magnetic nanoconstrictions. Using
standard e-beam lithography in combination with dry etching
we are able to fabricate reproducible Co nanoconstrictions
with widths in the range of 30–150 nm and resistances as
high as 500V. Ion milling allows increasing the resistances
of these constrictions in the 20 kV range. The second tech-
nique consists of Co deposition through a nanoscale hole
made in a bilayer resist. Contacts in the kV range were thus
fabricated between the bottom disk-like electrode and the top
thin film. The transport properties of both types of nanocon-
strictions have been measured and values of magnetoresis-
tance of less than 1% were obtained between 4.2 and 300 K
and for constrictions with resistance as high as 135 kV.
These effects are well within the range of the expected AMR
generated at the contacts or their vicinity.
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