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A “T” shaped micro-gap was fabricated by mechanical polishing between two Cu film electrodes on the surface of single-sided
bonded copper. A nano-gap was then fabricated in the prepared micro-gap by resistance feedback controlled electroplating. Final-
ly NiggFe,, ferromagnetic nanocontacts of several sizes were fabricated in the prepared nano-gap by resistance feedback controlled
electroplating. The magnetoresistance of each NigyFe,, ferromagnetic nanocontact was not related to its size. Fabrication of the
NigyFe,, ferromagnetic nanocontacts in the nano-gap can reduce the contribution of magnetostriction to the magnetoresistance.
The magnetoresistance values of the NiggFe,, ferromagnetic nanocontacts were as high as those of the Ni ferromagnetic nanocon-
tacts. This implies that the contribution of magnetostriction to the ballistic magnetoresistance of the ferromagnetic nanocontacts
can be neglected. The ferromagnetic nanocontacts fabricated in this study, and in other cases, have two anisotropic interfaces on
the sides of the nanocontacts. However, the magnetic field can alter the contribution of the interaction between the two anisotropic

interfaces to the ballistic magnetoresistance of the ferromagnetic nanocontacts, and this effect can not be ruled out yet.
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Nano-magnetism was first applied in high density hard disk
drives in 1997. Since then it has had a significant impact on
daily life and became a research focus [1]. The development
of the electronic devices is trending toward ultra-high den-
sity, with the microprocessor containing more information
units and electrons transported between them at a higher
speed. Manufacture of information units with only a few
atoms could soon be possible, and these units could be suc-
cessfully integrated into electronic devices if the developing
speed of the electronic devices is continued. However, at a
certain scale, transport of the electrons in and between the
information units is dominated by the conductance quanti-
zation effect, the life time of the units is greatly reduced [2],
and the transport behavior of the electrons becomes ballistic
[3]. In the past two decades, progress in the nano-
magnetism research has been slow because the stability of
the information units decreases sharply as the size decreases
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and there are few methods to study nano-magnetism. How-
ever, with the emergence of spintronics and for manufacture
of transistors consisting of a few atoms, the characteristics
of the materials at the atomic scale need to be clarified [4,5].
For future applications of the ballistic magnetoresistance
(BMR) effect in the ultra-high density magnetic storage and
magnetic sensors, fabrication of ferromagnetic nanocon-
strictions and nanocontacts with giant spin valve effects at
room temperature has become a research focus in recent
years [6—8].

The BMR effects of ferromagnetic nanocontacts from
70% to 3000% [7], and even up to infinity [9], at room
temperature have been reported in recent years. However,
some experiments have shown that high BMR at room
temperature is because of structural changes in the applied
magnetic field and not because of a giant spin valve effect
[10,11]. Many studies focused on the electrical and me-
chanical characteristics of small nanocontacts, and even
those on atomic scale [12—14]. Nanocontacts have a longer
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time to maintain stability at very low temperatures than at
higher temperatures. Despite these studies, investigation of
the characteristics of these materials at nano and atomic
scales remains challenging. Electron beam lithography and
vacuum film deposition have been used to fabricate a 20 nm
width thin film ferromagnetic nanoconstriction on silicon
[15]. This film is equivalent to 200 atoms (atom ¢ 0.1 nm)
arranged in parallel on the wafer surface [16]. Electron-
beam lithography is limited to fabrication of small scale
nanocontacts. Electrochemical processes can be performed
on the atomic scale, and are reversible and simple, in that
they do not require sophisticated equipment. Although elec-
trochemical technology is not compatible with the modern
semiconductor industry, it is an important method for stud-
ying the characteristics of materials at nano and atomic
scales. According to the relationship between the resistance
and the size of the ferromagnetic nanocontacts, a ferromag-
netic nanocontact of a desired size can be fabricated by re-
sistance feedback controlled electroplating. Molecular elec-
tronics predicts that the information units will be limited at
the molecular and atomic scale before the future quantum
computer age [17]. The assembly, manipulation and char-
acterization techniques for molecular devices are different
from those used in the modern semiconductor industry, and
electrochemical processes could be used to fabricate a stable
conductive channel between the microprocessor and the
molecular information units. Recently, to rule out the inter-
ference from magnetostriction and the static magnetic force
with the BMR of the ferromagnetic nanocontacts, ferro-
magnetic nanocontacts fabricated by electrodeposition be-
tween vacuum deposited thin film nano-gaps on a silicon
wafer have been reported [8,18]. However, the electro-
chemical processes are dynamic, and it is difficult to fabri-
cate ferromagnetic nanocontacts by electrodeposition be-
tween vacuum deposited thin film nano-gaps because of
weak adhesion of this type of film to the silicon. Because
the electrodepositing can easily lead to the thin film off
from the wafer, it is necessary to find a way to fabricate
nano-gaps with stronger adhesion to the substrate.

In this paper, fabrication of NiggFey ferromagnetic
nanocontacts of different sizes in nano-gaps by resistance
feedback controlled electroplating was investigated. A “T”
shaped micro-gap was fabricated by mechanical polishing
between two Cu film electrodes on the surface of single-
sided bonded copper. The nano-gap was fabricated in the
“T” shaped micro-gap by resistance feedback controlled
electroplating. The magnetoresistance of the fabricated
NiggFe,, ferromagnetic nanocontacts was studied. The con-
tribution of magnetostriction to the BMR of the ferromag-
netic nanocontacts was investigated.

1 Experimental methods

First, the “T” shaped micro-gap was fabricated by mechan-
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ical polishing between two Cu film electrodes on the sur-
face of single-sided bonded copper. All areas, other than
that where the NigyFe,, ferromagnetic nanocontacts was to
be fabricated, were covered with the super glue. When the
super glue dried, the prepared micro-gap was placed in an
electrolyte of 0.5 mol/L Na,SO,4 and 0.01 mol/L. CuSO, (pH
6.0) as an electrochemical cell cathode. The copper nano-
gaps were fabricated by electrodeposition of copper on the
surfaces of two electrodes by resistance feedback controlled
electroplating at —0.15 V relative to the saturated calomel
electrode. The prepared nano-gap was removed from the
electrochemical cell and cleaned with distilled water. It was
then placed in an electrolyte of 0.2 mol/LL NiSO,4, 0.01
mol/L FeCl,, 0.4 mol/L. H;BO; and 0.2 g/L. sodium dodecyl
sulfate (pH 3.0) [19] as an electrochemical cell cathode to
fabricate NigyFe,, ferromagnetic nanocontacts of different
sizes. NigoFe,y was electrodeposited by resistance feedback
controlled electroplating at —1 V relative to the saturated
calomel electrode. All the electrochemical processes were
automatically controlled by LabView software (National
Instruments, Austin, TX). Scanning electron microscopy
(SEM) was used to characterize the width of the Cu
nano-gap and the morphology of the NigoFe,, ferromagnetic
nanocontacts. The magnetoresistance of the NigyFe,, ferro-
magnetic nanocontacts was measured in-sifu at room tem-
perature with a measurement system controlled by LabView
software.

2 Results and discussion

A 20 pm gap was observed for the “T” shaped micro-gap
(Figure 1) by the optical microscopy. Adhesion of the pre-
pared “T” shaped micro-gap to the substrate was much
stronger than that of a vacuum deposited thin film on a wa-
fer. The issue with a micro-gap prepared in this way is that
the copper is 20 um thick. Figure 2 shows the resistance
feedback controlled electroplating process [20]. In this fig-
ure, the working electrodes (W, and W,) are the two copper
film electrodes, CE is the Pt counter electrode, and REF is
the saturated calomel electrode. The nano-gap and the fer-
romagnetic nanocontacts can be fabricated between the two

Figure 1 Optical microscopy image of the morphology of a prepared “T”
shaped micro-gap.
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Figure 2 Schematic diagram of the resistance feedback controlled elec-
troplating process.

working electrodes (W; and W,) by an electrochemical
process. The width of the nano-gap and the size of the fer-
romagnetic nanocontacts can be controlled by changing the
resistance between W; and W,. The relationship between
the width of the gap and the resistance between W, and W,
measured in the electrolyte is important for fabrication of
the nano-gaps with desired widths. We found that as the
surface areas of the copper electrodes increased, the width
of the gap and the resistance between W, and W, decreased.
Initially, the resistance between the W; and W, decreased
gradually. Then, when the width of the gap was at the na-
noscale, a sudden drop of the resistance between the W, and
W, was observed. At this point, electrodeposition of copper
should be stopped immediately. The widths of the nanogaps
fabricated in this way are typically between 100 and 200 nm.
The widths of the nanogaps do not need to be measured
directly by SEM, as the sudden drop in resistance indicates
that the gap will be nanoscale. Figure 3 shows the typical
morphology of the prepared copper nano-gaps. A 150 nm
nano-gap can be clearly seen in this figure. The resistance
and the size of the ferromagnetic nanocontacts can be
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Figure 3 SEM image of the morphology of a prepared nano-gap.
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related by the following equation, d =+/1000/R(2) (nm)

[21], where d is the diameter and R is the resistance of the
ferromagnetic nanocontacts. Comparison of the default re-
sistance and the actual resistance, NigyFe,, ferromagnetic
nanocontacts of a desired size can be fabricated by re-
sistance feedback controlled electroplating. It should be
noted that the default resistance and the actual resistance are
only equal in theory for the limitation of the feedback con-
trol. There must be an error between the default resistance
and the actual resistance, to reduce the time for the fabrica-
tion of the NigFe,, ferromagnetic nanocontacts, and the
error was set to 5 Q. If we want to fabricate an R ferromag-
netic nanocontact, when the actual resistance of the ferro-
magnetic nanocontact is in the range of R+5 Q, the electro-
chemical process should be stopped and the ferromagnetic
nanocontact of the desired size will be obtained. There are
several methods to measure the resistance between the two
electrodes during fabrication of the nano-gap and ferro-
magnetic nanocontacts by resistance feedback controlled
electroplating. These methods include 50% duty cycle pe-
riodic current pulse [22] and real-time resistance measure-
ments [23]. For this study real-time resistance measurement
was used to measure the resistance between the two elec-
trodes. A millivolt AC voltage source was selected to re-
duce the impact of measuring the resistance on the electro-
chemical process. The frequency of the AC voltage source
was controlled at below 10 Hz to reduce the effect of inter-
facial capacitance between the two electrodes. The re-
sistance between the two electrodes was measured directly
because of the large range of change in the resistance be-
tween the two electrodes during fabrication of the nano-gap.
The resistance of the NigoFey ferromagnetic nanocontacts
was measured by measuring the voltage changes of a 1 kQ
resistor in series with the nanocontacts. Figure 4 shows the
morphology of the NiggFey ferromagnetic nanocontacts
fabricated by electrodeposition. Although the position and
size of the nanocontact can not be accurately indentified
from the figure, the resistance between the two electrodes
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Figure 4 SEM image of the morphology of a prepared Nig,Fe,, nanocon-
tact.
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indicates that a nanocontact exists between the electrodes.
The size of the nanocontact can be calculated using

d = /1000/R(QY) . Figure 5 shows the magnetoresistance of

a prepared Nig,Fe,, ferromagnetic nanocontact measured at
room temperature with the magnetic field applied in the
same plane as the current. The diameter of this nanocontact
was 5.2 nm, and the magnetoresistance was about 90%. The
magnetoresistance values of the NiggFey, ferromagnetic
nanocontacts with the resistance values between 7 Q and
36.5 Q at room temperature are shown in Figure 6. The
corresponding diameters of the ferromagnetic nanocontacts
were 5.2, 5.6, 6.6, 8.2 and 12.1 nm. As shown in this figure,
the magnetoresistance was independent of the size of the
ferromagnetic nanocontacts. This means that, in addition to
the size of the nanocontact, its magnetoresistance is also
affected by other factors. The Ni ferromagnetic nanocon-
tacts fabricated by mechanical and electrodeposition meth-
ods with magnetoresistance values > 70% at room tempera-
ture have been reported [6,7,22]. The magnetostriction of
the NigoFe,y ferromagnetic nanocontacts fabricated in the
nano-gap was much smaller than that of the reported Ni
ferromagnetic nanocontacts, and the magnetoresistances of
the NigoFe,, ferromagnetic nanocontacts was as high as that
of the reported Ni ferromagnetic nanocontacts. This means
that the effect of magnetostriction on the BMR of the fer-
romagnetic nanocontacts can be neglected. However, both
the NigoFe,y ferromagnetic nanocontacts fabricated in the
nano-gaps and the Ni ferromagnetic nanocontacts fabricated
by other methods are formed by two anisotropic interfaces.
The applied magnetic field alters the interaction between the
two anisotropic interfaces, and the contribution of this
change to the BMR of the ferromagnetic nanocontacts can
not be ruled out yet.

3 Conclusion

In conclusion, nano-gaps between two electrodes and
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Figure 5 The typical magnetoresistance of the prepared NigoFey ferro-
magnetic nanocontacts measured at room temperature.
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Figure 6 The magnetoresistance values of the prepared NigyFe, ferro-
magnetic nanocontacts of different resistance measured at room tempera-
ture.

NigoFe,, ferromagnetic nanocontacts were fabricated by
resistance feedback controlled electroplating. The magneto-
striction of the prepared NigFe,, ferromagnetic nanocon-
tacts was much smaller than that of reported Ni ferromag-
netic nanocontacts. The magnetoresistance of the prepared
NigoFe,, ferromagnetic nanocontacts was as high as that of
reported Ni ferromagnetic nanocontacts. These experiments
show that the contribution of magnetostriction to the BMR
of the ferromagnetic nanocontacts can be neglected. How-
ever the magnetic field can alter the interaction between the
two anisotropic interfaces, and the contribution of this to the
BMR of the ferromagnetic nanocontacts cannot be ruled out
by these experiments.
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