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Abstract

The technological feasibility of spin valve devices containing
ferromagnetic nanoparticles depends on the fabrication of
clean ohmic contacts that bridge the region between the
particle and external electronics. In this paper we use an
electrode-narrowing technique to create oxide free contacts
on ferromagnetic nanoparticles embedded under gold
nanoconstrictions. Constrictions are narrowed with a feedback-
based electromigration method, which reduces the sample
conductance to a few multiples of the conductance quantum G,
= 2¢*/h. Magnetoresistance measurements show that hysteresis
loops emerge as the constriction conductance decreases towards
the conductance quantum. The technique can be used to create
ohmic contacts to ferromagnetic nanoparticles for spin-based
electronics applications.

Keywords: Electromigration, Break junction, Ohmic, Magnetic,
Nanoparticle

Introduction

The magnetization of a ferromagnet in a junction can be
controlled by spin-transfer torque (STT) from a spin-polarized
current without the need of an external magnetic field [1-4].
STT-induced switching of the particle’s magnetization state can
be accomplished more efficiently if the inter-electrode junction
size can reduced to the size of the nanoparticle. This switching
also depends on the thickness and the material composition of
interface layers between the magnetic particle and the control
electrodes, and on the level of unwanted surface oxidation
[5]. To increase the precision and efficiency of magnetization
control, clean ohmic contacts are crucial for practical device
applications. One method has shown that electromigration can
be used to create clean contacts, even on the single-molecule
level [6]. Similarly, single electron transistors have been
fabricated using electromigration [7,8]. In this work, we present
magnetic field dependence of electron transport through an
atomic-scale break junction containing Ni nanoparticles with
diameter range 2 to 5 nm, at T=4.2 K [9-11]. Junctions fabricated
using the electromigration technique ensure clean contacts to
ferromagnetic nanoparticles, and, in principle, nanoparticles in
such a device can replace the ferromagnetic layer in a spin-valve
or a STT device.

Methods

Sample preparation is initiated by electron beam lithography of
the bowtie geometry on an insulating SiO, substrate, as indicated
in Figure 1. We utilize a JEOL model JSM5910 scanning electron
microscope to image perform lithography. We define and write
the sample geometry using a numerical control program called
Nanometer Pattern Generation System. The electron-beam resist
consists of a polymethilmetachryllate / methylmethacryllate
(PMMA/MMA) bilayer. After the electron beam exposure and
the development process, we place the sample in a vacuum
chamber and evaporate layers of AL,O, (5 nm), Ni (1.5 nm) and
Au (7 nm) consecutively. The thin layer of Ni nucleates into
individual nanoparticles on the amorphous Al O, layer. These
particles are embedded within the Au nanoconstriction layer that
is deposited on top. Finally, we remove the remaining electron-
beam resist and metal layers by a liftoff process in acetone.
Because the effectiveness of electromigration depends strongly
on the series resistance connected to the device [12], even the
large-scale leads’ design structure affects the long term fate of
break junctions. Therefore, our bow-tie shaped electrode angles
(~60°) are chosen to have low series resistance. At the narrowest
section, these electrodes form a bridge 100 nm wide and 500 nm
long. Control samples are fabricated in the same manner, but
without a Ni layer.

After the fabrication of Au nanoconstrictions with embedded Ni
nanoparticles, the experimental procedure consists of two main
parts. First, we use a feedback-based electromigration technique
to narrow the junctions. Second, we perform magnetoresistance
(MR) measurements of the junctions at a small, fixed bias voltage
by sweeping a magnetic field in a triangle wave. Electromigration
is the process by which linear momentum is transferred from
electrons to metal ions, and can cause the drift and restructuring
of metal ions in nanoconstrictions. During the feedback-
based junction narrowing process, when the conductance
falls below 10 G_, we halt the narrowing process and measure
the MR. This procedure enables us to check whether contacts
on Ni nanoparticles are formed, by observing any emerging
magnetic reactions at different levels of conductance. We also use
conductance histogram comparisons of narrowed devices with
and without Ni nanoparticles as a supplementary tool to check
occurrence of contacts on ferromagnetic nanoparticles. Slight
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@e taken (Figure 2) at T=4.2 K.

Figure 1: (a) (Top) Junction layers before and after breaking. (Middle) A narrowed bridge with a small contact remnant (red
square). (Bottom) A transmission electron microscope image of Ni nanoparticles. (b) (Top) Junction conductance vs time plot for
active breaking. Inset shows the tearing point where the conductance begins to decrease steadily. (Bottom) Discrete levels of
conductance. The junction-narrowing feedback mechanism is turned off at points indicated by black arrows. MR measurements

~

_J

shifts of the time-histogram conductance peaks can result from
additional resistance due to the presence of a Ni nanoparticle,
rather than a Au cluster, in the junction.

Electromigration has long been used to break gold wires in
a controlled way [13]. One of the most common feedback
techniques, active breaking [14,15], is used in this experiment
with few modifications to a previously studied method [16].
Resistance values of the junction are monitored by applying a
bias voltage and measuring the voltage difference across and
current through the junction with National Instruments data
acquisition board at an adjustable sampling period, T, which we
initialize to 30 ms. The junction current is kept below 10 mA at
all times, and is measured by an Ithaco current amplifier. If the
resistance remains below a previously set threshold parameter,
R, then the voltage is ramped from 100 mV in steps of 4
mV per loop iteration. Initially, the junction resistance is on
the order of 200 Q. R is updated recursively after each loop
iteration by adding a certain percentage of the initial resistance
to itself. At the early stages of the experiment, this percentage
is kept at 1% of the resistance calculated at the beginning of the
loop. As the conductance is reduced to couple multiples of G,
this percentage is increased up to 10%. If the resistance exceeds
R, then the voltage is reduced to its minimum value of 100
mV. This procedure creates an oscillation in the plot of dI/dV
vs time, and the two parameters, T, and R, are updated in a
controlled way to increase oscillation amplitude until the moving
average of the differential conductance value starts to decrease.
We denote this sudden drop in the moving average of junction
conductance as the tearing point of the junction, and display data

of such an event in a representative sample in the inset of Figure
1(b). After the tearing point, T, and R are altered to induce
a smooth transition to lower conductance levels. Sampling time
is varied from 30 ms to 10 ms during the process in order to
adjust the narrowing rate. Even though this slows down the
whole narrowing process, it decreases the probability of sudden
breaking by enabling the time required to respond and change
R . Italso increases the accuracy to reach a target resistance by
creating more feedback time to react to any upcoming changes
in resistance.

Samples are narrowed down to different conduction levels
(Figure 1(b), (bottom)) and MR measurements are performed.
We expect that the junction breaks due to the migration of Au
atoms, rather than Ni. The current density will be higher in Au
than in Ni particles, because the conductivity of Au is larger
than in Ni, and because of the electron scattering at the Ni-Au
interface. The larger current density in Au increases the strength
of electromigration in Au. In addition, the larger mobility of Au
relative to Ni will also promote greater relative electromigration
in Au. The mobility of ions in electromigration is dominated by
the interaction of atoms with their surroundings in their bulk
forms. This interaction is independent of ion’s mass. For example,
copper is one of the few other metals that is susceptible to
electromigration, and although copper has smaller ion mass than
that of gold, copper needs current densities orders of magnitude
higher for electromigration to occur [17]. Additionally, the
probability of having contacts involving the Ni nanoparticle will
increase with the nanoparticle size and its volume fraction in the
film. Therefore, in order to increase the odds of nanoparticle-
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mediated transport in the narrowed junctions, our experiment
include a 1.5 nm Ni layer, which causes nucleation of Ni in the
form of nanoparticles, as seen in the Transmission Electron
Microscope image in Figure 1(a)(bottom).

Samples are connected electrically to a probe we custom-
built in our lab. Within the probe is a solenoid utilized for
the superconducting magnet. The entire probe apparatus is
submerged in a liquid helium dewar, in order to maintain
temperatures of 4.2K. The temperature can be monitored by
using a calibrated resistor.

Experimental Results and Discussion

InFigure2(a),no MRat8.5G_confirmsthat mostofthe conduction
is through the Au layer, rather than through Ni particles. A
distinguishable MR effect appears once the conductance is
decreased to 4.6G . At this level of conductance, hysteresis loops
also emerge for the first time. As the conductance is decreased,
the same percentage of MR is observed for narrower junctions,
even though the amount of current going through the junction
is reduced (3pA for (a), 1pA for (b), 500nA for (c), and 320nA
for (d)) every time the junction is narrowed. In Figure 2(d),
hysteresis loops are not visible in the averaged data. However, a
closer look at the raw data of current vs magnetic field, as shown
in Figure 3, reveals that conduction is occurring through at least
two metastable conduction levels, which hides observation of
hysteresis loops with the switching field around +50 mT. It may be
noted that the hysteresis loops change qualitatively as a function
of conductance. That is, the resistance valley in Figure 2(b) and
2(c) lie on inverted sides of zero magnetic field. This could be
a consequence of the influence of one or multiple secondary
Ni particles in the vicinity of the particle involved in transport,
which may alter the primary Ni particle’s magnetization due to

magnetostatic dipole fields in opposition to the applied field. As
the conductance changes, so too does the geometric structure of
the junction as the ions move due to electromigration. As this
occurs, the Au atoms could displace the secondary Ni particle
enough to remove its influence on the primary Ni particle
subject to electron transport. While a full explanation of the
effect is beyond the present scope, it hints at the complexity of
the junction rearrangement process in electromigration, and
could be a promising avenue for further study. The main result of
this work, however, holds regardless of such effects. That is, MR
emerges as the conductance levels drop in our nanoconstriction
junctions.
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Figure 3: The raw current vs magnetic field data used to generate
the MR curves in Figure 2(d). Left (right) panel corresponds to field
sweep in the negative (positive) direction, for junction conductance
1.2 G,. The color scale shows a relative difference of 0.8 nA, with
white corresponding to the higher current, and black to the lower
current. What is not revealed in Figure 2(d) averages is visible in
the raw current data here, showing hysteresis loops at 50 mT, at
@mperature T=4.2 K. J

~

10020 (a)
10015
1.0010
1.0005
1.0000 —m
0.9995
0.9990
0.9985

R/Ro
=)
-
o
o
o
S

1.0020 —
1.0015 —
1.0010 —
1.0005 —
1.0000 —
0.9995 |
0.9990
0.9985 L,

1 1 Tt T 1
-0.4 0.0 0.4
Magnetic Field (T)

R/Ro
S
k'S
o
o
o
k'S

Figure 2: MR data of resistance vs magnetic field plots at different conduction levels, averaged over 100
magnetic field sweeps +0.6T) each. Red (black) corresponds to field sweeps in the positive (negative) direction.
The resistance in each panel is normalized by the zero-magnetic field resistance value, R, in order to compare
the fractional change in MR for different junction sizes. The zero-magnetic field conductance values in each
@nel correspond to (a) 8.5G , (b) 4.6G,, (c) 1.5G, and (d) 1.2G,. In all MR measurements, T=4.2K.
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Another way to verify the conduction through nanoparticles is
the method of conductance histograms. Conduction quantization
in gold chains is observed to be integer multiples of G_ [18].
Two-dimensional (2D) bridges can have complicated structural
arrangements for multi-channel transport [19]. For the case
of breaking of 2D gold nanoconstrictions, ONeill et al [16]
observed non-integer values in their conductance histograms.
Their histograms were collected during the self-breaking of gold
nanoconstrictions. We used this method with the assumption that
having Ni nanoparticles under narrowed gold nanoconstrictions
should cause additional resistance due to additional scattering
from a structural change in the bridge. Such an effect should
be visible predominantly in smaller levels of conduction due to
the size of our particles. Therefore, we first collect self-breaking
data of five control-sample Au nanoconstrictions, which do not
contain Ni nanoparticles and combine them in a conductance
histogram as measured over time. Next, we compare this
histogram to the histogram of a Ni-containing device. But, since
the narrowest area of a breaking junction may or may not contain
a Ni nanoparticle, we only choose the histograms of devices
which showed emergent magnetic behavior. In other words,
we choose only those devices that already showed a MR-clue of
having a Ni nanoparticle in the junction. When this comparison
is made, as seen in Figure 4, we see a slight shift to the left in the
conduction histogram of the Ni nanoparticle devices, compared
to the combined histogram of devices without Ni nanoparticles.
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Figure 4: Conductance histograms of self breaking of five
nanoconstrictions that do not contain Ni nanoparticles (red)
vs histograms of the Ni nanoparticle containing device that
showed emergent magnetic behavior (Figure 2). A slight shift
in the blue curve results from additional resistance due to a
nanoparticle connection at the narrowest part of the junction
@ich causes a structural change. /

Conclusion

Emergent magnetic behavior in narrowed junctions, along with
a shift in conductance histograms indicate that the presented
technique can be used to create ohmic contacts to ferromagnetic
nanoparticles. These contact areas are free of oxides, which is an
important feature for the quality of magnetic switching signals.
Thetechnique canalsobe used to develop nanoparticle-embedded
spin-valve and STT device designs, where a ferromagnetic layer
is replaced by a ferromagnetic nanoparticle.
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