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Abstract

Magnetic particles of microscopic size can be created in the process of Ni, Fe and Co mechanically controllable break
junctions fabrication and trapped between the electrodes by magnetic dipole forces. Tunneling between the protruding
nanoparticle and the sample electrode shows clear distinctions from the usual junctions: heavy deviation of the current—
distance /(z) dependence from the expected exponential behavior at electrode separations z below 4.0-4.5 A and on
numerous occasions a sudden jump-like decrease of the tunnel current at zx1.5-2.0 A. Possible mechanisms behind
observed anomalies including the short-range magnetic exchange coupling are discussed. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

At standard scanning tunneling microscopy
(STM) tip—sample separations the tunnel current
can be well described by the Tersoff and Hamann
independent electrode approach [1]. However, at
smaller spacings electrodes can no longer be
treated independently due to an increasing overlap
of the wave functions. The influence of electrode
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interaction on electronic structure of materials and
eventually on the possibility to achieve atomic
resolution is one of the most long-standing
problems in a STM and is not yet understood
adequately. That is why studies of the transition
from tunneling to the ballistic regime of conduc-
tivity have drawn considerable attention since the
first experiments of Gimzewski and Moller [2]. For
junctions with ferromagnetic electrodes this issue
is of particular interest because of additional
phenomena involved:

(1) The short-range interaction between electro-
nic states of atoms with a permanent magnetic

0921-4526/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0921-4526(01)01462-4



172 O.Yu. Kolesnychenko et al. | Physica B 315 (2002) 171-178

moment. The forces associated with an exchange
coupling are one order of magnitude smaller
than metallic adhesion forces and are probably
insufficient to produce any detectable effect on
the electrode surfaces. At the same time the
interaction between ferromagnetic electrodes
causes perceptible changes in the local density of
states (LDOS) around the Fermi level and there-
fore, affects the tunnel current—distance depen-
dence [3].

(i1) The distance dependence of spin-polarized
tunneling. The thickness of the tunnel barrier can
influence the degree of spin polarization and hence
results in a deviation of the junction resistance
from the simple exponential decrease with diminu-
tion of electrode separation [4].

The inherent rigidness and high stability fea-
tures of the mechanically controllable break
junctions (MCBJ) technique permits precise and
highly reproducible measurements of the tunnel
current—distance dependencies I(z) and an accu-
rate tunneling spectroscopy of LDOS in a wide
range of electrode separations including distances
at which the short-range forces, stemming from
the overlapping of electron densities, become of
crucial significance.

Earlier we reported the observation of metallic
adhesion force influence on /(z) curves (at z<3A)
for Pt as well as a corrugation enhancement in the
6-3 A range for Al and Au MCBJ [5]. In this
article we are presenting results of similar experi-
ments for ferromagnetic materials with particular
emphasis on the intermediate (2-5 A) range of
electrode separation. We found that for common
tunnel junctions there is not much difference
between [I(z) dependencies for Ni, Fe, Co and
non-magnetic 3d-Pt and Pd. At the same time a
part of the characteristics show anomalous
behavior which we could explain by the presence
of small magnetic particles produced in the
process of the breaking and trapped between the
electrodes. This has also been verified by transmis-
sion electron microscopy (TEM) observations.
Since the electronic and magnetic properties of
metallic nanoparticles are currently yet another
intriguing subject of STM research, we conducted
a more extensive investigation of such tunnel
systems.

2. Experimental

The principle behind the MCBJ technique
proposed originally by Moreland and Ekin [6]
and developed to the present state by Muller and
co-workers [7] is basically quite simple and can be
briefly described as following. The sample mount-
ing (Fig. 1a) consists of a thin filament glued onto
a phosphor-bronze bending beam (covered with a
layer of capton foil) using two small drops of a
hard epoxy (Stycast 2850FT). The wire is then cut
in the midpoint of the glued section for about 80—
90% of its diameter. For ferromagnetic materials
special precautions must be taken to keep the
produced notch free of magnetic sawdust (particles
of cut metal and broken fragments of the steel
razor blade used for notching). It can be com-
pletely dislodged by a brush and/or high-pressure
blast of air. After mounting in the experimental
setup (described elsewhere [8]) and cooling to
4.2 K the sample was broken in a high vacuum
surrounding by bending the substrate against the
counter support (C) achieved by applying a coarse
force at the center of the beam. After that the
electrodes can be brought together and the contact
resistance fine tuned by adjusting the beam
deflection with a piezodriver.

In our experiments we used 250 pum diameter Ni,
Fe or Co wires of 99.996% purity (as manufac-
tured) chemically etched for a short time to
remove the surface contaminations. The notch
depth did not exceed 80% leaving 4060 pum of the
wire material intact. We discovered that the break
of the non-annealed brittle wires almost inevitably
resulted in chipping off of small particles of
material. These particles remain confined within
the break area attached to one of the electrodes
because of the magnetic dipole interaction. Since
the wires were magnetized along their axis, the
splinters are aligned along the magnetic force lines
trying to bridge the gap between the electrodes.
Therefore, the probability that the distance be-
tween microparticle(s) and the opposite electrode
will be the shortest one is very high. The size of the
particles ranges from a few microns (they can be
easily observed with a standard optical micro-
scope) to 10-30 nm. In the latter case the images
of the nanoparticle can be obtained with the



O.Yu. Kolesnychenko et al. | Physica B 315 (2002) 171-178 173

Fig. 1. (a) Design and principle of a mechanically controllable
break junction. A bending force causes a vertical displacement
y, which leads to a distance z between the electrodes. For
clarity, all distances have been exaggerated. (b), (c) TEM image
of Ni nanoparticle (indicated by an arrow) confined between
electrodes of MCBIJ.

combination of STM used for break-junction
fabrication and transmission electron microscope
(TEM) [9]. A typical TEM image is presented in
Fig. 1b,c. Indications of the occurrence of even
smaller particles ~1-3 nm are mostly circumstan-
tial and cannot be confirmed independently as

their size is beyond the TEM resolution, which in
the case of ferromagnetic materials is limited by
the stray fields of the sample. The stability of a
MCBJ with a magnetic nanoparticle trapped
between the electrodes remains high and I(z)
curves can be reproduced very accurately.

As a rule, the break of Ni, Fe and Co well
annealed (900-1000°C for 36-48 h), ductile and
deeply notched 50 pm wires did not result in
the creation of nanoparticles. (Hereafter, we
will refer to the particle-free junctions as
usual ones.) It is likely that the phenomenon
of creating small particles during the breaking
of brittle materials is more common and not
restricted by ferromagnetic materials. However,
as small as they are, these particles are unable
to stay within the contact area only due to the
short-range metallic adhesion and Van der Waals
forces.

All measurements were done at 4.2 or 1.2 K
under a stable temperature distribution in the
insert and not before 5-6 h after the break to
insure that the surface of the electrodes was
relaxed [10]. To calibrate the distance between
electrodes the field emission resonance (FER)
spectra were measured in the Fowler—Nordheim
region [11]. We found that the vast majority of
measurements yielded work function ¢ values for
Ni, Fe and Co rather close to the literature value
[12] in the range 4.3+0.3 eV. Therefore, one can
use the simple formula for one-dimensional
tunneling Itoc V exp(—2z/hv/2m¢) which gives
us z=1.140.1 A per decade of tunnel current
and is in a good agreement with calibration
constants derived from the FER spectra. In
accordance with Ref. [11] we placed the distance
scale in such a way that a separation of 2A
corresponds to a contact resistance of approxi-
mately 100 kQ. The estimated error in the deter-
mination of the absolute vacuum gap in such a
way is about +0.25 A.

The data reported below are based on the
careful analysis of a few hundreds of I(z)
dependencies which were converted for more clear
presentation to plots of the tunnel resistance vs.
electrode separation Rr(z). Only those features,
which were reproduced repeatedly for all materials
and different samples are presented.
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3. Results and discussion

The set of most frequently encountered Rr(z)
curves for the usual Ni MCBJ made of well-
annealed 50 um wire is presented in Fig. 2. The
perfect exponential behavior over 5 orders of
junction resistance (curve 1) is typical for the
majority of Rr(z) dependencies. Approximately
3-5% of all curves are bent upwards demonstrat-
ing stronger than exponential behavior (curve 2)
[5,13] below 1 MQ or ~3 A. At these separations
the attractive metallic adhesion forces between the
foremost atoms are reaching a maximum and are
pulling these atoms out of their equilibrium
position thus reducing the vacuum gap width.
The relatively small percentage of such curves can
be explained by the fact that adhesion forces are
pronounced mostly in a flat surface-tip configura-
tion which is not common for MCBJ with rather
irregular surface relief. A comparatively high
percentage of Rr(z) dependencies are bent down-
wards starting from Rr<10 MQ (or electrode
separations of 4.0-4.5 A) which means that the
junction resistance decreases more slowly than
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Fig. 2. The set of most common R(z) dependencies for usual Ni
MCBIJ (see text).

expected (curve 3). This type of behavior is less
frequent for non-magnetic materials and is usually
was explained in the following way. When the
normal axis of the tunneling area on the blunt
electrode surface does not coincide with the
shortest distance to the foremost atom of the
more sharp electrode the site with the shortest
distance changes as the tip is moved. This means
that a surface scan is partially incorporated into
the Rr(z) curves (e.g. the tip is sliding along the
slope at the surface of the opposite electrode when
approaching it [10]). On very rare occasions the
R1(z) dependence combined an initial downward
bending with following upward bending (curve 4).

Ry(z) characteristics of MCBJ with incorpo-
rated magnetic particles show two major differ-
ences from the usual ones. The first distinguishing
feature is the heavy downward bending for the
most part of Rr(z) curves (Fig. 3). The relative
number of anomalous curves and the magnitude of
effect appear to increase in the succession Ni, Fe,
Co.

We discuss several possible reasons for this type
of behavior.
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Fig. 3. Deviation of R(z) curves from exponential behavior for
MCBJ containing magnetic particles: 1.—Ni; 2.—Fe; 3.—Co.
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(1) Topological reasons: For this we need to
assume that the surface relief of particles is
significantly different from that of usual electrodes
which is unlikely. The main objection against this
assumption is that deviation from exponential
behavior always starts at approximately the same
electrode separation whereas the irregularities of
the surface relief are liable to cause such deviation
at any distance as was observed in Ref. [10].

(i1) Nanoparticle resistance in series: Depending
on particle size and the surface relief the electrical
resistance of point contact(s) between the host
electrode and the magnetic particle could range
from a few Ohm to 2-3 kQ. In the latter case the
R1(z) dependence would deviate from exponential
behavior, but this deviation becomes pronounced
only at Rt <50 kQ.

(iii) Spin-polarized tunneling: Distance depen-
dence of the spin-polarized tunneling was reported
by Alvarado [4]. However, the expected magnitude
of the effect is at least a few times less than
observed.

(iv) Tunnel barrier height variations: One of the
reasons for the observed behavior of the Ry(z)
curves behavior can be a variation of the potential
barrier height with electrode separation. The
calculations for Al [14] give nearly the correct
magnitude of the effect (though at somewhat
closer distances) but experimentally it was never
observed with MCBJ technique for normal metals
including Al

(v) Density of state effects: The Rr(z) depen-
dence downward bending can be explained by a
gradual decrease of the local density of states at
the Fermi level as the electrodes are approaching
each other [3,15]. Calculations for an Fe tip
demonstrated that as z decreases the states above
and below ¢f are gradually shifting to the top and
bottom of the band inducing a strong hole in the
middle of the apex LDOS. To check this sugges-
tion qualitatively we performed tunneling spectro-
scopy at different separation between electrodes.
Comparing the intensity of tunnel spectra around
zero bias (after the usual normalizing procedure
(dI/dV)/(I/V)) at different separations we found
that the relative intensity drops as the distance
between electrodes decreases. However, the mag-
nitude of the effect does not exceed 15-30% for

the smallest separations (about 2 A) we were able
to achieve. On the other hand it is not clear if the
straightforward normalizing procedure of tunnel
spectra is still valid at small separations for non-
exponential I(z) dependence. In addition for
reasons which will be described later we were not
able to measure tunnel spectra of the smallest
particles at close distances or/and high voltage
bias.

The conclusion from the above is that none of
the mentioned reasons can be alone responsible for
the observed effect. Only (i) and probably (ii) can
be ruled out as possible explanations whereas (iii)
and (iv) can never be excluded from consideration
completely. The fact that the negative bending is
characteristic only for MCBJ containing magnetic
nanoparticles and takes place exactly at the range
where short-range interaction is expected suggests
a possible connection of these phenomena. Since
the electronic properties of nanoparticles are
supposed to be more sensitive to the different
types of interactions than bulk electrodes it is not
improper to suggest that the LDOS of small
particles can be modified more drastically. The
gradual developing of a quasigap in the LDOS
around ¢p in small particles (and thus the
reduction of the tunnel current at small electrode
separation) can be regarded as the most probable
explanation for the observed effect.

The second distinguishing feature we are report-
ing here is an abrupt increase of the tunnel
resistance by a factor ranging from 2 to 20 at
electrode separations between 1.5 and 2.0 A
(Fig. 4). It should be stressed that at sufficiently
low bias voltages (5-10 mV) this effect was
observed randomly and only for a minor part of
all junctions. Usually from one to three-five such
singularities were observed (Fig. 4a) but in some
cases sequences of 20-30 jumps were recorded
(Fig. 4b). In the latter case the Ry(z) curve for Ni
MCBIJ shows some periodicity and the average
increase in the distance between electrodes
(~1.4A) is close to the distance between
neighboring atomic planes in the Ni lattice. The
overall picture bears a striking resemblance to the
slip-stick motion data recorded with atomic force
or friction force microscopy (see e.g. Ref. [16]).
This behavior might be explained by a sudden
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Fig. 4. Jump-like behavior of R(z) at close electrode separation
for MCBIJ involving nanoparticle: (a)—Fe and Co tunnel
junction; (b)—Ni MCBJ. All curves were recorded at bias
voltage of 10 mV.

backward motion of the magnetic nanoparticle
which is sliding back along the surface of the host
electrode when repulsive forces are starting to
outweigh the friction forces between the particle
and host electrode. Very rough estimates of
friction forces for magnetic particles with a typical
dimension 20-50 nm based on the assumption that
the load force is determined by the magnetic dipole
interaction and the friction coefficient (depending
on the surface roughness) is in the range 0.1-0.3,
yields ~107°-10~% N.

An attempt to observe the fine details of motion
of the nanoparticles using TEM did not yet bring a
desirable result chiefly because of non-sufficient
resolution and probably due to the contamination
of electrode’s surface in a moderate (10~> Torr)
vacuum.

In our case the following forces must be taken
into consideration: the long-range attractive
Van der Waals and magnetic dipolar forces,

short-range metallic adhesion and magnetic ex-
change forces. However, the contribution of the
Van der Waals forces in the electrodes interaction
at intermediate distances ~2-5 A is negligible [17]
and the scale of its variation is much larger than
the atomic scale. The same considerations fully
apply to the magnetic dipole forces.

Metallic adhesion forces are attractive as well
though our experimental data clearly show that
adhesion forces between ferromagnetic nanoparti-
cle and bulk electrode are suppressed (avalanche-
like transition to the one-atom point contact
occurs at distances 0.2-0.4 A smaller than for
usual Ni, Fe and Co MCBJ).

Magnetic exchange forces in the case of the anti-
parallel orientation of magnetic moments are
repulsive and therefore, are the only possible
candidate. Their estimated magnitude (~10~° N)
[3,18,19] is at least one order of magnitude too
small to be accountable for the backward motion
of nanoparticles. However, this explanation might
still be plausible in the case of tiny clusters of a few
tens of atoms.

Searching for alternative reasons for this effect
we paid attention to the fact that the jumps in
tunnel resistance were never observed when
measured in He exchange gas or directly in liquid
He. One of the possible explanations is that
adsorbed He modifies the electronic structure of
metals [20] and therefore the overall picture of the
electrode interaction. On the other hand He
changes the heat transfer conditions from the
magnetic particle to the host electrode even more
drastically.

In our experiment the bias voltage V' was in the
range of 1-10 mV and the tunnel current
corresponding to the onset of resistance jumps
changes from 10 to 100 nA. The estimated
overheating of  the electrode surface
ATs~1IVy/[2nAKs], where Kg is the surface ther-
mal conductivity and 1 is the elastic mean free path
for electrons [21,22]. For the bulk electrodes ATy is
less than 107* K. In the extreme case of a
thermally insulated magnetic particle (simulated
for the purpose of estimations by a 50 nm long and
20 nm diameter cylinder) it will be overheated well
over 1000 K in a matter of a nanoseconds [23]. In
an actual situations the temperature increase is
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determined by the thermal resistance between
nanoparticle and host electrode.

We have found that at elevated bias voltages the
periodic resistance jumps occur for nearly all
junctions with heavily bent Rr(z) characteristics.
A typical example of Rr(z) dependence is pre-
sented in Fig. 5 for iron MCBIJ. At V', >1.0 V the
transition to the point contact never occurs within
the distance range we are able to cover with the
piezodriver (10-20 nm).

For usual Ni, Fe and Co MCBJ resistance
jumps of gradually decreasing amplitude were
observed at V,>1.0 V (Fig. 6), but for a smaller
electrode separation. In this case the main reasons
for the abrupt changes in the tunnel current are
field desorption and field-induced surface diffusion
of atoms although the heating of the electrode
surface is an important factor as well. This effect
was used for the surface modification of ferro-
magnets and results in significant reduction of
structural defects on the electrode surfaces and a
marked improvement of tunnel and point-contact
spectra quality [24].

At low bias voltages the field-induced effects are
negligible and therefore we can suggest that for the
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Fig. 5. R(z) dependence for Fe MCBJ containing small
magnetic particle at elevated bias voltage V', = 1100 mV.
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Fig. 6. R(z) dependence for usual Co MCBJ (without magnetic
particles between electrodes). The abrupt jumps of decreasing
amplitude in junction resistance related at initial step to the field
desorption of weakly bound adatom and then to the field
induced diffusion of the surface atoms [24].

case of nanoparticles a temperature-assisted diffu-
sion of adatoms out of the tunnel gap is a key
reason for the jumps in the tunnel current.

4. Conclusion

We found that magnetic nanoparticles can be
produced in the course of breaking of brittle
ferromagnetic wires and trapped in a gap between
the electrodes of MCBJ. We suggested that the
main reason for heavy deviation of I(z) curves
from exponential behavior in these junctions is a
reduction of the LDOS around the Fermi level as a
result of interaction between the electrodes at
intermediate (2-5 A) distances. The jump-like
behavior of the tunnel current can be ascribed to
backward motion of the smallest particles due to
repulsive magnetic exchange interaction. However,
a more probable mechanism behind this effect is
the diffusion of adatoms out of the point of the
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closest proximity of electrodes because of over-
heating of nanoparticles.
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