Vol. 121 (2012)

ACTA PHYSICA POLONICA A

No. 2

XLVIth Zakopane School of Physics, International Symposium Breaking Frontiers, Zakopane, Poland, May 16–21, 2011

Electron Transport in Magnetic Quantum Point Contacts
T. Pietsch∗ , S. Egle, C. Espy, F. Strigl and E. Scheer
Department of Physics, University of Konstanz, 78457 Konstanz, Germany
In recent years, the fabrication of novel building blocks for quantum computation- and spintronics devices
gained significant attention. The ultimate goal in terms of miniaturization is the creation of single-atom functional
elements. Practically, quantum point contacts are frequently used as model systems to study the fundamental
electronic transport properties of such mesoscopic systems. A quantum point contact is characterised by a narrow
constriction coupling two larger electron reservoirs. In the absence of a magnetic field, the conductance of these
quantum point contacts is quantised in multiples of 2e2 /h, the so-called conductance quantum (G0 ). However,
in the presence of magnetic fields the increased spin-degeneracy often gives rise to a deviation from the idealized
behaviour and therefore leads to a change in the characteristic conductance of the quantum point contact.
Herein, we illustrate the complex magnetotransport characteristics in quantum point contacts and magnetic
heterojunctions. The theoretical framework and experimental concepts are discussed briefly together with the
experimental results as well as potential applications.
PACS: 73.23.−b, 72.25.−b, 73.63.−b

1. Introduction
The ongoing trend towards smaller and more efficient
electronic devices drives the need for novel, functional
building blocks. The ultimate level of miniaturization
is achieved when single atoms or molecules are incorporated as functional elements into new types of devices.
Besides the technical challenges involved in fabricating
such devices, their realization requires both a detailed
understanding of the transport properties in confined geometries, which can be significantly different from the
respective bulk material, and the ability to control the
electronic transport through single atoms and molecules.
In the past, transport spectroscopy has been established as a surprisingly simple technique to investigate
the fundamental physical properties of materials in the
size range of single atoms to some 100 nm. In essence,
a current is driven through a nanometre-sized conductor and its voltage response is monitored as function of
external factors, such as the junction diameter, the temperature or the application of a magnetic field. The propagation of electron waves through such a junction reveals
information on its chemical nature and electronic structure as well as mechanical properties [1]. This method
has been applied to study metallic conductors [2–4], superconductors [5–8] and individual molecules [9–12] as
well as carbon nanotubes [13] among others to understand multiple phenomena that can be observed solely at
the nanoscale, including conductance quantization, the
Coulomb blockade and the Andreev reflection.
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The special case of a single atom connecting two larger
electrodes is of particular importance because the electronic transport is then dominated by this single atom,
giving access to its most fundamental properties. The
system is also simple enough to be accurately described
by theoretical models, which allows a direct comparison
of theory and experiment. In this respect, an interesting
question concerns the role of magnetism and the effect
of the electron spin on the transport properties of such
a contact. Since this issue is also technologically important, especially in the view of novel concepts for data
storage [14–17], the study of transport through individual magnetic atoms and molecules has become the subject of intensive studies [15, 18–22]. Despite the immense
progress in the field there are numerous open questions,
e.g. whether materials that are not known to be ferromagnetic in bulk may become magnetic at the nanoscale
or how a spin-polarized current is transported in ferromagnetic single-atom contacts.
This article attempts to give a short introduction into
the preparation and characterisation of atomic-sized contacts using the mechanically controllable break-junction
technique. In particular, we present recent results on
magnetic point contacts and heterocontacts based on Co,
Pt and Au.
2. Realisation of magnetic quantum point
contacts
Since the early experiments on metallic point contacts by Yanson et al. [2, 23–26] in the beginning of the
1970s, a wide variety of methods have been developed
to study the ballistic transport in confined geometries
and monoatomic junctions. The most common method
to create a point contact with diameters of 10 nm to
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100 nm between two metals is known as needle-anvil technique [27], where a metallic needle is gently brought into
contact with a metallic film. Typically, the contact resistance ranges from 0.1 Ω to 10 Ω and ballistic transport
has been demonstrated in clean metallic contacts at low
temperatures. The term ballistic refers to a transport
mechanism, in which the electrons travel through a constriction without being scattered by defects or surfaces.
Despite the absence of scattering in sufficiently small,
ballistic contacts, the electrons experience a quantum resistance, which limits the current. However, due to the
lack of stability the needle-anvil technique is not suited to
study smaller contacts in the range of few atoms, where
the quantum nature of the electron transport becomes
dominant.
Such contacts can be achieved using the mechanically
controllable break junction (MCBJ) technique [3, 28–32]
and STM-based methods [33–36]. The advantages of the
MCBJ technique are its high vibration stability and the
fact that the junction resistance can be adjusted over a
wide range from 10−3 Ω to > 104 Ω. Moreover, a vacuum
tunnelling contact between the electrode tips can be realized and molecules bridging the electrode gap may be
deposited to form a single-molecule junction [12, 37–39].

Fig. 1. (a) Schematic illustration of a MCBJ sample
mounted in the bending mechanism and typical arrangement of the mechanical setup. (b) Example of
an opening trace of an Al break junction; the insets
show schematically the cross-section of the atomic contact. (c) Histogram of an Al break junction obtained
via statistical analysis of 33 individual opening traces
(courtesy: T. Böhler).

Additionally, upon opening the contact is formed between freshly broken, clean surfaces reducing the probability to accumulate contaminations from the surrounding environment. Hence, ultraclean and stable break
junctions can be prepared at cryogenic temperatures in
vacuum. Another advantage is that, with microfabricated MCBJs, one can easily create heterocontacts,
where the nanogap is formed between two different metals. This is especially important for the investigation of
spin-electronic effects, where the resistance of the junc-

tion is affected by spin-dependent scattering of electrons
at the interface of different magnetic and non-magnetic
materials.
A schematic representation of the MCBJ technique is
shown in Fig. 1a. A flexible substrate, normally phosphor
bronze covered with a thin insulating layer of polyimide
R
(kapton°
), is mounted in a three-point bending configuration between two fixed counter supports and a movable pushing rod. The substrate is bent by driving the
pushing rod vertically towards the substrate using either
a piezo-stack or some kind of mechanical gear arrangement (e.g. a differential screw). The metal to be studied
is fixed on top of the flexible substrate; this can be done
by simply gluing a notched wire [3, 32] onto the sample
or by using a microfabricated metal film [40, 41]. The
vertical motion of the pushing rod ( dz), which is bending the substrate, leads to a horizontal displacement of
the electrodes (du). The displacement ratio is approx6tu
imately given by [42]: rd = du
dz = 2L , where t is the
thickness of the sample and L is the separation of the
counter supports. Upon stretching, the metallic junction
forms a constriction until the nanobridge breaks into two
clean surfaces. These surfaces can be brought into contact again by relaxing the force on the pushing rod and
thus reforming the contact.
Figure 1b shows conductance traces during the opening and closing of an Al break-junction. The last conductance plateau before breaking the junction usually corresponds to a single-atom contact, which shows a characteristic conductance value depending on the type of metal
under investigation. Normally, such mechanical break
junctions can be opened and closed several hundreds of
times without permanently destroying the sample.
This excellent stability can be exploited to create a
conductance histogram (Fig. 1c) via statistical analysis
of many hundreds of opening-closing traces. Individual
conductance traces often display a rich variety of features, which partially conceal the statistically preferred
conductance values. Therefore, conductance histograms
(Fig. 1c) provide an important tool for data analysis. Besides these opening and closing traces, one can access the
current–voltage characteristics of the junction as well as
the magnetoconductance at a fixed position of the pushing rod; these measurements yield additional information
on the band structure of the metal and relevant scattering phenomena in the vicinity of the constriction.
Recently, a number of different methods evolved to
fabricate point contacts based on direct nanofabrication
techniques. However, these techniques usually yield fixed
contacts with diameters ranging from the few- or single
atom regime up to about 30 nm or more. Due to the numerous advantages and the flexibility of the MCBJ technique, herein we will focus on microfabricated MCBJs
based on para- and ferromagnetic metals as well as heterojunctions of different metals.
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3. Electron transport through atomic-sized
contacts
The electrical properties of conventional bulk conductors can be appropriately described by Ohm’s law, which
states that the conductance only depends on the conductivity of the material and the ratio of cross-section
to length of the sample. This simple concept no longer
holds true if one considers that a wire of those diameter
is in the range of few nanometres.
In a contact between two non-magnetic metal electrodes the conductance becomes quantized when the diameter of the contact approaches the Fermi wavelength
of the electrons in the metal, e.g. in MCBJs one observes
distinct conductance steps in the order of the conductance quantum G0 = 2e2 /h = 1/12960 Ω−1 in the opening traces (Fig. 1b); here e is the elementary charge and h
is Planck’s constant. The basic idea is that the junction
goes through a series of sudden atomic rearrangements
as it is stretched, while each atom contributes to the total conductance of the junction by supporting a given
number of conductance channels with variable transmission τ . Since only certain contact diameters are allowed
due to atomic constraints, the conductance changes in a
stepwise fashion as the electrodes are pulled apart.
The total conductance of a given ensemble of conduction channels can be described using the well-known Landauer formula [1]:
2e2 X
G=
τn ,
(1)
h n
where τn is the transmission coefficient of the n-th channel or eigenmode, e2 /h is the conductance quantum per
electron spin and the factor two accounts for the spin-degeneracy. In a situation, where the transmission of
each conductance channel is equal to one, the Landauer
2
formula (1) simplifies to G = 2eh N , where N is the number of open channels in the contact. In this situation the
conductance is quantised to multiples of the conductance
quantum 2e2 /h. Assuming a single conductance channel
per atom in the junction, the number of atoms in the
cross-section of the constriction is given by N .
In a magnetic point contact, however, this simple picture becomes somewhat more complicated because exchange interaction removes the degeneracy of spin-up
and spin-down subbands, leading to a pronounced spin-polarization at the Fermi edge. If only one type of electrons (spin-up or spin-down) contributes to the conductance through fully spin-polarized channels, Eq. (1) may
be written as [43]:
e2 X
G=
(τn↓ + τn↑ ) ,
(2)
h n
where τ↑ and τ↓ are the transmission probabilities for
the spin-up and spin-down eigenmodes, respectively. If,
in addition, only one spin direction had τ = 1 while the
other ones were blocked, naturally one would assume that
half-integer steps of the conductance quantum are ob-
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served in the opening traces, e.g. ∆G = G20 = eh . Indeed,
half-integer conductance quanta have been observed in
both magnetic- and non-magnetic point contacts, particularly in external magnetic fields [43–50].
However, it is still highly controversial whether the
occurrence of half-integer conductance values can serve
as absolute proof for the influence of magnetism on
the electron transport in point contacts. For example,
there are numerous reports demonstrating the absence
of G0 /2 conductance steps in magnetic junctions, both
experimentally [51, 52] and theoretically [53–59]. Moreover, half-integer conductance quantization has also been
found as a result of contaminations of the point contact
with H2 and CO [60]. Therefore, the interpretation of
the conductance in magnetic point contacts is not always
straightforward.
Frequently, the precise atomic structure at the contact area is unknown, making a detailed modelling of
the transport properties almost impossible. In particular
the magnetic state of a single atom or monoatomic wire
coupled to the leads is not accessible experimentally. Indications of the presence of local magnetic moments in
the constriction can be deduced from the appearance of
the so-called Kondo effect, distinct nonlinearities around
zero-bias in the current–voltage characteristics. By this
method evidence for local moments was found for atomic
contacts of the three band magnets Fe, Ni, Co [61].
4. Ferromagnetic (Co) single-atom contacts
The properties of magnetic materials play an important role in the design of spin-electronic devices, which
rapidly gained technological significance since the independent discovery of the giant magnetoresistance (GMR)
effect by Grünberg et al. [62] and Fert et al. [63], for which
both were awarded the Nobel prize in 2007.
In its simplest realization a GMR device consists of two
ferromagnetic electrodes separated by a normal metal interlayer. The signature of the GMR effect is a differing
resistance value (by roughly 10% to 20%) in the parallel and the antiparallel magnetization state of the two
electrodes. Shortly after the discovery of the GMR, the
tunnel magnetoresistance (TMR) was reported.
TMR is a similar effect as GMR, but the two magnetic
electrodes are coupled via a tunnel barrier rather than
a normal metal. As a result the MRR values are higher
and the typical magnetoresistance (MR) traces slightly
differ from those of GMR devices.
Besides these effects, which are restricted to heterostructures, several mechanisms are known to contribute to the MR, i.e. the dependence of the resistance
of a system on an external magnetic field. These include
the anisotropic magnetoresistance (AMR), which denotes
a different resistance value of a magnetic sample depending on the relative orientation of the magnetization and
the current directions, and various quantum interference
effects. Still, the discovery of the GMR with its relatively
high value of several percent came as a surprise because
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the MR in homogeneous three-dimensional systems is in
general a small effect amounting to less than 1%.
However, in reduced dimensions magnetoresistance
changes may become more pronounced as demonstrated
e.g. by the quantum Hall effect in two-dimensional systems showing ballistic electron transport in strong external magnetic fields.
When the dimensions of magnetic materials are reduced to the scale of a single atom, the quasicontinuous
electron band structure of the bulk material is successively transformed into the discrete energy spectrum of
a single atom. As a result, unexpected magnetic properties can be observed, which result from the interaction
and occupation of spin-up and spin-down states. Unlike
monovalent metals, such as gold, which exhibit a single
conductance channel per atom [30], multivalent transition metals usually support multiple conductance channels.
For a single transition metal atom with partially occupied d-states the number of conductance channels has
been predicted to be five [1]. Normally, all transmission
modes are only partially open (τn↑ , τn↓ < 1 in Eq. (2)),
giving rise to a total conductance of 1.3G0 for a single atom contact. Hence, the magnetic moment of the
central atom in the junction and spin-dependent transmission through the given ensemble of channels strongly
influences the position of preferred conductance values
in the conductance histogram. The understanding of
these complex multichannel systems at the atomic scale,
in particular the interplay of different spin states, magnetization and quantized conductance, is one of the most
fundamental questions in the advancing field of spin electronics.

Fig. 2. (a) Comparison of conductance histograms of
a Co MCBJ with and without the application of a magnetic field. (b) Typical magnetoresistance traces of Co
contacts at different conductance values ranging from
1.3G0 to 0.04G0 .

Figure 2a shows a conductance histogram of a Co
MCBJ measured at 4.2 K with and without the application of a magnetic field. The preferred conductance values are indicated by a broad maximum around 1.3G0 and
a second one around 2.5G0 . Usually, a splitting of these
maxima would have been expected because of the so-called ballistic magnetoresistance (BMR) [64, 65], where
the number of fully transmitted conductance channels
changes upon applying a magnetic field. In particular,
lifting the spin degeneracy modifies the number of modes

for spin-up and spin-down subbands, which manifests itself in a magnetic field dependent opening and closing of
discrete conductance channels of the contact leading to
discrete conductance steps in the order of e2 /h [66, 67].
Surprisingly, these preferred conductance values did not
change noticeably when a magnetic field (B = 5 T) was
applied during opening and closing the contact and no
preferred conductance at half-integer values of G0 are
observed. This indicates that the positions of the maxima in the histogram are not a result of the BMR effect.
In general, the presence and position of preferred conductance values strongly depends on the contact geometry.
In ferromagnetic contacts a diverse behaviour is observed
ranging from the complete absence of preferred conductance values or the occurrence of relatively few broad
features in the histogram to nearly perfectly quantized
conductance in steps of G0 /2. The insensitivity of the
conductance histogram to the application of a magnetic
field is even more astonishing, when one considers the
dependence of the junction resistance as a function of
magnetic field, the so-called magnetoresistance.
The MR behaviour of the junction can be obtained by
monitoring its resistance (or conductance) as the magnetic field is swept from negative to positive values and
back again, while keeping the displacement of the electrodes at a fixed position. Few typical examples of MR
traces of a Co MCBJ are shown in Fig. 2b for different
electrode displacements. These MR traces exhibited a
rich behaviour and broad diversity of shapes can be observed, including a GMR-like as well as non-hysteretic
and also step-like features.
In order to evaluate these curves, one usually defines the magnetoresistance ratio as MRR = (Rmax −
Rmin )/Rmin . The MR traces in Fig. 2b show a high MRR
of about 70% in the atomic contact regime. The continuous changes in the contact resistance when applying a
magnetic field B < 2 T are interpreted as a result of
reorientation of magnetic domains in the ferromagnetic
electrodes. In contrast, for larger fields (B > 2 T) the observed MR effect may be attributed to the enhancement
of the saturation field in the constriction. Due to the low
coordination of atoms in the constriction, the local band-structure is modified, giving rise to a strong and field-dependent spin–orbit scattering of conduction electron
in the contact. This effect, which is known as the atomically enhanced anisotropic magnetoresistance (AAMR),
determines both the saturation magnetization and the
conductance of the junction. Besides the direct effect of
the magnetic field on the transmission of individual conductance channels in the contacts region, the persistence
of the GMR-like features indicates that sudden changes
in the relative orientation of the magnetization of the
electrodes are the main reason for the pronounced MR
effect in atomic-sized Co contacts.
Both the atomic configuration in the vicinity of the
constriction, giving rise to the AAMR effect, as well as
the relative magnetization of the Co electrodes, which
manifests itself in the GMR effect, determine the junc-
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tion resistance of in a ferromagnetic MCBJ. Moreover,
since the conductance also depends on the electrode displacement, one could argue that magnetoresistive effects
may be an additional factor. However, we found that
such effect are not strong enough to explain the high
MRR observed in the atomic contact regime, while they
may be more significant in tunnelling regime [68]. The
vacuum tunnelling current depends exponentially on the
electrode separation. Hence, a magnetic field induced
increase in the electrode separation would lead to an exponential growth of the junction resistance. The distance
dependence of the current in the contact regime is weaker
than exponential, so that the effect of magnetostriction,
although it might be present, is neglectable compared to
the large MR effects observed herein.
5. Potential magnetism in atomic-sized
Pt contacts
Platinum (Pt) is an interesting metal for research as it
has quite a few unique properties. In its bulk state it is
one of the noble metals, which do not easily corrode like
other metals. Nanoparticles of Pt are often used as a catalyst, for instance in catalytic converters in automobiles
and in fuel cells, where the size of these nanoparticles is
an important parameter [69]. A more recent development
in the research of Pt has been the discovery that it is one
of three metals found to form monoatomic chains, along
with Au and Ir [1, 70–73]. During the last decade, theoretical investigations on such atomic-sized Pt contacts
have predicted the emergence of magnetism in such small
structures [74–76].

Fig. 3. Typical Pt opening and closing traces; the inset
is a histogram constructed from hundreds of opening
traces.

However, the experimental investigation of magnetism
in Pt, especially in monoatomic chains, has only recently
begun. As outlined in Sect. 3, the emergence of magnetism in small Pt contacts may be studied using the
MCBJ technique. Figure 3 shows typical opening and
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closing traces of a Pt MCBJ, from which a conductance
histogram (inset of Fig. 3) can be constructed. The
chain formation becomes evident from the unusually long
plateau of the opening trace at conductance values corresponding to the single-atom contact. Additionally, the
chain formation is signified by the large return distance,
which is the distance by which the electrode gap must be
reduced to reform the metallic contact after fully breaking it.
The histogram in the inset of Fig. 3 shows a broad
peak at about 1.6G0 , corresponding to the expected value
for Pt atomic contacts and monoatomic chains. Further
peaks are expected at higher values of the conductance,
and their strong contribution here can be explained by
the fact that our sample are lithographic MCBJs, which
are known to have slightly different conductance histograms than MCBJs fabricated with other methods,
such as the notched-wire technique using macroscopic
wires or even single crystals as a starting material. The
higher amount of dislocations and defects in microfabricated MCBJs results in different preferred contact geometries and therefore possibly less pronounced or even
shifted maxima in the conductance histograms [77].

Fig. 4. Selected magnetic field sweep measurements
for increasing length of a single monoatomic Pt chain.
Magnetoresistance measurements are performed for different conductance values indicated in the single opening trace (top part). The blue curves represent sweeps
from 8 T to −8 T and the orange curves represent sweeps
in the opposite direction. Not only does the sign and
amplitude of the XMR effect change dramatically, the
form also changes.

Magnetoresistance traces are recorded in order to evaluate the effect of external magnetic fields on the conduc-
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tance of the single-atom Pt contact. These measurements
are performed while the electrode separation is increased
between individual MR sweeps to form a monoatomic Pt
chain. Figure 4 summarizes the results; in part (a) the
positions where MR traces are recorded are highlighted
in a single opening trace. Below, in part (b), the resulting MR trances are shown. These measurements on Pt
monoatomic contacts show an interesting magnetic field
dependence. Firstly, one notices that the magnetoresistive effect (XMR) ranges from as small as one percent
(Fig. 4h) to as large as 20% (Fig. 4c) or even larger across
a tunnel junction between two Pt electrodes (Fig. 4i). In
addition to this large change in amplitude from contact
to contact, one also notes a switching of the sign of the
XMR as well as dramatic changes in the shape of the
XMR. Figure 4a shows a continuous modulation of the
XRM; Fig. 4b is similar to Fig. 4a, but with an exaggeration of the XMR around 6 T, and the maxima of the
XRM in Fig. 4c are much more rounded with a steeper
reduction as the magnetic field approaches 0 T. These effects that can change drastically from contact to contact
indicate that the XMR on Pt monoatomic contacts and
chains is highly dependent on the exact atomic configuration of the contact. This experimental data goes hand-in-hand with theoretical prediction that even the slightest
stretching of the bonds between neighboring atoms can
change the magnetic behaviour [71, 74].
Finally, the magnetic field sweeps for each contact
show an interesting hysteresis at 6 T and −6 T. For example, in Fig. 4b, the down sweep reaches a maximum
at about 6 T, continues through its minimum at 0 T
before increasing again. The next local maximum is
much smaller than the first maximum reached during the
sweep. On the return sweep, the first local maximum is
again the largest. The origin of this hysteresis in amplitude is not yet fully clarified.
A possible explanation would be a GMR-like effect that
by itself would require a spontaneous magnetization of
the two electrodes forming the contacts. However, the
macroscopic electrodes consisting of the paramagnet Pt
are known to be non-magnetic as verified by magnetization measurements. Hence, the appearance of this hysteresis might point to magnetically ordered sub-units of
the sample on the atomic scale. Both, the observed hysteresis and the high value of the XMR in monoatomic
contacts and chains of Pt strongly suggest that these
contacts are indeed magnetic. The high sensitivity of the
MR traces to the exact atomic arrangement reveal that
the magnetic order, which gives rise to the MR, has to be
a local one close to the constriction. Moreover, the local
magnetic order also has to depend on atomic-size quantities, such as the atomic orbitals forming the conduction
channels. However, recent investigations of the shot-noise
of Pt atomic contacts arranged with the notched-wire
MCBJ technique are fully consistent with the assumption
of non-spin-polarized transport channels [78]. Therefore
the role and emergence of magnetism in such contacts is
still uncertain.

In particular, as pointed out in Sect. 3, if the central
atom shows a localized magnetic moment, there is reason
to believe that the signature of the Kondo effect should be
present in the conductance measurements. This issue has
attracted considerable interest and different approaches
are followed to clarify the open questions. For example, measurements on known reference materials, such as
gold may help to understand the unusual MR behaviour
observed in Pt contacts. Additionally, modelling the contact geometry [79] and density functional theory (DFT)
calculations [80] are performed to determine whether Pt
monoatomic chains become magnetic at all.
6. Heterocontacts based on Au and Co
The investigations on the homocontacts of Co revealed
a very complex behaviour involving effects caused by correlations on the micrometer scale as well as those at
the atomic scale. In order to separate the effects of the
micromagnetic order from the local ones, we study different magnetic heterocontacts, namely Au–Co–Au and
Co–Au–Co. Figure 5a shows an example of a Au–Co–Au
MCBJ, where a small bridge of Co is deposited between
two gold electrodes. Such contacts can be fabricated in
a single-step electron beam lithography process by using
the shadow evaporation technique to deposit both metals
(Au and Co) onto the same resist mask.

Fig. 5. (a) Au–Co–Au break junction fabricated by
means of shadow evaporation. The (brighter) cobalt
window in the middle connects to the gold leads.
(b) Conductance histogram of the Au–Co–Au sample.
A distinct maximum at 1G0 can be seen, as well as
the typical opening curves for gold break junctions with
long conductance plateaus. (c) Typical MR curves for a
Co–Au–Co sample in the atomic contact regime with a
rich behaviour of different shapes. (d) AMR measured
for Co–Au–Co sample for a magnetic field applied in
plane, parallel and transversal to the current direction.

For the Au–Co–Au MCBJs, the conductance histogram (Fig. 5b) shows strong similarity to the typical conductance histogram of pristine Au MCBJs, which
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usually exhibit a pronounced and sharp peak at ≈ 1G0 .
Moreover, again there is no significant change of preferred
conductance values upon the application of a magnetic
field. These findings suggest that, although in principle
Co–Co and Co–Au contacts are possible, in the majority
of cases Au–Au contacts are formed when breaking the
junction.
Interestingly, the Au–Co–Au MCBJs consistently show
very low MMR values in the order of 1%, which may indicate that the previously observed MR effects in pristine
Co contacts do indeed originate from the contribution of
the magnetic electrodes via GMR effects or magnetostriction. In the opposite case of Co–Au–Co MCBJs the conductance histograms suggest that again Au–Au contacts
are formed preferentially over Au–Co and Co–Co contacts, although a peak at 1.3G0 indicates that Co–Co
contacts are also formed. However, in the Au–Co–Au–Co
geometry we find much higher MRR values up to 100%.
Figure 5c also shows that a variety of shapes can be observed in the MR traces, which include rather continuous
changes of the resistance but even more pronounced step-like and hysteretic features. The origin of these features
is likely to be attributed to the GMR and TMR effect
as well as a novel effect resulting in an enhancement of
the saturation field in the constriction region. This novel
effect, which is due to the increased spin–orbit scattering in the atomic contact regime, leads to a detectable
AAMR [81, 82].
The basic mechanism of the AAMR can be summarized as follows: in ultimately small systems, like atomic
contacts or chains, the transport channels are determined
by the superposition of the atomic orbitals of the atoms
forming the contacts and the chain. The conduction
channels and their transmissions therefore directly reflect
the geometric arrangement of the atoms in the constriction and the local electronic band structure. In macroscopic homogeneous systems, MR effects are small because the high electronic density effectively screens interaction effects resulting, among others, in a quenching of the orbital momentum of the conduction electrons.
This screening takes place on a length scale given by the
Thomas–Fermi screening length that amounts to only a
few nanometres in metals. Hence, for systems smaller
than this length scale, the orbital momenta of the conduction electrons are not quenched and may play an important role for the MR. If the size of the external magnetic
field is sufficiently large, it aligns the orbitals and thus
directly affects the superposition of the wave functions
and hence the conduction channels and their transmissions [55, 68]. If this mechanism is the reason for the
observed MR, also the effects known from homogeneous
systems, such as the AMR, should gradually be enhanced
upon decreasing the size of the contacts.
To scrutinize this assumption, we studied the AMR of
Au–Co–Au and Co–Au–Co MCBJs in a setup, where the
magnetic field is applied in the sample plane both longitudinal and transversal to the current direction, whereas
all previous measurements were performed in perpendic-
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ular fields. An example of the resulting MR traces is
shown in Fig. 5d, the schematic insets indicate the relative orientation of current and applied magnetic field.
Typically, the Co–Au–Co samples show AMR values of
more than 25%, while the pristine, unbroken Co MCBJs
yield much smaller values of about 2%. These results conclusively demonstrate that the magnitude of the AAMR
effect, due to the extreme reduction of the dimensions in
atomic size contacts, enhances the influence of an external magnetic field onto the electronic transport.
7. Summary
Herein we studied the MR behaviour of magnetic- (Co)
and close-to-magnetic (Pt) atomic contacts as well as different types of heterocontacts, such as Au–Co–Au and
Co–Au–Co, using the mechanically controllable break
junction technique. All of these atomic-sized contacts
show a rich variety of MR features, which can be attributed to the interplay of different heteroeffects (GMR,
TMR) and locally enhanced effects (AAMR) due to
the ultimate size-reduction in the constriction region.
The later effect could induce magnetic properties at the
atomic scale, even in materials that are known to be non-magnetic in the bulk state. This has been demonstrated
for Pt contacts, where unusually high MR values of up
to 15% can be observed in the atomic-contact regime.
The observation of such high MR effects in homogeneous
systems, in particular for materials that are not prone
to magnetism, instead of more complex heterostructures,
may serve as a principle mechanism for designing novel
magneto-electronic devices. However, open questions
still include whether a spin-polarisation of the transport
channels is either present or absent in such contacts.
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