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Emergence of high spin polarization of conductance in atomic-size Co-Au contacts
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We present a first-principles study of spin-dependent electron transport through gold nanochains suspended
between cobalt electrodes aimed at elucidating the electronic origin of the high magnetoresistance recently
observed experimentally in such nanojunctions. Our nonequilibrium Green’s function based calculations confirm
the occurrence of high spin polarization of conductance in Co/Au/Co nanocontacts, which in some cases reaches
90%. Our analysis allows to relate such behavior to the hybridization of electronic orbitals of neighboring cobalt
and gold atoms of the nanocontact. The results obtained give clear evidence of the presence of spin injection

from Co electrodes into paramagnetic gold contacts.
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I. INTRODUCTION

In the last decades, great attention was paid to spintronics
and investigation of spin-dependent currents in nanostructures,
where quantum effects cannot be neglected due to the small
size of the system. In such systems, transport characteristics
and electronic properties are strongly dependent on the
structure of the material at the atomic scale and the interaction
between individual atoms [1-6].

Spintronics takes its roots in the discovery of the giant
magnetoresistance (GMR) effect by Fert (1988) [7] and
Griinberg (1989) [8]. Within a decade from the discovery, it
became the basis for a multitude of electronic memory devices.
With the progress in experimental techniques of nanoscience
made, it recently became possible to investigate subnanoscale
structures experimentally [9—11]. This opened a new physical
perspective onto giant and tunneling magnetoresistances, since
in these experiments, the conductance showed quantized
behavior with a conductance quantum of Gy = 2¢?/h. Such
behavior usually indicates the formation of a single-atomic
contact or an atomic wire. Quantity Gy is a conductance of a
single “electron channel” (e.g., one band) without scattering,
that can be formed, e.g., by a single-atomic wire. Here,
e is the electronic charge and h is the Planck constant.
Spin-dependent transport phenomena in atomic-scale systems
have been the target of active investigations in recent years [ 12—
23]. Among other things, particular attention has been given
to the effect of magnetic anisotropy and geometry on the
point contact conductance [20,21] and the occurrence of high
magnetoresistance therein [12,15,19].

In a recent work, Bernand-Mantel and coworkers [18]
have found that transport through a paramagnetic gold clus-
ter sandwiched between cobalt electrodes exhibits nonzero
magnetoresistance, which is ascribed to the presence of spin
injection from magnetic cobalt electrodes into the param-
agnetic gold cluster and the consequent spin transfer to
the other electrode. Since gold has a mean spin diffusion
length of about 100 nm [24], it is not surprising that two
ferromagnetic Co electrodes and an Au nanoparticle should
exhibit magnetoresistive behavior, especially in the tunneling
geometry, which is the case in the latter experiment. However,
an experiment by Egle and coworkers [19] has shown that the
magnetoresistance ratio values of a Co-Au-Co break junction
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are excessively high (up to 100% in contact regime and
14 000% in tunneling geometry). This suggests that the spin
injection from one cobalt electrode into the gold cluster and
its coherent transfer to the detecting electrode are extremely
efficient in that particular system.

A very similar system (Cu, Al, or Si chains between Co
electrodes) has been investigated theoretically in the past by
Bagrets and coworkers [22]. In that study, however, no system
was found to exhibit a magnetoresistance ratio exceeding
50% [25] which might be partially due to unrealistic unrelaxed
geometries used (limitations of the employed method) thus
underlining the uniqueness of the Co-Au combination to which
our study is devoted.

In the present work, we study the above-mentioned system
(a gold chain connecting cobalt electrodes) with fully ab initio
means. It is shown that this system can indeed exhibit high
spin polarization of conductance and high magnetoresistance,
giving clear evidence of hybridization-driven spin injection
into the gold contact from cobalt electrodes. We give theoret-
ical explanation of such behavior and relate it to the strong
interaction between cobalt and gold s-d states in the junction
region. We furthermore trace the evolution of conductance as
the contact is stretched.

II. METHOD

From the ab initio point of view, the conductance can be cal-
culated in the spirit of the Landauer-Biittiker formalism [26].
According to it, conductance of a nanocontact in the case
of zero-bias can be expressed through a sum of transmission
probabilities 7; of individual transport channels at the Fermi
level: G = G ) _; Ti(E ;). When spin-polarized systems are
considered, conductance, in absence of spin-flip scattering, is
treated separately in two spin-states, each of which can have
a conductance of up to G/2. If the contribution of one spin
is less, than that of the other, one can speak of spin-polarized
conductance. While the presence of spin-mixing phenomena
in such relativistic system as gold nanocontacts cannot be
discarded out-of-hand, recent works by Hardrat et al. [27]
and Smogunov et al. [5,6] have shown that inclusion of spin-
orbital (SO) effects only qualitatively affects the conductance.
For example, it was shown that fully relativistic treatment
of conductance through a Pt nanowire yields a 15%-20%
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smaller spin polarizations of conductance as compared to
scalar-relativistic calculations [6]. Thus here we constrain
ourselves to scalar-relativistic treatment of the system without
limiting the generality of attained conclusions.

All transport calculations in the present paper were per-
formed with the SMEAGOL code [28,29], which uses Keldysh
nonequilibrium Greens’s function (NEGF) method combined
with density functional theory (DFT) formalism, implemented
in SIESTA code [30,31]. SMEAGOL and SIESTA use linear
combination of atomic orbitals (LCAO) as wave function
bases and Troullier-Martins pseudopotentials to describe the
atomic cores [32]. As an exchange-correlation functional we
used Perdew-Zunger’s scheme of local density approximation
LDA [33], which is known to well describe the structural and
electronic properties of 5d systems. For temperature smearing,
the Methfessel-Paxton method with 600 K was chosen. As
the LCAO basis set we chose a double-{ basis including s
and d shells for both Co and Au with additional polarized
orbital for s shells. Scalar-relativistic pseudopotentials with
3d, 4s and 5d, 65 valence orbitals were chosen for cobalt and
gold, respectively. For transport calculations, upon checking
the convergence, a 5x 5 k-point grid in the plane perpendicular
to the transport direction (z axis) was chosen. Relaxation of
electrodes was performed with SIESTA code with 4 x 4 x 1
and 4 x4 x 3 k-point meshes for electrode and contact
relaxations, respectively.

The geometry used in calculations is shown in Fig. 1(a).
The nanocontact was modeled by a three-atom gold chain
suspended between hcp Co(001) tips. The tips were repre-
sented by Co pyramids containing ten atoms in two hcp layers.
The pyramids themselves were adsorbed on hcp Co(001)
slabs [34,35]. To accommodate electronic relaxations at the
surface and mitigate the effect of the supercell interaction the
slabs were taken to be eight-layers thick and 4 x 4 atoms in
cross-section perpendicular to the transport direction, which
is sufficient to decouple the supercell images of nanocontacts
from each other. With respect to the axis of the nanocontact
(passing through the gold atoms) the system had a Cj,
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FIG. 1. (Color online) (a) Geometry of the nanocontact used in
calculations: an Au wire between Co electrodes, side view. (b) Unit
cell geometry of the electrode, top view. (c) Dependence of relaxed
interlayer/interatomic distances /; on the contact on the distance
between electrodes d.
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symmetry. In the following, we shall denote outer (tip) and
central atoms of the gold chain as Au” and Au® respectively.
The underlying pyramid cobalt atoms shall be denoted as Co®.
The distance between electrodes defying the stretching of the
chain shall be referred to as d. In the following, we shall
denote the systems by the distance between electrodes. In all
calculations, the geometries of the electrodes and the gold
chain were relaxed until the residual forces were no larger
than 0.01 eV/A.

III. RESULTS

To investigate the dependence of transport characteristics
on the stretching of the contacts, calculations were performed
at different distances d between the electrodes [see Fig. 1(a)],
ranging from 15.00 to 16.6 A. The geometry of the chain
was kept linear during stretching. The dependence of relaxed
interatomic distances in the contact on the distance between
electrodes has a quite linear character [Fig. 1(c)]. The “softer”
bonds between Au atoms, as well as the AuT—CoP bond closely
follow the changes of d. The interlayer bonds in the pyramid
are already much stiffer and the lower layer of the pyramid is
almost unaffected by contact length change. This shows that
the nature of interatomic bonds is not altered in the process of
stretching and the orbital overlap can be expected to change
likewise, i.e., smoothly. The restriction of the linearity of the
chain is assumed solely for the sake of a clearer qualitative
picture of the nanocontact physics. It shall be shown that
fully unconstrained relaxation of the contact (allowing the
chain to buckle and assume a zigzag configuration) does not
significantly change the results and conclusions obtained.

Magnetic moments in the system are only weakly depend
on the contact stretching. Bottom layer of the Co pyramids has
a spin moment of 2.0up (for reference, hcp Co bulk value is
1.71ug), which shows no dependence on d. The moments of
CoP atoms increase from 2.11up to 2.19u as the contact is
stretched from 15.0 to 16.6A, reflecting the bond stretching
and reduction of coordination. At the same time, the induced
moment of Au™ atoms reduces from 0.11 45 to 0.05.. Central
gold atom AuC is practically unpolarized at all stretching
distances d.

A. Conductance

To set a starting point of our study of electronic and
transport properties of the Co/Au/Co nanocontact, we consider
the case when the magnetic moments of both Co leads are
co-aligned. Within each electrode the spins of individual Co
atoms are, of course, ferromagnetically coupled, hcp Co being
a prototypical ferromagnet [34,35].

Calculated energy-resolved zero-bias transmission of the
system described above [Fig. 1(a)] is shown in Fig. 2(a)
for different interelectrode distances d. It can be seen that
stretching of the contact has a pronounced influence on the
energy position of the minority transmission peak, while
majority conductance remains flat and almost unchanged. If
we calculate the conductance polarization at the Fermi level
as

_T(EN' - T(E;)*

P= T(E)' +T(EpY
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FIG. 2. (Color online) (a) Conductance of the nanocontact for
different inter-electrode distances. The inset shows the spin polar-
ization of conductance at the Fermi level. (b)—(d) Minority s and d
projected densities of states for Co, tip Au, and central Au atoms for
different distances between electrodes. Filled areas: s states, thick
curves: d states. s-states curves for different distances are color-
and hatching-coded (see the legend for details).

where T and TV are the Fermi level transmission coefficients
of majority and minority spin channels, respectively, we shall
find [inset of Fig. 2(a)] that it is rather high, reaching 80% and
furthermore changes significantly as the contact is stretched.
High spin polarization of conductance is caused by the low
amplitude of minority spin channel transmission around the
Fermi level [see Fig. 2(a)] and therefore is a consequence
of strong scattering of minority electrons. This result is
quite interesting, since the density of states (DOS) of Co is
dominated by the half-filled minority d band at the Fermi
level and one could expect minority electrons to strongly
contribute to Fermi-level transmission, as it is observed in
pure Co nanojunctions [27,36].
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Another effect that should be noted, is the strong change
of the spin polarization of conductance with the stretching
of the contact [inset in Fig. 2(a)]. It falls from almost 80%
to 30% as the interelectrode distance is increased from 15.4
to 15.8 A and is subsequently restored to almost 90% as
the stretching continues towards 16.2 A. From the energy
resolved transmission curves [Fig. 2(a)] it can be deduced
that this jump in polarization is caused by a pronounced
peak in the transmission crossing the Fermi level in the
minority channel as the contact is stretched. At the same time,
majority transmission is comparable with G and only slightly
changes during stretching. Such closeness of the transmission
coefficient to G can be ascribed to the presence of ballistic
transport in the majority channel.

To understand this behavior of transport properties, let us
consider the projected density of states (PDOS) of the contact’s
gold (Au® and Au") and neighboring cobalt atoms of the
electrode Co® [Figs. 2(b)-2(d)]. The majority states of the
contact atoms, similarly to the majority transmission, are flat
and featureless around the Fermi energy [shown in Fig. 3(a)].
They are mostly of s character and are not affected by the
stretching of the contact. Their extended wave functions can
provide transport almost without scattering due to the strong
overlap (and robust band formation). Thus, to explain the
conductance polarization, we shall concentrate on minority
PDOS.

Comparing transmission and PDOS in Fig. 2, one imme-
diately notices that the minority transmission peak can be
correlated with the peaks in d.» states of Co® and Au® atoms
as well as with s states of the Au® atom. Other symmetries
also show traces of hybridization, but to a significantly smaller
degree and thus we do not show them here, so as not to overload
the figures. Note that the amplitude of the d2-states peak at
the CoP atom is several times larger than that of the same state
at Au” and Au® atoms. The amplitude of the peak in s states
of the Au® atom, on the contrary, has the same order as the
d.» states peak of Co’. Appearance of the peaks in all contact
atoms can be related to a hybridization of the Au® atom’s s
states and the > states of Au” and Co® atoms. Large difference
in amplitudes of the peaks in PDOS on Co” and Au' atoms
is due to the fact that, firstly, gold atoms have practically no
d states at the Fermi energy. Hybridization of Au® and Au"
atoms is weak and therefore we observe the small amplitude
of d,> peaks in AuT atoms. And, secondly, Au€ atom’s s states
have long “tails” and can hybridize with cobalt d minority
states directly.

To understand the origin of the peaks that we observe
in Fig. 2, we shall take a look at the PDOS on a larger
energy scale [Fig. 3(c)]. Analyzing the stretching-induced
dynamics of the position of the peaks around —1.5 eV, and
at the Fermi level, we see that the former shift to higher
energies as the interelectrode distance is increased, while the
latter shift downward. This behavior is consistent with the
picture, where both sets of peaks belong to the same state
split by the interatomic interaction (horizontal arrows). Thus,
as the contact is stretched, the interatomic distance increases,
reducing the orbital overlap and the states gradually coalesce
into single atomic-like levels. So, the origin of these peaks that
we observe in Fig. 2 can be the splitting of the sd,> hybridized
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FIG. 3. (Color online) (a) Projected density of d,» states of Co
atoms in contact with the Au wire (dashed line) and d_. states of the
same atoms in absence of the Au chain (solid line). (b) s states of tip
Au atom and (c¢) s states of central Au atom for different distances
between electrodes. Positions of peaks around the fermi level are
highlighted by vertical black lines. The splitting of the band/levels is
shown by horizontal arrows.

state of the Au® atom due to the interaction of the latter with
its neighbors.

Though the physics described above gives a feasible expla-
nation to the movement of the peak, it has to be mentioned,
that there can be another possible explanation to the origin and
movement of the peak close to the Fermi level. The s states
of the gold chain can experience confinement between the
two cobalt electrodes. As was shown in recent works [37—
39], standing waves could exist in a chain nanocontact
between electrodes and have a quantized spectrum. Therefore
conductance may exhibit peaks at energies, corresponding to
the energies of these confined states. However, the motion of
the lower peak in Fig. 3(c) to higher energies (around —1.5 eV)
would still have to be explained by the decrease of interaction
between the central and the neighboring atoms.

A careful look at Figs. 3(a) and 3(b) will reveal that
the minority states of the Au atom are dominated by the
interaction with Co d» states (dashed line). Comparing this
density of states [Fig. 3(a), dashed line] with d,> states of the
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same electrode cobalt atom in absence of the chain [Fig. 3(a),
solid line], we can see, that the structure of the DOS is
similar. The only minor difference is in the position of the
peaks above the Fermi level. For the single electrode these
peaks are located closer to the Fermi level, than in the contact
system. Primarily, the difference in positions of the peaks is
explained by hybridization between cobalt and gold states.
As the contact is stretched, the distances between the Au?
atom and underlying cobalt atoms change from 2.3 to 2.5 A,
which corresponds to the presence of a tight chemical s-d
bond. Removing the gold tip atom obviously breaks that
bond, leading to a shift of the d states of cobalt to lower
energies.

In a recent theoretical work [20], it was shown that pure
Co atomic-sized contacts show small spin polarization of the
conductance at the Fermi level in contact regime. Nevertheless,
in tunnel regime, the spin polarization reaches 100%. This
effect comes from different decay lengths of majority (mostly
of s character) and minority (d character) states of the contact.
In the present case, d states of Co in minority channel also play
the key role in conductance through the cobalt-gold contact.
From Fig. 3(a), it can be also noted that d,> states of cobalt are
partially filled and split into bonding and antibonding states.
The hollow between them falls on the Fermi level, leaving it
mostly depleted. The interaction between Au’ and Co® atoms
mostly manifests itself in the mixing of s and d,> states of
these atoms. The s states of the Au’ atom are localized by
the s-d hybridization, which “draws” them away from the
Fermi energy, leaving the latter devoid of minority s electrons
[Fig. 3(b)].

Putting together the puzzle, we can conclude that the Fermi
level transmission of the contact is mostly determined by the
s band in the majority channel. The d minority states are
strongly localized and thus the conduction in the majority
channel is dominant at the Fermi energy, resulting in a high
positive polarization. Thus it can be said that s-d interaction
at the Au-Co interface acts like as “blocking” mechanism
for conductance in the minority channel. Similar effect has
been reported in a theoretical study of Cu chains between
planar Co leads [22]. Cu s states were shown to be the main
channel of conductance at the Fermi level. However, due
to the more localized nature of Cu s states as compared to
gold, and likely due to the absence of a pyramid, in their
study, the hybridization at the interface was much weaker,
and consequently a much weaker magnetoresistance ratio was
observed [15% versus 73% in our case (see Sec. III B)].

Taking one step back, we can summarize that the transport
through a gold chain suspended between two Co electrodes is
defined by the interaction between the Co and the tip Au atoms.
High spin polarization of the conductance is caused by strongly
suppressed minority and practically unaffected majority s
states of the tip Au atom. Also significant contribution in
conductance is made by peaks in d,> states of tip gold and
neighboring Co atoms along with the s-states peak of the
central atom. All of them appear due to interatomic orbital
hybridization and form additional conductance channels in
the contact. With the stretching of the contact, due to the
weakening of the bonding between the atoms, the conductance
peaks move in energy, altering the current polarization as they
pass through the Fermi energy.
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FIG. 4. (Color online) (a) Sketch of the nanojunction structure
used for magnetoresistance calculations: Co/Au nanocontact attached
to Cu(111) bulk leads. (b) Two spin alignments of electrodes used for
magnetoresistance calculations.

B. Magnetoresistance

Having understood the electronic mechanisms determining
the nanocontact’s conductance, we now turn to a quantity,
which is relevant for actual applications—the magnetoresis-
tance. To estimate magnetoresistance ratio (MRR), we need
to calculate conductance through the systems for the cases of
parallel and antiparallel mutual alignments of the electrodes’
magnetizations (see the right part of Fig. 4). Due to technical
intricacies of the method, calculations for systems with dif-
ferently aligned electrode magnetizations are rather unreliable
(in the supercell part of the calculation a sharp domain wall
occurs between one lead and the supercell image of the other
one). Thus to estimate the MRR we replace semi-infinite
Co electrodes with a Co slab deposited on a paramagnetic
substrate (Fig. 4). As a nonmagnetic material for the substrate,
we chose Cu, since the lattice of a Cu(111) surface is close
to the hep-stacked Co of our magnetic nanocontact. The same
localized basis (with added p shells) was used for Cu as for
Co and the whole system was allowed to relax with the same
residual force restrictions as were applied for the Co electrodes
(see Sec. II). The geometry of the contact pyramid and the Au
chain were found to be not (or only negligibly) affected by the
substitution of a part of Co with Cu.

To see whether the our Co/Au nanocontacts can be well
approximated by the hybrid Cu/Co/Au system, we compare
the conductance through both systems with parallel alignment
of electrode magnetizations (Fig. 5). The energy-resolved
conductance curves for both systems behave qualitatively the
same. They have flat majority parts and strong depletions in the
minority channels at the Fermi level. Thus, for all means and
purposes, the hybrid Cu/Co/Au system seem to behave very
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FIG. 5. (Color online) Comparison of the spin-polarized conduc-
tance of a system with semi-infinite Co electrodes (dashed blue line)
and our model system for MR calculations—Co slabs supported on
Cu (solid red line).
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FIG. 6. (Color online) Total conductance for parallel and antipar-
allel spin orientations of cobalt electrodes.

similar to a system with bulk Co electrodes, which not only
justifies the use of Cu/Co/Au systems for calculations but could
also have important implications for the choice of the system
geometry in the experiments. Additionally, the similarity in
conductance between Co and Co/Cu leads further supports
our statement about the defining role of the Co—Au interface
in the formation of spin-polarized conductance.

Turning finally to the MRR, we calculate the energy
resolved zero bias transmission for parallel and antiparallel
lead-magnetization orientations for the nanocontact with
d=154 A (dashed red and solid blue curves in Fig. 6,
respectively). The Fermi-level transmission for the parallel
configuration is found to be almost twice as high for the an-
tiparallel one. In antiparallel configuration, Co-Au interaction
between d and s states at the interface causes a decrease (or
“blocking”) of the conductance in both of channels. The MRR
can be estimated from spin-resolved transmission coefficients
as [15]

Th(Es) — Ty (Ey)
Ty (Ey)

where T4(Ef) and T, are the zero-bias transmissions at
the Fermi level for parallel and antiparallel configurations
of electrode magnetization alignments, respectively. In our
case, we arrive at a value of 73%, which is close to the
experimentally observed one.

MRR =

C. Modified systems

It is also interesting to compare transport properties of
systems with different chemical and geometrical structures.
In Fig. 7, calculations of three such systems are presented.
The first two systems have a linear geometry but different
amounts of cobalt and gold in the contact [Figs. 7(a) and 7(b)].
The third system [Fig. 7(c)] has the same chemical structure
as the system discussed in previous sections, but was allowed
to assume a nonlinear configuration upon compression of the
contact.

For the system with mixed cobalt-gold electrodes
[Fig. 7(a)], where Co® atoms were replaced with gold, the
spin polarization was found to be less (about 50%) than in
the original three-atom gold chain (90%). However, its sign
remains the same as in the previous case. d states of cobalt
atoms neighboring to gold in this system are similar to Co”
d states in the system with full cobalt electrodes, discussed
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FIG. 7. (Color online) Conductance of systems with varying
geometry and chemical composition/stoichiometry. Sketches of
considered configurations are shown in the top part of the figure (atom
colors the same as in Fig. 1). Corresponding conductance curves can
be found in the graph in the bottom part.

in details above. Partially filled Co d.» states hybridize with
s states of gold atoms, which leads to polarizations of these
states. In contrast with the previously discussed case, here
the gold atoms have a lower symmetry. So here not only
dp, but also d,;,d,.-symmetry states of cobalt significantly
contribute to the hybridization with gold and, consequently, to
the conductance.

The system with mixed cobalt-gold wire between cobalt
electrodes also shows high spin polarization (about 50%—70%
depending on the stretching). It is found that the presence
of cobalt atoms in a gold wire and on the tip of one of the
electrodes does not affect the interaction of the pyramid cobalt
atom with gold ones. We can see quite high spin polarization of
conductance at the Fermi level [Fig. 7(b)], about 50%, which is
aresult of a depletion in s states at the tip gold atom, caused by
s-d hybridization in minority channel between cobalt and gold.

Another example is a possible zigzag configuration of the
gold chain [Fig. 7(c)]. In this case, the spin polarization of
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conductance at the Fermi level reaches 90% and the energy-
dependent transmission coefficient behavior is practically
identical to the one in the case of the linear gold contact.
This is consistent with an idea that the s shell is spherically
symmetric and not strongly susceptible to deviations from the
linear geometry. In Ref. [22], a similar conclusion for Cu/Co
nanocontacts has been reached. The intersite electron hopping
in that case depends only on the distance between sites.

Finally, it is worth mentioning that Au is known as a
material of choice to construct longer monatomic chains (up
to 7-9 atoms). It is only logical to ask oneself, whether
the effects discussed would still be valid for those longer
nanojunctions. Indeed, our calculations have yielded the
same high conductance polarization and MRR values for
five-atom nanojunctions, which substantiates the generality
of the physical mechanism described above.

IV. CONCLUSION

In a way of a more general summary, we can say that a
metallic nanocontact with strong s-d hybridization can act as
an extremely efficient spin filter with high magnetoresistance
ratios, by far exceeding the values expected for nonmagnetic
transitional metal systems. In the case of the nonmagnetic
Au nanochain between Co electrodes, the interaction of s
and d states at the cobalt-gold interface is responsible for
a highly polarized conductance through the system, which can
furthermore be tailored at will by stretching or compressing
the junction. These results give a rigorous explanation of
the efficient spin injection and high magnetoresistance ratios
experimentally observed in Refs. [18] and [19].
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