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Quantum transport in oxidized Ni nanocontacts under mechanical strain
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We report density functional theory based simulations of the final stages in the formation process of oxidized
Ni nanocontacts along with their measurable conductance under mechanical strain. Not surprisingly, the presence
of O atoms drastically changes the overall conductance as well as its spin polarization character. We have
considered up to two O atoms in our simulations and found that their placement near the atomic constriction
largely determines the conductance values. An overall picture emerges where the stability of the nanocontact
improves with respect to that of pure Ni ones, supporting longer elongations as seen in the experiments. Also a
remarkable effect takes place: the emergence of half metallicity (a fully spin polarized current), which seems to
be a robust effect, but not necessarily translated into a very large magnetoresistance.
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I. INTRODUCTION

Electronic transport through atomic contacts, atomic
chains, or molecular junctions, where molecules are sus-
pended between two metallic electrodes, has been widely
investigated both experimentally and theoretically for more
than a decade. These studies are relevant because of the
understanding we gain towards the fabrication, performance,
and possible applications of nanoelectronic devices [1]. In
this regard progress has been slow since many variables enter
the picture, all of them playing key roles in determining
the conductance and current flow: contact geometries, elec-
tronic hybridization, molecule conformations and molecular
electronic structure, the chemical nature of electrodes, etc.
For instance, uncontrolled geometrical changes occur while
varying the separation between the two metal electrodes of the
nanocontact or molecular junction to name an example; recent
theoretical and experimental studies have indicated that the
stretching of the junctions not always results in the weakening
of the interatomic bonds and a concomitant reduction of its
conductance, but in some cases the mechanical pulling leads
to the shift of the highest occupied molecular orbital (HOMO)
toward the Fermi level of the electrodes and enhancement of
the conductance [2-4].

The controlled use of the electron spin in addition to
its charge increases the versatility of electronic nanodevices
in terms of information processing and has led to a new
branch of nanoscience known as spintronics. The origin of
spintronics can be, arguably, traced back to the observation of
spin-polarized electron injection from a ferromagnetic metal
to normal metal [5] and the discovery of the giant magne-
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toresistance (GMR) effect independently by Baibich et al.
and Binasch et al. [6,7]. Since then, much effort has been
made to explore and design optimal GMR devices, spin-filter
transistors, advanced magnetic sensors, and random access
memories with substantially improved features which usually
require highly spin polarized currents (good spin filtering).

Some basic understanding has been obtained over the years
studying, both theoretically and experimentally, atomic and
molecular junctions based on ferromagnetic metal electrodes
starting from the simplest nanocontacts [§-21]. For example,
based on first principles calculations, usually density func-
tional theory (DFT), a conductance value 1.0Gy has been
found for a Ni-Co/Co(111) junction, although this value of
conductance is not a general behavior for similar atomic
junctions such as Co-Co/Co(111), Ni-Ni/Ni(111), and Ni-
Ni/Ni(001) with 1.6Gy, 3.1Gy, and 3.54G,, respectively [22]
(hereon Gy = €?/h is the spin-resolved quantum of conduc-
tance, with e being the electron charge and /# Planck’s con-
stant). DFT studies of a gold chain sandwiched between two
cobalt electrodes showed high spin polarization of conduc-
tance about 90% caused by strong hybridization of the s and
dp orbitals at the Co-Au interface [23]. Ability to control
and adjust the magnetoresistance by changing the orientation
between the metal electrodes and molecule which modifies
the orbital hybridization has been investigated in Ni-benzene
junctions [24,25].

Recent theoretical studies have suggested a mechanism
based on symmetry arguments which leads to zero overlap
between the s-like channel of the ferromagnetic electrode
and the p orbitals of the junction and complete suppression
of one of the spin conductance channels. An infinite GMR
was thus predicted for polythiophene connected to semi-
infinite Ni chains while moderate values were anticipated
for realistic Ni(111) electrodes [26]. As a followup of this
phenomenon, a high spin-down conductance (G* = 0.7Gj,
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G" ~ 0) was found by connecting a quaterthiophene molecule
to Fe(110) electrodes, among various other ferromagnetic
metals (Fe, Co, and Ni) with different crystallographic
orientations [27].

Investigation on single molecule junctions with diatomic
or triatomic molecules (e.g., O,, H,, N», and H,0) has par-
ticularly been an active area of research in nanoelectronics
because of the possibility of a comprehensive comparison be-
tween various theoretical and experimental methods [28-38].
Oxygen molecules are particularly relevant. In break junction
experiments with Cu and Ag metals, only short (up to two or
three atoms) single atomic chains (SACs) can be formed [37],
but the strength of the chains can be increased in an oxygen
atmosphere (stretched up to 10 A) [35]. Very large values of
magnetoresistance in Ni point contacts in the presence of O
atoms were predicted for simple model structures, but always
accompanied with insulating behavior [11,13]. Simulations
also demonstrated that Fe SACs incorporated with O atoms
become half metallic when they are short, but, on increasing
the number of O atoms, the conductance decreases and the
Fe-O SACs tend to be semiconducting (more than 4 O atoms)
[34]. Interestingly, the ability to produce up to 100% spin
polarized current at a NiO atomic junction formed between
two Ni electrodes was recently reported using the break
junction technique in cryogenic conditions (4.2 K) [39].

From a nanoscience standpoint, Ni is a ferromagnetic metal
that can display, as the nanocontact is formed approaching
the atomic scale, magnetoresistance [10,24,40,41], the Kondo
effect [15], and unexplained values of conductance right be-
fore the contact is broken [9,17,18]. A common and extended
method of studying electronic transport in atomic-sized con-
tacts consists of collecting thousands of traces of conduc-
tance versus electrodes displacement and plotting them in a
conductance histogram [42,43]. (In this context displacement
generally refers to the change of the interelectrode separation.)
The most common histogram recorded for Ni over the years
exhibits a single broad peak at around 3.0G, [9,15,18,44].
However, Ni can also exhibit histograms with two character-
istic narrower peaks at approximately G = 2.0Gy and G =
4.0Gy. In the former case, the value of the main peak is in
rather good agreement with DFT calculations of the electronic
transport in structures based on either small nanocontact
models [10] or obtained from molecular dynamics simulations
[17]. The latter set of histograms featuring two peaks has not
been explained so far.

Our purpose in this work is to revisit the physics of pristine
and oxidized Ni nanocontacts where, as summarized above,
it is known that the presence of O atoms near the constric-
tion can drastically change their mechanical and electronic
properties. Here we go beyond molecular dynamics [17] by
simulating the rupture of the nanocontacts via DFT calcula-
tions, which is also used in the evaluation of the electronic
conductance. Our simulations also go a step further in the
description of the rupture process by considering larger and
more realistic nanocontacts [10,11] where the plasticity of
Ni can be better captured. Also, up to two O atoms, as
originating from O, molecules, have been considered so that
realistic configurations near the final rupture (last conductance
plateau) can be obtained. We reproduce experimental findings

which have demonstrated that O atoms increase the stability
and length of the last conductance plateau with respect to
the pristine case. We also show that half metallicity is not
only present in model nanocontacts, being more robust than
previously imagined. However, we find that large GMR values
do not necessarily result from this.

II. METHODOLOGY

All the calculations have been carried out with our code
ANT.G [45—-47] which implements the nonequilibrium Green’s
function formalism for quantum transport seamlessly inter-
facing the GAUSSIAN code [48]. Our new implementation
presents an excellent scaling with the number of computer
nodes, which allows us to address the present study within
a reasonable time scale in local clusters. Following previous
experience [10], the LDA functional is used throughout. This
is based on the fact that d electrons at the Fermi level present
a fairly itinerant and delocalized character. Nevertheless, a
caveat should be mentioned when it comes to the presence of
O atoms. It is known that due to the insufficient cancellation
of the self-interaction in the local exchange functional the
occupied 3d bands are raised in energy. As a result the LDA
underestimates the gap of bulk NiO [49]. Other approxima-
tions to the functional such as hybrid functionals correct the
self-interaction error present in LDA by adding the exact non-
local Hartree-Fock exchange [50]. DFT-based alternatives that
correct the self-interaction error such as LDA+U and the GW
approximation lead to similar results. All these corrections,
on the other hand, do not improve the electronic structure of
pure Ni, artificially increasing the bulk magnetic moments
and decreasing the calculated conductance, both quantities,
properly obtained in LDA. Since our nanocontacts are mostly
Ni based, we have decided to use LDA, keeping in mind that
we may be overestimating the conductance when O atoms are
present.

III. RESULTS AND DISCUSSION

A. Pristine Ni nanocontacts

We start by revisiting the conductance of pure Ni nanocon-
tacts. We assume, as the simplest possible scenarios, that
a dimerlike or a monomerlike structure has already been
formed in the last elongation stage before the final rupture.
Starting from an equilibrium (minimum energy) configuration
[see, e.g., first insets in Figs. 1(a) and 4(a)], assumed to be
preceded by a plastic deformation, we rigidly separate the
outermost planes of the pyramidal electrodes by increasing
their relative distance A in small steps. The eight innermost
atoms of the junction are allowed to relax at each step. This
progressive separation results in a pulling force sustained until
breakup [see last inset in Fig. 1(a)], defined by the absence
of interaction between the two metallic pieces and, thereby,
the absence of force. For this simulation, all spins are taken
to be aligned in a parallel (P) or fully ferromagnetic spin
configuration.

Figure 1 shows the conductance, given by the transmission
at the Fermi energy, Ef, in units of conductance quantum,
Gy = €2 /h, as a function of A for the dimer case, both when
all the spins are aligned in the P configuration [panel (a)]
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FIG. 1. Spin-resolved and total conductance at the Fermi energy
as a function of A for a dimer nanocontact based on an fcc Ni(111)
structure in (a) parallel and (b) antiparallel magnetic configuration.
Intermediate structures obtained in the elongation process are also
shown in the upper panel. The inset of (b) shows total energy as a
function of A.

and when an abrupt domain wall is formed between the tip
atoms of the respective electrodes in an antiparallel (AP) spin
configuration [panel (b)]. (The same atomic structures are
used for both spin configurations since the magnetic energy is
typically much smaller than other contributions to the forces).
For the first several steps the actual separation of the two
tip atoms changes by a very small amount (up to ~0.1 A),
manifesting good mechanical stability of the junction and
resulting in a conductance plateau of ~3Gy [Fig. 1(a)]. This
is in good agreement with a plethora of existing experimental
results [15,17]. The separate contribution of the majority (up)
and minority (down) spin channels shows that the plateau
length depends on the behavior of the minority channel,
whose contribution to the conductance is larger than that of the
majority channel (because of the presence of d orbitals at Ef),
but suddenly drops below after further stretching. This can be
attributed to the decay of the hopping between the tip atom

orbitals, faster for the hybridized spin-down sd orbitals than
for the pure spin-up s orbitals. The spin-dependent projected
density of states (PDOS) at one of the tip atoms near breakup
clearly shows this [see Fig. 2(b)]. The opposite is true at the
beginning of the stretching process where the PDOS of the
minority s electrons dominates over that of the majority ones
as shown in Fig. 2(a). Note that in order to properly simulate
the last conductance plateau [the tail in the conductance at
large A seen in Fig. 1(a) is probably unrealistically long],
more atoms should be allowed to relax to account for the
actual elasticity/plasticity of Ni. Although similar DFT sim-
ulations have been reported in the past [22,51], we believe
that a well-defined plateau with its concomitant conductance
drop has been reproduced fully here from DFT calculations in
magnetic nanocontacts.

For the AP magnetic configuration, the domain wall is
located between the two Ni tip atoms of the left and right elec-
trodes. Because of the appearance of s orbitals in a wide range
of energies around Ep for both spin directions, s electrons can
easily transmit between electrodes. In contrast, most of the
transmission of incoming spin-down d electrons is blocked at
the domain wall because these cannot find their counterpart
on the receiving electrode. So, as seen in Fig. 1(b), for the
AP magnetic configuration the conductance is dominated by
nearly unpolarized s electrons, starting from about 2G, and
decreasing smoothly without a clear trace of a plateau. At this
point we can only speculate about the connection between
the domain wall and the peak at G = 2Gj seen in the set
of double-peak histograms. From the P and AP conductance
one can obtain the MR as a function of A defined as MR =
(Gp — Gap)/Gap x 100. This is shown in Fig. 3(a). As can
be seen it stays positive as a function of A with sizable values
before the contact is broken. Once the rupture takes place MR
goes up again, but, as discussed above, this region probably
extends too much in A because of the excessive rigidity of the
electrodes in our simulation.

We have repeated the same analysis assuming a monomer
model in the last plateau before rupture [see insets in
Fig. 4(a)]. Again a clear plateau with G ~ 3G, can be ob-
served followed by a sudden drop in the conductance. On the
basis of this result both dimer and monomer structures could,
in principle, equally contribute to the main histogram peak
in the one-peak histograms. The spin polarization resulting
from the spin-resolved contributions to the conductance has
not qualitatively changed with respect to the dimer case,
presenting a sign change near the sudden conductance drop,
but it has changed quantitatively. The polarization of the
current in the tunneling region is larger in the dimer case.
Also, a difference with respect to the dimer configuration
can be noted at small displacements where the spin majority
and minority contributions become similar now. This result is
consistent with the PDOS shown in Figs. 2(c) and 2(d), where
the spin-up s orbital contribution remains high throughout the
breaking. These differences make shot-noise transport exper-
iments more adequate to distinguish, in principle, between
monomer and dimer configurations [52]. Interestingly, when
a domain wall is now introduced between the single atom at
the contact and the rest of atoms in one of the electrodes (this
costs more magnetic energy to create in this case than in the
previous dimer model), we do not observe a significant change
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FIG. 2. Spin-polarized density of states projected on the s and d orbitals of the apex atom of one of the electrodes forming a dimer
nanocontact [panels (a) and (b)] and on the single atom junction of a monomer nanocontact [panels (c) and (d)] for the structures shown in the
insets. The right panels refer to the beginning of the stretching process and the left ones to near breakup of the junction.

with respect to the average P conductance and the plateau
remains visible. On the other hand, MR becomes negative
over most of the nanocontact evolution towards rupture. Our
findings indicate that the asymmetry of the junction, actually
determined by the position of the domain wall as far as the
electronic structure is concerned, has a strong effect on the
resulting transmission differences between spin channels.

B. Oxidized Ni nanocontacts

Intentionally or accidentally, O, molecules or individual O
atoms may adsorb on the Ni nanocontact, the latter originating
from the dissociation of O, molecules. We thus consider a pair
of O atoms in our next set of simulations. We start by adding
two dissociated O atoms near the constriction, where they are
more likely to affect the mechanical and electronic properties
of the nanocontact. Here we restrict ourselves to dimer-type
structural configurations in the P magnetic configuration. Out
of the many possibilities we have chosen to start with the one
shown in Fig. 5(b), where, for small electrode separations,
one O atom falls between the apexes in a zigzag position,
while the other sits in the vicinity. This configuration is
energetically (meta)stable of minimal energy as a function
of A and we take it as the starting point in the simulation
where A is progressively increased towards total rupture as
shown on Fig. 5(1). Same as for pure Ni nanocontacts, at each

incremental step of A, a full relaxation is carried out giving
rise to the energy evolution shown in the inset of Fig. 6(a). A
few other snapshots of the whole process are shown in Fig. 5.

In the early stages of stretching the junction [up to 0.4 A
from (a) to (b) in Fig. 5], the Ni-O-Ni bond angle in the
center of the structure increases by about 15°. Upon further
stretching by 0.5 A, a good mechanical (angular) stability is
observed [(c) to (d) in Fig. 5]. At A =15.66 A, shown in
Fig. 5(d) and labeled (d) in Fig. 6(a), the Ni-O-Ni bond angle
has increased from 172° to 178° while the Ni-O bond between
the Ni apex atom and the O atom located on the left electrode
is broken (understood as a significant change in their relative
distance). The conductance here significantly decreases to
1.55Gy, defining a short plateau. By further stretching from
(e) to (h), a slower reduction of the conductance occurs down
to 0.8Gy [see Fig. 6(a)] due to a progressive increase of the
length of the Ni-Ni bond between the Ni apex atom and
one of the Ni atoms of the left electrode. Interestingly, from
(h) to (j), the conductance is only reduced by approximately
0.1Gy, which indicates a relatively good mechanical stability
at this point. From A = 17.06 to 20.06 A [two intermediate
structures are shown in Figs. 5(k) and 5(1)], an exponential
reduction of the conductance takes place with no more bond
breaking. The big picture that emerges from this simulation is
that the incorporation of O atoms near the constriction helps
to stabilize intermediate configurations which significantly
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FIG. 3. Magnetoresistance as a function of electrodes distance
for (a) dimer and (b) monomer nanocontacts.

increase the overall stability of the nanocontact. Note that
an increased tensile strength of oxidized junctions has been
experimentally reported in Ref. [39].

The spin-resolved conductance also plotted in Fig. 6(a)
shows a remarkable effect: it is almost completely spin po-
larized, dominated by the spin minority carriers. As previous
studies have shown [11,13], spin-up s electrons are not signif-
icantly present in the band structure and corresponding PDOS
for an infinite one-dimensional NiO chain at the Fermi level.
The hybridization of O p orbitals with the Ni s orbital leads
to a shift in the s state away from Ep, resulting in almost
perfect half-metallic behavior. The inset in Fig. 6(a) shows
the spin-resolved transmission vs energy for the structure
(g) in Fig. 5, where one can see the strong suppression of
the spin-majority conductance around the Fermi energy. This
result was predicted in Ref. [[11] using a very ideal model of
oxidized nanocontacts. Our simulations here show how robust
this result is, appearing in the whole range of A that goes from
the formation of the last well-defined plateau all the way down
to the tunneling regime.
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FIG. 4. Spin-resolved and total conductance at Er as a function
of electrodes distance for a monomer contact based on an fcc Ni(111)
structure in (a) parallel and (b) antiparallel magnetic configuration.
Intermediate structures obtained in the stretching process are also
shown in the upper panel. The inset of (b) shows total energy as a
function of A.

We have also explored the consequences on the conduc-
tance of the formation of a domain wall in the oxidized Ni
nanocontact. Now, finding the most favorable location of the
domain wall requires a careful evaluation of the energy and we
have found that the Ni atoms connected by the O atoms always
tend to be aligned. The lowest energy domain wall has been
found to preferentially form away from the O atom bridge
[see inset in Fig. 6(b)] favored by the asymmetric rupture.
On the one hand, the large energy cost due to the presence of
three Ni-Ni exchange interactions is reduced by the breakup
point itself. On the other, the presence of the second O atom
in the vicinity reduces the magnetic moments of some of
the participating Ni atoms. This results in a fairly large and
strongly spin-filtered AP conductance [see Fig. 6(b)] despite
the half-metallic behavior of the P configuration. Our realistic
simulation shows that the naive assumption of perfect filtering
and very large MR [11] needs to be reconsidered for more
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FIG. 5. Twelve relaxed structures of the oxygen contaminated
dimer contact in various stages of the stretching process. The junc-
tion length A during elongation is indicated below each structure.

realistic nanocontact formations as the one presented here.
Nevertheless MR is still larger than in the case of pure Ni
nanocontacts before the tunneling regime is reached.

IV. CONCLUSIONS

We have presented a systematic exploration of the influ-
ence of mechanical stretching on quantum transport in Ni
nanocontacts by means of the density functional theory and
nonequilibrium Green’s function method. We have shown
that, for both dimer and monomer structures, the more likely
configurations in the final process of breaking a pure Ni
contact, a plateau around ~3G can be obtained, in agreement
with the existing experimental measurements [9,39]. When
O atoms are added to the nanocontact, our findings predict
half-metallicity (a fully spin-polarized transport) as a robust
effect over the whole range in the formation process of the
nanocontact, from the appearance of the last conductance
plateau all the way up to the tunneling regime. An increase of
the stability of the nanocontact upon the inclusion of O atoms
is also obtained, as reported in experiments [39].

Previous studies [11,13] on simple nanocontact models
predicted very large polarization along with huge magnetore-
sistance values in oxidized nanocontacts due to the presence
of ad hoc domain walls placed near the O atoms. A closer
exploration of the energy of the different possibilities for
domain wall formation reveals that the position of the domain
wall is more likely to take place away from the O atoms, which
decreases the influence of the domain wall on transport and
considerably reduces the effect. Therefore, this finding opens
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FIG. 6. Spin-resolved and total conductance at Er as a function
of electrodes displacement for O contaminated dimer contact based
on an fcc Ni(111) structure in the (a) parallel and (b) antiparallel
magnetic configuration. Marked black squares (a)—(1) represent the
conductance values of the structures shown in Figs. 5(a)-5(1), respec-
tively. The inset of (a) shows spin-resolved transmission as a function
of energy in the parallel magnetic configuration. Total energy as a
function of A and the spin texture of the structure in Fig. 5(g) have
been shown as insets of (b).

the way to the realization of mechanically tuned magnetic
nanocontact devices for generation of more realistic spin-
filtering effects and magnetoresistance ratios.
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