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Tailoring magnetoresistance at the atomic level: An ab initio study
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The possibility of manipulating the tunneling magnetoresistance (TMR) of antiferromagnetic nanostructures
is predicted in the framework of ab initio calculations. By the example of a junction composed of an
antiferromagnetic dimer and a spin-polarized scanning tunneling microscopy tip we show that the TMR can
be tuned and even reversed in sign by lateral and vertical movements of the tip. Moreover, our finite-bias
calculations demonstrate that the magnitude and the sign of the TMR can also be tuned by an external voltage.
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I. INTRODUCTION

When electrons tunnel from one magnetic electrode into
another through a barrier, the magnitude of the tunneling
current depends on the relative magnetization orientation of the
two electrodes, which, in a magnet with uniaxial anisotropy,
can be switched between a parallel and an antiparallel
configuration with an external magnetic field. In this manner
stable low- and high-resistance states can be realized. This is
known as the tunneling magnetoresistance (TMR) effect,'™
the foundation of modern hard-drive read heads and magnetic
random access memories. The goal of obtaining a large TMR
ratio has focused intensive theoretical*~" and experimental®'°
studies on improving the structural quality of the interfaces in
magnetic tunnel junctions so that the tunneling process remains
coherent.

Another route for achieving a large TMR ratio is that of
scaling down the device’s size below the nanometer level
toward single-atom dimensions. If this route is taken, the
ability to control and manipulate the spin states of atomic-scale
structures will become a crucial challenge. In general the spin
state of a single magnetic atom or molecule can be controlled
by depositing it on magnetic substrates''~!7 or insulator thin
films,'®!” or by making it part of a variable length magnetic
chain.?® However, fixing and controlling the spin direction
of atomic-scale structures without an external magnetic field
still remains a formidable task. In order to achieve this goal
the use of systems with large magnetic anisotropy energy is
a natural choice. Transition metal dimers are believed to fall
into this category, which makes them promising candidates
for magnetic storage owing to their ultra-small size.?"*> Most
importantly, it has been proven that their local spin states can
be manipulated locally with an external electric field.??

In the present paper, we propose a new method for
engineering the conductance and the TMR at the atomic level
by a spin-polarized scanning tunneling microscopy (STM)
tip. Here we choose a Co-Cr heteronuclear dimer as a model
system and focus on the electron transport between the dimer
and a Cr tip. Our spin-dependent transmission calculations
demonstrate that the amplitude and the sign of the TMR can
be tailored by vertical or lateral motion of the STM tip as well
as by the applied bias.
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II. CALCULATION METHODS

We performed ground-state density functional theory
(DFT) calculations using the VASP code®* within the gen-
eralized gradient approximation (GGA), with the exchange-
correlation functional of Perdew and Wang (PW91).% In order
to describe the ion core electrons, the projector augmented
wave (PAW) potentials are used.’® The valence electronic
states are expanded in terms of plane waves with the number
restricted by a maximal kinetic-energy cutoff of 400 eV.
All parameters in calculations are chosen to converge the
total energy to 10~* eV. The geometries are relaxed until
all the residual forces are smaller than 0.01 eV/A. The
transport calculations are performed with the SMEAGOL code,?’
which combines the nonequilibrium Green’s function (NEGF)
formalism with DFT as implemented in SIESTA.?® In all
the transmission calculations, we used a standard double-¢
polarized basis for Cu and a triple-¢{ basis plus polarization
orbitals for the s shell for both Co and Cr. A 2 x 2 in a plane
k-point grid and a real-space mesh cutoff of 350 Ry are used.
The Cu(001) substrate is modeled by a five-layer-thick slab
containing 16 atoms in each atomic plane. The tip is modeled
as a pyramidal cluster,” constructed from nine Cu atoms and
terminated with a single Cr atom at the tip-apex, which is the
same geometry adopted in our previous work.** We have also
checked the stability of our results with the tip geometry and
noted very little variations.?!

The energy-dependent transmission coefficient, 77 (E; V),
is self-consistently evaluated at the finite bias V' and integrated
to give the spin current

(V) = 2 / dET?(E;V)[fi — fz). 1)

where o labels the spin (1, |), fi/r is the Fermi distribution
function evaluated at £ — uy g, and pupp = Er £eV /2 is
the chemical potential of the left or right electrode under bias
(EF is the Fermi level of the electrodes). At a positive bias
the chemical potential of the left electrode (tip) is shifted
by +eV/2 (e is the electron charge) and that of the right
one (substrate) by —eV /2. This is the setup of typical STM
experiments, where at positive bias the energy levels of the tip
move upward in energy with respect of those of the sample.
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Note that the actual potential drop in the device is calculated
self-consistently.

III. RESULTS AND DISCUSSION

A. Heteronuclear dimer on metal surface

A Co-Cr heteronuclear dimer is placed above the top Cu
layer at different sites, such as the top, bridge, and hollow ones
on the (001) surface. After full atomic relaxation, the hollow
site is calculated to be the most energetically favorable binding
position between the adatom and the surface. The total energy
of the system in this case is about 1.15 eV lower than that
of the bridge site, and even lower than that of the top one.
Thus, the Co-Cr dimer is placed with the atoms above two
nearest hollow positions. The vertical distance between Co in
the dimer and the Cu atoms underneath, Lco_cy, is 1.54 A,
while it is 1.80 A for Cr, L¢,—cy. The relaxed local geometry
is presented in Fig. 1(I). The substrate also shows an upward
relaxation with a distortion Dgy, of 0.04 A.

The magnetic order of the dimer is mainly determined
by the direct exchange interaction between Co and Cr, and
it is characterized by two basic collinear spin alignments,
in which the local magnetic moments are either parallel (P
configuration) or antiparallel (AP configuration) to each other.
The energy difference between two configurations is defined
as E,, = Ep — E p. We calculate E,, = +186 meV, which
means that the spins are in a robust AP alignment. Because
of the interaction with the supporting substrate or host, the
global spin orientation of a nanostructure can be driven into a
noncollinear configuration. Thus, we extend our investigations
into different noncollinear spin orientations, and we determine
the magnetic anisotropy of the system. We find that the ground
state is an in-plane (with respect to the Cu surface) collinear
AP configuration, and the magnetic moment of the Co (Cr)
atom is 1.59ug (3.79up). As such, the hard axis of the dimer
is out-of-plane, and the total energy in this case is about
1.6 meV higher than that of the in-plane position.

A Cr-terminated tip is positioned right above the Co atom
and it is moved toward the dimer as shown in Fig. 1. First, the
spin orientation of the dimer at different tip-atom distances
(Hrp) is carefully investigated. In our calculations, the spin
direction of the Cr termination of the tip is fixed to be
out-of-plane, while the spin direction of the dimer is rotated.

FIG. 1. (Color online) Setup for our transport calculations.
(I) The Co-Cr heteronuclear dimer on the Cu surface. (II) and (III):
The full device setup including the Cr-terminated tip and the dimer.
These are positioned, respectively, at a large (5 A) and a short
(3 A) tip-atom distance. Here H is the tip-atom distance, L is the
vertical distance between atoms of the dimer and the substrate atoms

underneath atoms, and D is the distortion of the substrate.
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TABLE I. Total energy in meV of the dimer-tip system when
the Cr tip is positioned above the Co atom of the dimer at different
tip-atom distances (A) for different spin configurations. Coo (Cro)
(o =1, ) is the spin orientation of the Co (Cr) atom in the dimer
and To is that of the tip. All the energies are measured with respect
to the ground-state configuration, which in all cases is Co| Crt T1.

Hia(A) Col Crf Tt Col Crt T, Co# Crl{ T4 Col Cr} Tt

5 0 5.1 5.1 111.6
4 0 26.3 26.3 131.2
3 0 118.9 118.9 102.7

At large tip-atom distances, Hpp = 5 A, where the junction
is in the tunneling regime, the easy axis of the dimer is no
longer in-plane but rotates out-of-plane. Now the energy of
the out-of-plane arrangement is about 3.6 meV lower than
that of the in-plane one (the hard-axis is in-plane now). The
physics behind this rotation is rooted in the fact that the Cr
tip provides a perturbation to the dimer ground state. Thus,
the weak indirect interaction between the tip and the dimer
along the direction orthogonal to the surface moves the dimer
spin orientation out-of-plane. The energy difference between
out-of-plane configuration and in-plane one becomes larger as
the tip-atom distance is reduced. This increases to 13.5 meV
for Hra = 4 A, and it jumps to 25 meV for Hry = 3 A (contact
regime).

We have then calculated the energy of the system at three
tip-atom separations for different collinear spin configurations
of the Co and the Cr atoms of the dimer and of the Cr tip-apex
(T). The results are summarized in Table I.

From the table it can be observed that in all cases the ground
state is characterized by a dimer AP configuration and by an
AP alignment between the Cr atom of the tip and the Co
in the dimer. Therefore, in all our next calculations we fix
the spin direction of the Co-Cr dimer in such a way that the
spin direction of the Co is perpendicular and points into the
substrate while that of the Cr points out of it.

The geometry of the dimer-tip system changes as the tip
approaches the surface. At the large tip-atom distance Hpa =
5 A, due to the weak interaction between the tip and the dimer,
Lco—cu slightly increases to 1.54 A, while L¢,_cy remains
1.80 A. The magnetic moment of the Co (Cr) atom of the dimer
is 1.58 (3.78)u g; i.e., itis nearly unchanged as compared to the
dimer in the absence of the tip. In this situation the magnetic
moment of the Cr atom of the tip is 3.96 5. At the closer tip-
atom distance of Hyy = 3 A, the atoms in the dimer are pulled
upward, Lco—_cy, increases to 1.71 A, while Lc,_c, becomes
1.90 A. At the same time the Cr tip apex is pulled downward
by 0.29 A, so that Hra decreases to 2.57 A. The substrate
also shows a strong upward relaxation with Dy, = 0.12 A. At
this stage the attractive interactions between the tip and the
dimer and between the dimer and the substrate are the driving
forces for the observed atomic relaxation. The magnetic
moment of the Co (Cr) atom decreases to 1.42 (3.73) usg,
and that of the tip is 3.89 wp. Such a reduction is due to the
strongly enhanced interaction between the tip and dimer at the
shorter tip-atom distance.

When the Cr tip is positioned above the Cr atom of the
dimer, the ground state of the system is that where the spin
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alignment of the Cr tip and that of the Cr atom of the dimer are
always parallel and out-of-plane, regardless of the tip-atom
separation. This is due to the strong exchange interactions
between Co and Cr in the dimer. The atomic relaxation is then
similar to that described for the Cr tip above Co.

B. Tip-atom distance-dependent transmission

The zero-bias transmission coefficients for the two po-
sitions of the tip and at two different tip-dimer distances
Hrya are presented in Fig. 2. As expected the transmission
in the tunneling limit (Hry = 5 A) is sensitively reduced with
respect to that in the contact limit (Hra = 3 A), regardless
of the magnetic arrangement. However, we note that given
the different spatial extension of the d and sp orbitals, with
the d shell being considerably more localized, we expect the
tunneling regime to be characterized primarily by tunneling
electrons with sp symmetry, while those with d symmetry
will contribute the most in the contact limit.

In the tunneling regime, when the Cr tip is above the
Co atom of the dimer [see Fig. 2(a)], a peak appears at
—0.3 eV when the spins of the tip and the atom are in the
AP configuration, while it is much less pronounced for the P
alignment. The transmission coefficient in AP configuration,
however, drops near the Fermi level, and T (Ef) for the AP
configuration is slightly smaller than that for the P one.
In the contact regime, a large transmission peak emerges
at —0.15 eV in AP configuration, while it is at —0.4 eV
in P one. We then find Tp(Ef) < Tap(Eg), with Tp(EF)
[TAp(Ep)] being the transmission coefficient at Eg for the P
(AP) configuration. Therefore a tip-atom distance-dependent
TMR is demonstrated. In order to quantify this effect we define
the TMR ratio as

TMR = (Ip — 1ap)/1ap, (2

where Ip (I4p) is the current in the P (AP) configuration.
Note that at zero bias the TMR ratio is obtained in terms of
T (Er) and not of the current, which vanishes. We then obtain
a positive TMR ratio of +14% in the tunneling regime and a
negative one of —17% in the contact one. This means that the
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FIG. 2. (Color online) Transmission curves for the parallel and
antiparallel configurations at zero bias: (a) the Cr tip is positioned
above the Co atom; (b) the Cr tip is position above the Cr atom. The
numbers in the figure indicate the tip-atom separation. The insets
describe the geometry used in the calculation. Note that all energies
are measured relatively to Ep.
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TMR ratio can be tailored by changing tip-atom separations
and in particular that a vertical manipulation of the STM tip
can change not only the value but also the sign of the TMR.

When the STM tip is positioned above the Cr of the
dimer [Fig. 2(b)] the total transmission coefficient in the P
configuration is always larger than that of the AP one, in
agreement with our previous calculations.>® We thus obtain
a positive TMR ratio of about +34% in the tunneling regime
and of about +33% in the contact limit. Although the TMR
ratio in the tunneling and the contact regime is nearly the same,
the transmission coefficient of the former is much less than that
of the latter. By comparing Fig. 2(a) with Fig. 2(b), one finds
that, in the contact regime, the transmission coefficient of the
tip above Co atom is larger than that calculated when the tip is
positioned over Cr, with the TMR ratio changing from —17%
to +33%.*! In the tunneling regime this change is from +14%
to +34%. This clearly demonstrates that lateral tip movements
can produce a change of both the magnitude and the sign of
the TMR ratio.

In order to deepen our understanding of the tip-atom
distance dependence of the transmission, we concentrate on
the configuration where the tip is placed above Co and
plot the spin-resolved transmission curves for the P and AP
configurations in both the tunneling and the contact regimes
(see Figs. 3 and 4). For both regimes the majority (1) AP
transmission is larger than that of the P configuration, whereas
the minority () AP transmission is smaller than the one of the
P. Therefore, the transmission in the AP configuration is mainly
determined by majority spins, while the minority spins give
the main contribution to the transmission in P configuration.
The underlying mechanism for such a transmission features is
related to the wave-function overlap between the tip and the
atom in two configurations. Such a conclusion can be drawn
from the analysis of the orbital projected density of states
(PDOS) of the Cr tip and the Co atom in the different regimes.

First, we discuss this phenomenon in the tunneling regime.
Figures 3(c) and 3(d) displays the PDOS of the sp orbitals,
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FIG. 3. (Color online) Spin-resolved transmission coefficient in
the tunneling regime (Hry, = 5 A) for the AP (a) and P (b) config-
urations when the Cr tip is above the Co atom. In the lower panels
we show the partial density of states (PDOS) projected over the sp
orbitals of the Cr tip and the Co atom: (c) AP and (d) P. In all the panels
positive values correspond to 1 spins and negative values to |,.
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FIG. 4. (Color online) Spin-resolved transmission coefficient in
the contact regime (Hra = 3 A) for the AP (a) and P (b) configurations
when the Cr tip is above the Co atom. In the lower panels we show
the partial density of states (PDOS) projected over the d orbitals of
the Cr tip and the Co atom: (c) AP and (d) P. In all the panels positive
values correspond to 1 spins and negative values to |,.

which are the ones dominating the tunneling. In the tunneling
regime the amplitude of the majority Co sp orbitals is nearly
the same in the two configurations. In AP configuration the
magnitude of the majority Cr sp orbitals is larger than that
in the P configuration. As a consequence the majority spins
contribute the most to the transmission in AP configuration.
However, the minority Co and Cr sp states in P configuration
give a larger contribution to the transmission than the ones
in the AP state due to larger contribution of Cr sp states.
Furthermore, the total transmission near the Fermi level in
AP configuration is slightly smaller than that in the P one [as
shown in Fig. 2(a)], resulting in a positive TMR ratio.

In the contact regime (Fig. 4) the d orbitals of the tip and
those of the dimer give a dominant contribution to the electron
transport. The d states of the Cr tip and the Co atom are
plotted in Figs. 4(c) and 4(d). In the majority part of the AP
configuration there is a pronounced Cr d states located at
—0.5 eV, where a transmission peak is found [see Fig. 4(a)].
Therefore, it can be concluded that the transmission peak at
—0.5eV in Fig. 4(a) is mainly caused by Cr d states. It can also
be found in Fig. 4(c) that in the energy window [—0.3, 4-0.3]
eV there is a strong hybridization between d states of the tip
and those of Co. This is responsible for the robust transmission
peaks found around the corresponding energies. Similarly, the
transmission peak near +0.5 eV is mainly due to Co d states. In
the P configuration, Fig. 4(d), although two clear Co majority
d states appear at —0.25 and 4-0.3 eV, no significant peak in the
transmission is found. In the minority channel, a pronounced
minority transmission peak appears at —0.4 eV, which is due
to the hybridization between the minority d states of the Cr tip
and the Co d states. The strong hybridization between d states
of the Cr tip and d states of the Co atom is the reason of why
at the Fermi level the total transmission coefficient in the AP
configuration is larger than that of the P one (see Fig. 2), and
a negative TMR ratio is obtained.

A similar analysis can also be applied to the case where the
Cr tip is above the Cr atom of the dimer, as shown in Fig. 5. In
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FIG. 5. (Color online) Transmission coefficient in the contact
regime for the AP (a) and P (b) configurations when the Cr tip is
positioned above the Cr atom of the dimer. In the lower panels we
show the partial density of states (PDOS) projected over the d states of
the Cr tip and the Cr atom for both the AP (c) and P (d) configurations.
In all panels positive values correspond to 4 spins and negative values

to |.

the P configuration in the contact regime, a strong majority
transmission peak at —0.5 eV is due to the hybridization
between majority Cr tip and Cr atom d states. In contrast,
for the AP configuration, the hybridization is weaker in both
spin channels, and it results in a reduction of the transmission.
Consequently, a positive TMR ratio is observed.

C. Bias-dependent transmission

An inversion of the sign of the TMR ratio has been already
demonstrated in magnetic layer structures.’” Furthermore,
recently a spatial modulation of the TMR of a nanostructure
has been reported.” However, the same phenomenon has not
been reported for atomic-sized junctions. A closer look at
Fig. 2(a) reveals that in the tunneling regime for £ > —0.05
eV the transmission coefficient in the P configuration is larger
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FIG. 6. (Color online) (a) TMR ratio as a function of external
biases at the tunneling regime. The evolution of the transmission
coefficient at different biases is shown in (b) +0.3 eV, (c) 0 eV, (d)
—0.6 eV. The vertical lines in the figure denote the bias window.
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than the one in AP configuration, whereas for £ < —0.05 eV
it is smaller. Therefore, an inversion of the TMR sign can be
expected as the bias increases. Our calculations demonstrate
such phenomenon, as shown in Fig. 6(a).

The bias dependence of the TMR can be explained by
looking at the evolution of the transmission function under
bias, which is presented in Figs. 6(b)—6(d). Figure 6(c) displays
the transmission coefficient for the P and AP configurations
at zero bias [see also Fig. 2(a)]. At Ep the transmission
coefficient in the P configuration is larger than that in the
AP one, and a positive TMR is obtained. A strong peak (1)
at —0.3 eV appears in AP configuration, and it is due to the
interaction between sp states of the Cr tip and those of Co [see
Fig. 3(c)]. Above the Fermi level, the transmission coefficients
for both configurations increase linearly. At the positive bias
of V.= 0.3V, Fig. 6(b), the current is obtained from Eq. (1)
by integrating T(E; V) over a bias window. In this energy
region the transmission coefficient for the P configuration is
always larger than that for the AP one. Therefore, Ip > I4p.
At that voltage the strong transmission peak (1) in the AP
configuration moves down to —0.42 eV, and its shape also
changes, as shown in Fig. 6(b). However, it does not contribute
to the current as it lies outside of the bias window. Thus, at
positive biases a positive TMR is found. In contrast, when a
negative bias of V = —0.6 V is applied, as shown in Fig. 6(d),
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the strong transmission peak (1) in the AP configuration moves
to higher energy and enters the bias window, thus contributing
significantly to the tunnel current. Therefore, at V. = —0.6 V,
we have I4p > Ip and the TMR is negative.

IV. CONCLUSIONS

In conclusion, we choose a heteronuclear dimer as a model
system to demonstrate that the magnitude and even the sign
of the TMR can be tuned by vertical or lateral movements
of a spin-polarized STM tip, or even by the external bias.
We believe that such a phenomenon is rather general, and it
can be found in other transitional metal dimers. Our results
are rationalized in terms of the system density of states and
the alignment of the various orbital levels under bias. The
effect predicted here can probably be proved experimentally
by fabricating a magnetic mixed chain on surfaces or producing
surfaces with an antiferromagnetic spin structures and by
probing it with a spin-polarized STM tip.
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