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Switching a Single Spin on Metal Surfaces by a STM Tip: Ab Initio Studies
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The exchange coupling between single 3d magnetic adatoms (Cr, Mn, Fe, and Co) adsorbed on a
Cu(001) surface and a Cr STM tip is studied with ab initio calculations. We demonstrate that the spin
direction of single adatoms can be controlled by varying the tip-substrate distance, and the sign of the

exchange energy is determined by the competition of the direct and the indirect interactions between the

tip and the adatom. Based on the spin-dependent transport calculations, we find a magnetoresistance of

about 70% at short tip-substrate distances.
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The control over magnetic ordering down to a single
atomic magnet, such as a single atomic spin on a surface, is
of great importance for spintronics devices. The delicate
interaction between the adatom and its surroundings, me-
diated by a supporting substrate or host, determines the
resulting behavior of the spin orientation. The spin direc-
tions of interacting adatoms can be driven into either
parallel (ferromagnetic) or antiparallel (antiferromagnetic)
alignment, or even noncollinear alignment, depending on
the sign of the exchange coupling. Recent scanning tun-
neling microscopy (STM) experiments demonstrate the
ability to measure the exchange coupling between spins
[1,2]. The magnetic exchange interaction can be ob-
tained from the excitation spectra of a magnetic chain
with different length [1] or the Kondo resonance of the
interacting adatoms at various separations [2]. One can
also use the magnetic exchange coupling to control the
spin state of a single magnetic adatom by depositing it on
an insulating thin film [3] or on magnetic islands [4,5].
Moreover, Heinrich et al. [6] have observed a spin-flip
phenomenon for a single manganese adatom on a metal
oxide island. In all the above experiments, the STM tip is
only used as a tool probing the status of adatoms on
surfaces, but the influence of the STM tip on electronic
and magnetic properties of adatoms has not been inves-
tigated. However, theoretical and experimental studies
have shown that electronic and magnetic properties, as
well as the conductance behavior of a single adatom on
metal surfaces, strongly depend on the tip-surface distance
[7-12].

Here, we point out a way for manipulating the spin
direction and the conductance of a single-atom-junction
by a magnetic STM tip. We concentrate on the magnetic
exchange coupling between single magnetic adatoms (Cr,
Mn, Fe, Co) on a Cu(001) surface and a Cr tip. Performing
ab initio calculations, we show that it is possible to control
the spin direction of single adatoms with a magnetic STM
tip by changing the tip-substrate distance. We demonstrate
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that the sign of the exchange coupling between the tip and
the adatoms is determined by the competition of the direct
and the indirect exchange interactions. A large magneto-
resistance of about 70% is predicted for a single atom
junction.

Our calculations are based on density functional theory
(DFT). The ground state DFT calculations are performed
using the VASP code [13] within the generalized gradient
approximation (GGA), with the exchange-correlation
functional of Perdew and Wang (PW91). The projector
augmented wave (PAW) potentials are used [14] with a
maximal kinetic-energy cutoff of 400 eV, and the total
energy converges to 107> eV. The transport properties
are calculated with the SMEAGOL code [15], which com-
bines the nonequilibrium Green’s function formalism with
DFT [16]. For the SMEAGOL calculations, we use a standard
double-{ polarized basis for the Cu, whereas for Cr, we use
a triple-{ basis with 2 polarization orbitals for the s orbital.
The cutoff radii of the first /s are determined via an
equivalent energy shift of 0.02 Ry, and higher (s are
constructed with the split-norm scheme [16]. A 2 X 2 in-
plane k-point grid and a real space mesh cutoff of 350 Ry
are used.

The Cu(001) substrate is modeled by a slab of 5 layers of
Cu atoms with 16 atoms in each layer. The adatom is
placed above the hollow site of the top Cu layer. We use
a cluster model for the tip [17]. To simulate the STM tip,
we use the following approaches: (1) the tip is modeled by
a pyramid consisting of 13 Cu atoms and one Cr atom at
the tip-apex (as shown in Fig. 1), and (2) by a pyramid
consisting of 14 Cr atoms. In the latter case, since the Cr tip
has an antiferromagnetic ground state [18], the spin direc-
tion of atoms in the second layer of the tip is set to be
antiparallel to the spin direction of atoms in the other two
layers. Three bottom Cu layers of the substrate and the top
layer of the tip are fixed; all the other atoms are fully
relaxed. The geometries are optimized until all residual
forces on each atom are less than 0.01 eV/A.
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FIG. 1 (color online). Exchange energy as a function of the tip-
adatom separation D. The inset is the setup for the calculations.
In all calculations, the spin direction of the tip apex is fixed (spin
up), while it can be reversed for adatoms (either to be spin up or
spin down).

The magnetic interaction between the tip and adatoms
can be inferred from the exchange energy E.,, defined as
E.(D) = Ep(D) — Eap(D), and displayed in Fig. 1, where
Ep (EAp) is the total energy of the system with the spin
directions of the tip and the adatom in parallel (antipar-
allel) alignment, denoted as P (AP ) configuration. For the
interaction between the Cr tip and the Cr adatom, one can
see that the exchange energy changes its sign when the tip
approaches the surface. D¢, 1S defined as the critical tip-
adatom distance where the exchange energy changes its
sign. A positive value of the exchange energy indicates that
AP configuration is energetically favorable, while for
negative values, the P configuration has the lowest energy.
The exchange energy calculation without geometry relaxa-
tion has also been performed, and similar results were
obtained. We have also carried out fully relaxed calcula-
tions for the exchange energies using the tip consisting of
14 Cr atoms. At the distance of 4.0 A, the energy difference
between P and AP conf;lgurations is about —77 meV, while
it is 84 meV for 2.5 A. Although exchange energies are
quantitatively different from those of the single-Cr tip, the
trends for both tip models are the same.

We have also studied the exchange interaction between
the Cr tip and other magnetic adatoms, such as Mn, Fe, and
Co (as shown in Fig. 1). Mn and Fe adatoms change their
spin directions at the tip-adatom distance of about 3.8-4.0
and 4.0-4.2 A, respectively, and it is about 4.6 A for the
Co adatom. In other words, going from the Cr to the
Co adatom, the D¢, increases. The above results give
clear evidence that the magnetic exchange interaction be-
tween tip and adatoms can be controlled by varying the tip-
adatom distance.

The transition from P to AP configuration can be traced
by analyzing the charge distribution between the tip and
the adatom. We concentrate on the charge distribution
between the Cr tip and the Cr adatom at different tip-

adatom separations in their ground states. The spin-
dependent charge density difference Ap? (o =1, |) is
defined as: Ap” = plic, = plicu — Piip» Where plic, is
the charge density of the Cr tip on Cr/Cu(001), pZ, is
that of the Cr adatom on Cu(001) surface, and pgp is for

Cr tip. It is worth noting that the pg and pg, are

computed with the relaxed geometries as in the p¢&,,.. We
present in Figs. 2(a) and 2(b) the charge density difference
for majority (including s, p, and d orbitals) and minority
(including s, p, and d orbitals) electrons at the tip-adatom
separation of 4.0 A (P configuration). It can be observed
that there is a clear difference in the charge redistribution
between the spin-up part and the spin-down part. For the
spin-up part, an excess charge accumulates in the area
between the tip apex and the adatom. It means that there
is a charge transfer for the spin-up electrons from the tip
and the adatom to the area between them. At the same time,
for the spin-down electrons, there are only very few elec-
trons depletion from the tip and the adatom, and the
accumulation of the charge in the area between them is
too weak to be visualized in the figure. Therefore, there is a
spin-polarized charge transfer between the tip and the
adatom, and this process includes mainly spin-up
electrons.
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FIG. 2 (color). Spin-dependent charge density difference Ap?.
The red and black arrows in the figure are the positions of the tip
apex and the adatom, respectively. The units of the x and y axes
are A. (a) and (b) are the charge density difference for the spin-
up and spin-down electrons at the tip-adatom separation of 4.0 A
(P configuration), respectively. (c) and (d) are the charge den-
sities difference for the spin-up and spin-down electrons at the
tip-adatom separation of 2.5 A (AP configuration), respectively.
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The spin-dependent charge density difference at the tip-
adatom separation of 2.5 A (AP configuration) is plotted in
Figs. 2(c) and 2(d). One can find that the majority electrons
deplete from the Cr tip apex and accumulate in the area
between the tip and the Cr adatom. On the contrary, the
Cr adatom loses the minority electrons while the tip re-
ceives them. In other words, there are two processes of the
charge transfer, one is the transfer of the majority electrons
from the Cr tip apex to the Cr adatom, and the second is the
transport of the minority electrons from the adatom to the
tip apex.

In order to make clear which orbitals are involved into
the charge redistribution process, the projected density of
states (PDOS) of the Cr adatom and the Cr tip apex at the
tip-adatom separation of 4.0 A (P configuration) is plotted
in Fig. 3. The PDOS is obtained using SMEAGOL, so that the
broadening of the peaks is induced by the coupling to the
semi-infinite Cu leads. The PDOS generally agrees well
with the one obtained using VASP. At a large tip-adatom
separation, the direct overlap of the d states of Cr atoms is
very weak. At the same time, a strong hybridization be-
tween the d and both the s and the p states can be observed
for the tip apex and also for the adatom. The interaction
between d states of the tip and d states of the Cr adatom
occurs via the s- and p electrons. In other words, an
indirect interaction between the tip and the adatom deter-
mines the exchange coupling between them. Our results
can be explained with the classical Zener model [19,20].
The ferromagnetism of the incomplete d shells arises from
the indirect coupling of the d shells via the conducting
electrons (in this case, s and p electrons). All unpaired
electrons within each atom strive to attain the configuration
of the lowest energy, in which according to Hund’s rule, all
spins are parallel to each other. Since the conduction
electrons carry along their own spins unchanged as they
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FIG. 3. Projected density of states for the Cr adatom (left
panels) and the Cr tip- apex (right panels) at 4.0 A separation
between them (P configuration); (a), (b) 4s states; (c), (d) 4p
states; (e), (f) 3d states.

wander from atom to atom, they are able to move within an
environment of parallel spins only if the spins of all the d
shells are pointing in the same direction. This indirect
coupling via the conduction electrons will therefore lower
the energy of the system when the spins of the d shells are
parallel. This is a so-called double exchange process.
Ferromagnetism is possible only when the indirect cou-
pling dominates over the direct coupling between adjacent
d shells.

Now we can understand why the D¢, for Cr, Mn, Fe,
and Co adatoms are different. The coupling energy be-
tween the inner d electron and the outer s shell in atoms
decreases from 0.92 eV for the Cr atom to 0.50 eV for the
Co atom [21]. The reduced hybridization between s and d
electrons promotes the transition from P to AP configura-
tion. Therefore, going from Cr to Co the D¢, increases.
However, results for Mn, Fe, and Co are close.

At short tip-adatom separations, the scenario of the
magnetic coupling in the junction is different. In this
case, a direct interaction between d states of the tip and
the adatom determines the ground magnetic state. Moriya
pointed out that half-filled d shell couples with other atoms
almost antiferromagnetically due to direct d-d covalent
admixture [22]. Our results of the interaction between the
half-filled Cr tip with magnetic adatoms at short tip-
adatom distances can be well explained by Moriya’s
theory.

We now analyze how a change of the spin alignment
between the tip and the adatom from the P to the AP
configuration affects the current. The zero-bias transmis-
sion coefficients for the Cr tip and the Cr adatom at differ-
ent tip-adatom distances D are presented in Fig. 4. The
values for D go from 2.5 A, where the AP configuration has
the lower energy, to 4.0 A, where the P configuration is the
ground state, and where the ferromagnetic exchange en-
ergy is maximal (see Fig. 1). We first note that the trans-
mission is of the order of 1 for energies around the Fermi
energy, Er. This indicates that for the chosen separations,
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FIG. 4 (color online). Zero bias transmission coefficient for the
Cr tip and the Cr adatom at different tip-adatom separations, D,
for P (a) and AP alignment (b). Positive values are for majority
spins, negative values for minority spins.
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the electron transfer rate is large so that indeed a substan-
tial interaction between tip and substrate can occur due to
the conduction electrons. One can see that an increasing
separation leads to a reduction of the transmission.
Moreover, the width of the high transmission region is
reduced, which is due to the decrease of the hopping
between the tip and the adatom with increasing D. The
transmission around Ef is in the range of 1 to 2, which
shows that more than one channel significantly contrib-
utes to the total transmission. One can clearly attribute
the various peaks in the transmission to peaks in the
PDOS of Fig. 3. For D = 2.5 A in the P configuration,
the majority transmission is significantly larger than the
one for the minority spins for energies up to Ep. This is
due to the fact that whereas for the majority, there are
significant contributions to the DOS from s, p, and d
electrons, for the minority spins, the contributions from
the p and d electrons are very small at these energies. The
only available channel for the minority-spin electrons is
therefore the s channel, and this results in a smaller trans-
mission. For D = 4 A, however, the difference in trans-
mission between P and AP transmission is much smaller,
which indicates that the extended 4s states give the main
contribution to the transmission for large separations. For
energies up to about 4 eV above Er, the p orbitals also
substantially contribute to the transmission. This analysis
further supports our model of the double exchange cou-
pling at large distances.

The AP transmission [Fig. 4(b)] can approximately be
seen as a convolution of the majority and minority trans-
missions [15]. In this case, since the adatom and tip atom
are both Cr atoms, it is approximately equal for majority
and minority spins. For both spins, the AP transmission
around E is smaller than the one of the P majority spins,
but it is larger than the one of the P minority spins. The
total transmission for the P configuration is, however,
larger than the one for the AP configuration, the difference
becoming larger with decreasing D. Therefore, a large
magnetoresistance can be expected at small distances.
The magnetoresistance ratio is defined as Ryr =
(Ip — Iap)/1sp, with Ip(Iop) the current in the P (AP)
configurations. At zero bias, Ry can be obtained from
the transmission at E, and we obtain Ryg(D = 2.5 A) =
73%, Ryr(D = 3.0 A) = 64%, and Ryr(D = 4.0 A) =
3%. We also calculate Ry for the short tip-adatom sepa-
ration of 2.5 A by calculating the current for an applied
bias of 0.2 V, for both the P and the AP configurations.
Using the obtained currents, we find Ryg = 70%, in good
agreement with the zero bias prediction. We note that the

change of the resistance does not require external magnetic
field.

In conclusion, our results have demonstrated that the
spin direction of single magnetic adatoms can be
controlled by varying the position of a spin-polarized
STM tip. The physics behind all effects found in the
present work is related to the competition of the direct
and the indirect interactions between the tip and the ad-
atom. Spin-dependent transport properties have been cal-
culated, and a large magnetoresistance has been found at
the separation where a switching of the magnetic adatom is
predicted. The present work provides a theoretical predic-
tion that is feasible with current technology to manipulate
the spin direction of a single adatom, and to detect the
switching by measuring the current at a constant voltage as
function of the tip to substrate separation.
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