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nanostructure is explored using ab initio calculations. By considering M (M = Mn, Fe, Co) mono-atomic
chains supported on Cu,N islands on a Cu(001) surface as a model system, it is demonstrated that
two indistinguishable Néel states of an antiferromagnetic chain can be tailored into a preferred state by

the exchange interaction with a magnetic STM tip. The magnitude and direction of the anisotropy for
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For a long time scientific and engineering communities engaged
in the business of spintronics have been paying attention almost
exclusively to ferromagnetic systems because their spin orienta-
tion can be switched by magnetic fields or spin-torque currents.'
At the atomic level or even at the subnanometer scale, the
possibility to precisely manipulate spin states of a magnetic
storage unit with the magnetic field is a big problem since the
inherent non-locality of the field may result in unwanted spin flips
of neighboring units. Only recently “antiferromagnetic (AFM)
spintronics”, which is insensitive to the magnetic field due to a
lack of net magnetic moment, has started gaining popularity” due
to its great advantage for applications where stability against stray
magnetic fields is crucial.®> Artificial AFM nanostructures have
been featured in a number of remarkable experiments, ranging
from fundamental studies of elementary spin excitation to realiza-
tion of all-spin-based logic gate.”®® However, it is hard to control
the spin state of an AFM material with an external magnetic field
due to its zero net spin. The question how to manipulate the spin
state of an AFM material then becomes one of the major obstacles
for its application in spintronics industry. To date, only a few
potential solutions have been offered.”'%"!

The second major requirement for spintronic devices at the
atomic level has always been the inherent thermal stability of
their macro-spin. As the dimensions of a system shrink down to
the size of a few hundred atoms, the system tends to start
behaving super-paramagnetically. To stabilize the spin orienta-
tion against thermal fluctuations, large magnetic anisotropy
energy (MAE) is required. Many strategies to enhance the MAE
of magnetic materials have been proposed, such as alloying,"*™**
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antiferromagnetic chains can also be tuned by exchange coupling upon varying the tip—chain separation.

exposure to the external electric field,">° local environment
manipulation,”>*? electron or hole injection,* and the use of
low-coordination anisotropic geometries.>*>® However, nearly
all of them focus on ferromagnetic materials, and very few
studies have been reported on AFM systems.

In the present work we shall address a special class of low-
dimensional antiferromagnetic structures - linear atomic chains,
which can classically be found in one of the two Néel states |1) =
.t 4 1), yand 2)=|.., |, 1, |, T,...), where the arrows
denote the spin orientation of a particular atom in the chain. It is,
however, known from both theoretical and experimental studies
that atomic spins of AFM chains often behave as quantum
objects.”” > Recent experiments confirmed the existence of a
classical-to-quantum transition of an atomic chain’s behavior when
the parity of the chain-length changes from odd to even.*® It was
reported in both experiment and theory that the quantum ground
state of an AFM atomic chain can be tailored into one of the two
Néel states by passing a tunneling current through the system via a
scanning tunneling microscope (STM) tip.>*° Recently, it has been
demonstrated that exchange coupling with the STM tip can be used
to tune the spin mixing of a finite AFM chain."

Here, using ab initio tools and choosing M/Cu,N/Cu(001) (M =
Mn, Fe, Co) as a model system, we demonstrate that exchange
coupling with the magnetic STM tip can be used to tailor two
degenerated ground states of an AFM system into different
classical Néel states. We further demonstrate that both ampli-
tude and sign of magnetic anisotropy of the AFM system can be
tuned by exchange coupling.

1 Calculation methods

Our calculations were carried out in the framework of Density
Functional Theory (DFT) as implemented in Vienna Ab initio
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Simulation Package (VASP)*'** with the projector augmented
wave (PAW) potentials*® and the generalized gradient approxi-
mation (GGA) by Perdew, Burke and Ernzerhof (PBE).** The
basis set contained plane waves with a kinetic energy cutoff
of 500 eV and the total energy was converged to 10~ eV. All
geometries were optimized without any symmetry constraint
until all residual forces on each atom were less than 0.01 eV A~
Spin-orbit coupling (SOC) with relativistic effect was included in
all calculations.

A 3 x 4 supercell is employed in all calculations, and the
distance between two neighbouring supercells is larger than
10 A. The supercell consists of 5 Cu(001) layers with a ¢(2 x 2)N -
Cu(001) molecular network on one side, in which magnetic
nanoscale systems are partially screened from the metallic
support by a thin decoupling layer.>*!*2*2¢ Magnetic adatoms
are known to reside on top of the Cu sites of Cu,N.”> In our
calculation, 4 magnetic atoms were placed to form a compact
infinite chain, which means the distance between two magnetic
atoms is about 3.6 A, as sketched in Fig. 1(a) and (b). Magnetic
atoms on Cu,N push the Cu atoms directly beneath them
deeper into the Cu(001) substrate. The surrounding N atoms
are, on the contrary, pulled outwards from the surface forming
bonds with magnetic adsorbates. To mimic the influence of
the STM tip on the magnetic properties of the chain on the
surface, we used 9 Cu atoms and 1 Cr atom as the apex of the
tip. Such a tip can be obtained in experiments by attaching
atoms to the tip apex'' and we have used this model many
times, for example in ref. 35. A relaxed geometry obtained in our
calculations agrees well with experimental®'*** and previous
theoretical®®™* results.

3 4 5 oo

tip-chain distance (A)
Fig.1 (a and b) Schematically demonstrate magnetic chains on a
Cu,N/Cu(001) substrate in a correlated state of superposition of two Néel
states |1) and |2). (c) Dependence of the exchange coupling between a
Cr-terminated STM tip and magnetic chains on the substrate on the
distance between the tip apex and the chain. The last point marked
with “oo” underlines the absence of exchange in the absence of a tip.
(d) A collapsed state |1) due to exchange coupling to the Cr tip placed over
one of the magnetic atoms. Small triangles with different colors represent
different spin directions.
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2 Results and discussion

The bonding between the neighboring magnetic atoms is
mediated by N atoms of the surface molecular Cu,N network
residing between them, or in other words, the magnetic atoms
interact with each other by the super-exchange interactions. We
calculated the exchange interaction between magnetic atoms in
the chain as Jyp = AE/4Sy” = (Ep — Eap)/4Sy”. AE is the energy
difference between parallel (Ep) and antiparallel (E,p) spin
configurations for the chain, and Sy, is the spin of the magnetic
atom. We considered a pure Fe chain (without STM tip) on the
Cu,N surface as an example; according to our calculations,
the spin of the Fe atom is around S = 1.5, which was used for
the following parts. The exchange interaction jyn, for a compact
Fe chain increases from 18.7 meV per Fe pair on the Cu(001)
surface to 35.2 meV on the Cu,N surface. The exchange inter-
action Jy in experiments for the Mn chain® and the Fe chain®'!
on the Cu,N surface is about 6.2 meV and 1.2 meV respectively,
which is much lower than our results. This is because the
distance between two Fe atoms in the compact chain is 3.6 A
while it is 7.2 A for the Mn(Fe) chain in experiment. We also
calculated the exchange interaction of a 3 Fe atom composed
finite chain on the Cu,N surface, in which the distance between
two Fe atoms was 7.2 A, similar to that found in experiments.**
The exchange interaction J/yn between Fe atoms is greatly reduced
to about 2.7 meV. Therefore, the super-exchange interaction
between magnetic atoms not only aligns the spins of the
neighboring magnetic adatoms anti-parallel to each other, but
also enhances interactions between them.

As mentioned before, in the absence of external influence,
the two Néel states of the chain (|1) and |2)) have the same total
energy and are quantum-mechanically indistinguishable. In a
ferromagnet, the degeneracy of a spin state can usually be lifted
by applying an external magnetic field. In an anti-ferromagnetic
system, where the net spin of the system is zero, the Zeeman
splitting cannot be relied on any more, since it acts equally on
both Néel states. One way to lift the degeneracy and tune the
quantum AFM system into one of the classical states is by
dynamic perturbation, such as the tunneling current from an
STM tip,” or the exchange interaction between the tip and the
sample.'" Here, we propose that the exchange interaction
between the chain and the tip can act as a local perturbation
and favor one of the Néel states over the other, thereby lifting
the degeneracy and tuning the AFM chain into one of its
classical states.t

The magnitude of the exchange interaction Ee, between a
Cr-terminated STM tip and a M/Cu,N/Cu(001) (M = Mn, Fe, Co)
chain when the tip is positioned right above one of the
magnetic atoms of the chain, is plotted in Fig. 1(c) as a function
of the tip—chain distance. We define the exchange energy as
the difference of energies of Néel states |2) and |1) as Eexeh =
E,, — E,_, where - — and — « are determined by the

+ As we know, the density functional theory employs periodic boundary condi-
tions in calculations. However, we point out that in our calculations the spin
states of AFM chains can also be tailored with a single tip, similar to that in

experiments.*"!
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mutual spin alignment of the Cr tip-apex (which is fixed) and
the magnetic atom right underneath it (— — being parallel
and — «-antiparallel), as shown in Fig. 1. When the tip is far
away from the chain, or in the tunneling regime, the direct
overlap between the d orbitals of the tip and the magnetic atoms
underneath is very weak, and the interaction between them can
only be mediated by s and p electrons of the atoms and the
conduction electrons of the substrate. On a metal surface, where
the density of conduction electrons is relatively high, this is
known to lead to a ferromagnetic coupling of the d-shells of the
adatoms via the Zener double-exchange mechanism.**”**! In
our case the decoupling influence of Cu,N reduces the density of
conduction electrons between the magnetic atoms and the
substrate and thus the double exchange between the tip and
the chain remains negligibly small. As the tip gets closer to
the chain (in the contact regime) the direct exchange gains in
magnitude, forcing the half-filled d shells to align antiferro-
magnetically, and the total energy difference of the system between
two Néel states reaches the values of several hundred meV.

The increase is especially pronounced for the Mn chain. Since
the Cr atom and the Mn atom have similar ground state
configurations, the two atoms have comparable density of states.
Therefore, the hybridization between the Cr tip and the Mn atom
is much stronger than in the case of Fe or Co chains. Still, even
for Fe and Co chains, already at a distance of about 4-5 A the
exchange coupling becomes large enough to make one of the
Néel states (in our sketch in Fig. 1(d) it is the state |1)) clearly
preferable and lift the degeneracy into one of the classical ones.

Another important parameter of a magnetic system is its
anisotropy. It defines the thermal stability of the system and
the energy needed to switch the system from one spin state to
the other. When 3 Fe atoms are adsorbed on Cu,N/Cu(001)
forming a finite chain, the distance between two Fe atoms is
7.2 A.** As the tip is positioned above the edge and the middle
atom, the uniaxial magneto-crystalline anisotropy D is 2.1 meV
and 3.6 meV, resulting in a magnetic anisotropy energy (MAE)
DS of about 8.4 meV and 14.4 meV, respectively. The easy axis
of the finite Fe chain is in-plane and along the chain.

For the compact Fe chain, we define the MAE of the chain as
Evar = E. — E;, where E_ and E; are the total energy of the
system when the chain spins are aligned respectively along or
perpendicular to the chain axis and the surface plane, which
corresponds to the DS> in experiments. From our calculations
the value of the MAE is found to be 5.8 meV (or 1.45 meV per Fe
atom), which is in the same order of the experiments."*

Let us consider how one could use the exchange interaction
to tune the anisotropy of an AFM chain. The dependence of
MAE on the distance between the tip and the chain is plotted in
Fig. 2(a). Here, the spin direction of the tip is fixed to be out-of-
plane which can be achieved in experiments.®*> At large tip—
chain separations, or in the tunneling regime, the exchange
interaction between the tip and the chain J, is calculated as Jis =
AE/2S.Ss = (Ep — Eap)/2S:Ss. AE is the total energy difference of
the system when the tip and the atom spins changes from parallel
to antiparallel configuration. In the tunneling regime, Jis is
0.67 meV, which closely coincides with the experimental results."*
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Fig. 2 (a) Dependence of the magnetic anisotropy of AFM chains on
Cu,N/Cu(001) (defined as the total energy difference per magnetic atom
between the chain states with spin aligned along and perpendicular to the
axis of the chain) on the distance between the chain and a Cr-terminated
tip with Cr spin fixed perpendicular to the surface. The last point marked
with “o0"” denotes the anisotropy of a chain in the absence of a tip. (b and ¢)
Schematic representation of the possible spin configurations with the tip being
far away (b) and close to the chains (c). Small triangles with different colors
represent different spin directions.

The influence of the tip is again negligible and the Fe(Co) chain
takes its lower-energy in-plane spin orientation while it is out-
of-plane for the Mn chain.

The magnitude of the exchange interaction exponentially
depends on the tip—chain distance. As the tip is brought closer,
the coupling between the tip and the chain spins increases
greatly and might become larger than the intrinsic crystalline
anisotropy of the chain. Thus, the easy axis of the chain switches
from in-plane to out-of-plane. For the Fe chain, its spin orienta-
tion rotates from in-plane to out-of-plane at a tip-chain distance
of about 4.8 A. And the MAE of the Fe chain greatly increases by
20 times, reaching 26 meV per magnetic atom, at a tip-chain
separation of 3 A (in the contact regime). We thus see that while
AFM systems are not susceptible to conventional spin manipula-
tion, like the external magnetic field, the MAE of such a system
can be tuned by exchange-coupling it locally to a fixed magnetic
entity like a spin-polarized STM tip.

As for our system, changes in the magnetic anisotropy are mainly
due to the exchange coupling between the STM tip and the chain,
not due to the SOC effect, although SOC with a fully relativistic effect
has been included in all calculations. This exchange interaction
induced magnetic anisotropy can be qualitatively analyzed
using the second-order perturbation formula,*?

s W) — (a1 o)
MAE ~ &) , 1)
o,u

&y — &

where the ¢ parameter is an average of the spin orbital coupling
coefficients, {},, ¥} stand for the unoccupied (occupied) states
and {I,, [,} are the angular momentum operators, respectively.
&, and &, are the energy levels of the unoccupied and occupied
states. Obviously, to achieve a large MAE the system should
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Fig. 3 (a—c) PDOS of the Fe atom beneath the Cr tip at a tip chain
distance of 5 A and 4 A. (d and e) PDOS of the Cr tip apex for the same
configurations. (f) Iso-surfaces (iso-value of 4 x 10~% e A~3) of the spin
density of the system at a tip chain distance of 4 A. Yellow and blue
represent positive and negative charge density difference.

show an increased state density near the Fermi level to enhance
the numerator and have a narrow band to reduce the denomi-
nator in eqn (1).

In the following part, we choose the Fe chain as a model
system to analyze changes in the magnetic anisotropy of the
system using eqn (1). As the majority of d states of Fe and Cr are
fully occupied, changes in the MAE can only be attributed to the
coupling between different d states in their minority parts.
Therefore, we will focus on their minority states (Fig. 3). It can
also be seen from the spin density of the system, Fig. 3(f), that
the magnetization of the chain and the tip mainly comes from
the d,, orbitals of the Fe atoms and d,, and d,, orbitals of the
Cr atom, respectively.

At a large tip—chain separation of 5 A, the tip has a negligible
effect on the chain due to weak interaction between them.
Analyzing spin orbital coupling matrix elements, it can be found
that the d» orbital which couples with the d,; orbital through the [,
operator (dr|f|d.) gives the largest contribution to the MAE
through the second term in eqn (1), which favors in-plane magne-
tization. It can also be seen from the left part of Fig. 3 that there are
small peaks around the Fermi level in d and d,._,. orbital DOS.
This explains the largest contribution to the MAE from (d.2|l;|d,)
in the second term of eqn (1). Therefore, at large tip—chain
separations, the magnitude of MAE of the system is small, and
the spin of the Fe chain prefers to lie in-plane of the surface.

At short tip-chain separations of about 4 A, the exchange
coupling between d,, and d,, through (d,,|l,|d,,) (out-of-plane)
and that between d,. and d, through (d..|/,|d,;) (in-plane) gives
vital contributions to the MAE through the first and the second
terms in eqn (1). Due to the strong direct interaction between

This journal is © the Owner Societies 2015
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the tip and the chain, the exchange coupling between the Cr tip-
apex and the Fe chain should be taken into account. It can be
seen from Fig. 3(b) that near the Fermi level the strength of the
d,. orbital of Fe atoms is greatly increased and its band width is
also greatly reduced. This results in a large enhancement of the
first term in eqn (1). Therefore, at short tip-chain separations,
the magnetization of the Fe chain changes from in-plane to out-
of-plane and the MAE magnitude of the system increases due to
the strong coupling between the tip and the chain.

Upon further decreasing the tip—chain distance, the STM tip
interacts not only with the Fe atom just beneath it, but also with
other Fe atoms in the chain, which will lead to an even larger
increase in the magnitude of the MAE. Therefore, both the sign
and the magnitude of the MAE of an AFM Fe chain can be tuned
by exchange coupling upon varying the tip—chain distance.

Upon a closer look at Fig. 2(a), it can be noticed that at short
tip—chain distances, even at the same tip—chain separation,
the MAE of the Mn chain is the largest and that of the Co chain
is the lowest, which can be attributed to the strong exchange
coupling or hybridization between the Cr tip-apex and the Mn
chain. Therefore, the exchange magnetic anisotropy is larger
compared to that for the Fe(Co) chain.

According to the above analysis, it can be seen that the greatly
increased magnetic anisotropy of the system in the contact
regime is caused by the direct exchange coupling between d
states of the tip and d states of the atom in the chain. With a spin
polarized STM tip, we expect that a great shift can be observed in
the measured spin-excitation steps in IETS measurements as a
function of tip height, especially in the contact regime. However,
such a phenomenon cannot be observed with a non-magnetic
tip,"* which is mainly characterized by sp states.

3 Conclusions

In summary, we demonstrated that the exchange interaction
can be used to manipulate the magnetic properties of AFM
materials. Our results reveal that the quantum ground state of
an AFM material can be tuned to one of its Néel states by
exchange coupling with a spin polarized STM tip. Furthermore,
the magnetic anisotropy of an AFM system can be tuned by
exchange coupling by varying the tip—substrate separation. The
present work provides a theoretical prediction that it is feasible
with current technology to manipulate the magnetic properties
of AFM materials.
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