PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
e standard Terms & Conditions and the Ethical guidelines still

‘gﬁﬁéﬁéﬁ# apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

Journal Name

Cite this: DOI: 10.1039/XXXXXXXXXX

Physical Chemistry Chemical Physics

~

CHEMISTRY

Tuning magnetic properties of antiferromagnetic

chains with exchange interactions: ab initio studies

Kun Tao,*?® ¢ Qing Guo,” Puru Jena,” Desheng Xue® and V.S. Stepanyuk®

Received Date
Accepted Date

The possibility of using exchange interactions to manipulate the spin state of an antiferromag-

DOI: 10.7039/XXXXXXXXXX

www.rsc.org/journalname

netic nanostructure is explored with ab initio calculations. Taking 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 antiferromagnetic chains can also be tuned with the exchange coupling by varying

the tip-chain separation.

For a long time the attention of scientific and engineering com-
munities engaged in the business of spintronics has been given
almost exclusively to ferromagnetic systems because their spin
orientation can be switched by magnetic fields or spin-torque cur-
rents.! At the atomic level or even at the subnanometer scale,
the possibility to precisely manipulate spin states of a magnetic
storage unit with magnetic field is a big problem since the inher-
ent non-locality of the field may result in unwanted spin flips of
neighboring units. Only recently “antiferromagnetic (AFM) spin-
tronics” , which is insensitive to magnetic field due to a lack of net
magnetic moment, has started to gain popularity? due to its great
advantage for applications where stability against stray magnetic
fields is crucial.> Artificial AFM nanostructures have been fea-
tured in a number of remarkable experiments, ranging from fun-
damental studies of elementary spin excitations to realization of
all-spin-based logic gate.2%9 However, the spin state of an AFM
material is hard to control with 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 ap-
plication in spintronics industry. Up to now, only a few potential
solutions have been offered. %10-11

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, a large magnetic anisotropy en-
ergy (MAE) is required. Many strategies to enhance the MAE of
magnetic materials have been proposed, such as alloying, 1>~14
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exposure to external electric field, 1°-2° local environment ma-
nipulation, 2122 electron or hole injection,® and the use of low-
coordination anisotropic geometries. 2426 However, nearly all of
them focus on ferromagnetic materials, and very few works are
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) =[....;0 4, sy and |2) = ..., 0, 1,4, 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 quan-
tum objects?7-29,
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

Recent experiments confirmed the existence

system via a scanning tunneling microscope (STM) tip%'0. Re-
cently, it has been demonstrated that the exchange coupling with
the STM tip can be used to tune the spin mixing of an finite AFM

chain11.

Here, using ab inito tools and choosing M/Cu,N/Cu(001)
(M =Mn,Fe,Co) as a model system, we demonstrate that ex-
change 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 amplitude
and sign of the magnetic anisotropy of the AFM system can be
tuned by the exchange coupling.

1 Calculation methods

Our calculations were carried out in the framework of Density
Functional Theory (DFT) as implemented in Vienna Ab initio Sim-
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ulation Package (VASP) 3132 with the projector augmented wave
(PAW) potentials >3 and the generalized gradient approximation
(GGA) due to Perdew, Burke and Ernzerhof (PBE)34. The ba-
sis set contained plane waves with a kinetic energy cutoff of 500
eV and the total energy was converged to 107 eV. All geometries
were optimized without any symmetry constraint until all residual
forces on each atom were less than 0.01 eéV/A. Spin-orbit coupling
(SOC) with relativistic effect was included in all calculations.

A 3x4 supercell is employed in all calculations, and the
distance between two neighbouring supercells is larger than
10A. The supercell consists of 5 Cu(001) layers with a
¢(2 x2)N—Cu(001) molecular network on one side, in which
magnetic nanoscale systems are partially screened from the
metallic support by a thin decoupling layer221:2226.28 Magnetic
adatoms are known to reside on top of Cu sites of Cu,N2. 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& 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 surface, we used 9 Cu
atoms and 1 Cr atom as the apex of the tip. Such a tip can be ob-
tained in experiment by attaching atoms to the tip apex!! and we
have used this model many times, for example in Ref. 3>. Relaxed
geometry obtained in our calculations agrees well with experi-
mental>1125 and previous theoretical 338 results.

2 Results and discussion

The bonding between the neighboring magnetic atoms is medi-
ated 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 calcu-
lated the exchange interaction between magnetic atoms in the
chain as Jyy = AE/4SZZW = (Ep *EAP)/4SZZW. AE is the energy dif-
ference between parallel (Ep) and antiparallel (E4p) spin config-
urations for the chain, and Sy, is the spin of the magnetic atom.
We took a pure Fe chain (without STM tip) on 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 Jyy for a compact Fe chain increases from
18.7 meV per Fe pair on Cu(001) surface to 35.2 meV on CupN
surface. The exchange interaction Jys, in experiments for the Mn
chain® and the Fe chain®!! on Cu,N surface is about 6.2 meV
and 1.2 meV respectively, which is much smaller than our results.
This is due to that the distance between two Fe atoms in the com-
pact chain being 3.6A while it is 7.2A for the Mn (Fe) chain in
experiment. We also calculated the exchange interaction of a 3
Fe atoms composed finite chain on Cu,N surface, in which the
distance between two Fe atoms was 7.2 A, similar to that in ex-
periments.!! The exchange interaction Jyz, 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.
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Fig. 1 (a) and (b} schematically demonstrate magnetic chains on a
Cu;N/Cu(001) substrate in an 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 substrate on
the distance between the tip apex and the chain. The last point marked
with “e=" underlines the absence of exchange in 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.

As was mentioned before, in 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 fer-
romagnet, the degeneracy of a spin state can usually be lifted by
applying an external magnetic field. In an anti-ferromagnetic sys-
tem, where the net spin of the system is zero, the Zeeman split-
ting cannot be relied on anymore, since it acts equally on both
Néel states. One way to lift the degeneracy and tune the quan-
tum AFM system into one of the classical states is by a 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, thus lifting the degeneracy and tuning the
AFM chain into one of its classical states®.

The magnitude of the exchange interaction E,,, 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 E,.p=E_,_,-E_,., where
—— and —+ are determined by the mutual spin alignment of
the Cr tip-apex (which is fixed) and the magnetic atom right un-
derneath it (— — being parallel and —<«— —antiparallel), as shown
in Fig.1. When the tip is far away from the chain, or at the tun-
neling regime, the direct overlap between the d orbitals of the
tip and magnetic atoms underneath is very weak, and the inter-
action between them can only be mediated by s and p electrons

§ As we know, the density functional theory employs periodic boundary conditions in
calculations. However, we want to point out that in our calculations the spin states of
AFM chains can also be tailored with a single tip, similar as that in experiments. >1!
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of the atoms and the conduction electrons of the substrate. On a
metal surface, where the density of conduction electrons is rela-
tively high, this is known to lead to a ferromagnetic coupling of
the d-shells of the adatoms via the Zener double-exchange mech-
anism.3>2941 In our case the decoupling influence of Cu,N re-
duces 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 (at the contact regime) the direct exchange
gains in magnitude, forcing the half-filled d shells to align anti-
ferromagnetically, and the total energy difference of the system
between two Néel states reaching 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 configu-
rations, the two atoms have comparable density of states. There-
fore, 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 Athe ex-
change coupling becomes large enough to make one of the Néel
states (in our sketch in Fig. 1(d) it is the state |1)) clearly prefer-
able 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 7.2A.11 As
the tip positioned above the edge and the middle atom, the uni-
axial 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
Evag = E. — E4, 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 cor-
responds to the DS? in experiments. Our calculations shown the
value of the MAE to be 5.8 meV (or 1.45 meV /Fe arom), which is
at 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 experiment®#2. At large tip-chain separations,
or at the tunneling regime, the exchange interaction between the
tip and the chain J;; is calculated with J;; = AE/2S,S; = (Ep —
Eap)/25:Ss. AE is the total energy difference of the system when
the tip and the atom spins changes from parallel to antiparallel
configuration. At the tunneling regime, J;5 is 0.67 meV, closely
coincides with the experiments results. ! 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 de-
pends 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

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (a) Dependence of the magnetic anisotropy of AFM chains on
CuaN/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 “=” denotes the anisotropy of a chain in absence
of a tip. (b) and (c) Schematic representation of the possible spin
configurations with tip being far away (b) and close 1o the chains (c).
Small triangles with different colors represent different spin directions.

to out-of-plane. For Fe chain, its spin orientation 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 /magnetic atom, at a tip-chain separation of 3 A (at the
contact regime). We thus see, that while AFM systems are not
susceptible to conventional spin manipulation means like the ex-
ternal magnetic field, the MAE of such a system can be tuned by
locally exchange-coupling it to a fixed magnetic entity like, for
example, a spin-polarized STM tip.

As for our system, changes of the magnetic anisotropy is mainly
due to the exchange coupling between the STM tip and the chain,
not due to the SOC effect, although SOC with fully relativistic
effect has been included in all calculations. This exchange inter-
action induced magnetic anisotropy can be qualitatively analyzed
with the second-order perturbation formula 3

2 2
MAEN&ZZKWMUZ'WOM 7|<‘Vu|ly|‘l’o>| , (1)

ou &u—&

where the £ parameter is an average of the spin orbital coupling
coefficients, {y,, w,} stand for the unoccupied (occupied) states
and {l,, /;} are the angular momentum operators, respectively.
g, and g, are the energy levels of the unoccupied and occupied
states. Obviously, to achieve a large MAE the system should show
an increased states density near the Fermi level to enhance the
numerator and have a narrow band to reduce the denominator in
Eq. (1).

In the following part, we choose the Fe chain as a model sys-
tem to analyze changes of the magnetic anisotropy of the system
with Eq.(1). As the majority d states of Fe and Cr are fully occu-
pied, changes of 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
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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-e) PDOS of the Cr tip apex for the same
configurations. (f) Iso-surfaces (iso-value of 4-10~* /%) 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.

from the spin density of the system, Fig. 3(f), that the magnetiza-
tion of the chain and the tip mainly comes from the d,, orbitals of
the Fe atoms and d,, dy; 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. Ana-
lyzing spin orbital coupling matrix elements, it can be found that
the d . orbital which couples with d,; orbital through /, operator
(d2|ly|dy;) gives the largest contribution to the MAE through the
second term in Eq. (1), which favors in-plane magnetization. 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:|l,|dx) in
the second term of Eq. (1). Therefore, at large tip-chain separa-
tions, 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 cou-
pling between d,; and d,. through (d,.|l|dy.) (out-of-plane) and
that between d_» and d,; through (d:|ly|d,.) (in-plane) gives vital
contributions to the MAE through the first and the second terms
in Eq. (1). Due to the strong direct interaction between 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. These results in a large enhancement of the first
term in Eq. (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.

Further decreasing the tip-chain distance, the STM tip interacts
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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 of the sign and the
magnitude of the MAE of an AFM Fe chain can be tuned with
exchange coupling by 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 biggest and that of the Co chain is
the smallest, which can be attributed to the strong exchange cou-
pling or hybridization between the Cr tip-apex and the Mn chain.
Therefore, the exchange magnetic anisotropy is larger than that
for the Fe(Co) chain.

According to the above analysis, it can be seen that the greatly
increased magnetic anisotropy of the system at 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 a great shift can be observed in the mea-
sured spin-excitation steps in IETS measurements as a function of
tip height, especially at the contact regime. However, such phe-
nomenon can not be observed with a non-magnetic tip 1!, which
is mainly characterized by sp states.

3 Conclusions

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