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Classical and quantum aspects of spin interaction in 3d chains
on a CuzN-Cu(110) molecular network
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We present a study of the magnetic states and exchange coupling in transition-metal Mn, Fe, and Co atomic
chains deposited on a self-corrugated Cu;N-Cu(110) molecular network by means of first-principles calculations
based on the density functional theory. The various adsorption sites on a bumping area of a self-corrugated
CuzN layer are investigated where the atomic chains are formed at the initial stage of nanowire growth. We
demonstrate, by calculating the ground-state magnetic configurations, that the exchange coupling, magnetic
order, and anisotropies in atomic chains depend sensitively on their chemical composition and adsorption sites
on the CuszN network. We find that the exchange interactions in atomic chains could lead to ferromagnetic or
antiferromagnetic coupling of atomic spins depending on the position of the chain on the surface. The classical
spin dynamics is investigated by means of the kinetic Monte Carlo method based on transition-state theory.
Moreover we evaluate the Heisenberg—Dirac—Van Vleck quantum spin Hamiltonian for calculations of the
magnetic susceptibility, in order to demonstrate the existence of quantum entanglement in the antiferromagnetic

atomic chains at low temperatures.
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I. INTRODUCTION

During the past decades atomic-scale magnetic nanostruc-
tures adsorbed on various substrates have attracted an essential
interest both for basic and applied research [1]. These nanos-
tructures consisting of only few individual atoms or clusters
exhibit intriguing magnetic properties related with a large net
spin moment and magnetocrystalline anisotropy, spin excita-
tions, and spin coupling via direct overlap, superexchange, or
Ruderman-Kittel-Kasuya- Yosida (RKKY) interaction, leading
the neighboring spins to ferromagnetic or antiferromagnetic
alignments [2,3]. Due to that, there are a lot of discussions
in the literature about technologically relevant applications
of these magnetic nanostructures as novel magnetic storage
bits in the development of atomic-scale data-storage devices
with a feasible small size and high magnetic recording density.
Recent achievements in surface science techniques, based on
the scanning tunneling microscope (STM), allowed to probe
and manipulate just single magnetic atoms placed on substrates
and to measure the key physical quantities determining their
spin coupling and magnetic anisotropy energies (MAEs)
with atomic-scale precision [4]. In a pioneering work of
Heinrich et al., it was demonstrated beautifully that the spin
excitation spectra of individual Mn atoms on a surface can be
measured using the inelastic electron-tunneling spectroscopy
(IETS) with STM [5]. Later on, STM was used to probe the
interactions between spins within linear chains of up to ten
Mn atoms assembled by atomic manipulation on a thin copper
nitride insulating layer grown on a Cu(001) surface [to be
referenced as CuN,/Cu(001) in this paper] [6]. Performing
IETS again, the authors demonstrated the significant changes
in spin-flip spectra for Mn atoms placed on the different
binding sites upon which the chains were built on the surface.
The low-temperature STM measurements showed that Mn
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atoms are antiferromagnetically coupled and the strength of
this coupling depends strongly on deposition sites. Moreover
the collective spin configurations were well estimated directly
for those chains using the model spin Hamiltonian. Such
phenomenological approach was later applied successfully
by Hirjibehedin et al. to explore the spin orientation and the
strength of magnetic anisotropies for individual Fe and Mn
atoms placed onto a CulN,/Cu(001) surface [7]. It was shown
that magnetic atoms embedded strongly into a polar covalent
surface network in the copper nitride and possessed large
enough magnetic anisotropy energies per single atom. These
experimental and theoretical findings revealed the potential
ability to produce at low temperatures the magnetic systems
in which a spin coupling and a large magnetic anisotropy
can be engineered at the atomic scale. Later on, STM
studies by Otte et al. were carried out in order to explore
simultaneously the atomic spin value, magnetic anisotropy,
and the Kondo properties for individual Co and Ti atoms
adsorbed on a CuN,/Cu(001) surface [8,9]. The obtained
conductance spectra of these atoms showed clearly the decisive
role of the magnetic anisotropy and spin coupling in forming
the Kondo screening. Further exciting extensions in research
were presented in the recent paper of Loth ef al. [10]. The
authors observed magnetic bistability (transition between two
Néel states) for antiferromagnetic chains, assembled from
just six Fe atoms on a copper nitride surface, in which
the orientation of an atomic spin was alternating between
neighboring atoms. These two magnetic states were found to be
stable for hours at low temperature. It was possible to switch
between them electrically with nanosecond speed. Recently
it was also demonstrated that one can controllably enhance
or reduce magnetic anisotropy of individual Fe atoms placed
onto a CuN,/Cu(001) surface by adjusting the relative atomic
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position of a second nearby Fe atom using atom manipulation
in a low-temperature STM [11].

The mentioned experimental studies of magnetic nanos-
tructures on a CuN,/Cu(001) surface were followed by a few
theoretical ones of this system based on density functional the-
ory (DFT). Most of them were focused so far on the verification
of experimental findings and studying the additional properties
of interest for such system. For example, Shick et al. studied
the magnetic anisotropies of individual Mn, Fe, and Co atoms
using the first-principles calculations in local spin density
(LSDA) and LDA+U approximations implemented in the
relativistic version of the full-potential-linearized augmented
plane-wave (FP-LAPW) method [12,13]. It was shown that
the calculated MAE and direction of easy magnetization are in
a reasonable agreement with experiment. The first-principles
study of the structural, electronic, and magnetic properties of
Mn isolated atoms and dimers on a copper nitride surface
have been performed by Scopel et al. within the generalized
gradient approximation (GGA) and pseudopotentials approach
[14]. The obtained results showed that these adsorbates
caused significant local structural changes on surface and spin
coupling between Mn atoms depending strongly on whether
they were placed on top of N or Cu atoms. Besides, Rudenko
et al. have found a weak ferromagnetism for Mn chains (up
to four atoms) sitting on Cu sites of a CuN,/Cu(001) surface
using the first-principles LSDA and LDA+U calculations [15].
Lin et al. recently applied the GGA+U approach in order
to compare the magnetic behavior of Mn and Co adatoms
on a CuN,/Cu(001) surface [16]. The performed calculations
of the electronic and spin structures showed clearly that
the Mn and Co atoms preserve on such surface their spins
S =5/2 and § = 3/2, respectively, in agreement with the
indirect STM measurements. Using that, it was explained
why Co exhibits a Kondo effect, while Mn does not. Later
on, Nicklas et al. reported the first-principles study of the
magnetic anisotropies and spin coupling for Fe chains (up to
three atoms) placed on top of the Cu atoms of a CuN,/Cu(001)
surface using the projector augmented-wave (PAW) method
and pseudopotentials approach [17]. The calculated MAE for
single Fe atom was found to be in excellent agreement with
experiments. The results for spin coupling strength for Fe
dimer and trimer established antiferromagnetic states occurred
due to a superexchange interaction mediated by nitrogen
atoms of the decoupling copper nitride layer. However, a
ferromagnetic coupling was found on this surface for the
Ti dimer due to a superexchange over N atoms by Pushpa
et al. [18]. A recent systematic study of spin coupling,
based on the full-potential-linearized augmented plane-wave
(FP-LAPW) method, was reported for monatomic 3d (Cr,
Mn, Fe, and Co) chains placed on a CuN,/Cu(001) surface
[19]. It was shown that different types of bonding on the
decoupling copper nitride layer determine the kind of magnetic
interaction between 3d atomic spins within the chain, while
the d-band filling determines the final magnetic ground
state. These results demonstrated a richness in the magnetic
interactions on the copper nitride surface which can be very
promising in the future for spin engineering at the atomic
scale.

In the present paper we perform a first-principles study
of the exchange interactions, magnetic anisotropies, and spin
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dynamics of monatomic Mn, Fe, and Co chains placed on a
self-corrugated CuzN/Cu(110) surface (to be referenced as
Cu3N in this paper). It was shown in our previous combined
experimental and theoretical study that this substrate is formed
by a reconstructed covalently bonded molecular CusN net-
work growing on a single-crystalline Cu(110) surface, which
exhibits an insulating behavior with a band gap exceeding
3 eV, that is similar to the copper nitride CuN, on a Cu(001)
surface [20]. Moreover such substrate can serve as a good
template which can be employed so far to self-assemble
metallic chains with universal growth behavior. We show that
CusN/Cu(110) offers another interesting covalently bonded
copper nitride surface to tailor magnetic interactions and
anisotropies among transition-metal atoms. We demonstrate
that both ferromagnetic and antiferromagnetic 3d chains with
large magnetic anisotropies can exist on this surface. For
the antiferromagnetic chains the quantum entanglement is
predicted.

II. DETAILS OF DFT CALCULATIONS AND
DESCRIPTION OF SYSTEM

We perform the first-principles calculations based on
density functional theory as it is implemented in the Vienna ab
initio simulation package (VASP) [21]. The VASP code was used
to solve self-consistently Kohn-Sham equations with periodic
boundary conditions and a plane-wave basis set. For total
energy and force calculations, we employed an all-electron
projector augmented wave (PAW) method [22]. Spin-orbit
interactions were included in our calculations. The maximal
kinetic energy cutoff for plane waves of 400 eV was used to
describe the electronic states in the system. The generalized
gradient approximation (GGA) for the exchange-correlation
functional has been applied using the Perdew-Wang *91 treat-
ment [23]. The Monkhorst-Pack scheme [24] was employed
for k-point sampling of the Brillouin zone (BZ), while the
integration over the BZ was performed on a well converged
I'-centered 6 x 6 x 1 k-point mesh, using the tetrahedron
method with Blochl corrections [25]. A structural relaxation in
the system was performed via a quasi-Newton algorithm, using
the exact Hellmann-Feynman forces acting on each atom. The
total energies of the system were converged up to 1 meV /atom,
while the residual force acting on each atom was less than
0.01 eV/A.

To study the electronic and magnetic properties of the
system, we simulated transition-metal monatomic chains on
a CuzN/Cu(110) surface by means of a supercell approach.
Our supercell structure contained a six-atomic layer slab of
Cu(110) substrate with a p(2 x 3)N-Cu(110) atomic arrange-
ment of copper nitride surface layer repeated periodically and
separated by a vacuum region of 8 A. Such supercell employed
for CuzN/Cu(110) contained also an infinite transition-metal
chain placed on the bumping area of self-corrugated copper
nitride and aligned along the [1-10] direction with a space
separation of 10.8 A between its images in the [001] direction
(Fig. 1) [20]. This spacing is enough to avoid the spurious
supercell effects in interchain interactions. For all calculations,
the two bottom layers of the slab have been fixed under
relaxation with an interlayer distance of 1.28 A (which refers
to the distance between the nearest crystalline planes along the
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FIG. 1. Schematic view of the adsorbed 3d chains on the atop (a) and hollow (b) binding sites of the CuzN network. The actual relaxed
atomic positions correspond to the case of the Co chain on Cu;N. The blue (dark) spheres indicate the Co atoms, while the green (dark gray)

and orange (light gray) spheres indicate N and Cu atoms, respectively.

[110] direction for Cu bulk), while other atomic layers were
relaxed until the forces converged in the supercell.

Finally, we studied the time evolution of the magnetization
under external magnetic field in supported monatomic
magnetic chains via atomistic spin dynamics simulations. For
this purpose we applied both a classical and a quantum Heisen-
berg model of Hamiltonian, as will be described in detail
below.

II1I. RESULTS AND DISCUSSIONS
A. The structural properties and spin coupling in 3d chains

A combined high-resolution STM study and first-principles
calculations, reported before [20], have shown that Cu and
N atoms within the surface p(2 x 3) Cu3N nitride phase are
covalently polar bonded and yield a similar molecular network
as reported for CuN; [7]. Owing to its intrinsic corrugation
nature such a CusN network serves as a perfect template
for universal growth behavior of epitaxial atomic nanowires
among a variety of 3d, 4d, and 5d elements. Nanowires
made of these elements at the different coverages less than
0.50 ML occupy a single trough of a CusN network and demon-
strate an identical structure, uniform width (~1 nm), height
(~0.12 nm), orientation ([1-10])and the same minimum
separation. One can find more details in our previous paper
[20]. Besides that, based on the structure information obtained
by STM, the universal growth of linear nucleation clusters
(linear chains) was revealed at the initial stage of epitaxy within
the very lower coverages less than 0.01 ML. All of these linear
chains are preferentially located at the bumping area within a
trough of the p(2 x 3) CuzN network with random distribution
and can serve as the nucleation centers of growth [26].
They can also display unique physical quantum properties.
Consisting only of a few atomic spins, such atomic-scale
structures are promising candidates for further technological
implementations, for instance, in quantum computing or in
high-density data-storage recording as feasible magnetic stor-
age bits. To understand their binding properties and magnetic
behavior, we simulate appropriately their atomic structure by
deposition of infinitely long transition-metal (Mn, Fe, and Co)
chains on top of the bumping area of the self-corrugated
copper nitride surface plane. Based on the surface nitride

p(2 x 3) structure of the CuszN network, there are two
available adsorption sites for considered 3d chains. In the first
adsorption sites, the 3d chain atoms can be placed directly
atop N atoms of the copper nitride surface plane [designated
in Fig. 1(a) as “atop”], while in the second adsorption sites
3d atoms can sit in hollow sites laterally surrounded by four
copper atoms of surface nitride (designated as “hollow”).
When relaxing both adsorption geometries, the final relaxed
atomic positions for deposited 3d chains are very similar. The
difference between their heights (k) above the copper nitride
is found to be at most Ak ~ 0.05A and Ah* ~ 0.21 A for
the “atop” and “hollow” sites, respectively. The calculated
adsorption energies (E%/) indicate that 3d chain atoms have
a high adhesion on the atop sites and energetically are more
favorable than the hollow sites. Nevertheless, both sites are
rather stable and in principle could be realized in experiment.
Recently, for instance, an individual Mn and Fe atoms in dimer
configurations have been arranged successfully directly on top
of both N and Cu atoms on Cu;N/Cu(100) in low-temperature
STM experiments [6,11]. We observe also that adsorption
of 3d adatoms atop Cu atoms of the Cus;N network has a
high adhesion, but causes a substantial displacement of copper
underneath towards the underlying Cu(110) substrate. Finally,
it breaks the bonds of Cu atoms with neighboring N atoms and
makes them no longer be a part of the polar covalent network,
while 3d adatoms almost take the place of dislodged Cu atoms.
When relaxing adsorption geometry for atop site 3d chain
atom and the nitrogen, sitting directly beneath, a rather distinct
binding is revealed, which forms 3d-N bonds of lengths lying
in the range from 1.70 to 1.80 A depending on d-band filling.
There are also four subjacent Cu atoms of a surface plane
which are next-nearest neighbors of the 3d ones at 2.76-2.87
A distance from each chain atom. The distance between the
3d transition-metal atoms within the chain is 5.1 A. This
means that the direct interatomic interaction between the 3d
chain atoms takes place across a “void” supplemented by
a smaller indirect one intermediated by the substrate. The
electronic density distribution analysis of the system shows
that the 3d chain establishes the polar covalent bonds with
nitrogen atoms lying below each chain atom and, hence, is
covalently bonded with the CusN network [see Fig. 2(a)].
For the relaxation in the hollow site we observe a significant

035444-3



BAZHANOV, STEPANYUK, FARBEROVICH, AND STEPANYUK

max

FIG. 2. The charge density distributions on a plane parallel to the
Co chain adsorbed on the atop (a) and hollow (b) sites of the CuzN
network.

vertical displacement of the lateral N atom between each pair
of 3d chain atoms, relaxing outwards from the copper nitride
surface plane towards the 3d chain. Finally after relaxation,
the deposited transition-metal atom practically sits in between
nearby nitrogen atoms and forms, together with nitrogen, a
nearly linear diatomic chain. This situation is very similar to
that reported before for the case of Cu,N/Cu(100) [7]. The 3d-
N bond length within diatomic chains is found around 2.75 A
with no relevant differences for the considered 3d chains.
Besides there are four lateral Cu atoms of the underlying
CusN network at 2.44-2.56 A distance from each 3d one.
The calculations of density charge distribution show that 3d
atoms in chains establish a covalent bonding with nitrogen,
while the chains themselves bind metallically to the substrate
through the copper atoms sitting below each chain one [see
Fig. 2(b)]. Thus, there is a direct interatomic interaction
between 3d atoms in chains through their neighboring nitrogen
atoms and an indirect one through the substrate. Here, it
is noteworthy that metallic type bonding with the substrate
in the hollow site results in a weaker adhesion of the 3d
chains than in the atop site with covalent type bonding. This
is in agreement with previous results obtained for the case
of 3d (Cr, Mn, Fe, Co) chains deposited on Cu,N/Cu(100)
substrate [19]. It was shown thereto the relationship between
a type of chemical bonding to the substrate and magnetic
intrachain interactions. Therefore, we next inquire into the
magnetic properties of 3d chains placed on both adsorption
sites of the CusN network. Here, we consider only collinear
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ferromagnetic (FM) and antiferromagnetic (AFM) intrachain
spin configurations for each adsorption site, since we are
mainly concerned with the general trends of magnetic behavior
related to d-band filling and type of chemical bonding. For
the magnetic ground-state configuration we present in Table I
the results of spin-polarized calculations obtained for each
deposited 3d chain. Among them, the total energy difference
AE = EAMM _ M potween AFM and FM solutions, which
allows us to estimate the strength of exchange coupling (J) of
atomic spins. Assuming a Heisenberg model of interaction, one
can obtain the value of exchange coupling for an infinite chain
from a simple expression: J = %, where S is the magnitude
of an atomic spin. It is seen from Table I that the adsorption
sites give rise to the distinct magnetic solutions with the same
trends for the considered 3d chains. If a 3d chain sits in an
atop site, it exhibits ferromagnetic coupling between spins
of neighboring 3d atoms, while it exhibits antiferromagnetic
coupling between them sitting in a hollow site. As expected,
due to the stronger adhesion in the atop site, 3d atoms of chains
have a stronger hybridization with a substrate and demonstrate
smaller magnetic moments than in the hollow site. Moreover,
the decrease of the magnetic moment from Mn to Co for
both adsorption sites is a consequence of the 3d filling of the
transition-metal minority bands. The results obtained for the
order of magnitude and the sign of AE and J reveal that
the transition metals interact magnetically along the chain
through a completely different mechanism depending on the
adsorption geometry. For the same interatomic distance and
for a given d-band filling, the magnetic interaction along the
chain can exhibit either ferromagnetic or antiferromagnetic
coupling of atomic spins. The direct 3d-3d interaction along
the chain deposited in the atop site determines the FM solution.
However, in the hollow site this interaction is mediated by the
interposing nitrogen atoms of the underlying CuszN network.
In this case, as we demonstrated before, it is unlikely to have
a direct overlapping between d orbitals of the chain 3d atoms.
Their indirect 3d-3d interaction through the ligand 2 p nitrogen
orbitals exhibits a superexchangelike character, giving rise to
a strong AFM solution. This kind of magnetic interaction has
already been treated in detail for the case of finite Mn linear
chains on a Cu;N/Cu(100) substrate [14,15].

Now we turn to the discussion of the magnetic anisotropy
energy (MAE) and the effect of electron correlations in
deposited 3d chains. The values of single-site MAEs received
within a plain DFT approach are shown in Table I. It is well

TABLE . The calculated values of the energy difference (AE) between antiferromagnetic (AFM) and ferromagnetic (FM) states; their total
(M) and orbital (ML) magnetic moments directed along magnetization in x, y, and z axes; exchange couplings (J); magnetic anisotropy energy

(MAE); and easy axis of magnetization for adsorbed 3d chains.

M*" (uB)
Adsorption AE = EATMM_ET™ M J MAE Easy
site Metall (meV) (uB) m my mk (meV) (meV /atom) axis
Mn 4.99 3.78 0.013 0.014 0.004 0.31 0.67 Y
Atop Fe 5.01 2.78 0.080 0.080 0.200 0.56 1.21 Z
Co 15.22 1.67 0.210 0.226 0.357 3.80 2.30 Z
Mn —52.55 4.27 0.018 0.013 0.012 —3.28 0.12 X
Hollow Fe —3.31 3.01 0.158 0.171 0.161 —0.37 0.20 Y
Co —6.32 1.89 0.280 0.306 0.251 —1.58 0.93 Y
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seen that at both adsorption sites there is a substantial increase
of the MAE with d-band filling from Mn to the Co atom.
For the Mn atom the easy axis of magnetization is along
the chain direction (or Y axis) in the atop site, while it is
along the in-plane direction (or X axis) in the hollow site.
For the case of Fe and Co atoms the easy magnetization axis
exhibits the same orientation, that is, along the out-of-plane
direction (or Z axis) in the atop site, while it is along the chain
direction (or Y axis) in the hollow site. Here it is worthy to
note that a relatively small magnitude of MAE for Mn atom
compared to the Fe and Co ones was revealed also in previous
experimental and theoretical studies of individual 3d atoms
placed on a CuyN/Cu(100) substrate [7,12,13]. Besides that,
our results demonstrate that the easy axis of magnetization,
obtained for Fe and Co chain atoms in the hollow site, is
directed across nearby nitrogen atoms, as was reported for
individual Fe and Co atoms placed in between nitrogen atoms
on a Cup;N/Cu(100) substrate. To bring insights into the
origins of the MAE behavior, we analyze for the considered
chains their electronic band structures. It has been shown
clearly, through the second-order perturbative approach, that
the density of states (DOS) in the vicinity of the Fermi level
can be associated directly with the MAE [27,28]. In Fig. 3
we present, as an example, the total and orbital-resolved
partial densities of states of an individual Co atom in a chain
for both adsorption sites. As can be seen for both sites, the
majority band (spin-up states) is fully occupied and thereby,
ignoring the spin-flip terms between states, the predominant
contribution to the magnetic anisotropy can be only attributed
to the coupling between states in the minority band (spin-down
states). Clearly, the visibly pronounced DOS peaks close to
the Fermi level are mostly composed of the partial densities of
states (PDOS) for minority d band, as shown in the insets of
Fig. 3. After analyzing the spin-orbit coupling (SOC) between
the different occupied and unoccupied eigenstates near the
Fermi level, we find that in the case of the atop site the d.,, dy,
dy;, and d,>_,> orbitals have the most dominant contributions
to the magnetic anisotropy. Consistently, the SOC matrix
elemgnts obtained for these orbitals (xy|iix2 —y?) and
(xz|L|yz) of the orbital moment operator (L) provide the
out-of-plane easy axes of magnetization for a Co chain. The
same PDOS analysis applied for the hollow site reveals that
in-plane magnetization direction obtained for the Co chain
in this case is mostly determined by the SOC of the d3,2_,2
orbital with the d,, one, (3z2 — r2|L|xz). However, there is a
coupling between the d., and d,>_ - orbitals, (xy|L|x* — y?),
which contributes also to the MAE and favors the out-of-plane
magnetization. Consequently, the interplay between these two
couplings stated above determines the direction of the easy
axes for the Co chain in the hollow site.

Further, we proceed in our study with Bruno’s analysis,
which allows us to understand the MAE behavior in terms
of the variations of the orbital moments and, thus, related
with orbital polarization below and above the Fermi level
[29]. The direct link between the MAE (E,,) and the
orbital moment anisotropy (OMA) is read as E,,, ~ %Am",
where £ is the spin-orbit constant of the magnetic chains
and Am! is the orbital moment differences between two
directions of magnetization. It means, in general, that the
largest orbital moment component lies in the direction of the
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FIG. 3. Total densities of states (DOS) for Co atom in chain
adsorbed on the atop (a) and hollow (b) sites of the Cu;N network.
The red (dashed-dotted) and blue (solid) curves represent the majority
(spin-up) and minority (spin-down) states, respectively. The Fermi
level is assigned by the vertical dotted line at zero energy. Insets:
decomposed majority and minority d-orbital partial densities of state
(PDOS) for Co atom on both adsorption sites.

easy magnetization axis. We calculate the orbital moments and
present their m projection values on magnetization axes in
Table I. One can observe that for all 3d chains Bruno’s relation
is valid and reproduces properly the sign and the trend of the
calculated MAE.

B. Kinetic Monte Carlo (KMC) simulation of spins in 3d chains

Now we turn to the discussion of the evolution of the
magnetization under external magnetic field (B) in magnetic
3d chains supported on a CuN3/Cu(110) surface via atomistic
spin dynamics simulations. We present here our results for
magnetization dynamics of ferromagnetically coupled Fe, Co,
and Mn monatomic chains on a CuNj5 surface in the framework
of the quasiclassical approach. As it was shown, the magnetic
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atoms of these chains are placed on top of N, which are far
enough apart (across a “void” of 5.0 A), and demonstrating
suitable values for exchange coupling and magnetic anisotropy
energy. Further, we used them to fit, so far, an effective
exchange coupling (/) and magnetic anisotropy constant (K)
into a Hamiltonian of the classical Heisenberg model with an
on-site uniaxial anisotropy and external magnetic field (é ) of
the form

H=-Y U585~ KS.-unY SB. ()
ij i i

where 3‘1- is the normalized spin value at atomic site i and the
summation i is taken over all neighboring pairs of spins i and
Jj. We investigate the spin dynamics of the system within the
kinetic Monte Carlo method based on transition-state theory
[30,31]. Such scheme was applied successfully to describe the
ferromagnetic behavior (the shape of magnetization curves,
coercivity, remanence, etc.) of monatomic Co spin chains
on Pt surfaces [30,32]. In this scheme, the transition-state
barrier, AE = (K + hi)2/4K, where ]’l,‘ = (ZI JS, + MB)S,
is the key parameter. The spin-flip rate is assumed to follow
the Arrhenius law v = vyexp(—AE;/kgT), where kg is the
Boltzmann constant and the prefactor vy is assumed to be
10° Hz [30,31]. During simulations we have considered the
temperature (7) of the deposited chains in the range up to
30 K, and their magnetization curves have been calculated.
The external magnetic field was always applied along the
easy axes of magnetization of the chains. At the lower
temperatures the magnetization curves of deposited Fe, Co,
and Mn monatomic chains exhibit hysteresislike behavior
(ferromagnetic), which implies long-range ferromagnetic spin
order, while at the higher temperature no hysteresis loop
(paramagnetic) is observed at all. As an illustration, in Fig. 4
the magnetic response of the Co chain is presented for
temperatures 7 = 1.4K and T = 11 K. One can see that in
the case of T = 1.4 K the magnetic signal is characterized by
a hysteresis loop with a relatively large coercive field (Hc¢)
about 3.3 T, while no magnetic signal is observed at higher
temperature 7 = 11 K. Such variation of magnetic response
can be ascribed by temperature-dependent coercivity [ Hc(T)]
determined from calculated hysteresis loops at different
temperatures, as is presented in Fig. 4. By taking into account
the thermal activation effect described by the Arrhenius law,
the coercivity is expected to decrease exponentially with
increasing temperature, Hc(T) ~ (/T — e), and vanishes
at the blocking temperature (7). Above this temperature the
system exhibits paramagnetic behavior. Fitting data points
of coercivity, the corresponding value, ~11 K, of blocking
temperature for the Co chain was determined. It is close to
the experimental value, ~15 K, obtained for highly dense
arrays of monatomic Co spin chains on vicinal Pt surface
[33]. The same calculations applied for Fe and Mn chains
revealed the blocking temperature less than 75 < 2K, for
both chains. It is clear why their temperature is so low, since
their effective exchange coupling between atomic spins within
chains is weaker in regard to the Co chain. Moreover, due to
the larger value of magnetic anisotropy energy (~2.30 meV),
we obtained the larger coercive field (up to 3.3 T) for a Co
chain. Hence, we conclude that the strong exchange coupling
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FIG. 4. Hysteresis loops for ferromagnetic Co chain deposited
on the atop site of the Cu;N template for representative tem-
peratures T = 1.4K (blue curve) and 7 = 11K (red curve); (b)
The temperature-dependent coercivity Hc(7) determined from
calculated M-B loops vanishes at the blocking temperature 7.
The magnetization M is normalized with respect to its saturation
value M;.

between atomic spins in chains is responsible for the onset
of the magnetization curve, while the magnetic anisotropy
determines the shape of this curve.

C. Quantum entanglement of spins in 3d chains

Further, we consider the spin dynamics in Fe, Co, and Mn
chains in a CuN3;/Cu(110) molecular network beyond the
quasiclassical approach, where quantum effects can be very
important at substantially low temperatures. For this purpose,
we turn to the discussion of quantum entanglement in these
chains, since this phenomenon can play an important role
and be used as a potential resource for quantum information
processing [34-36]. Two spins, S| and S5, are entangled if the
two-spin state can be, by no means, written as a product of
single spin states. For mixed states the entanglement means
the impossibility of decomposing the density matrix in term
of separable states. A well known example of an entangled
state is the singlet state of two spins, [\L@l(ITM — )]
[34]. Measurement of one component of an entangled pair
fixes the state of the other, implying nonlocal correlations.
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CLASSICAL AND QUANTUM ASPECTS OF SPIN ...

Recent experiments evidenced that quantum entanglement can
even exist in bulk systems [37,38] and can play a crucial
role in macroscopic thermodynamical properties. There have
also been many important experimental and theoretical studies
related to quantum entanglement in spin systems [35,36,39—
45]. Detection of entanglement can be made with the help of
an entanglement witness (EW) [35,36]. Recently it has been
shown that for complete separable states the average magnetic
susceptibility of NS spins obeys the inequality [46]

Xx + Xy + Xz (g/.LB)ZNS
3 T 3kgT

where g is the Lande factor, u p the Bohr magneton, and 7 the
temperature. The EW (W,) is given by [46]

_ 3keTX(D)
° (gus)’NS

Systems presenting W, < 0 are in an entangled state. The
EW can be used to determine the temperature below which
the spin entanglement exists. It should be noted that any EW
is providing only a sufficient condition for the presence of
entanglement. In the following, we focus on antiferromagnetic
chains because an antiferromagnetic exchange between atoms
in the chains allows the equilibrium density matrix to resemble
the singlet ground state [45,47]; i.e., in the antiferromagnetic
chains the ground state could be entangled in the absence
of any external field. The entanglement vanishes above the
temperature where the antiferromagnetic correlations vanish
[45]. From the other side the ground state of ferromagnetic
chains is a mixture of entangled and nonentangled states, and
the EW cannot distinguish them [42]. It was demonstrated that
the antiferromagnetic spin chains outperform the ferromag-
netic spin chains as far as entanglement related properties are
considered [48,49].

In particular, in even size chains a maximal entanglement
is expected [50,51]. For calculations of the magnetic sus-
ceptibility in Eq. (2) we use the irreducible tensor operator
technique [52] and the Heisenberg—Dirac—Van Vleck quantum
spin Hamiltonian:

1:1=—ZJS','S'/'—8MBZ§[31 “4)
ij i

x(T) = , @

3

where §; is the spin operator on the ith site and B is the
magnetic field operator [53,54]. By means of this Hamiltonian,
one can calculate the partition function of the system Z =
Tr(e="/¥T) and derive further the magnetic susceptibility ¥ =
(24) o from magnetization M = NkT 252 [55]. We have
calculated the EW for antiferromagnetic Mn, Fe, and Co chains
of two to eight atoms. Our results presented in Fig. 5 reveal
that the chains exhibit the quantum entanglement up to rather
high temperatures. The largest entanglement temperature is
found for Mn chains (~100 K).

Finally, we examine how the electron correlations can affect
the quantum entanglement among the considered chains, due
to the involved possible changes in electronic structure and
orbital polarization of 3d chain atoms [15]. The obtained
results demonstrate that the inclusion of the electron corre-
lations does not change the EW essentially [56]. Thus, we
believe that our calculations provide evidence of the existence
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FIG. 5. Entanglement strength of Fe (red solid curve), Co (blue
dashed curve), and Mn (yellow dotted curve) eight atomic chains
deposited on a CuzN/Cu(110) substrate. QE denotes an entanglement
area revealed for the considered 3d chain.

of quantum entanglement in the antiferromagnetic chains for
realistic conditions.

IV. CONCLUSIONS

To sum up, in this work we have shown that a self-
corrugated covalently bonded molecular CuzN network on a
Cu(110) surface can serve as a good template to tailor magnetic
interactions and dynamics of spins among transition-metal
atoms by depositing 3d (Mn, Fe, and Co) chains on various
adsorption sites. We find at these sites that, due to the
different types of bonding on the decoupling copper nitride
layer, the exchange interaction in atomic chains can lead
to ferromagnetic or antiferromagnetic coupling of atomic
spins along the chain. The spin dynamics simulations, based
on classical and quantum approaches, demonstrate that the
strength of the exchange interaction, over the value of the mag-
netic anisotropy energy, is the dominant character responsible
for the onset of magnetization curves for ferromagnetic 3d
chains and for possible existence of quantum entanglement
in the antiferromagnetic ones for realistic conditions. We
believe that our results are of major importance, since they
clearly show a versatility of spin dynamics in supported
nanostructures mediated by selecting suitable adsorption sites
and magnetic interactions on a surface, which can open a ways
for engineering of spins at the atomic scale in the future.
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CLASSICAL AND QUANTUM ASPECTS OF SPIN ...

[56] We have applied for d orbitals effective on-site Coulomb
interactions Uey = U — Jy in the framework of the DFT+U
approach and repeat our study of magnetic interactions within
3d chains using conventional values of U = 5.0, 1.1, and
0.8 eV for Mn, Fe, and Co, respectively. The obtained results for
an atomic spin (S), the energy difference (AE), and exchange
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coupling (J), demonstrate a limited effect of U,y on magnetic
interactions among all considered chains. We find that the
DFT+U approach decreases the strength of exchange coupling
between chain 3d atoms, but does not change the general
trends in the entanglement strength obtained within a DFT
one.





