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Abstract Charge-doping together with 3d-4d alloy-
ing emerges as promising mechanisms for tailoring
the magnetic properties of low-dimensional systems.
Here, throughout ab initio calculations, we present
a systematic overview regarding the impact of both
electron(hole) charge-doping and chemical composi-
tion on the magnetocrystalline anisotropy (MA) of
CoPt core-shell alloy clusters. By taking medium-
sized Co,Pt,, (N = n + m = 85) octahedral-like
alloy nanoparticles for some illustrative core-sizes
as examples, we found enhanced MA energies and
large induced spin(orbital) moments in Pt-rich clus-
ters. Moreover, depending on the Pt-core-size, both
in-plane and off-plane directions of magnetization
are observed. In general, the MA of these binary
compounds further stabilizes upon charge-doping. In
addition, in the clusters with small MA, the doping
promotes magnetization switching. Insights into the
microscopical origins of the MA behavior are asso-
ciated to changes in the electronic structure of the
clusters.

P. Ruiz-Diaz (B<) - J. Dorantes-Davila

Instituto de Fisica, Universidad Auténoma de San Luis
Potosi, 78000 San Luis Potosi, México

e-mail: prudi @ifisica.uaslp.mx

M. Muiioz-Navia
CONACYyT-Instituto de Fisica, Universidad Auténoma
de San Luis Potosi, 78000 San Luis Potosi, México

Keywords Charge-doping - CoPt core-shell alloy
clusters - Ab initio calculations - Magnetic
anisotropy - Binary nanoalloys - Modeling and
simulation

Introduction

The magnetic properties exhibited in nanostructures
made of just a few atoms are usually very different in
comparison with the ones observed in bulk, surfaces,
or thin-films (Bergman et al. 2016; Pianet et al. 2016;
Cui et al. 2016; Singha et al. 2016; Li et al. 2016;
Donati et al. 2016; Loth et al. 2012). In general, they
are difficult to predict because they depend on count-
less number of factors such as chemical composition
(Diaz-Sanchez et al. 2013), shape, size (Gruner et al.
2008), symmetry, magnetic ordering (Ruiz-Diaz et al.
2015), and interactions with its surroundings (Serrate
et al. 2016), to name just a few. Nevertheless, there is
currently a large number of cutting-edge experimental
techniques which allow to characterize, manipulate,
and fabricate magnetic nanostructures atom by atom
from bottom-up approaches (Meier et al. 2008; Rau
et al. 2014; Donati et al. 2014; Khajetoorians et al.
2012). From a fundamental perspective, the manipu-
lation and control of these nanostructured materials
allow us to study the underlying interactions that
govern the magnetic phenomena at the atomic scale
which are the essential ingredients to form the basis
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in the designing and developing of novel storage tech-
nologies with specific functionalities (Jungwirth et al.
2016; Loth et al. 2012; Khajetoorians et al. 2011).

In particular, transition-metal(TM)-based nanopar-
ticles have been spotlighted due to a variety of tech-
nological applications(Sun et al. 2000; Yin et al.
2007; Sahoo et al. 2010). For instance, large mag-
netic anisotropy energies (MAEs) in small aggregates
are often reported and it is of paramount importance
bearing in mind that the MAE defines a preferen-
tial direction of magnetization and stabilizes such
direction against temperature and external fields. The
3d-5d alloying is one of most widely used tech-
niques for tuning the magnetic properties of small
nanoparticles. It combines the large and stable mag-
netic moments of the strongly ferromagnetic 3d ele-
ments (e.g., Fe, Co, or Ni) with highly polarizable
5d elements such as Pt or Ir which often yields in
a remarkable enhancement of the MAE in compar-
ison with single-element compounds. For instance,
combined theoretical and experimental works on rel-
atively large-sized 3d-5d(4d) alloy core-shell clusters
~ 43-500 atoms in CoRh (Muifioz-Navia et al. 2009;
Muiioz-Navia et al. 2009; Diaz-Sanchez et al. 2013)
and FePt, CoPt nanoparticles ~ 13-920 atoms (Gruner
et al. 2008; Gruner 2010) respectively have been
highlighted the strong dependence of the magnetic
properties on the chemical composition and cluster-
shape. Altogether, enhanced anisotropies along with
large orbital moments are remarked upon alloying for
these binary compounds. Bimetallic compounds are
also of great interest due to their lattice mismatch;
strain-induced effects in core-shell nanoparticles have
been reported which may play an important role into
their local properties (Panizon and Ferrando 2016).
For instance, core-shell morphologies have been pro-
duced experimentally to exploit the lattice strain to
tune their chemical properties as in the case of PtCu-Pt
nanoparticles (Strasser and Koh 2010).

In addition to varying the chemical composition
to tune the electronic environment of the nanoal-
loys, there are alternative mechanisms which also
allow to alter their electronic and magnetic proper-
ties. It is among the most popular approaches one
can mention for instance the electric and magnetic
field-assisted methods (Dasa et al. 2013, 2012; Hsu
et al. 2017), being the former one of particular inter-
est due to its local nature. However, this may involve
the usage of external sources to generate such fields
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which is a clear disadvantage. Interestingly, a thor-
oughly used method in electrochemistry (Gleiter et al.
2001; Schnur and Grof3 2011) but little exploited in
the context of low-dimensional systems to tailor the
local electronic properties is through the change in the
carrier density or charge-doping. Recently, electron-
doping has been proposed as a promising route to
alter the magnetic properties of nanostructured mate-
rials in a controlled fashion. For instance, it has been
shown that in ultra-thin multilayered systems (Ruiz-
Diaz et al. 2013; Ruiz-Diaz and Stepanyuk 2014),
the anisotropy is deeply modified upon electron(hole)-
doping and triggers magnetization switching.

The objective of this work is to perform a first-
principles calculations to investigate the impact of
both chemical composition and charge-doping on
the magnetic properties of TM binary nanoparticles
taking CoPt core-shell alloys as prototypical exam-
ples. Notice that more complex configurations such
as intermixing structures are also possible (Panizon
and Ferrando 2016). Yet, our optimization procedure
(initial core-shell like structures with no lattice mis-
match only allows us to explore local minima, i.e.,
we exclude the possibility of taking into account other
low-symmetry structures (Rossi et al. 2008; Barcaro
et al. 2010). However, the validity and main conclu-
sions regarding the influence of both chemical com-
position and charge doping on the magnetic properties
of binary clusters will remain. Indeed, we demonstrate
that the appropriate combination of 3d and 5d ele-
ments allows us to merge large moments with large
MAE:s. Moreover, charge-doping further stabilizes the
MAE and boosts magnetization switching processes.
The remainder of the paper is organized as follows:
First, we highlight the main aspects regarding the the-
ory and computations details used in the presented cal-
culations. Later, we discuss the charge-doping effects
and the impact of composition on the magnetic prop-
erties of CoPt core-shell alloys and correlate the MAE
behavior with changes in the electronic structure of the
clusters due to an enhancement of the spin-orbit inter-
actions upon increasing the Pt-core-size. Finally, some
general conclusions are outlined.

Computational details

The ground-state magnetic properties of the Co,Pt,,
core-shell alloy clusters are obtained in the framework
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of Hohenberg-Kohn-Sham’s density functional the-
ory (DFT) (Hohenberg and Kohn 1964; Kohn and
Sham 1965) as implemented in the Vienna Ab initio
Simulation Package (VASP) (Kresse and Furthmiiller
1996; Kresse and Hafner 1993). The spin-polarized
Kohn-Sham (KS) equations (Kohn and Sham 1965)
are solved in an augmented plane-wave basis set by
using the projector augmented wave (PAW) method
(Blochl 1994; Kresse and Joubert 1999) within the
supercell approach. For 3d-5d TM binary alloys,
the electronic and magnetic properties are accurately
described by considering the 5d, 5s and 3d, 4s, and 4p
electrons as valence states respectively (Blochl 1994;
Kresse and Joubert 1999). The exchange and corre-
lation effects are treated in the generalized-gradient
(GGA) (Parr and Yang 1989; Dreizler and Gross
1990) level by means of the Perdew-Wang exchange-
correlation functional (PW91) (Perdew 1991). The
clusters are placed inside of a simple cubic super-
cell whose dimensions are such that the interactions
between neighboring images are negligible. In prac-
tice, this criterion is fulfilled when the images are
separated from each other by at least 12 A. The KS
wave functions in the interstitial region are expanded
in a plane wave basis set with a kinetic energy cut-
off of 350 eV. Larger supercell sizes and higher cutoff
energies were also tested yielding variations in the
total energy less than 1 meV/per atom. Thus, the
set of values chosen for supercell size and energy
cutoff in the present work represent a good compro-
mise between computational effort and accuracy. A
modest Gaussian smearing (Mermin 1965) of the KS
levels of 0.01 eV is introduced in order to improve
the convergence and numerical stability. The energy
calculations are carried out by considering only the
I"-point in reciprocal space given that we are dealing
with free-standing isolated clusters.

Structural optimization of Co,Pt,;, nanoparticles

The geometry optimization of the different Co,Pt,,
alloy clusters is performed by using the conjugate-
gradient method until the forces on each atom are less
than 5 meV/A. The magnetic properties of the clusters
are strongly dependent on the geometrical and chem-
ical environment. Atomistic and DFT studies have
predicted that in the case of core-shell nanoalloys, the
lattice mismatch between elements induces a stress in
the surface of the binary nanoparticles which leads

in a reconstruction of the surface (Panizon and Fer-
rando 2016). In the case of CoPt nanoalloys, the lattice
mismatch is meaningful. Typically, the nearest neigh-
bour (NN) distance of pure-Co nanoparticles is around
dyn A~ 2.3-2.5 A while dyy ~ 2.6-2.8 A for Pt-
pure clusters. Thus, a careful global optimization is
necessary to determine the true ground-state structure.
In our study, the strain-induced effect in the restruc-
turing of the surface is clearly observed in the case
of the Pt19Cogg structure (a Pt-core surrounded by a
single Co-atomic layer shell in which one observes
a complex structural distortion not only in the sur-
face but in the atoms of the inner shell as well).
The atoms located in the vertices of the quadrangu-
lar face (xy-plane) are compressed regarding the ones
located in the vertices of the z-axis, generating an egg-
like structure. The other considered CoPt morpholo-
gies (intermixed structures) also undergo non-trivial
distortions. It is worthy to point out that such geo-
metrical reconstruction breaks the overall symmetry
of the structure suppressing the usual high-symmetry
axes found in the conventional systems (e.g., cubic,
hexagonal symmetry).

Since the magnetic degrees of freedom rise (exis-
tence of multiple magnetic configurations) when the
number of atoms in the cluster increases, we consider
a wide-range of possible collinear solutions as starting
magnetic configurations having different spin arrange-
ments for the cluster geometry optimizations. A struc-
tural optimization alongside with a systematic search
of collinear magnetic solutions following a fixed-spin-
moment procedure is performed by varying the total
spin moment S, of the cluster around some reason-
able values N < §; < 3N. Moreover, small random
variations of the atomic positions and local moment
orientations are introduced (non-collinear textures),
which allows to test the stability of collinear solutions.
The collinear spin-magnetic-moment configurations
turned out to be the ground-state textures in all cases
upon geometry and energy optimization.

Charge-doping and magnetocrystalline anisotropy

Once the ground-state structures of the Co,Pt,
nanoparticles are obtained, we introduce a uniform
charged-background inside of the supercell in order
to simulate the charge-doping effect on the clusters
(Ruiz-Diaz and Stepanyuk 2014). In practice, this can
be achieved by varying the total number of valence
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electrons of the Co,Pt, nanoparticles. Typically, by
adding(removing) one electron in the supercell with
respect to the non-charged cluster (reference system)
is enough for simulating a reasonable electron(hole)-
doping. Clearly, the excess of charge(holes) causes
the neutrality condition in the supercell to be broken.
Thus, the excess of charge needs to be compensated
by a constant background jellium to fulfill this con-
straint, otherwise the Coulomb energy would diverge
(Gerstmann et al. 2003). This approach has been suc-
cessfully applied in our previous works for ultra-thin
multi-layered systems (Ruiz-Diaz et al. 2013; Ruiz-
Diaz and Stepanyuk 2014). The magnetocrystalline
anisotropy energy is a very sensitive quantity which
requires to be treated with extreme care since for free-
standing isolated clusters is usually of the order of
just a few meV’s. In a second step, relativistic calcu-
lations taking into account the spin-orbit interaction
are carried out with a much tight criterion in the elec-
tronic energy(AE = 1077 eV between two successive
electronic steps). Such a strict criterion is crucial for
calculating reliable MAEs. We rely on the magnetic
force theorem (Bruno 1989) for determining the MAE
of the clusters. Self-consistent calculations were also
performed finding in both cases the same trends in the
MAE behavior however. One should mention that the
spin and orbital moments remain collinear between
each other in both approaches (non-self and fully
self-consistent relativistic calculations). We therefore
focus our discussion mainly in the results obtained
with the former approach.

Results and discussion
Non-charged CoPt clusters

We take as prototypical examples medium-sized CoPt
octahedral-like core-shell alloy clusters having N =
n + m = 85 atoms and different core sizes, n, =
N:./N = 0.23, 0.5, 0.72 and 1.0 where N, is the
number of atoms in the core. The considered CoPt
core-shell structures are sketched in Fig. 1. We begin
our study by analyzing the role of the structural relax-
ations in the nanoparticles. In general, upon geometry
optimization, the Co,Pt,, alloys try to preserve their
initial symmetry (octahedral symmetry) but notice-
able distortions near the apexes are observed, specially
in the case of Ptj9Cogs when an egg-like structure
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Fig. 1 (Color online) Illustration of the relaxed Co,Pt,
octahedral-like core-shell alloy clusters having N = n +m =
85 atoms and different relative core sizes . = N./N, where N,
is the number of atoms in the core. Light (pink) balls represent
the Co atoms while dark (green) balls represent the Pt atoms

is formed. Only for the case of the pure Co-cluster
(Cogs), shorter inter-atomic distances are found in
comparison to the nearest-neighbors distance in bulk
[d = (2.35-244)A; df9, = 2.49A]. For the CoPt
alloys, the displayed inter-atomic distances are in
the range of bulk distances d = (2.37-2.92)A for
Pt19Cog6, d = (2.43—2.84)A for Pt43Co4p, and d =
(2.49—2.77)A for Ptg1 Cop4 respectively. In order to get
insights regarding the stability of the selected CoPt
morphologies, we calculate the binding energy per
atom (Eyp;p) in the canonical way: Epin = 1/N X (Eor —
nEc, — mEp) where N = 85, E,,; is the total energy
of the cluster Co,Pt,, and Ec,(Ep;) is the energy
of an single Co and Pt-atom respectively. We found
Ebin(Cogs) = —4.48 eV, Epjn(Ptj9Cogs) = —4.4 €V,
Ebin(Pt43Co42) = —4.6 €V, Epin(Pts1Co2) =
—4.71 eV. From such results, one concludes that the
inter-mixed structures are lower in energy than that of
the core-shell morphology. Even the pure Co-cluster
(Cogs) turned to be more stable than PtjgCogg. These
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results are in agreement with previous calculations
using Monte Carlo and DFT methods for global opti-
mization of structures in CoPt nanostructures which
predict that the the intermixing is prefered for this kind
of nanoalloys (Rossi et al. 2008; Barcaro et al. 2010).

Now that different Pt-Co intermixing substitutions
are considered, the magnetic behavior is expected
to be highly composition-dependent to the chemical
order. In particular, we focus in striving to correlate the
magnetocrystalline anisotropy with the chemical com-
position of the nanoparticle. Due to the symmetry of
the selected clusters, the energy is calculated along the
three highest symmetry magnetization directions (see
Fig. 1), namely § = x,zand xy := {¢p = n/4,0 =
7 /2} for each considered core size, 1. As briefly dis-
cussed before, due to the lattice mismatch between
Co and Pt, the structural distortions are considerable,
breaking in this way the symmetry of the system.
Therefore, the z and xy magnetization directions are
non-equivalent otherwise this should be the case (i.e.,
perfect octahedral cluster). From these calculations,
two magnetic anisotropy energies are obtained. An
in-plane anisotropy which is the difference in energy
between the xy and x directions, AE;, = Ex, — Ex
and an out-of-plane anisotropy defined by difference
in energy between the z and x directions, AEq, =
E, — E, respectively. Owing to the symmetry of the
considered clusters, we found that the out-of-plane
MAE:s are in general larger than the in-plane MAE:s.
For sake of sampling further the MAE behavior, an
additional direction of magnetization was chosen. We
take the xz := {¢ = 0,6 = m/4} direction, find-
ing a considerable monotonous increasing of the MAE
upon Pt-to-Co substitution. Defining now AE as E; —
E,; , we obtain AE = 0.41, —91.23, —205.47,
and — 332.6 meV for Cogs, Ptj9gCogg, Pt43Coy4s , and
Pts1Coo4 respectively. In order to get insights regard-
ing the influence of the structural distortions on the
MAE, we calculate as an example AE, for the non-
distorted Pt;9Cogs morphology assuming d = 2.68 A
between all the atoms. In this case, AEqy is —9.2
meV which is relative larger than that of the MAE of
the optimized cluster (= 6 meV). In general, enhanced
MAEs are observed in the non-distorted structures
exhibiting that relaxations tend to reduce the MAE value.

We have obtained the energy along three different
axes of quantization, the directions along the corner,
center of edge and center of facet of the clusters; how-
ever, in order to determine the frue hard axis or global

minimum, one needs to calculate the energy in all the
magnetization axes, namely E(¢, ) which is beyond
the scope of the present study. We mainly focus on
the trends of the MAE as a function of the chemical
composition and charge doping.

Moreover, the effect of the 3d-5d alloying on the
MAE is exhibited since enhanced MAEs are obtained
as the Pt-core-size increases (Pt-to-Co substitution.)
We observe that among the considered Co,Pt,, core-
shell clusters, the pure Co-cluster(Cogs) has a negli-
gible (almost zero) MAE due to its small spin-orbit
constant. In contrast, a non-trivial dependence of the
MAE as a function of the Pt-concentration is observed.
We found that the largest Pt-core-size cluster, n, =
0.72 (Ptg1Co24), possesses a remarkable large off-plan
e MAE of AEqy = —22.9 meV. In the xy-plane, the
easy-axis of magnetization is along the § = xy direc-
tion (AE;, = —23.6 meV). In addition, depending on
the Pt-core-size, both in-plane(off-plane) directions of
magnetization are identified as it can be seen in Fig. 2.

1= Selfconsistent calculations
| m 1 Non-selfconsistent calculations

M ..

)

E,-E,[meV]
o

-100 ‘ : . -+
Cogs  Pt19Cogg Pts3Co4 Ptg1C024

| el

2
mmmSelfconsistent calculations
['1m1Non-selfconsistent calculatign

Cogs  Pt19Cogg Pts3C042 Ptg1C024

CoPt cluster alloy

Fig. 2 (Color online) Calculated self-consistent (SC) and non-
self-consistent (NSC) magnetocrystalline anisotropy energy of
Co,Pt,, core-shell clusters having N = n + m = 85 atoms and
different core sizes 7.. a Out-of plane anisotropy AE = E, —
E, . b In-plane anisotropy AE = E,y — Ey. The units are given
in meV.
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Therefore, the strong chemical composition depen-
dence on the magnetization direction is evidenced.
The results show that this non-trivial MAE behav-
ior renders impossible to a priori infer a clear trend
of the MAE based only on the chemical composition
of the cluster. This intricate behavior arises from the
interplay of the local environment dependence and the
corresponding enhancement of spin-orbit interactions.

We would like to comment in brief on the relia-
bility of the approach used in calculating the MAE:s.
In general, the magnetic properties, in particular the
MAE, are very sensitive to countless factors and cer-
tainly different levels of accuracy might yield to varied
values. In order to quantify to some extend the robust-
ness of the approach embraced in the present work,
we compare both self-consistent and non-self con-
sistent (magnetic force theorem) calculations for the
non-charged clusters. We find that the general trends
in the MAE behavior are preserved in all the consid-
ered cases (see Fig. 2). Thus, the magnetic properties
of the charged CoPt clusters are discussed using the
magnetic force theorem since we expect that the con-
clusions should remain the same.

In Table 1, the average magnetic spin and orbital
moments as well as the corresponding local Co(Pt)
moments for the different Co,Pt, core-shell alloy
clusters are presented. In the pure Co-cluster (Cogs),
the average magnetic moment is modestly larger (i =
1.78 wp) than that in the bulk. On the other hand,
although the average spin moment, [, of the cluster
decreases as a whole when increasing the Pt-core-size
from 5, = 0.23 to 0.72, thanks to the increase of the
contact with the Pt-atoms, the local spin moment of

the Co atoms increases from 1.78 to 2.06 wp. Conse-
quently, owing to an enhancement in the hybridization
of the Pt atoms, the induced spin moment slightly
increases from 0.36 to 0.48 wg. The orbital moments
in the Co atoms are practically negligible regardless
of the concentration of Pt in the cluster. Contrary,
it is observed a dependence on the chemical com-
position of the nanoparticles in the orbital moments
of the Pt atoms with small variations ranging from
0.01-0.2 pp.

Charged CoPt clusters

The MAE in the CoPt alloys can be further altered
by electron(hole)-doping. The excess(lack) of charge
modifies the intra-atomic Coulomb repulsion that
yields in a electronic redistribution affecting the MAE
value. In between, such redistribution might also
cause structural deformations in the nanoparticles. We
found that in general such distortions are negligi-
ble for the considered electron(hole)-doping strength
[1 electron(hole) per unit-cell]. Variations less than
2% in the interatomic distance with respect to the
non-charge systems are observed. As in the case of
the non-charged alloy nanoparticles, we calculate the
energy of the clusters along the three highest sym-
metry axes as a function of the electron(hole)-doping
strength. We start by discussing the results for the
in-plane MAE (AE;, = E,y-Ey) which are summa-
rized in Fig. 3. Enhanced MAEs upon charge-doping
are obtained in all the cases along with a non-
monotonous MAE behavior as a function of function
of the electron(hole)-doping strength. Interestingly, in

Table 1 Average spin(orbital) magnetic moments in core-shell Co, Pt,, clusters having N= n + m = 85 atoms

& iip” icy i i i AT N
Cogs 1.78 1.78 [0.12] 0.096 0.096 0.12
CogePti9 1.54 0.36 1.86 [0.092] 0.09 0.087 0.05 0.095
CogPty3 1.18 0.39 2.0 0.097 [0.1] 0.097 0.132 0.17
Coo4Pte1 0.82 0.48 2.06 [0.06] 0.068 0.064 0.2 0.01
Corfec 1.65
Ptfec 0.0

Results are given for the average spin moment per atom within the Wigner-Seitz (WS) spheres iV = Z,N= | 4i/N (column 2), the
average Pt magnetic moment [L%S =y, uf ! /m (column 3), and the average Co magnetic moment [LEVUS =y, ,uic" /n (column
4). Columns 5, 6, and 7 refer to the average orbital moment per atom ([Li = Z?I:] ,u.i (1)/N) in § = z, x, xy directions respectively.
Columns 8 and 9 stand for the Pt[Co] orbital moment in easy-axis of magnetization (the easy-axis direction is marked in brackets),
;1{‘ =y, ML(Pt)i/m[/ZE" = Y, ur(Co)i/n]. The orbital magnetization directions § = {z, x, xy} are chosen following the
high-symmetry axes of the CoPt-clusters according to Fig. 1. For sake of reference, the corresponding bulk values are also shown
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Fig. 3 (Color online) 0.1 :
In-plane magnetocrystalline * o
anisotropy AE = E,, —E,, = 0

as a function of the g L
electron(hole) charge- < 01l
doping of the considered "u->‘ L
Co,,Pt,,, core-shell clusters w021
havingN=n+m =85 . Cogs
atoms and different core 0.3

sizes 1. The charge-doping

scale (in units of e/unit cell) S5
is referred to the neutral
system. Positive (negative)
values stand for an
excess(lack) of valence

electrons in the alloy cluster 3f ? 4 I |
L A L
251 Pty3Co42 . Pt51Co24 !
) I P osL L 1o 1]
-08 -04 0 04 08 -08 -04 O 04 08

injected charge [e/unit cell]

the Co-rich nanoparticles regime (Cogs and Pt;9Cogg)
magnetization switching is reveal (Fig. 3a-b). This is
due to the relative small displayed in MAEs (~ 0.1-1.5
meV) and under this scenario, the doping plays a key
role over the competing weak magnetic interactions
driven by the spin-orbit coupling. When increasing
the Pt-concentration in the clusters, larger in MAEs
are obtained (~2.5—24 meV for n. = 0.5, 0.72)
(Fig. 3c—d) and the magnetization switching mecha-
nism is suppressed. Comparing our results, we can
conclude that Co-to-Pt substitution promotes further
stabilization mediated by the spin-orbit interactions.
Let us move the discussion to the results regard-
ing the off-plane MAE in the CoPt core-shell alloys.

injected charge [e/unit cell]

First of all, the same qualitative tendency (similar non-
monotonous dependence of the MAE as a function
of the charge-doping strength) is observed in the four
considered clusters; however, the obtained MAEs are
larger in comparison with the in-plane MAEs previ-
ously discussed. Nonetheless, the spin-orbit constant
for Co is small and the Cogs displays a modest in-
plane MAE (neutral system); however, the changes
in the MAE behavior are noticeable upon the dop-
ing. The non-charged cluster has a very small in-plane
anisotropy (close to zero), so it is expected that small
variations in the electronic environment will produce
reversal magnetization. The easy-axis of magnetiza-
tion happens to be out of plane, along the z-axis

Fig. 4 (Color online) Off-
plane magnetocrystalline

anisotropy AE = E, — Ey,
as a function of the
electron(hole) charge-
doping of the considered
Co,,Pt,,, core-shell clusters
havingN =n 4+ m = 85

Ez-Ex [meV]

atoms and different core
sizes 1. The charge-doping

scale (in units of e/unit cell) S I T 2 1_ \ I ]
is referred to the neutral — 451 ' Te =0.5] .22 : —
system. Positive (negative) > 4 : ] - !
values stand for an £ 350 : ] -23 B —0.72 |
excess(lack) of valence e TA ) ] o4 Nle =2 I
electrons in the cluster u;]' 3 | N - | "

25 Pt43C045 | 1 &r Ptg1Co24 | i

L P T Bl I N R B
-26
-0.8 -04 0 04 038 -0.8 -04 0 04 038

injected charge [e/unit cell]

injected charge [e/unit cell]
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upon charge injection and becomes more stable as
the charge doping strength increases. The anisotropy
further stabilizes reaching values around 0.7 meV
for le/unit-cell. Contrary, it would appear that the
initial weak in-plane MAE is restored and shows a
linear behavior upon hole injection (see Fig. 4a). Its
value is roughly constant nearly 0.1 meV with hardly
appreciable variations.

A more complicated behavior is found in the CoPt
core-shell alloys since there is no clear trend of a pre-
ferred direction of magnetization. Both Co-rich and
Pt-rich concentrations (., = 0.23 and 0.73) display
remarkable large off-plane MAEs exhibiting values
ranging from 17 to 25 meV upon electron-doping (see
Fig. 4b—d). Only in case where the ratio between the
number of Co and Pt atoms is the same (1, ~ 0.5), the
nanoparticle has a relative small in-plane MAE rang-
ing from 2.5 to 3.5 meV (see Fig. 4c). Intriguingly,
for any of the studied CoPt core-shell alloys, no evi-
dence of reversal magnetization was observed. It can
be attributed to the relative large AE, values evi-
dencing the robustness of the magnetization direction
ruled by the large spin-orbit interactions.

Given that the magnetocrystalline anisotropy mainly
arises from the spin-orbit interactions, it is expected
that there is a correlation between the MAE and orbital
moments. Thus, as a first approach to endeavor quan-
tifying the charge-doping effects on the MAE, we
analyze the orbital moment behavior as a function of
the charge-doping strength. We choose Ptj9Cogg as an
example since this cluster shows a non-monotonous
as well as smooth MAE behavior upon doping. In
Fig. 5a-b, we present the total orbital moment of
the cluster alloy for the three considered directions
of magnetization § = x,xy, and z respectively. It
can be appreciated that the orbital moment along
the z-axis remains roughly constant approximately
uy = 7.8 pp for hole injection which is consistent
with the observed small variations in the off-plane
MAE, (AEo = E; — E;) around 5-7 meV. Unlike,
upon charge-doping, the orbital moment rises which
is reflected by a meaningful increase of the anisotropy
from AE,,; ~ 5 to 17 meV (Fig. 4b). Similar conclu-
sions can be deduced when comparing AE;, = Ey,-
E, and ,ufz‘xy. These results evidence that a change in
MAE can be associated with a change in the orbital
moment resembling the Bruno’s relation for explain-
ing the MAE origins (Bruno 1989). In Fig. 5c, we
plot the orbital off-plane anisotropy, Au;" = pj —
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Fig. 5 (Color online) Total orbital magnetic moment pu; =
ZIN:I ,u,f, for the Pt;9Cogg core-shell cluster as a function of the
electron(hole) charge-doping. Positive (negative) values stand
for an excess(lack) of valence electrons in the cluster. The
charge-doping scale (in units of e/unit cell) is referred to the
neutral system. a Total orbital magnetic moment along the z
pr = i, uf, direction according to Fig. 1. b Total orbital
magnetic moments along § = x and xy u; = ZlNzl ,uf’xy,
respectively. ¢ Total out-of plane orbital anisotropy, Aui" =
ui — 7 - The units are given in pp

wy as a function of the charge(hole)-doping strength.
Indeed, when Apt" raises, AE,,; also increases and
vice-versa.
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Table 2 Couplings between the occupied (unoccupied) states
depending on the d-orbital symmetry and their contribution to
the direction of magnetization

(Wl l¥0) d. o
dyy ~0 M

d)cz — —

dy; — —

The vertical (horizontal) arrows referred to an off-plane(in-
plane) direction of magnetization respectively. (see for instance
the Supplemental Material of Ref. Ruiz-Diaz et al. (2015))

Electronic structure of the CoPt alloy clusters

A simple and fashionable way to elucidate major
insights regarding the microscopy origins of the MAE
behavior of the CoPt alloy clusters from a local per-
spective is to assess the prevailing contributions to the
magnetocrystalline anisotropy driven by the coupling
of the different d-orbitals with the spin-orbit angular-
momentum operators. Resorting to the second-order
perturbation approach (Wang et al. 1993)

2_ 2
MAE = E,~E,~£2 )" (| [Wo) |7 — (W L | o)

where {Y,, ¥,} refer to the unoccupied (occupied)
states and {l,/;} the angular momentum operators
respectively and & is the spin-orbit constant. It is
straightforward to infer that the predominant con-
tributions to the MAE arise from the states near
to the Fermi level and its behavior is essentially
ruled by the denominator in Eq. 1. Furthermore,
since the majority d-band for the Co and Pt ele-
ments are fully occupied, the spin-flip between the
up- and down-states is suppressed and the MAE
behavior can be associated to the coupling between
states in the minority d-band only. Depending on
the symmetry of the d-orbitals, the coupling between
the different occupied and unoccupied states via the
spin-orbit angular-momentum operators, a particular
direction of magnetization is preferred according to
Table 2 (Dasa et al. 2013; Ruiz-Diaz et al. 2015).
The interplay between all the couplings determines
the easy-axis of magnetization of the cluster. In
Fig. 6, the minority d-orbital-resolved density of states
(DOS) for the Co,, Pt,, core-shell alloy clusters around
the Fermi level is plotted . After analyzing the spin-
orbit coupling matrix elements between the differ-
ent d-orbitals along with the DOS profile (DOS «

€u—¢o (Yul1¥6)?), one can observed that for Cogs, there is a
) depletion of the d-orbitals near the Fermi energy (see
Fig. 6 (Color online)
Minority d-orbital-resolved 50 4 40
density of states(DOS) for 40 =30
the Co, Pt,, core-shell alloy 30 i
clusters around the Fermi ~ 20
level 20 {
— 10 10
> 0
()
- 50 40
%)
@ 40 30
el
E 30 20
o 20 v
10
]
O 0
A 40 -04 -02 0 02 04
% E-EF [eV]
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Fig. 6) which indicates a weak coupling between the
occupied and unoccupied states yielding therefore in a
negligible MAE as it was previously discussed. Con-
trary, the large off-plane(in-plane) MAE found for the
Ptg1Coy4 alloy cluster(~ 26 meV) can be easily under-
stood by the substantial enhancement of the coupling
mainly between the dy, and d,>_ > orbitals and d,,
and d,>_,», which can be envisaged by the large num-
ber of of states of these orbitals around the Fermi level
that favors an off-plane(in-plane) direction of magne-
tization respectively. The obtained intermediate MAE
values (~ 2—15 meV) for the Pt;9Cogs and Pty3Co4o
are also reflected in the profile of the DOS for these
clusters. The strength of the different off-plane(in-
plane) couplings (states near the Fermi energy) are
between the couplings for Cogs and Ptg;Coz4. One
can see thus that the magnetocrystalline anisotropy is
driven by the spin-orbit interactions and it has a pro-
found impact in the electronic structure of the clusters
which can be traced back in the density of states.

Conclusions

The magnetic properties of CoPt core-shell alloy
nanoparticles have been investigated in the framework
of density functional theory. Our results demonstrate
that tuning the chemical composition, in particular
by 3d-5d alloying and simultaneously varying their
concentration has a profound impact in cluster mag-
netism. Remarkably, charge-doping offers an appeal-
ing route for further tailoring the magnetic properties
of the cluster alloys. Our results show that this mech-
anism promotes further stabilization in the direction
of magnetization which is appealing for instance in
magnetic recording. More intriguing is that the mag-
netization switching processes may also be triggered.
Finally, the microscopical basis of the magnetocrys-
talline anisotropy of the CoPt alloy clusters is associ-
ated with changes in their electronic structure and the
MAE behavior can be explained qualitatively.
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