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The ground-state magnetic properties of Co,Rh,_, nanoparticles having sizes in the range of 0.8-2 nm
(N = 43 and 273 atoms) and Co concentrations x = 0, 0.25, 0.5, 0.75, and 1 are investigated in the framework of
density-functional theory by using a fixed-moment method. Electron correlation effects are explored by comparing
the results of the local spin-density and generalized-gradient approximations to the exchange and correlation
functional. The role of chemical order on the magnetic behavior is investigated by considering a variety of
core-shell atomic arrangements with nearly spherical CoRh interfaces. A local relaxation of the cluster geometry
is performed by taking face-centered cubic structures as starting configurations. All considered Co,Rh;_, clusters
are found to be magnetic with an average spin moment per CoRh unit that is larger than in macroscopic alloys
having similar concentrations. This is a consequence of both, the enhancement of the Co moments and the
occurrence of important induced Rh moments, which couple parallel to the Co moments. The distribution of the
local magnetic moments within the clusters is found to depend strongly on the local and chemical environment of
the atoms. In particular, the Rh moments show a nontrivial dependence as a function of the distance to the CoRh
interface. The results for the local magnetic moments are correlated to the electronic densities of states, which
reflect the concentration and chemical-order dependence of the cluster electronic structure. Finally, the effects
of coating and of the 3d-4d interface are analyzed by comparing the magnetic behaviors of core-shell particles
with those of the corresponding pure Co and Rh cores.
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I. INTRODUCTION

Recent developments in nanostructure synthesis and char-
acterization methods have opened novel possibilities to
generate and manipulate small clusters and nanoparticles
with controlled size and composition. A particularly intense
research activity has been focused on the magnetism of
transition metals (TMs) and their compounds, which are most
intriguing from a fundamental perspective and important for
a variety of technological applications.' Early experimental
and theoretical investigations have been mainly devoted to
monometallic TM nanoparticles.> In the case of pure Fe,
Co, and Ni clusters, it is nowadays well understood how the
large surface-to-volume ratio, the reduced local coordination,
and the specific symmetry lead to an enhancement of the spin
moments, orbital moments, and magnetic anisotropy energy
as compared to the corresponding solids.®”>~!! Moreover, the
onset of ferromagnetism has been revealed in clusters of 4d
or 5d elements, which are nonmagnetic in the bulk. This
remarkable phenomenon, which is in fact most relevant for
the present study, has been qualitatively predicted by theory'?
and subsequently observed experimentally in Rhy clusters
having 40—50 atoms'? as well as in Pd nanoparticles having a
diameter of about 6 nm.'* Another important early discovery
in this field is the central role played by the geometrical
structure and local environment of the atoms on the electronic
properties and magnetic order within the clusters.” Therefore,
controlling the size and structure of the particles provides
unique opportunities of manipulating the characteristics of
new magnetic nanomaterials, which are not available in the
macroscopic state.
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More recently, the focus of attention in cluster magnetism
has been progressively shifting to nanoscale alloys.> 52!
This is largely motivated by the prospects of tuning the
chemical and physical properties by varying their composition,
concentration, and chemical order. The study of binary
magnetic clusters is particularly challenging, since it offers
numerous ways of exploring competing ferromagnetic (FM),
paramagnetic (PM), and antiferromagnetic (AF) behaviors. In
this context, alloying a strongly FM 3d element (e.g., Fe, Co,
or Ni) with highly spin-polarizable PM 4d or 5d atoms (e.g.,
Rh, Pd, Pt, etc.) deserves special attention. Indeed, besides the
above-mentioned finite-size and surface effects, one usually
observes very interesting proximity and interface effects which
depend critically on the actual distribution of the different
chemical species that are involved. A further important conse-
quence of alloying is the possibility of inducing significant
magnetic moments on otherwise PM 4d or 5d elements
by introducing strongly ferromagnetic 3d atoms in their
immediate local environment.'>"'7 The magnetic response of
the 4d or 5d clusters upon weak 3d doping is particularly
strong. For example, the substitution of one nonmagnetic
atom (e.g., Pd or Pt) by a magnetic impurity (e.g., Fe or
Co) yields an enhancement of the cluster moment that goes
well beyond, often more than doubling, the contribution of the
magnetic impurity alone. Similar effects have been observed
for magnetic impurities in 4d or 5d solids,?* as well as for
adatoms on surfaces.?22> Moreover, alloy clusters often show
stable magnetic moments, which are much larger than those
of bulk alloys with similar concentration.!>!® For instance,
experiments on CoRh nanoparticles indicate not only the
presence of important Co moments, but also the development
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of significant spin polarizations at the Rh atoms.' In addition,
model calculations have shown a strong dependence of the
magnetic order and magnetic anisotropy on the chemical order
within the nanoalloys.'®?* Still, systematic ab initio studies of
CoRh clusters remain rather scarce.?>%° It is the purpose of this
paper to investigate the interplay between local environment,
chemical order, and magnetism in CoRh nanoparticles in the
framework of density-functional theory.

The remainder of the paper is organized as follows. The
following section describes the theoretical method, computa-
tional parameters, and accuracy tests concerning the present
study. Results for CoRh clusters having face-center-cubic-like
core-shell structures are discussed in Sec. III. First, we consider
clusters with N = 43 atoms. This corresponds approximately
to the size where pure Rhy clusters cease to be magnetic,
so that the effects of Co doping should be particularly
rich. Second, we focus on larger sizes (N = 273) which are
close to the range of direct experimental interest. Finally,
coating and interface effects are quantified by comparison with
the corresponding pure core clusters. To conclude, Sec. IV
summarizes the main results and points out some possible
future implications.

II. COMPUTATIONAL DETAILS

The calculations are performed in the framework of
Hohenberg-Kohn-Sham’s density-functional theory?’ as im-
plemented in the Vienna ab initio simulation package
(VASP).28-30 This computer program solves the spin-polarized
Kohn-Sham (KS) equations at the scalar relativistic level in
an augmented plane-wave basis set by using the projector
augmented wave (PAW) method,?! which is an efficient frozen
atomic-core approximation. For 3d TMs, the electronic and
magnetic properties are accurately described by considering
the 3d, 4s, and 4 p electrons as valence states. Exchange and
correlation (XC) effects are treated within the spin-polarized
local-density approximation (LDA)*>* and the generalized-
gradient approximation (GGA).*** The clusters are placed
inside of a simple cubic supercell whose dimensions ensure
that the interactions between neighboring images are negligi-
ble. In practice, this condition has been satisfied by separating
the images by at least 15 A. The KS wave functions are
expanded in a plane-wave basis set with a kinetic-energy cut-
off Enax = 230 eV, which corresponds to Rh and is higher than
the typically accepted value for Co (E,x = 170 eV). These
parameters guarantee that the total energy of the considered
clusters is converged within 1 meV per atom or better. In
metalliclike systems one often finds important changes in the
level ordering close to the Fermi level as a function of the
electronic density and cluster geometry used for defining
the KS potential. This may lead to non-negligible changes
in the orbital occupations and on the resulting spin-polarized
density along the process of convergence of the self-consistent
KS equations. Therefore, a smearing of the KS energy levels
is introduced in order to improve numerical stability. We
have used a Gaussian smearing method®® with a mean-square
deviation A >~ 0.01 eV. We have also verified that the total
energy is nearly independent of the energy level smearing
o provided that it is not too large (10 < o < 50 meV). This
yields an energy due to entropy of about 1.0-1.5 meV, which is
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small enough for the purposes of this paper. As long as we are
dealing with isolated clusters only the I" point is considered in
reciprocal space. In the case of the bulk the Monkhorst-Pack?’
grid is used. A number of tests have been performed in order
to verify the accuracy of the present choice of calculation
parameters, which are discussed at the end of this section.

In order to determine the ground-state magnetic and
geometric configuration of the clusters, we apply the fixed
spin-moment (FSM) method.*® This procedure consists in
performing independent self-consistent calculations for dif-
ferent fixed values of the z component of the total spin
moment S; = Ny — N, where N, stands for the number
of electrons with spin o. The value of S, is then varied
systematically in its full relevant range, from S, =0 to S,
slightly above the expected saturation values, until the lowest
energy is obtained. The FSM density-functional calculations
yield the lowest possible total energy for the given S, within
the framework of the considered approximation of exchange
and correlation (e.g., the LDA or GGA).*3° Therefore, the
value of S, yielding the minimum energy corresponds to the
total ground-state spin S of the given cluster structure.*’ A
number of different spin configurations (typically 3-5) have
been considered as starting points for solving the KS equations.
These include ferromagnetic, antiferromagnetic, and more
complex spin orders derived from self-consistent tight-binding
(SCTB) d-band model calculations.?* However, not all the
proposed initial distributions of the local moments yield a
self-consistent solution within VASP. In general we observe
that starting with the spin moments obtained in SCTB studies,
properly scaled to the actual value of S, is very useful in order
to speed up convergence.

For each fixed S, the cluster geometry is locally relaxed
following the Hellmann-Feynman forces derived from the self-
consistent spin-polarized density.*'*> Equilibrium is assumed
when the forces on all atoms are less than 1073 eV/A.
The starting point of the structural relaxation are face-
centered-cubic core-shell clusters with O;, symmetry, which
are composed by a central atom and the successive shells of
its nearest neighbors. CoRh clusters having up to N = 273
atoms have been considered. Although no constraints are
imposed during the relaxations, the present procedure is not
expected to yield a global optimum, since no systematic
sampling of initial structures has been aimed. Nevertheless,
we do observe local distortions with respect to the perfect
Oy, initial configuration. The equilibrium geometries have
in most cases Dy, symmetry. The calculated changes in the
interatomic distances amount to about 3%—5% in the alloy
clusters, except for clusters doped with a single impurity at
the center of symmetry, in which case they are below 1%.
These distortions can be regarded as Jahn-Teller triggered,
since the highest occupied KS orbital is degenerate in the O,
structures. However, notice that important rearrangements of
the spin-polarized density, sometimes involving changes in
the total moment, often occur along the relaxation process.
The procedure involving scanning different S; and relaxing
the geometry is required in order to determine the most stable
structure, total spin moment S, and the associated magnetic
order, since the geometric, electronic, and magnetic degrees of
freedom need to be treated on the same footing. Subsequently,
the local magnetic moments y; are computed by integrating
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TABLE 1. Binding energy per atom E, (eV), nearest neighbor
(NN) distance dxy (A), and average spin moment per atom 7z (i p)
of Co and Rh dimers and bulk as obtained by using the LDA and the
GGA.

E, dnN n
Co, GGA 1.52 1.96 2.00
LDA 2.09 1.91 2.00
Expt. (Ref. 44) 1.72 2.31 2.00

Expt. (Ref. 45) 1.32 - -
Rh, GGA 1.72 2.21 2.00
LDA 2.37 2.16 2.00
Copp GGA 5.18 2.46 1.59
LDA 6.66 2.40 1.49
Expt. (Ref. 48) — 2.51 1.58
Cog. GGA 5.16 2.47 1.61
LDA 6.63 2.41 1.54
Rhy. GGA 5.69 2.70 0.00
LDA 7.58 2.65 0.00
Expt. (Ref. 25) 5.75 2.69 0.00

the magnetization density inside the Wigner-Seitz (WS) sphere
of each atom i.

In order to test the accuracy of our parameter choice
we have calculated the binding energies, nearest neighbors
distances, and magnetic moments of Co and Rh atoms, dimers
and bulk. In the case of bulk we start with a k-point mesh
ng = 10 x 10 x 10 for hcp Co and ny = 10 x 10 x 16 for fcc
Co and Rh and then use the automatic generation of the k
mesh by Monkhorst-Pack.’” The results are compared with
available experiments in Table I. For the energy calculations
of the atoms, we use a fixed electronic configuration of
3d%4s!. For Co, and Rh, we obtain a spin moment per
atom & = 2 up, which agrees with previous calculations and
experiment.**~#® Concerning the binding energies E;, the LDA
gives, as expected, an overbinding and an underestimation of
the bond lengths (see Table I). However, Ej, is smaller and
thus closer to experiment when the GGA is considered. In fact,
the results for the nearest neighbor (NN) distances and spin
moments obtained in the GGA are in very good agreement
with experiment and previous calculations.*® Higher cut-off
energies have also been considered up to Ey,,x = 500 eV. Still,
no significant changes in the magnetization values or in any
other property presented in this work have been observed. This
confirms the validity of our choice of technical parameters.

III. RESULTS AND DISCUSSION

The purpose of this section is to discuss the electronic and
magnetic ground-state properties of Co,Rh;_, nanoparticles.
Emphasis is given to the the role of substitutions of Rh atoms by
Co atoms in Rhy for different size regimes, to the dependence
of magnetic order and average magnetic moments on structure
and chemical order, and to the correlation between magnetic
order and local environment. First, we consider clusters having
N = 43 atoms, which corresponds approximately to the size
where pure Rhy clusters cease to be magnetic. Thus, their
magnetic behavior is expected to be particularly sensitive
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to Co substitution. Second, we focus on larger clusters
having N = 273 atoms, which are close to the situation of
experimental interest (diameter ¢ ~ 1.5 nm)."> Finally, the
effects of coating are analyzed by comparing the magnetic
behavior of core-shell particles with that of pure Co and Rh
clusters of the corresponding sizes. In this work we focus
on spherical-like cluster surface with well-defined Co-Rh
interfaces. However, other possible surface and interface
shapes (e.g., cubo-octahedral-like) cannot be excluded, as
suggested by some investigations in pure Rhy clusters having
N =~ 20-60 atoms.*’

A. CoRh clusters with N = 43 atoms

Previous first-principles calculations based on the local
spin density approximation have shown that fcc-like Rhys is
paramagnetic or weakly ferromagnetic with nearly vanishing
magnetic moments and a high magnetic susceptibility.**>°
Therefore, CoRh clusters with N = 43 atoms are very in-
teresting examples to analyze the dependence of the magnetic
properties as a function of concentration and chemical order.
Different fully segregated face centered cubic (fcc) structures
having approximately spherical CoRh interfaces are consid-
ered as starting geometries for the structural relaxations. The
corresponding relaxed structures are illustrated in Fig. 1 for
representative values of the relative core size 1. = N./N,
where N, is the number of atoms in the core and N is
the total number of atoms in the cluster. Co,Rh,, (Rh,Co,,)
refers to a cluster having an n-atom Co (Rh) core coated
with m Rh (Co) atoms in the outer shells. After full local
relaxation the cluster geometries show the Dy, point-group
symmetry in all considered cases. Itis interesting to analyze the
stability of these nanoalloys by comparing the binding energy
E, = [E(Co,Rh,,) — nE(Co) — mE(Rh)]/N as a function
of composition, where E refers to the total energy of the
corresponding cluster or atom. The calculations yield a
monotonic increase of E;, with increasing Rh content: In
the GGA, E, = 4.05, 4.15, 4.28, and 4.31 eV for Rh;3Co3,
Rh9Coy4, Coi9Rhyg, and Coj3Rhsg, respectively. This is

FIG. 1. (Color online) Illustration of the relaxed core-shell fcc-
like structures of CoRh clusters having N = 43 atoms and different
relative core sizes n. = N./N, where N, is the number of atoms in
the core. Light (blue) balls represent Co atoms and dark (red) balls
represent Rh atoms. The notation Co,Rh,, (Rh,Co,,) designates a
cluster having n Co atoms (Rh atoms) in the core and m Rh atoms
(Co atoms) in the outer shell.
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FIG. 2. (Color online) Local spin magnetic moments p; within
the Wigner-Seitz spheres of the Co atoms (circles) and Rh atoms
(triangles) in core-shell CoRh clusters having N = 43 atoms. Results
are given for the average u; at each NN shell / surrounding the
central atom / = 1. Co,Rh,, (Rh,Co,,) designates a cluster having n
Co atoms (Rh atoms) in the core and m Rh atoms (Co atoms) in the
outer shell. The relative core sizes 7. are indicated in the insets. The
lines connecting the points are a guide to the eye, where full (dashed)
lines refer to the generalized-gradient (local-density) approximation.
The corresponding relaxed cluster structures are illustrated in Fig. 1.

consistent with the fact that binding is stronger in Rhy3 than in
Cous [Ep(Rhy3) = 4.36 eV, while E;(Cosz) = 3.96 eV]. The
same trend also holds in the solid.

As aresult of the high symmetry of the relaxed geometries,
the local DOS and the local magnetic moments are very
similar for all the atoms i belonging to the same NN shell
I of the central atom. Only small differences of the order of
5 x 1073 pp are found in the local spin moments j; within
any of these shells. Consequently, only the shell averages will
be discussed in the text. Since for N = 43 there are four NN
shells in the starting fcc geometry, we have eight different fully
segregated core-shell arrangements. In the following we focus
on these chemical orders, which correspond to the situation
found in experiment when the dissociation times of the Co and
Rh organometallic precursors are very different.!>

In Fig. 2 the local magnetic moments in CoRh clusters with
N =43 atoms are shown as a function of the shell number
I, where [ = 1 corresponds to the central atom and / = 4 to
the outermost shell. The results are obtained by integrating the
spin density within the WS sphere of each atom. As already
mentioned, only the shell averages w; are reported because the
differences in the local moments within a shell are very small.
This figure, together with Table II, where various average
moments are summarized, contains a wealth of information
on the magnetic order and on surface, interface, and doping
effects. Let us first discuss the results for pure clusters, which
are the reference for analyzing the behavior of the alloys.

In Cos3 the average magnetic moment per atom i =
1.93 up in the GGA is about 20% larger than the bulk
ground-state spin magnetization (see Tables I and II). This
enhancement is dominated by the contribution of the outermost
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TABLEII. Average spin magnetic moments in core-shell Co,Rh,,
clusters having N = n 4+ m = 43 atoms as obtained by using the
GGA approximation. Results are given for the total spin moment per
atom it = (v{ — v[)/N, the average moment within the Wigner-Seitz
(WS) spheres 7% = (3", i)/ N, the average Rh moment i}y° =
(>_", i)/ m, and the average Co moment idye = (31, i;)/n. The
values in brackets are the corresponding d-electron contributions.

7 avs e &S
Rhy; 0.54 0.48 0.48
0.47) 0.47)
Rh9Coyy 1.61 1.53 0.91 2.02
(1.52) (0.93) (1.99)
Rh;3Cos 1.63 1.57 0.78 1.93
(1.58) (0.83) (1.91)
Rh;Cos, 1.93 1.85 0.99 1.87
(1.85) (1.01) (1.87)
Coy 1.93 1.85 1.85
(1.86) (1.86)
Rhy; 0.54 0.48 0.48
0.47) 0.47)
Co;Rhy, 0.54 0.49 0.45 2.15
(0.48) 0.44) (2.14)
Co3Rhy 1.14 1.09 0.73 1.93
(1.10) (0.72) (1.96)
Co9Rhyy 1.47 1.42 1.04 1.90
(1.44) (1.04) (1.94)
Coy 1.93 1.85 1.85
(1.86) (1.86)

shell / = 4, which can be understood as a consequence of the
reduced local coordination number z4 = 5 and the associated
reduction of the effective d-band width.” It should be, however,
noted that the coordination number z3 = 8 at the [ = 3 shell
is also smaller than in the bulk. The local moments u; are in
fact larger than the bulk magnetization for all /. Comparing
the GGA and LDA results for Co,3 one observes pretty much
the same trends, just the LDA yields somewhat smaller local
moments than the GGA. This behavior is common to all sizes
and compositions. It reflects the usual tendency of the LDA
to overestimate electron delocalization and chemical binding.
Consequently, the effective d-band width is larger in the LDA
and the local and average magnetic moments are smaller.

In the case of Rhys the local magnetic moments are clearly
smaller than in Co4;. Nevertheless, the enhancement with
respect to the nonmagnetic solid is much more significant.
Notice that in Rhys the local moments w; >~ (0.3-0.7) up are
far from saturated, even in the GGA. The actual number of
d electrons is vy ~ 8, which implies saturation for fig =~
(10 — vg) up >~ 2 up. This explains the richer environment
dependence of u; showing oscillations as we move from the
center to the surface of the cluster. The amplitude of the
variations of u;, as well as the average values, are more
important in the GGA than in the LDA. The details of the XC
functional are particularly important at the central atom [ = 1
of Rh-rich clusters (e.g., Rhy3 and Rh;9Coy4). Here the GGA
predicts larger local moments than for the surrounding shells,
in contrast to the LDA (see Fig. 2 for n. = 1.0 and 0.44). These
results are not a simple consequence of differences in LDA and

134423-4



LOCAL AND CHEMICAL ENVIRONMENT DEPENDENCE OF ...

GGA interatomic distances. They rather reflect different ways
of treating the subtle XC contributions.

In order to put apart the XC effects on the d electrons
responsible for magnetism, from the XC effects on the
chemical binding and on the resulting equilibrium interatomic
distances, we have performed GGA calculations by using the
equilibrium positions derived in the LDA and vice versa. For
simplicity, we consider perfect fcc-like Rhys clusters with NN
distances equal to dips = 2.62 A and dgga = 2.69 A, which
are the LDA and GGA equilibrium distances between the
central atom and its NNs after relaxation. It turns out that
such changes in the NN distances do not affect the value of the
local magnetic moment at the central atom, neither in the LDA
nor in the GGA. The differences in w; for the two considered
distances is only AMI{DA ~ AM?GA ~ 0.01-0.02 up. Even at
the cluster surface, where the differences in the interatomic
distance often have a stronger influence on p; one obtains
the same trend (Auf{DA ~ AM4GGA ~ (0.01-0.02 wp). One
concludes that the magnetization profile u; versus / of Rh-rich
clusters is particularly sensitive to electronic correlations.

Quantitatively, it is the LDA with an average magnetic

moment per atom f& i‘?A = 0.16  p the one that comes closest

to the experimental result [ 4E§Pt =(0.16 £0.13) up derived
from Stern-Gerlach deflection measurements.!*> The GGA
yields i 33 = 0.54 pup. Atthis stage it is important to remark
that our results differ significantly from the calculations by Li
et al.,**>% who reported a vanishing spin polarization in Rhys.
In order to understand the source of this discrepancy we have
recalculated the magnetic properties of Rhy3 by using the same
energy-level smearing A = 0.4 eV as in Refs. 49 and 50. In
this case we also obtain a nonmagnetic solution. This shows
that the numerical stability of the results in the limit of A — 0
needs to be checked with care, particularly when one obtains
a nonmagnetic state after choosing relatively large values of
A (e.g., A/ kg >~ 4000 K). In fact, using 1 = 0.01 eV as in the
present work, or even A = 0.05 eV, yields a magnetic ground
state for Rhy; both in the LDA and GGA.

In order to discuss the properties of the alloys it is most
interesting to start from the highly spin-polarizable pure Rh
clusters and analyze the effects of replacing progressively Rh
by Co. We consider first the case where Rh is in the core.
As a result of the substitution of the outer shell by Co atoms
one obtains the cluster Rh9Coy4, which shows an important
enhancement of w; at all Rh atoms (see Fig. 2). The Co
moments (outermost shell) are also slightly larger than in
pure Coy3. This is probably related to a slight increase in
the number of d holes at the Co atoms in contact with Rh. The
enhancement of the average magnetic moment per atom—
from i = 0.54 g in Rhys to i = 1.61 wp in Rhi9Coyy (see
Table II)—is not only due to the larger Co contributions
(ﬂg)s = 2.02 up). The enhancement of the Rh local moments
is equally important. In fact, iy = 0.48up in Rhys, while
/lﬁls = 0.91 up in Rhj9Coyy (see Table II). This demonstrates
the remarkably high spin polarizability of Rh clusters in this
size range.

A further increase of the Co content in Rh3Co3y does
not yield a very significant change in the local Rh moments
calculated in the GGA. Actually a small reduction of uR" is
observed. However, the LDA results for uR" are significantly
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enhanced, now becoming very similar to the GGA ones (see
Fig. 2 for n. = 0.30). The average magnetic moments per atom
in Rh;3Co3 is nearly the same as in Rh9Coy4. This is the result
of a compensation between a larger contribution of Co atoms
and a small reduction of the Rh local moments (see Table II).
Finally, for very high Co content as in Rh Cog4, (. = 0.02)
we recover a magnetization profile which is very similar to
pure Coys, as far as the Co shells are concerned. The local
moment ,ulfh = 0.99 up at the central Rh atom in RhCoy4, and
in Rh3Co3¢ are very similar.

Co substitution at the cluster core, which we denote by
Co,Rh,,, yields a qualitatively different behavior. In this
case we observe a nonmonotonous dependence of the Rh
spin polarization with increasing Co content: ﬁﬁ‘{f = 0.48,
0.45, 0.73, and 1.04 g in Co,Rhy3_, for n =0, 1, 13, 19,
respectively. Even in the very dilute limit (e.g., CoRhyy)
the Co spin moments are strong (%> = 2 ). Interestingly,
ﬂg)s tends to decrease with increasing Co concentration. This
suggests that the enhancement of ﬁ‘c"gs is not due to a reduction
of the local coordination numbers—the Co atoms are in the
core—but rather to a small charge transfer from Co to Rh,
which causes an increase in the number of polarizable 3d
holes at the Co atoms. Similar 3d to 4d charge transfers have
been found in FeRh clusters.!

Concerning the spatial distribution of the spin polarization,
we observe that more than 95% of the total magnetization
originates in the WS spheres of the atoms, when the Co content
is important. This can be verified by comparing the results
for o and @™° in the Table II. Notice that in the Rh rich
limit (e.g., in Rhy3 and Co;Rhy,) the local contribution drops
to about 90%. This reflects a more important spill-off of the
spin-polarized density, although the local atomic contributions
remain largely dominant. Comparing d and sp moments within
the WS spheres we observe, as expected, that the latter are
quite small. In most cases the sp moments are parallel to
the d moments. However, when Rh is at the core (e.g., in
Rh;9Coy4 and Rh;3Co39) we find an appreciable antiparallel
sp polarization ,ug‘ ~ —(0.02-0.05) up at the Rh atoms.
Antiparallel sp moments are also found at the Co atoms of
some clusters having a Co core (e.g., in Co3Rhy4). This
effect could be investigated experimentally by performing
Knight-shift measurements.

The spin-polarized density of states (DOS) p, (&) provides
a further insight on the electronic structure and magnetic
properties of 3d-4d nanoalloys as a function of composition
and chemical order. Figure 3 shows the DOS derived from
the Kohn-Sham spectrum within the GGA approximation for
the core-shell CoRh clusters illustrated in Fig. 1. For the
sake of comparison, the contrasting behaviors of pure Co
and Rh clusters are considered first. In the case of Coys, the
DOS reflects clearly the strong ferromagnetic order within the
cluster. A large exchange splitting and an almost fully occupied
majority band are found. In contrast, the DOS of Rhy3 shows a
nonsaturated weak ferromagnetic behavior with nonvanishing
DOS at the Fermi energy ¢p for both spin directions. In all
cases the electronic structure near ¢r is dominated by the
d-electron contributions. However, the d-band width is much
narrower in Co than in Rh, particularly for the majority states.

As a function of concentration, the DOS reflects the
crossover between the previous contrasting behaviors. For
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FIG. 3. (Color online) Spin-polarized average density of states
(DOS) of core-shell Co,Rh,, clusters having N = n + m = 43 atoms
as a function of the Kohn-Sham energy ¢ relative to the Fermi energy
er. Positive (negative) values refer to results for majority (minority)
spin as obtained in the GGA. The corresponding average magnetic
moments per atom & = (v{ —v[)/N are indicated, together with
the average magnetic moment per Co atom %> = (37" w;)/n in
brackets. The left-side (right-side) plots refer to clusters having a
Co (Rh) core surrounded by a Rh (Co) outer shell. The underlying
relaxed geometries are illustrated in Fig. 1.

example, starting from pure Co clusters and increasing the Rh
content (left column), one observes a progressive increase of
the d-band width for both spin directions. The upper bound of
the majority-spin d DOS increases and comes closer to € (see,
for example, the results for Rh;Coy, and Rh;3Coj in Fig. 3).
Finally, for large enough Rh content, the majority-spin DOS
is no longer zero at €r, which corresponds to nonsaturated
magnetic moments (see, for example, the DOS of Rhj9Coy4
and Coj9Rhy4). Qualitatively, the trends are similar for both
types of core-shell chemical orders.

B. CoRh clusters with N = 273 atoms

In this section we discuss the magnetic properties of larger
alloy clusters, which diameter ¢ ~ 1.5 nm is close to those
obtained by means organometallic chemistry or low-energy
cluster-beam deposition methods.>>!> Motivated by the
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Rh_,

CO79Rh 194

194

FIG. 4. (Color online) Illustration of the relaxed core-shell fcc-
like structures of CoRh clusters having N = 273 atoms and different
relative core sizes . = N./N, where N, is the number of atoms in
the core. Light (blue) balls represent Co atoms and dark (red) balls
represent Rh atoms. Co, Rh,, (Rh,Co,,) designates a cluster having n
Co atoms (Rh atoms) in the core and m Rh atoms (Co atoms) in the
outer shell.

results of experiment and simulations,’?> we consider fcc-like

structures with segregated core-shell Co and Rh components,
as the starting configurations of the unconstrained local
geometry optimizations. The structures considered for the
actual calculations contain a central atom and the successive
shells of its closest 15 NN, which yields N = 273 atoms in all.
Exploring this size range is particularly interesting, since Rh
and Co cluster are magnetically very different here. While Coy
is expected to remain ferromagnetic all along its way to the
bulk, Rhy73 is expected to be nonmagnetic or weakly magnetic.
Still, the latter should preserve a large magnetic susceptibility,
as a result of which very interesting magnetic behaviors could
be triggered by Co doping. The optimized structures of CoRh
nanoparticles with N = 273 atoms are illustrated in Fig. 4. As
before, Co,Rh,, (Rh,Co,,) refers to clusters having n Co atoms
(Rh atoms) in the core and m Rh atoms (Co atoms) in the outer
shells (N = n 4+ m). The results for the magnetic properties
are summarized in Fig. 5 and Table III for representative values
of the relative core sizes 7.

In the case of pure Coys; the local spin moment p; at
the central atom is somewhat smaller than the bulk one p =~
1.5 p g, while the calculated up, = 1.59 wp. As we move away
from the cluster center towards the surface, the Co moments
increase up to u; >~ 1.9 up for [ = 14 and 15 showing very
weak oscillations (see Fig. 5). The LDA moments are in
general smaller than the GGA ones. Note that in pure Rh
clusters the local spin moments are very small. They present
some oscillations as a function of the shell number / showing
no sign of antiferromagnetic order. Only at the surface the
local moments are significant: p; >~ 0.5 pup for/ = 13 and 15.
This yields a very small average magnetic moment per atom
[ (see Table III).

In the case of nanoalloys having a Co core and a Rh outer
shell, the magnetic moments at the innermost Co atoms are
similar to those found in pure Coy. They increase as one goes
from the center to the CoRh interface, except when the Co
core is small. For example, in Co79Rhj94 one observes that
wi(Co) is nearly constant or tends to decrease with increasing
1. Significant magnetic moments are induced in the Rh atoms
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QT

L 2]

Shell /

FIG. 5. (Color online) Local spin magnetic moments p; within
the Wigner-Seitz spheres of the Co atoms (circles) and Rh atoms
(triangles) in core-shell CoRh clusters having N = 273 atoms.
Results are given for the average w; at each NN shell / surrounding
the central atom ! = 1. Co,Rh,, (Rh,Co,,) designates a cluster having
n Co atoms (Rh atoms) in the core and m Rh atoms (Co atoms) in the
outer shell. The relative core sizes 7. are indicated in the insets. The
lines connecting the points are a guide to the eye, where full (dashed)
lines refer to the generalized-gradient (local-density) approximation.
The corresponding relaxed cluster structures are illustrated in Fig. 4.

TABLE III. Average spin magnetic moments in core-shell
Co,Rh,, clusters having N = n + m = 273 atoms. Results are given
for the total spin moment per atom fi, the average moment within the
Wigner-Seitz (WS) spheres V'S, the Rh average moment g5, and
the average Co moment u&> as in Table II.

Jri avs T A&
Rhyp3 0.19 0.18 0.18
(0.18) (0.18)
RhypCor,p 0.62 0.60 0.13 1.92
0.61) 0.14) (1.91)
Rh;35Co033 1.07 1.06 0.22 1.88
(1.07) 0.24) (1.89)
Rh79Co104 1.36 1.35 0.19 1.82
(1.37) 0.21) (1.84)
C0273 1.75 1.74 1.74
(1.77) (1.77)
Rhyp3 0.19 0.18 0.18
(0.18) (0.18)
Co79Rhjo4 0.45 0.46 —0.06 1.74
(0.48) (—0.05) (1.78)
Coy3sRhysg 1.12 1.11 0.45 1.78
(1.13) (0.45) (1.82)
Co,01Rhyy 1.65 1.61 1.15 1.78
(1.64) (1.13) (1.83)
Coyp3 1.75 1.74 1.74
(1.77) (1.77)
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surrounding the spin-polarized Co core, the behavior of which
depends remarkably on the thickness of the coating Rh shell. In
Co,01Rh7;, one observes that surface and interface effects, i.e.,
reduced coordination number and proximity to the Co atoms,
combine to yield very important local moments at the thin
Rh outer shell [;(Rh) >~ 1.1 pup for I = 13-15]. These align
parallel to the Co moments yielding a significant contribution
to the average magnetization . For thicker Rh outer shells
(e.g., CoyssRhysg and Coz9Rhjg4) the spin moments induced
at the Rh interface atoms are very small. This is in partly
due to a d-electron charge transfer, about 0.1-0.2 minority
electrons per atom from Co to Rh at the interface, which
reduces (increases) the number of d holes and the local
moments at the Rh (Co) atoms. As we move away from the
CoRh interface towards the surface (larger / in Fig. 5) the Rh
spin polarization increases showing important oscillations and
changes of sign. This reflects a tendency to AF coupling, which
is characteristic of low-spin states. For Rh-rich content, small
Co core, the reduction of the Co moments at the interface
is not compensated by the tiny induced Rh moments (see,
for example, Co9Rhj94). Consequently, not only the average
moment per atom i = 0.45 pp is small, but also the average
magnetization per Co atom /lgs = 1.74 pp is smaller than in
the other cases.

The calculated average magnetic moments per Co atom
ANS = (3" wi)/n in these nanoalloys are very similar,
regardless of the type of core-shell arrangement. This holds
as long as the number of Rh atoms is comparable and the
Rh content is not very large. However, the magnetization
profiles, i.e., the distributions of the spin-polarized density
w1 (Rh) as a function of /, are most sensitive to the chemical
order (see Fig. 5). In the case of Rh-core nanoparticles, the
Co moments are largest at the cluster surface (9 </ < 15)
and decrease slightly at the CoRh interface. The induced Rh
moments are quite significant, in particular at the interface
[1;(Rh) ~ 0.4-0.5 ] where they couple parallel to the Co
moments. In addition, important oscillations and changes
of sign of w;(Rh) are observed as one moves away from
the interface towards the cluster center. This AF-like order,
combined with the increase of the Co moments, yields average
magnetic moments per atom which are similar to those of the
previously discussed Co-core case. Finally, concerning the role
of electronic correlations, it is worth noting that the LDA and
GGA give very similar qualitative behaviors for all considered
alloy clusters. This is remarkable taking into account the wide
variety of magnetization profiles reported in Fig. 5. The main
difference is the already mentioned systematic tendency of the
LDA to underestimate the absolute value of ;. Nevertheless,
the predicted magnetic order coincides with the GGA.

The density of states provides detailed information on the
local and chemical environment dependence of the electronic
structure of nanoalloys, in particular concerning the hybridiza-
tions between Co and Rh states and the resulting proximity
effects. In Fig. 6 results are given for the GGA Kohn-Sham
single-particle DOS of CoRh clusters having N = 273 atoms
and representative values of the Co-Rh content. For the sake
of comparison, results for bulk Rh and Co are also shown. The
DOS of pure Co,73 presents the FM-like exchange splitting
that is characteristic of a parallel alignment of the Co moments
within the cluster. Already at these sizes the cluster DOS shares
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FIG. 6. (Color online) Spin-polarized average density of states
(DOS) of core-shell Co,Rh,, clusters having N =n +m = 273
atoms as a function of the Kohn-Sham energy ¢ relative to the Fermi
energy ¢p. Positive (negative) values refer to majority (minority)
spin. The corresponding average spin moments per atom & = (VTT -
vf) /N are indicated together with the average local moment per Co
atom S = (Zl.”:l" 1)/ n in brackets. The left-side (right-side) plots
correspond to clusters having a Co (Rh) core surrounded by a Rh (Co)
shell. The underlying relaxed geometries are illustrated in Fig. 4.

anumber of features with the bulk DOS (see Fig. 6). However,
notice that the most remarkable narrow peaks in the bulk DOS,
a consequence of specific features in the band structure of the
periodic solid, are absent from the finite clusters. In Rhj73 the
DOS is very similar for both spin projections, as expected
for a weakly magnetic system [t(Rhy73) = 0.19 ug]. Some
similarities with the bulk DOS are observed, although the
cluster bandwidth is still appreciably narrower. The contrasting
results for the pure Co and Rh clusters lets us expect an
interesting dependence as a function of concentration.

In the CoRh nanoalloys significant spin moments are
induced at the Rh atoms. As a result, exchange splittings
appear in the local Rh DOS. This is clearly seen in Rhyo;Co7,

PHYSICAL REVIEW B 88, 134423 (2013)

and Co79Rhjg4 (see Fig. 6). The induced Rh spin moments
align parallel to the total cluster magnetization and thus
increase the average moment per Co atom fic,, except when
the Co core is small (e.g., Co9Rhjg4). See the values in
brackets in the insets of Fig. 6. For nearly equal Co and
Rh concentrations the DOS shows very interesting features,
which reflect characteristics of both components. Notice, for
example, the peak in the minority-spin DOS of CojssRhj3s
above e, which is similar to one found in Coy73. Moreover,
the Co-Rh hybridizations yield a d-band width which is
similar to that of Rhy73. And yet, a non-negligible exchange
splitting is present. Qualitatively, the electronic structure of the
nanoalloys reflects the remarkable crossover between strongly
ferromagnetic and almost nonmagnetic behaviors as a function
of compositions.

C. Coating and surface effects

The effects of coating and 3d-4d interfaces may be quanti-
fied by comparing the results of core-shell nanoparticles with
those of the corresponding pure Co and Rh cores, as obtained
by removing the outer shells. This provides a complementary
perspective to interface magnetism in nanoalloys, in particular
concerning the environment dependence of the induced local
moments. In Fig. 7 the local spin moments u; at the different
shells I of coated and uncoated clusters are compared. The

Shell /

FIG. 7. (Color online) Comparison between the magnetization
profiles of pure (full symbols) and coated (open symbols) clusters: (a)
Pure Co,3, Rh-coated Coj3Rhsg, pure Rhy3, and Co-coated Rh;3Cosg,
and (b) pure Coy9, Rh-coated Coz9Rhyg4, pure Rh79, and Co-coated
Rh79Coj94. Results are given for the local spin moments y; within the
WS spheres of the atoms at the NN shells / surrounding the central
atom [ = 1. Full (dashed) lines refer to the GGA (LDA).
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core sizes N. = 13 and 79 are considered as representative
examples.

In the case of Co cores, the GGA results for the Co spin
moments are rather insensitive to the presence or not of the
outer Rh shells. Instead, the LDA moments tend to decrease at
the interface Co atoms in contact with Rh, particularly for the
smaller core size N, = 13. These differences appear to reflect
strong Co-Rh hybridizations leading to weaker magnetism,
which is not unusual in the LDA. At the Rh side of the
interface one finds a different magnetic behavior than at
the Co side, since the Rh spin moments are almost vanishing.
The quenching of Rh moments is probably favored by hy-
bridization and charge-transfer effects, typically 0.1 electrons
per atom, which tend to enhance the number of polarizable
d holes in Co at the expense of Rh holes. In addition, the
curvature of the interface should play a role, as already
observed in self-consistent tight-binding calculations.’*

In Rh-core nanoparticles a different trend is observed. In
this case, the Rh moments at the interface are more important
and the charge transfer between Co an Rh atoms is much
weaker (typically 0.02 electrons per atom). The magnetic
susceptibility of the Rh atoms, which is triggered by the
proximity with Co, dominates over charge transfer effects.
Thus, stronger Rh spin polarizations are favored. For the larger
core size N, = 79, the Rh local moments y; show stronger
oscillations and changes of sign inside the core, when the Co
coating is present. In other words, for the same Rh-cluster size,
the Rh surface favors ferromagnetic order more strongly than
a Co-Rh interface.

The role of chemical order on the magnetic properties of
the different CoRh interfaces can be qualitatively understood
by contrasting their specific local atomic environments. In
the first case (Co core and Rh shell) all Co atoms have a
bulklike coordination number with less Co than Rh NNs at
the interface. This increases the effective local d-band width
at the Co interface atoms, which tends to reduce the local Co
moments. This effect, particularly clear in the LDA results,
is actually compensated to some extent by an increase of the
number Co 3d holes. Furthermore, the interface Rh atoms have
few Co NN, so that the induced Rh polarization is quite small.
Finally, the curvature at the surface of the larger particles is not
enough to sustain the formation of large local Rh moments. In
contrast, in the second case (Rh core and Co shell) there are
several factors that enhance magnetism. First, the reduction
in coordination number at the surface Co atoms increases the
local spin moments. Second, the interface Co atoms, being
outside, have more Co than Rh NNs, so that the Rh-induced
additional d-band broadening is weaker. Finally, the Rh atoms
at the interface have now a majority of strongly magnetic
Co NNs, which induce more important Rh moments. One
concludes that the chemical order, the resulting shape of the
interfaces, and the possible interactions with the surface play
a central role in the magnetic behavior of nanoalloys.

IV. CONCLUSION

The magnetic properties of core-shell CoRh nanoparticles
have been investigated systematically in the framework of
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density-functional theory. The role of exchange and correlation
effects on the magnetism of these clusters has been explored
by comparing the results obtained using the spin-polarized
LDA and GGA functionals. The importance of the chemical
order on the magnetic behavior has been quantified and
analyzed. This concerns, on the one side, interesting prox-
imity effects between magnetic and nonmagnetic elements,
which are similar to what has been already observed in
bulk magnetic alloys. Let us mention, for example, the
development of significant local spin moments in otherwise
paramagnetic elements, and the strong dependence of these
induced moments on the local concentration of magnetic
atoms around a nonmagnetic elements (e.g., Co concentration
around Rh). In addition, specific finite-size effects associated
to the reduction of size, to the changes in local coordination
numbers, and to the interplay between surface, interface,
and bulklike local environments have been observed. All
considered Co,Rh;_, clusters having N =43 and N = 273
atoms are found to be magnetic with an average spin moment
per CoRh unit that is larger than in CoRh macroscopic alloys
with similar concentrations. This is mainly the consequence
of two contributions: an enhancement of the Co moments
and important induced spin moments at the Rh atoms, which
couple parallel to the Co moments. Moreover, the latter
show a nontrivial dependence of the distance to the interface,
particularly due to charge transfers from Co to Rh atoms. In
addition, we have correlated the local magnetic moments to the
corresponding electronic densities of states, which reflect the
dependence of the cluster electronic structure on concentration
and chemical order. The properties of CoRh interfaces and
the effects of coating 3d clusters with 4d shells, and vice
versa, have been quantified. A particularly interesting future
research direction is to investigate the magnetic anisotropy
energy of these nanoalloys as a function of Rh concentration,
since it is relevant for potential applications. Furthermore,
multiaxial magnetoanisotropic behaviors, leading to a complex
magnetization reversal process, are likely to occur depending
on composition and chemical order. Finally, the contributions
of orbital magnetism and the correlations between orbital
moments and magnetic anisotropy deserve to be explored in
more detail from a first-principles perspective.
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