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Abstract. The structure, stability, and magnetic properties of Rhn4+1 and Rh,Mn clusters (n=1-12)
are systematically investigated within the framework of the generalized gradient approximation density-
functional theory (DFT-GGA). The overall structural evolutionary trend shows that the ground state
structures of the Rh,, Mn are similar to that of the corresponding pure rhodium clusters except for n =7,
9, 12, while the Rh7Mn, RhoMn and Rhi2Mn clusters occur substantially geometry reconstruction. The
binding energy of Rh, Mn is decreased with the substitution of one Mn atom, thus indicating that Mn doping
can weaken the stability of the Rh clusters. The fragmentation energy and the second-order difference energy
of the ground-state Rh,, Mn clusters imply that the RhsMn, RhsMn, RhgsMn and Rh1;Mn clusters are more
stable than their neighbors. Compared with corresponding pure Rh,, clusters, the Mn atom doping increases
the total magnetic moment of the Rh,Mn clusters in various degrees, and the physics origin of such a
phenomenon is analyzed in detail based on the average bond length, magnetic coupling, and density of state.

1 Introduction

Metal clusters have attracted considerable research inter-
est in the past few decades owing to their fundamental
importance and potential applications. At the nanoscale,
transition metal (TM) clusters exhibit fantastic electronic,
optical, magnetic, and catalytic properties due to their
small size and large surface to volume ratio. Among the
3d, 4d, and 5d TM clusters, rhodium clusters have been
extensively investigated both experimentally [1,2] and the-
oretically [3-10] due to the wide range of applications
in catalysis. Rhodium clusters are employed as promis-
ing catalysts for heterogeneous catalysis, for example in
hydrogenation and hydrodechlorination reactions [11-13].
Particularly, Rh is the most efficient catalyst for the
catalytic dissociation of NO [14]. In addition, rhodium
clusters present special magnetic properties in contrast
to the paramagnetic behavior of bulk Rh. Therefore, the
development of stable Rh clusters with large magnetic
moment has been given much attention.

Although bulk Rh is a nonmagnetic metal, Rh clus-
ters exhibit magnetic moments with n up to 60 at
60-300K [1,2]. Furthermore, the magnetic moments of
small rhodium clusters show strong dependence on size
and structure; particularly, Rh;s, Rhyg, and Rhig clus-
ters possess a large magnetic moment. An experimental
study [1] showed that small Rh,, (n=12-32) clusters are
superparamagnetic at 93 K, with magnetic moments rang-
ing from 0.35 to 1.09 ug/atom. A series of theoretical
investigations of small Rh clusters had been conducted
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over the past two decades. Reddy et al. [3] calculated the
stability and magnetic moments of Rh,, (n=2-13) clus-
ters using a combination of molecular dynamics and ab
initio density-functional theory (DFT), and they found
that the magnetic character and the magnetic moment
per atom vary nonmonotonically with size. Bae et al.
[6] investigated the structural and magnetic properties of
Rh,, (n=8-64) clusters and found the simple cubic struc-
ture to be most favorable for up to n — 27. In addition,
the magnetic moments in the low coordination simple
cubic isomers agree closely with the observed values,
thus explaining the origin of a long-standing experimen-
tal result. Recently, Soltani and Boudjahem [10] reported
that the magnetic moments of Rh,, clusters are strongly
related to the geometries and the spin states and that the
calculated values of magnetism for the most stable clusters
range from 0.67 to 2 up/atom. Furthermore, the magnetic
moments of these clusters are attributed mainly to the
contribution of the 4d orbital.

Magnetism modulation of rhodium clusters is another
important aspect for actual applications, and doping
with another metal atom can be applied to modify the
chemical and physical properties of pure rhodium clus-
ters. Rhodium clusters doped with other transition-metal
atoms can come into being distinctive structures and
interesting properties. Manganese exhibits a distinguished
magnetism property due to its half-filled 3d orbital. Small
clusters of Mn are ferromagnetic, whereas the coupling
between Mn atoms becomes ferrimagnetic with increasing
size [15,16]. More interestingly, theoretical calcula-
tions [17] suggested that the magnetic enhancement of
Co,,_1Mn clusters is identified upon Mn substitution; this
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Table 1. Calculated bond length d (A), average binding energy per atom Fj, (eV), magnetic moment M (ug) of the

bare Mny and Rhs cluster.

Our work Theoretical Experimental
PW91 PBE
Mn: Bond length (A) 2.600  2.616 2.600 [26,27] 3.17 [28]
E, (eV/atom) 0.492 0.441  0.49 [26,27] 0.44 +0.30 [29]
u (uB) 10 10 10 [26,27] AFM [28]
Rh, Bond length (A) 2.339 2.343  2.340 [6] 2.280 [30]
Ey (eV/atom) 1.967 1.942  2.04 [§] 1.46 4+ 0.11 [30]
w (uB) 4 4 4 [6,8,12] 4 [30]

finding is consistent with the experimental result [18].
Similar magnetic enhancement is also found in Ni,Mn
[19], Pd,Mn [20], and Au,Mn [21] clusters. Recently,
Srivastava and Misra [22] studied small Rh,Mn,
(z +y=2-4) clusters and found the ferromagnetic and
ferrimagnetic alignments of atomic moments of Rh and
Mn with the increase in the proportion of z and/or y. The
magnetic moments of Rh range from 0.67 up to 1.87 ugp.
Hang et al. [23] investigated the structures and relative
stabilities of Rh,, clusters (n=2-13) and binary Rh,,M
(M =Fe, Co, Ni, and m =1-6) clusters. They found that
the growth mechanism of Rh,,M can be generated by
attaching one M into the Rh,, host and that the Rh,,Fe
is a highly stable system. Nonetheless, to our knowledge,
the magnetism evolution of Mn doped larger size rhodium
clusters needs further investigation, and the influence of
Mn atom on the magnetic behavior of rhodium clusters
remains unclear.

The above findings brought about the following cor-
related questions regarding Mn doped Rh,, clusters: (1)
How does Mn doping change the geometrical structures
of Rh,, clusters? (2) Can the magnetic properties of pure
Rh,, clusters be altered through the incorporation of Mn
atom? We performed a systematic study on the geometry,
relative stability, and magnetic properties of the Rh, 1
and Rh,Mn (n=1-12) clusters using a DFT method. The
main objectives of the present work are to identify the
optimal doping site of Mn atom to Rh,, clusters and their
magnetism coupling nature, to explore how the doped Mn
atom impacts the magnetic behavior of Rh,, clusters, and
to elucidate their magnetism origin. This paper is orga-
nized as follows. The details of the method are described
in Section 2. The results and discussions are presented in
Section 3, and the summary is presented in Section 4.

2 Computational methods

To search for the lowest-energy structures of Rh,; and
Rh,,Mn clusters, we considered a considerable amount of
possible structural isomers for each size. Full geometry
optimizations are performed using the spin-polarized DFT
[24,25] in a DMol® package [26,27]. The electron density
functional is treated by the generalized gradient approxi-
mation (GGA) with the PW91 exchange-correlation func-
tional parameterized by Perdew et al. [28]. All electron
calculations and the double-numerical basis with polarized

(DNP) functions [29] were utilized in this work. For the
numerical integration, a Medium quality mesh size was
used, and the real space cutoff of the atomic orbital was set
at 5.5 A. The convergence criteria for structure optimiza-
tion and energy calculations were set to Medium with the
tolerance for density convergence in SCF, energy, gradi-
ent and displacement at 1 x 1075 e¢/A3, 2.0 x 10~° hartree,
1 x 1075 a.u. and 0.005 A, respectively. There are no imag-
inary frequencies for all the structures reported here,
indicating that they are minimal on the potential energy
surface. Additionally, considering the spin polarization,
every geometry optimization has been carried out at var-
ious possible spin multiplicities. These two steps ensure
that the obtained spin state is the most energetically pre-
ferred. Then, the net charge and the magnetic moments
are evaluated by the Mulliken population analysis.

To check for the validity of the present computational
scheme, we choose PW91 and PBE functions to perform
some test calculations on Rho and Mnsy dimers. As listed
in Table 1, the computed bond length, binding energy
per atom (Ej) and magnetic moment (u) results of PW91
functions for Rhy and Mnsy clusters entirely agree well
with previous theoretical [3,5,9,30] and experimental data
[31-33]. The Ej of Rhy calculated to be 1.967 eV /atom has
some difference with corresponding experimental values
of 1.46 +0.11 eV /atom [33], while this value is consistent
with previous theoretical results [5]. This indicates that
our approach and accuracy are enough to describe the
structures and properties of Rh,, 11 and Rh, Mn clusters.

3 Results and discussion

3.1 Equilibrium geometries

The ground state structure and two low-lying isomers
for each Rh,Mn cluster are displayed in Figures 1 and 2,
together with the symmetries, magnetic moment, and
energy relative (AFE). Meanwhile, to examine the effects
of dopant Mn on rhodium clusters, geometry optimiza-
tions of Rhy,4+1 (n = 1—12) clusters have been carried out
using identical method and basis set. The lowest energy
structures of pure Rh,; cluster are also displayed in
Figures 1 and 2. For Rh,Mn (n = 1-12) clusters, about
450 initial configurations were optimized and many iso-
mers have been obtained. We only include the isomers
within 0.3 eV of the most stable structure.
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Fig. 1. Lowest-energy structures and low-lying isomers with relative energies (ineV) of Rh,Mn (n=1-7) clusters. The ground
state geometries of the corresponding bare Rh,, clusters are also given on the left. The blue and pink balls represent Rh and

Mn respectively.

The bond length and the binding energy of RhMn
are 2.305A and 1.742 eV /atom, respectively, which lies
between that of Rhy (2.339 A, 1.967 eV /atom) and Mny
(2.600 A, 0.492eV/atom). Compared with pure Rh,
(4up), the magnetic moment of the RhMn dimer is
increased by 2 up. The lowest energy structure of the Rhg
cluster is an equilateral triangle (Dgsp), which is consis-
tent with the previous calculated results [10,34,35]. For
RhoMn, the most stable structure is an isosceles triangle
(Cay) with the Mn atom located at the apex, in which the

Rh-Rh distance (2.569 A) is 0.23 A longer than that of the
Rhy dimer. This structure has a total magnetic moment
of 5 UB-

Rhy is the smallest cluster that could assume a three
dimensional structure. Our results show that the ground
state of Rhy is a tetrahedron structure (T4) with 0 up of
total magnetism, which is in good agreement with the the-
oretical results of Reddy et al. [3] and Aguilera-Granja [4].
The replacement of one Rh with Mn leads to a more
distorted tetrahedron of RhsMn (Cg) with the Mn atom


https://epjd.epj.org/

Page 4 of 12

D

Rh9 D3]l IUB RhsMﬂ Cz“ SMB

=8

Rhjy Cyy 2pp

=84

Rhy; G lpp

Z 2

Rhy; Dy 2pp

e

Rhy3 G Ipg

a Cgbugp 0.015¢V

a Cy 3up 0.057eV

a Cy, 2up 0.026¢V

Eur. Phys. J. D (2018) 72: 29

a Cy, 3up 0.095¢V b Cyy Ty 0.202eV

TR 4

thM n sz ZMB

.

RhmMﬂ Cl Il.lB

i

Rll“MIl Cs Zl.lB

b C,6pg 0.016¢V

B &

b C; 3 0.069eV

H &

b C, 4 0.067¢V

Rh,Mn Cs, 23up a Dsy 195 0.037eV b Cyy 21pg 0.116eV

Fig. 2. Lowest-energy structures and low-lying isomers with relative energies (ineV) of Rh,Mn (n=_8-12) clusters. The ground
state geometries of the corresponding bare Rh,, clusters are also given on the left. The blue and pink balls represent Rh and

Mn respectively.

located at the apex and an evidently increased magnetism
(4 up). In contrast, the other two stable isomers lie above
the lowest-energy structure by 0.018eV and 0.049¢V in
energy, respectively.

For Rhy cluster, the lowest-energy configuration is a
square pyramidal structure with Cs, symmetry. Similar
geometry has been reported by Reddy et al. [3] and Soltani
and Boudjahem [10] as the ground state structure. Similar
to the configuration of ground state Rhjy cluster, the dis-
torted square pyramidal (Cg) with the Mn atom at the
square position is the most stable structure of RhyMn

clusters. It has a 5 up total magnetic moment. The second
lowest energy structure (Cs), which shares the same geo-
metric structure with the lowest-energy of RhyMn, is less
favorable in energy by 0.002eV. The third stable isomer
is a triangular bipyramid (Cg,) with Mn atom lain at the
middle plane and is 0.029 eV less stable in energy than the
lowest energy structure.

The ground state Rhg adopts an octahedron with per-
fect Oy symmetry, which agrees well with the early studies
[9,10,35]. In terms of RhsMn, it is a nearly degener-
ate octahedron with Mn atom in vertex (Cs) with 8 up
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magnetic moment. The other two lowest energy structures
have the similar geometry but the different reduced mag-
netic moment (5pup, 2up) and lie 0.05eV and 0.126eV
higher in energy with respect to the ground state.

The square capped prism with Cs, symmetry is the low-
est energy structure of Rhy cluster, which is obtained as
the ground state in references [5,7,9,10]. The lowest energy
structure of RhgMn is still derived from the Rh7, namely,
a square capped prism (Cg) with 3 up magnetic moment,
in which the Mn atom is located at the vertex position.
The metastable state is also a square capped prism (Cs),
and is only 0.003eV higher in energy than the ground
state. In contrast, the second lowest energy structure is a
distorted capped octahedron with the impurity Mn atom
at the vertex, and is energetically less favorable than the
most stable structure by 0.009eV.

As for the Rh7Mn and RhgMn clusters, their struc-
tures are clearly different from corresponding pure Rh,, 11
clusters. The most stable structure of Rhg is a perfect
cubic geometry (Oy). Our calculated minimum energy
structure is in agreement with those reported in the lit-
eratures [5—7,9]. However, Rhg cluster is found to have
a nonmagnetic ground state, possessing 0pup magnetic
moment, which was also obtained by Lv et al. [36]. While
a bicapped octahedron (C;) with Mn atom at the vertex
position of the octahedron is the most stable structure
of RhyMn. It has 10 up total magnetic moment, and is
energetically lower than the metastable state (4 ug) by
0.035eV. The other isomer similar to the RhyMn with Cy
symmetry is 0.041eV less stable than the lowest energy
structure. For Rhjg, the lowest-energy structure can be
viewed as a combination of one cube and one trigo-
nal prism, which is in accordance with previous reports
[7,9,10]. With regard to RhgMn cluster, the most stable
structure can be regarded as the derivatives of a dou-
ble trigonal antiprismatic RhgMn cluster with the Mn
atom located at the middle triangle. The lowest-energy
Rhyy and RhgMn share equal total magnetic moment
(2up). The next stable isomer has the same geometric
configuration with the lowest-energy structure but has dif-
ferent magnetic moment (6 ug) and the energy difference
between them is only 0.015eV.

With regard to Rhg cluster, a double trigonal anti-prism
(D3sn) with 1up total magnetic moment is the ground-
state structure, which was obtained as the metastable
structure by Futschek et al. [34]. Among the RhgMn iso-
mers, the lowest energy structure is the distorted double
trigonal anti-prism with Cs, symmetry and the Mn atom
located at the middle triangle. It has a total magnetic
moment of 5 up. The second and third isomers are com-
pletely uniform in structure, and notable instability (0.095
and 0.202 eV, respectively).

For Rhy; cluster, we find a cubic structure with three
atoms capping a face of Rhg as the minimum energy struc-
ture. Similar ground state structure has been reported by
Bae et al. [6] and Aguilera-Granja et al. [7]. In the case of
RhioMn clusters, the most stable structure is similar to
that of the Rhy; clusters, and the Mn atom is located at
the middle square. It has the same total magnetic moment
(1 up), and is energetically lower than the metastable state
with same magnetism by 0.008eV. As seen in Figure 2,
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the third lowest energy structure has the same geometry
as the ground state, and lies 0.057 eV higher in energy.

A combination of two cubic structures with D4y, symme-
try is the lowest energy structure for Rhio cluster, which
is in accordance with previous results for rhodium cluster
[6,7,9,10]. For Rhy1Mn cluster, the most stable structure
shows a similar structure to that of the ground state Rhys
cluster and the Mn atom located at the middle square. It
has the same structure and total magnetic moment (2 ug),
and is energetically lower than the metastable state by
0.009eV and 0.026 eV respectively.

With regard to Rhjs cluster, capping of a side face
of Rhys is favored with 1uB magnetic moment. This
is the best agreement with the value obtained by Sun
et al. [37,38] among all the theoretical results obtained
so far. For RhisMn cluster, we considered a lot of initial
geometries including the icosahedra (I},), cuboctahedral
(On), anti-cuboctahedral (Dsy), bilayer hep (Csy), buck-
led biplanar (Cay ), decahedral (Dsy,) and capping of a side
face of two cubic structures et al. in this paper. The most
stable structure of RhisMn is the icosahedra structure
(Csy) with Mn atom at the center, and the coupling among
all atoms is ferromagnetic. The total magnetic moment
is 23 up. The next two stable isomers are found to be a
decahedral structure (Dsp) (a) and a distorted icosahe-
dra structure (Cay) (b). Their energies are only 0.037 and
0.116eV above the ground state, respectively. However,
the energy of cubic structures with Mn atom capping of a
side face is 0.798 eV above the ground state.

The overall structural evolutionary trend shows that,
except n = 7,9 and 12, the Mn substitution doping almost
does not bring much influence on the primary configura-
tions, and the ground state structure of Rh,Mn is still
similar to that of the corresponding pure ones. Addition-
ally, the Mn atom can be looked upon as a substitution
impurity in the pure Rh;, 41 cluster. A bicapped octahe-
dron (C;) with Mn atom at the vertex position of the
octahedron is the most stable structure of Rh;Mn clus-
ter. The RhgMn cluster is geometrically reconstructed and
adopts the double trigonal antiprismatic with Mn atom
located at the middle triangle. The most stable struc-
ture of RhijoMn is the icosahedra structure (Cs,) with
Mn atom at the center.

3.2 Relative stability

In order to study the stability of Rh,Mn clusters, we
plot the binding energy per atom (FEj;) of the lowest
energy structures as a function of cluster size n for both
Rh,4+1 and Rh,Mn clusters (n = 1-12), as shown in
Figure 3a. The atomic average binding energy Ej,(n) can
be expressed by the following formulas:

nE(Rh) + E(Mn)—E(Rh,Mn)

Ey(Rh,,Mn) = (M) ”
Ey(Rhy 1) = (n+ 1)E(1:;}:)_—1E(Rhn+1) @

where E is the total energy of the respective atoms or
clusters. The average binding energy of Rh,Mn clusters
increases monotonically with size which indicates that
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these clusters can continuously gain energy during the
growth process. A similar trend is also observed in Rh, 11
clusters. As shown in Figure 3a, in the initial stage (n = 1—
8) Ej increases speedily, when n goes from 9 to 12, the
E} increases gradually and exhibits obvious convergence
trend. Meanwhile, for the Rh,Mn and Rh,;; clusters
of the same size, the Ej decreases with the substitu-
tion of one Rh atom by one Mn atom. Therefore, it is
clear that the Mn-doping can weaken the energetic sta-
bility of Rh clusters. Similar phenomena that the binding
energy per atom decreases with the substitution of Mn
atom also appeared in the previous studies [17,19]. This
decrease mainly stems from that the cohesive energy of
bulk Rh (5.75€V) is significantly larger than that of bulk
Mn (2.92eV) [39], indicating that the stability of pure
Rh,, 41 clusters is weakened by replacing one Rh atom
with one Mn atom. The tendency of average binding
energy of our calculated dimers is Rhy (1.967 ¢V) > RhMn
(1.742eV) > Mn;, (0.492eV), in agreement with the above
analysis based on the cohesive energy of bulk. In order to
have a further look into the stability behavior of the size-
dependent Rh,; and Rh,Mn (n = 1-12) clusters, the
fragmentation energy A;FE(n) and the second-order dif-
ference energy Ao FE(n) are calculated using the following
formulas:

A1E(Rhy41) = E(Rhy,) + E(Rh)—E(Rhny1)  (3)

AsE(Rhyi1) = E(Rhy o) + E(Rhy) — 2E(Rhpsy)  (4)

A E(Rh,Mn) = E(Rh,_;Mn) + E(Rh)
— E(Rh,,Mn) (5)

Ao E(Rh,Mn) = E(Rhys1Mn) + E(Rh,_; Mn)
—2E(Rh, Mn) (6)

where E(-) is the total energy of respective atoms or
clusters. Based on the above formulas, the evolution of
A1E(n) and A3E(n) is plotted in Figures 3b and 3c,
respectively. From the graph, it is observed that both
curves of A1FE(n) and AyFE(n) show an interesting pro-
nounced even—odd oscillatory behavior at n < 8, indicat-
ing that the Rh,,;; and Rh,,Mn clusters with even number
of atoms are relatively more stable than their neighboring
sizes. This can be explained through the electron pairing
effect [40,41]. Tt is generally known that the Rh and Mn
atoms all have an odd number of valence electrons, lead-
ing to the clusters with even number of atoms fully share
electrons. Therefore, the Rh,,+; and Rh, Mn clusters with
even number of atoms are more stable than those with
odd number of atoms. For the doped clusters, the curves
of A1E(n) and AyFE(n) share identical peaks at n=3, 5,
8 and 11. That is to say, RhgMn, RhsMn, RhgMn and
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Fig. 3. Size dependence of averaged atomic binding energies
(a), fragmentation energies (b), and second-order difference
energies (c), for the lowest energy structures of Rh,41 and
Rh,Mn (n =1-12) clusters.

Rh;1Mn are more stable than their neighbors. In addi-
tion, the relative stability of n=3, 5, 7 and 11 for Rh,,41
clusters is also reported in previous studies [10].

The magnetic stability of these clusters can be investi-
gated by examining the spin gaps as a function of the
cluster size. The spin gaps for a magnetic cluster are
defined as follows:

51 = ~(eHidhio” — eLihio™) 7)
% = (oo — FLGMO - (8)

Commonly a given spin arrangement is classified as
magnetically stable if both §; and Jo are positive. Namely,
the LUMO of the minority spin lies above the HOMO
of the majority spin and vice versa. These represent the


https://epjd.epj.org/

Eur. Phys. J. D (2018) 72: 29

1.5

and O _ (eV)

6 1

0.0 I 1 I ' L 1 L ! L 1 L
= 0 11 12

Fig. 4. Size dependence of the spin gaps of Rh,4+1 and Rh, Mn
(n=1-12) clusters.

—a=Rh_

—e—Rh Mn

Magnetic moments (p )

1
1 2 3 4 5 6 7 8 9

I L I
10 11 12

Fig. 5. Size dependence of the magnetic moments for Rhn41
and Rh,Mn (n=1-12) clusters.

energy required to move an infinitesimal amount of charge
from the HOMO of one spin channel to the LUMO of the
other. So magnitude of spin gaps is a measure of chem-
ical activeness of clusters [42]. The higher the spin gap,
the more stable the cluster. The spin gaps (01 and d3) of
Rh;,+1 and Rh,,Mn clusters are described in Figure 4. One
can clearly see that both ¢; and &5 are positive for all the
Rh,,+1 and Rh,,Mn clusters, and have a generally decreas-
ing trend with the increase of cluster size. The higher spin
gaps of the small size clusters probably stems from the
quantum size effect [43].

3.3 Magnetic properties

The total magnetic moment of Rh,Mn (n=1-12) clus-
ters is calculated and presented as a function of cluster
size in Figure 5, where the values of the pure rhodium
clusters are also plotted for comparison. For Rh,;1 clus-
ters, our results of total magnetic moment partly accord
with those reported in the literatures [3,4,7,8,34,38]. After
doping Mn, most of the Rh clusters have an enhanced
total magnetic moment, except for n =9-11. In detail, for
n=1, 2, 5, 6, the total magnetic moment of Rh,, Mn clus-
ters is enhanced by 2 up; for n = 3, 4, 8, the total magnetic
moment is enhanced by 4 ug; while for n="7 and 12, the
total magnetic moment is greatly increased by 10 ug and
22 up respectively. Moreover, the calculated data of the
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Table 2. The average magnetic moment of Rh atom (M,
units of ug) for Rh,,11clusters, the Mn atom (Ms, units of
pup) and the average magnetic moments of Rh atom (M3,

units of ug) and for Rh, Mn clusters.

n M Mo Ms n My Mo M3

1 200 4.74 1.26 7 0.00 4.253 0.82
2 1.00 4.17 0.41 8 0.11  4.448  0.07
3 0.00 4.35 —-0.12 9 0.20 —4.15 0.68
4  0.20 4.49 0.13 10 0.09 2.70 —0.17
5 1.00 4.311 0.73 11 0.17 2.27 —0.03
6 0.14 4.152 —-0.19 12 0.08 3.788 1.60

average magnetic moments of Rh and Mn atoms in Rh,, 41
and Rh,,Mn clusters are shown in Table 2. It is clearly seen
that the average magnetic moment of Rh atoms lies in the
range (0.03-1.60 up) as the cluster size increasing, which
is much smaller than that of Mn atom (2.27-4.49 up) in
Rh,Mn clusters. This implies that the increase of total
magnetic moments of these clusters mainly comes from
the doping Mn atom. Additionally, from Table 2, we can
conclude that the oscillating magnetic behavior of Rh,, Mn
clusters is consistent with the variation of the average
magnetic moment of Rh atoms, which is influenced by
the doping Mn atom.

We systematically investigate the local moments of clus-
ters and the detailed data is listed in Figure 6. Forn =1, 2,
5, 7, 8 and 12 clusters, the Rh—Mn and Rh—Rh magnetic
interaction all exhibit ferromagnetic coupling, and they
acquire the larger total magnetic moments of 6 ug, 5 us,
8up, 10 ug, bup and 23 up respectively. Among them,
the local magnetic moments of Mn and Rh atoms in the
Rhi2Mn cluster are significantly larger, causing the largest
magnetic moment of 23 ug. While for n=3, 10 and 11,
the Rh—Mn and Rh-Rh moments all present antiferromag-
netic coupling, and finally, the total magnetism of them is
remarkably small and the magnetism are 4 ug, 1 ug and
2 up respectively. Among them, total magnetic moment
of Rh1gMn and Rh;1Mn clusters remains unchanged com-
pared with the pure Rh cluster. For n =4, the doped Mn
atom exhibits ferromagnetic alignment with adjacent Rh
atoms, but Rh—Rh is coupled antiferromagnetically, and
finally obtains the magnetic moments of 5 yug. For RhgMn
cluster, the Mn atom shows antiferromagnetic alignment
with adjacent Rh atoms, but the Rh atoms are all fer-
romagnetic, and finally obtains the magnetic moments
of 3up. As same as the magnetic order of RhgMn clus-
ter, the magnetism of RhgMn cluster is 2 ug. In addition,
the Mn atom provides the antiferromagnetism and yields
4.15 up local magnetic moment only in RhgMn cluster in
the present work. This could be a reason for the unchanged
total magnetic moment of RhgMn clusters. As discussed
above, the magnetic coupling between Mn—Mn and Mn—
TM atoms is one of the important reasons for the variation
of the magnetism.

Meanwhile, the local magnetic moments of Rh atoms
in Rh,Mn clusters are significantly decreased compared
to the pure Rh clusters, and the number of antiferromag-
netic coupling increases. The total magnetic moments of
Rh,, Mn clusters primarily stem from the Mn atom and the
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Fig. 6. The local magnetic moments of the ground-state structures of Rh,41 and Rh,Mn (n=1-12) clusters.

Table 3. The average bond lengths (Lg) for Rh,, 1 clus-
ters, Rh-Rh (L;) and Rh-Mn atoms (Ls) for Rh,Mn

clusters.

n Lo/A Ll/A LQ/A n Lo/A Ll/A LQ/A
1 2341 - 2306 7 2,488 2.684 2.535
2 2454 2569 2298 8 2.589 2.598 2614
3 2516 2583 2417 9 2.495 2.645 2.551
4 2534 2555 2465 10 2.504 2539 2.3

5 2606 2.622 2485 11 2477 2489 2.287
6 2.64 2.683 2434 12 2513 2.743 2.607

local magnetic moment of Mn atom almost maintains the
atomic magnetic moment (5 up). It is chiefly because the
Mn atom presents the fantastic magnetic properties due to
the particular electronic configuration 3d°4s2. Abundant
experimental measurements in combination with theoreti-
cal calculations have commonly confirmed that small Mn,,

clusters exhibit ferromagnetic coupling with a magnetic
moment of 5 up per atom, whereas the coupling between
Mn atoms becomes ferrimagnetic as the size increasing
[44,45]. This illustrates that the antiferromagnetic cou-
pling is increased in Rh clusters after doping a Mn atom.
Additionally, the local magnetic moment of Mn atom
approximately keeps the atomic magnetic moment and
finally leads to the greater magnetic moment of Rh,Mn
clusters. However, the local magnetic moment of Mn atom
for Rh1pMn and Rhy;Mn clusters is 2.695 pup and 2.274 up
respectively. This could be owing to the ground state
structure of RhigMn and Rh;1Mn which remain as the
cubic structures. Previous work by Bae et al. [6] sup-
ported the finding that the cubic structures have lower
magnetic moments than the dense packed icosahedra iso-
mers, which agree closely with the experiments. Hence, the
cubic structure is probably one reason that the total mag-
netic moment of RhigMn and Rhi;Mn clusters remains
unchanged. Noteworthy, Rhg cluster is found to have a
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Fig. 7. The spin density of Rh,Mn (n=1-12) clusters. (The isosurface value is 0.15 a.u.)

perfect cubic geometry, possessing 0 g magnetic moment.
However, the magnetic moment of Rh7Mn is increased to
10 up. The principal reason is that the ground state struc-
ture of RhyMn cluster is a bicapped octahedron rather
than the cubic geometry.

In order to explore the magnetic behavior of Rh,Mn
clusters, we now analyze the origin of such oscillating mag-
netic behavior of Rh,Mn clusters. In Table 3, we have
listed the average bond lengths (Lg) for Rh,, 41 clusters,
Rh-Rh (L;) and Rh-Mn atoms (L2) for Rh,Mn clusters
at their stable structures. It is clearly seen that the bond
length of L is larger than that of Ly and the increased
value varied from 0.009 A to 0.23 A, implying doping Mn
atoms tend to weaken the hybridization in host Rh atoms,
which should play a crucial role for the enhancement of the
magnetism. Generally, for the long interatomic distance,
d electron localization and the low hybridization with s
states lead to the weak interaction, and finally generate a
ferromagnetic alignment [17,46]. This means that a large
distance indicates a weak bonding between Rh—Rh atoms
and forms more ferromagnetic coupling, resulting in rela-
tively larger magnetic moments for Rh,, Mn clusters. From
Tables 2 and 3, we notice that the average Rh—Rh and Rh—
Mn bond lengths of RhisMn are quite long, corresponding
to the largest total magnetic moment of 23 pug. Similar
behavior is also observed in Rh7;Mn cluster with total
magnetic moment of 10 ug, which possesses the relatively
long average Rh-Rh bond length. The value of 2.683 A for
RhgMn cluster is the third longest Lq, while it acquires a
smaller magnetic moment of 3 ug. It could be attributed to
the smaller Rh—Mn bond length in RhgMn cluster, which
brings about the antiferromagnetic coupling between

Rh-Mn atoms. It implies that the magnetic moment of
Rh,Mn clusters is very sensitive to the Rh-Mn bond
length. In fact, the very short Rh—Mn bond in the RhgMn
cluster is inclined to cause much stronger d-d interaction.
As a consequence, the Mn atom tends to be antiferro-
magnetically coupled to Rh atoms (as seen in Tab. 2) and
further decreases the total magnetic moment. Such anti-
ferromagnetic alignment also appears for other size of
Rh,Mn clusters (n=3, 9, 10, 11). Therefore, the total
magnetic moment of RhgMn, Rh;gMn and Rh;;Mn clus-
ters is very small and even remains unchanged compared
with that of the pure Rh,, cluster, owing to the rather
smaller average Rh—Rh and Rh-Mn bond length.

To gain more insight into the magnetism of the Rh,, Mn
clusters, we explored the spin densities of these alloy clus-
ters. In Figure 7, we plotted the difference between the
charge density for up-spin and down-spin electrons. As
can be seen, the contributions to magnetism of the cluster
mainly originate from Mn atom in Rh,Mn and the Rh
atoms have little influence on it. And the distribution of
the spin densities around the Mn atom is apparently larger
than other Rh atoms, implying that Mn atom possesses
relatively larger magnetic moments. Additionally, it can
be clearly seen that the rhodium host atoms all present
antiferromagnetic coupling with the doped Mn atom in
the RhgMn cluster, while between the Rh host atoms, the
magnetism odering is ferromagnetic, leading to its mag-
netic moment retaining unchange. Besides, the local spin
moments of Rh atoms are found to align ferromagneti-
cally with other Rh and Mn atoms in RhsMn, Rh;Mn
and RhyoMn clusters (see Fig. 7), leading to the relatively
larger total magnetic moments than other clusters.
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To obtain a deeper insight into the magnetism of the
Rh,Mn alloy clusters, it is essential to analyze the s-,
p-, and d-projected partial densities of states (PDOS)
of Rh,Mn clusters. As shown in Figure 8, the RhsMn,
Rh7Mn, RhgMn and RhysMn clusters are taken as exam-
ples to explore the magnetic behavior. Spin-down density
is plotted as negative, and the dashed line refers to the
Fermi level which is shifted to zero. Clearly, the d states
of both Rh host atoms and doping Mn atoms in Rh,Mn
clusters have a dominant contribution to the magnetic
behavior compared to the sp states. This result is con-
sistent with the previous analysis results. In general, the
relative shift between the spin-up and spin-down bands
can indicate the degree of spin exchange splitting, more-
over, the larger the spin exchange splitting of DOS, the
larger the magnetic moment of cluster [47]. As shown in
Figure 8, the Rh,Mn (n=5, 7, 9, 12) clusters exhibit
varying degrees of spin exchange splitting. The d elec-
trons of RhioMn cluster show the largest spin exchange
splitting, next is the RhsMn and Rh7Mn, and the RhgMn
cluster has the smallest spin exchange splitting. This
is just consistent with the calculation results of their
total magnetic moment (RhijoMn/23 up, RhsMn/8 ug,
Rh7Mn/10 pup and RhgMn/2 ug, respectively). Meantime,
the PDOSs of these clusters present strong asymmetry
below the Fermi level, which also cause them obtained
larger magnetism. For the PDOS of the RhsMn and
Rh7Mn, the d-projected PDOS of Mn atom is rather
localized, and the majority spin is almost fully occu-
pied. Consequently, the Mn atom of RhsMn and Rh;Mn
possesses magnetic moment of 4.311ug and 4.253 ug,
respectively. However, in the case of RhgMn cluster, the
DOS for spin-up and spin-down states almost simulta-
neously appear in the same eigenvalue of energy, which
indicates that there is almost no exchange splitting. Mean-
while, the spin-down d electrons integral area of Mn
atom in the RhgMn is larger than that of spin-up below
the Fermi level, which suggests that the local magnetic
moment of Mn atom is a negative value. Finally both
effects make the magnetism of RhgMn remain unchanged
with Mn doping. For RhiMn cluster, the d electrons peak
of spin-up and spin-down is broadened around 24.3 and
—20.0eV below the Fermi level respectively, as a result,
obtaining the largest magnetic moment of 23 up.

4 Conclusion

Using density functional DFT/GGA/PW91 method, we
have discussed the structure, stability and magnetic prop-
erties of Rh,,+1 and Rh,Mn clusters for n=1-12. The
ground state structures of Rh,Mn (n=1-6, 8, 10, 11)
clusters are analogous to those of the corresponding pure
Rh;, 41 cluster, and the Mn atom can be looked upon as
a substitutional impurity. The Rh,Mn (n=7,9,12) clus-
ters occurs substantially geometry reconstruction. The
most stable structures of Rh7Mn and RhgMn clusters
are a bicapped octahedron (C;) with Mn atom at the
vertex position of the octahedron and a double trigonal
antiprismatic with Mn atom located at the middle triangle
respectively. The most stable structure of RhioMn is the
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icosahedra structure (Cs,) with Mn atom at the center.
Meanwhile, the E}, of Rh,Mn clusters is decreased with
the substitution of one Rh atom by one Mn atom, indicat-
ing that the Mn-doping can weaken the energetic stability
of Rh clusters. The calculated fragmentation energy and
the second-order difference energy of the Rh,Mn (n < 12)
clusters show the same odd—even alternation tendency
with clusters size increasing. The stability analysis of
entire Rh,,Mn clusters indicates that the RhgMn, RhgMn
and Rhy;Mn clusters are more stable than their neighbors.
Besides, both §; and d5 are positive for all Rh,,Mn clusters,
demonstrating the magnetic stability of these clusters.
Magnetism analysis shows that the doping of Mn atom
increases the total magnetic moment of Rh,Mn clusters,
except for the magnetic moment of RhgMn, Rh;oMn and
Rh;1Mn remaining unchanged. Specifically, for n=1, 2,
5 and 6, the magnetic moment is increased by 2 ugp; for
n=3, 4 and 8, the increased magnetic moment is 4 ug;
for n=7 and 12, the magnetic moment is increased to
10 up and 23 pp respectively. This magnetic behavior can
be attributed to the increase in Rh—Mn and Rh-Rh bond
lengths, the different degrees of antiferromagnetic cou-
pling between atoms and the particular cubic structures
of Rh clusters.
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