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Structures and magnetic properties of Pd, clusters (n = 3—-19) doped by Mn atoms
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The structures and magnetic properties of Pd, and Pd,-;Mn clusters (n = 3-19) are investigated by using
a spin-polarized density functional theory approach. Several different lowest-energy structures of Pd, clusters
(n=11,12, 14, 17) are found. It is shown that when a Mn atom is doped into the Pd, cluster, the cluster structure
does not change for n < 9, while Mn doping gives rise to a geometry reconstruction for n > 9. The doping of a
Mn atom enhances the stability of Pd, clusters and increases their magnetic moment by a magnitude of (3-5)up.
Moreover, we observe an evident oscillation of steplike magnetic behavior in Pd, clusters upon doping of a Mn
atom, and the origin of such a magnetic phenomenon is analyzed in detail.
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I. INTRODUCTION

The study of transition-metal clusters has been active for
the past few decades due to their fundamental importance and
potential applications. It is well known that palladium clusters
are promising catalysts [1-3]. Recently, the observation
of ferromagnetism in palladium clusters [4—6] made them
potentially new magnetic storage materials [5]. Theoretical
investigations revealed that small palladium clusters exhibit
special magnetism in contrast to the nonmagnetic behavior
of a single Pd atom and bulk Pd [7-9]. So the magnetic Pd
clusters have drawn much attention in recent years, and much
effort has been made in searching for stable Pd clusters with
large magnetic moment.

In previous experimental investigations, some conflicting
results on the magnetism of Pd clusters have been reported.
Early Stern-Gerlach experimental measurements did not show
magnetic moments in Pd clusters [10,11], whereas later
photoelectron spectra of Pd, ~ clusters confirmed a magnetic
behavior for Pd,, clusters when n < 15 [4]. Subsequently, some
groups also observed magnetic moments in a few topmost
surface layers of Pd clusters with various sizes [5,6]. It is
a pity that all these experiments did not provide sufficient
information about the structural and electronic properties of
Pd clusters, which is actually important for understanding
their magnetic properties. Therefore, some theoretical in-
vestigations of Pd clusters were simultaneously carried out
[7-9,12,13]. Among them, a representative work is the Pd,
clusters (n =2-23,55, 147) reported by Kumar et al. [7]. They
predicted an icosahedral growth pattern and size-dependent
oscillatory magnetic moments which are not confined just
to the surface atoms. Differently, Zhang et al. [9] recently
found that the octahedral Pd9 cluster with fcc-like structures
dominates the growth of Pd, clusters (n = 15-25), which
tend to possess smaller magnetic moments than corresponding
icosahedron-based structures.

Although many theoretical investigations have been done
on palladium clusters, the ground-state structures for some
sizes are still uncertain. Taking the Pd;3 cluster as an example,
earlier studies predicted the icosahedral structure as the ground
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state [7,8], whereas a later study reported a buckled biplanar
structure with lower energy [14]. However, very recently, a
distorted hexagonal bilayerlike (HBL) structure was predicted
to have lower energy than has ever been reported [15].
Therefore, in order to study the magnetism of palladium
clusters and the size effect, a more refined search for the
lowest-energy structures is required.

In addition, the magnetism modulation of palladium clus-
ters is another important aspect for actual applications. Doping
3d transition-metal (TM) elements into a palladium cluster
may be a valid avenue. It was reported that the fcc and bee
Pd bulk undergo a transition from paramagnetic ordering
to ferromagnetic ordering when doped with Mn atoms, and
the alloys become ferrimagnetic or antiferromagnetic with
increasing Mn concentration [16]. A large magnetic moment
in Mn substitution-doped Pd;3 cluster was also predicted [17].
However, in current studies the magnetism evolution of the
Mn-doped palladium clusters with their structure and size
is seriously lacking, and how the Mn element influences the
magnetic behavior of palladium clusters is still unclear.

In this work, we focus on the theoretical exploration of
the structural and magnetic properties of Pd,, and bimetallic
Pd,,-iMn (n = 3-19) clusters using a density functional theory
method combined with a genetic algorithm and an embedded
atom method. A more refined search for the lowest-energy
structures of Pd, clusters is performed and some additional
cluster structures with lower energy are found. The evolution of
the structural and magnetic properties of both Pd,, and Pd,,-; Mn
clusters with size are studied. Our calculations show that the
doping of a Mn atom not only enhances the stability of a Pd,
cluster but also generally increases its total magnetic moment
by (3-5)up. Moreover, an evident oscillation of the steplike
magnetic behavior is observed in the Pd,-;Mn clusters, and
the origin of such magnetic behavior is analyzed.

II. COMPUTATIONAL METHODS

We perform a genetic algorithm [18] global search with
an accurate embedded atom method (EAM) potential [19] to
get the low-lying structures of Pd, clusters (n = 8-19). This
EAM potential was parametrized based on an extensive set
of density functional theory calculations of clusters and bulk;
therefore, it is much better than early empirical potentials only
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TABLEI. Comparison of our calculated binding energy per atom,
E, (eV), and bond length R, (A) with other theoretical results and
experimental (Expt.) studies.

Species  Properties  Ours Others Expt.
Pd, E, 0.603  0.602%(0.611") 0.698¢
R, 2486  2.514%(2.48%) 2.48¢
Mn, E, 0.449 0.48° (0.48%) (0.44 £ 0.30)¢
R. 2.586 2.56" (2.56%) 3.17¢
PdMn E, 1.252
R. 2.268

2Reference [7].

bReference [34].
‘Reference [36].
dReference [37].
“Reference [38].

fitted to bulk. The small Pd, clusters for n < 8 have been
extensively studied and no discrepancy was found in previous
works [7,8,12,20,21]; therefore, a search of the low-lying
structures of these clusters was not performed. A number of
candidate structures (between 20 and 30) are obtained after
5000 mating steps. The child of each mating is optimized
using the conjugate gradient method to achieve the maximum
force threshold of 0.1 eV /A.

Further geometry optimizations are carried out within the
framework of spin-polarized density functional theory with
the projector augmented wave (PAW) [22,23] pseudopotential
method in the Vienna Ab Initio Simulation Package (VASP)
[24,25]. The generalized gradient approximation with the
Perdew-Burke-Ernzerhof (PBE) [26] exchange-correlation
function is exploited. For a Pd atom, 4p®4d'? electrons are
treated as valance electrons while those of the Mn atom are
3p®3d>4s? electrons. A cubic supercell with a side dimension
of 20 A is employed, and only the I'-point calculations are
performed with a kinetic energy cutoff at 500 eV. The clusters
are optimized using the conjugate gradient method without
symmetry constraint until all the forces on each atom are
less than 0.01 eV/A. The accuracy of the present PBE-PAW
scheme is assessed by benchmark calculations on Pd, and
Mn; dimers. As shown in Table I, our results agree well with
corresponding experimental values and previous theoretical
results.

III. RESULTS AND DISCUSSION

The low-lying structures of Pd,, clusters (n = 8—19) together
with corresponding binding energy difference between the
structure and the ground state, magnetic moments, and
symmetries are presented in Fig. 1. In addition to the low-lying
Pd,, clusters reported before [7,9,12,13,27], several different
ground-state structures, including Pd;;, Pd;,, Pdj4 and Pd;
clusters, are found, which possess lower energy than ever
reported at the PBE-PAW level. The ground-state geometries
of Pdy;, Pdj,, and Pdj4 clusters resemble the ground-state
structure of the Pd,3 cluster, which was regarded as a distorted
HBL structure [15]. As for the ground-state geometry of Pd;;
(17a in Fig. 1), it is energically preferred over the low-lying
structure (17b in Fig. 1) by 6 meV, which was taken as the
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FIG. 1. (Color online) The low-lying structural isomers of Pd,
clusters (n = 8-19). The energy difference between isomers and
corresponding ground state (eV), magnetic moment (units of ug),
and symmetry are represented under every low-lying structure.

lowest-energy structure by Rogan et al. [13]. This energy
discrepancy increases to 8 meV when the spin-orbit coupling
(SOC) effect is taken into account, which is consistent with
an early report that the SOC effect does not affect the relative
stability of different structural isomers of Pd clusters [28].
In addition, our ground-state Pd;; cluster can be regarded
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FIG. 2. (Color online) The total magnetic moments (units of yg)
of Pd,, and Pd,-;Mn clusters (n = 3-19) and the magnetic moments
of Pd, clusters obtained by Kumar et al. [7] and Rogan et al. [13].

as a distorted structure obtained by Rogan et al. due to the
Jahn-Teller effect, further indicating that it is more stable.
In addition, we notice that the symmetries of most of the
low-lying structures obtained in the present work are lowered
due to the Jahn-Teller effect.

The total magnetic moments of Pd, clusters as a function
of cluster size n are plotted in Fig. 2. On the whole, the
variation of the total magnetic moments of Pd, clusters with
n shows a typical steplike behavior except for a trough at
n = 6, and a magnetic moment jump occurs at n = 10.
Comparing the magnetic moments of Pd, clusters obtained
in the present work with those found earlier (also shown
in Fig. 2), one notices that there exist significant deviations
associated with conflicting trends of the magnetic moment
with the cluster size. We consider that such deviations should
be caused by the difference in lowest-energy structures since
the magnetic energies are extremely sensitive to minute
geometry changes [13]. In detail, the lowest-energy structures
of Pd, clusters obtained by Kumar et al. are all icosahedral
structures, which tend to possess larger magnetic moments
due to their high symmetries and low mean coordination
[7,29]. Differently, the lowest-energy structures of Pd,, clusters
obtained in the present work include various structures such as
icosahedron-based, decahedron-based, fcc-like, and hexagonal
bilayerlike structures. Although the variation trend of the
magnetic moment with the cluster size is similar to that of
Kumar et al., the magnetic moments for some sizes (e.g.,
n=13,14,15) are lower than those of Kumar et al.. On the other
hand, the lowest-energy structures of Pd,, clusters obtained by
Rogan et al. also include various geometry structures. When
n < 12, the variaton trend of the magnetic moment with the
cluster size is similar to Kumar et al.’s and ours; however, their
magnetic moments for some sizes (e.g., n = 15-18) are much
smaller than both Kumar et al.’s and ours. The main reason
may be that their average bond lengths (2.64—2.65 A) at these
sizes are much smaller than Kumar ez al.’s (2.70-2.75 A) and
ours (2.71-2.73 A) [30,31].

Although similar magnetic step behavior of Pd, clusters
was also reported by other groups [7,13], its origin is still
unclear. To understand such a magnetic moment jump, we
further calculate the s, p, and d projected density of states
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FIG. 3. (Color online) The s, p, and d projected density of states
(PDOS) of Pdy and Pd,g clusters. The s and p PDOS are magnified
10 times so as to look into the spd hybridization. The filled-area
(cyan) curve and unfilled-area (red) curve represent s and d PDOS,
respectively. The black dashed line refers to the Fermi level, which is
shifted to zero.

(PDOS) of the Pdg and Pd; clusters, as shown in Fig. 3. It is
clearly seen that the magnetic moments of Pd, clusters mainly
come from d states, while the s and p states only contribute a
small amount of net spin. The hybridization between s, p, and
d states causes the closed-shell Pd atoms to have an incomplete
d-shell configuration, which is usually responsible for the
magnetism of TM clusters. We notice that, when the cluster
size goes up from n = 9 to n = 10 where the magnetic step
appears, the up- and down-spin subbands of the s and p states
are split greatly, which consequently enhances significantly
the depletion of down-spin 4d states through spd hybridization
and leads to a large magnetic moment of the Pd, cluster. We
consider that the strong increase of the splitting between the
spin-up and spin-down contributions of the s or p orbitals
at n = 10 is probably correlated with the abrupt increase of
average bond length and average coordination number at this
size (seen in Fig. 5), since the sd hybridization is very sensitive
to the bond length [30].

To tune the magnetic properties of the Pd, cluster (n = 3—
19), we now attempt to dope a Mn atom into it to form a
Pd,-iMn cluster. Several low-lying structural isomers (be-
tween four and six) of Pd,, clusters are chosen as the hosts for
Mn doping. The optimized low-lying structures of Pd,-;Mn
clusters (n = 3-19) are presented in Fig. 4. It is seen that, for
n = 3-9, the Mn substitution doping almost does not change
the structure of the palladium clusters, and the lowest-energy
structure of Pd,,-; Mn is still similar to that of the corresponding
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FIG. 4. (Color online) The low-lying structural isomers of
Pd,,-;Mn clusters (n = 3-19). The energy difference between isomers
and corresponding ground state (eV), magnetic moment (units of
up), and symmetry are represented under every low-lying structure.
The dark (blue) and light (yellow) balls stand for Pd and Mn atoms,
respectively.

Pd, cluster. As for the PdgMn and Pd;oMn clusters, their
structures are very different from corresponding Pd, clusters
and can be regarded as the derivatives of a double trigonal
antiprismatic PdgMn cluster. However, for n > 11, except for
Pd;>Mn, all Pd,,-;Mn clusters are geometrically reconstructed
and adopt the icosahedron-based structures. Moreover, such
icosahedron-based structures tend to possess larger magnetic
moments than other kinds of isomers. We further plot the
average coordination number of Pd and Mn atoms in the Pd,
and Pd,-;Mn clusters, as shown in Fig. 5(a). It is seen that
the Mn atom tends to replace an inner Pd site to increase
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FIG. 5. (Color online) (a) The average coordination number of
Pd, and Pd,-;Mn clusters (n = 3-19). (b) The binding energy per
atom for the lowest-energy structures of Pd, and Pd,-;Mn clusters.
(c¢) The average bond length of Pd, and Pd,-;Mn clusters.

its coordination number. Accordingly, we suggest that the
geometry reconstruction of Pd, clusters (n > 11) after doping
Mn should be related to the large difference between the
strength of the Pd-Pd bond and the Pd-Mn bond (as seen in
Table I).

In order to study the stability of Pd,-;Mn clusters, we
further plot the binding energy per atom (E}) of the lowest-
energy structures as a function of cluster size n for both Pd,
and Pd,-;Mn clusters (n = 3-19), as shown in Fig. 5(b). The
binding energy per atom of Pd, clusters rises monotonically
with increasing cluster size toward the cohesive energy of
bulk Pd solid (3.89 eV /atom), which is in accordance with
the variation trend of the average coordination number of Pd
atoms [as seen in Fig. 5(a)]. A similar trend is also observed
in Pd,-;Mn clusters. In spite of this, the binding energy per
atom of the Pd,-;Mn cluster becomes larger than that of
Pd, by 0.11-0.46 eV (except for Pdj9, which possesses an
octahedron structure with very high symmetry), indicating the
enhancement of the stability of Pd, clusters after Mn doping.
We infer that such stability enhancement could be attributed to
the following two reasons: (i) more electron transfer from Mn
to Pd due to their different electronegativities (1.55 for Mn and
2.20 for Pd), which results in stronger hybridization between
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TABLE II. The average magnetic moment of Pd atom (M, units
of ug) for Pd, clusters and the average magnetic moments of Pd
atom (M,, units of up) and Mn atom (M3, units of ug) for Pd,-;Mn
clusters.

n Ml M2 M3 n Ml Mz M3
3 0.00 0.41 4.19 12 0.50 0.43 3.73
4 0.50 0.29 4.13 13 0.46 0.42 3.99
5 0.40 0.22 4.12 14 0.43 0.56 3.68
6 0.00 0.18 4.08 15 0.40 0.38 3.66
7 0.29 0.15 4.08 16 0.38 0.49 3.67
8 0.25 0.42 4.06 17 0.47 0.33 3.68
9 0.22 0.14 3.90 18 0.33 0.31 3.69
10 0.60 0.55 4.05 19 0.42 0.18 3.60
11 0.55 -0.27 3.53

Pd and Mn, and (ii) much shorter length of the Pd-Mn bond
[as seen in Fig. 5(c)], which causes a stronger Pd-Mn bond
than the Pd-Pd bond (as seen in Table I).

The total magnetic moments of Pd,-;Mn clusters as a
function of cluster size n are plotted in Fig. 2. After doping Mn,
most of the palladium clusters have an enhanced total magnetic
moment by (3-5)up, and the average magnetic moment
of Pd,-;Mn clusters increases to (0.37-1.67)ug, except for
Pd;oMn. Table II lists the average magnetic moments of Pd
and Mn atoms in Pd, and Pd,-;Mn clusters. It is seen that
the magnetic moment of Mn atoms in Pd,-;Mn clusters is in
the range (3.53-4.19)up depending on the cluster size, which
is much larger than that of Pd atoms in Pd,-;Mn clusters.
This indicates that the increase of total magnetic moments
of the clusters mainly comes from the doping Mn atom.
Due to hybridization and interstitial contribution, the actual
magnetic moment of Mn atoms in Pd,,-; Mn clusters is smaller
than expected by Hund’s rules, but much larger than that of
Mn, clusters with similar size, which is only in the range
(0.4-1.7)up /atom for n = 5-99 [32,33].

In addition, we find that the steplike magnetic behavior
of Pd, clusters after doping Mn is disturbed, giving rise to
an evident oscillation (as seen in Fig. 2). In detail, for some
sizes (e.g., n = 8, 14, 16), the total magnetic moment of Pd,
clusters is enhanced by 5up after doping, while for other sizes
(e.g,n=17,9, 10, 12, 13, 15, 17, 18), the total magnetic
moment only increases by 1 or 3ug. Surprisingly, forn =11
the total magnetic moment of PdjoMn drops sharply to a
very small value of 1up. From Table II we notice that such
oscillating magnetic behavior is consistent with the variation of
the average magnetic moment of Pd atoms, which is influenced
by the doping Mn atom.

We now analyze the origin of such oscillating magnetic
behavior. First, the Pd;Mn cluster is considered. From Table I1
and Fig. 5(c), we notice that, although the magnetic moment
and average coordination number of Mn in the Pd;oMn
cluster are similar to those of the clusters of neighboring
size, the average Pd-Mn bond length of PdjoMn is quite
short, corresponding to a very small total magnetic moment.
This implies that the magnetic moment of Pd,-;Mn clusters
is very sensitive to the Pd-Mn bond length. In a previous
investigation [34], Shen et al. also reported a similar computed
result; i.e., shorter bond length could induce antiferromagnetic
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FIG. 6. (Color online) The distribution of Pd-Mn bond length
between Mn and its nearest-neighbor Pd atoms in Pd,-;Mn clusters
(n =3-19).

coupling in Co,-V (n = 2-9) clusters. Moreover, it was
predicted that the fcc bulk Pd could undergo a transition from
a nonmagnetic to a ferromagnetic state when the Pd-Pd bond
length is elongated by about 5.5% [30,31]. That is to say, there
exists a critical Pd-Pd bond length in bulk (about 2.90 A)
where the transition from a nonmagnetic to a ferromagnetic
state occurs. Similarly, in our Pd,,.-;Mn clusters there may exist
a critical Pd-Mn bond length where the magnetic moment
varies greatly. Accordingly, we further plot the distribution of
the Pd-Mn bond length between Mn and its nearest-neighbor
Pd atoms in the Pd,-;Mn clusters with n > 9, as shown in
Fig. 6. It is seen that the Pd-Mn bond length is distributed in
a wide range of 2.48-2.74 A. If we assume a critical Pd-Mn
bond length of 2.61 A, the evolution of the magnetism of
the Pd,-;Mn clusters can be reasonably explained. For the
Pd,,-;Mn clusters with size n = 10, 12, 13, 15, 17, 18, since
they all have several Pd-Mn bonds shorter than the critical bond
length, the total magnetic moments are suppressed to a certain
degree and only enhanced by 1up or 3up, in comparison with
the pure Pd, clusters. However, for other size clusters (e.g.,
n = 14, 16), there is no Pd-Mn bond length shorter than the
critical value, and thereby the total magnetic moments of the
Pd,-iMn cluster are enhanced significantly by up to Sup as
compared with those of the Pd, clusters.

To gain more insight into the magnetism of the Pd,-;Mn
clusters, it is essential to analyze the s and d PDOS of Pd,,-;Mn
clusters. The PDOS of p orbits is not plotted because of its
very small contribution. Here, we choose two clusters, i.e.,
Pd3Mn (n = 14) without Pd-Mn bonds shorter than the critical
value and Pd;4Mn (n = 15) with several Pd-Mn bonds shorter
than the critical value, to make a comparison of their PDOS
and magnetic structures, as shown in Fig. 7. It is seen that,
similar to pure Pd, clusters, the d states of both Pd host atoms
and doping Mn atoms in Pd,-;Mn clusters play a dominant
role in the determination of total magnetic moment, whereas
the contribution of s states is so small. For a Pd;3Mn cluster,
there is notable sd hybridization and large translation between
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FIG. 7. (Color online) The s and d projected density of states
(PDOS) of Pd;3Mn and Pd;4Mn clusters. The filled-area (cyan) line
and unfilled-area (red) line represent PDOS of Pd atoms in Pd;3;Mn
and Pd;4;Mn clusters, respectively. The black dashed line refers to the
Fermi level, which is shifted to zero.

the spin-up and spin-down d PDOS, so a large magnetic
moment arises. In contrast, for a Pd;4Mn cluster, due to shorter
bonds, the strong interaction between the localized d states of
Pd and Mn atoms pushes the spin-up d PDOS to higher levels,
remarkably, while the spin-down d PDOS holds its position,
consequently leading to smaller magnetic moment.

Finally, we turn to the Pd;oMn cluster again and simply
analyze its unique magnetic structure. Since there exist many
very short Pd-Mn bonds in the Pd;oMn cluster, much stronger
d-d interaction makes the number of spin-up electrons less
than the number of spin-down electrons for Pd atoms. As a
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consequence, the Mn atom tends to be antiferromagneticly
coupled to Pd atoms (as seen in Table II) and further decreases
the total magnetic moment. In brief, too-short bonds tend
to cause strong d-d interaction and small magnetic moment
of the cluster. This is similar to the case of transition
from ferromagnetic to antiferromagnetic ordering in the Fe;3
cluster [35], in which antiferromagnetic order or admixtures
of antiferromagnetic coordination appears when most of the
bonds are short enough. In addition, it should be pointed
out that only the Pd;oMn cluster has the antiferromagnetic
coordination in the size range of the present work. Such
antiferromagnetic coordination may also appear for larger size
Pd,-iMn clusters (n > 19) if most of the Pd-Mn bonds are
short enough. Further relative investigations are now under
way.

IV. CONCLUSION

The geometries of both Pd, and Pd,-;Mn (n = 3-19)
clusters are calculated by using a spin-polarized density
functional theory approach combined with a genetic algorithm
and EAM. Several different lowest-energy structures of Pd,
clusters (n = 11, 12, 14, 17) are found. For large cluster size
(n > 9), when a Mn atom is doped into the Pd, cluster,
it tends to occupy an interior site of the cluster and the
geometry reconstruction generally occurs for the Pd,-;Mn
clusters. The doping of Mn atoms not only enhances the
stability of Pd,, clusters but also increases their total magnetic
moments by a magnitude of (3-5)up. Moreover, the doping
of Mn atoms causes the Pd,-;Mn clusters to give rise to an
evident oscillation of steplike magnetic behavior, which is
closely related to the Pd-Mn bond length and can be attributed
to the d-d interaction between Pd and Mn atoms.
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