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Abstract 

This work presents a systematic study of the geometric, electronic and magnetic properties of Pd clusters pristine and mono- and bi-

doped with Mn: Pdn, Pdn−1Mn, Pdn−2Mn 2 where n ≤13. We have used the density functional formalism with the spin polarized 

generalized gradient approximation. From the variety of possible structures with thirteen atoms, we found the icosahedral configuration 

to be the most stable as compared to the hexagonal, cub-octahedral and buckled bi-planar. The change in magnetic behavior of Pd 

clusters after doping with Mn has been observed. This communication is an attempt to understand that behaviour. 

Keywords: clusters, SPGGA, stable conformer, doping, magnetism.  

Introduction 

Atomic and molecular clusters have a wide variety of potential 

and actual technological uses (Bansmann et al, 2005). A large 

number of research exists on clusters. Technologically, 

transition metal clusters (TMC) serve as catalysts in many 

industrial and important chemical processes (Kumar and 

Kawazoe 2002, 2003). They are also used extensively in sensing 

devices, magnetic storage material and constitute important 

components in nanomaterials for diverse applications. TMC 

exhibit wide variety of geometric isomers and shapes. The 

physico-chemical properties of these clusters critically depend 

upon their size and shapes dictated by their atomic 

arrangements. So understanding the evolution of these 

properties of clusters with size is necessary for the design and 

development of novel materials (Kumar & Kawazoe 2006, 

2001). 

Pd clusters serve as excellent catalysts in many heterogeneous 

catalytic systems (Aguilera-Granja et al. 2004). They exhibit 

interesting magnetic properties and show promise for essential 

application as supported metal catalysts. The magnetic 

properties of these catalysts are determined by their electronic 

structures and ultimately by their atomic arrangement 

(Shinohara et al. 2003). From earlier studies, it is known that 

even a 6% increment in the lattice constant can cause magnetism 

to appear in the system. In general, as size decreases, by the 

Stoner argument, magnetic moment approaches the atomic value 

in a magnetic material (Zhang et al. 2008; Luo et al.  2007). This 

is usually higher than in the bulk. 

The Pd atom is non-magnetic with a closed shell electronic 

configuration, 4d10 5s0. But in the small cluster, interaction 

between Pd atoms involves s, p, d hybridization, which leads to 

the depletion of 4d electrons and hence give rise to local 

magnetic moments (Rogan et al. 2008, Aguilera-Granja 2009). 

There are many conflicting remarks from both experimental and 

theoretical studies regarding the magnetic moments of small size 

Pd clusters (Chang & Chou 2004) Stern-Garlach experiments 

suggested that there was no net magnetic moment in Pd clusters 

(Chen et al. 2006; Huber & Herzberg 1979), whereas 

photoemission studies proposed that in smaller clusters, with 

less than 15 atoms, there was a finite magnetic moment (Nigam 

et al. 2007; Massen et al. 2002). However the experimental study 

of Taniyama et.al. (Taniyama, Ohta, & Sato 1997) reported net 

magnetic moments even in the larger size Pd clusters. From 

theoretical studies, Moseler et.al. (Moseler et al. 2001) reported 

that all small clusters Pdn(n=2-7 and 13) exhibit a finite magnetic 

moment. Similar arguments have been made by Kumar and 

Kawazoe (Kumar &Kawazoe 2001, 2002) and Lee et.al. (Lee & 

Chang 2011). Reddy et.al. (Reddy et al. 1993, 1933) performed 

a calculation of the electronic structure of a 13-atom cluster of 

4d group elements using local spin density approximation and 

reported that an icosahedron isomer of Pd 13 has a stable 

structure with large magnetic moment. Nigam et.al. (Nigam et 

al. 2007, Mu et al. 20011) studied the geometrical, electrical and 

magnetic properties of Pd clusters doped with other transition 

metals. They reported that Mn, Fe and Co enhance the magnetic 

moments of Pd clusters due to ferromagnetic coupling and 

Pd12Mn carries magnetic moment about 11μB.  Chang and Chou 

(Chang & Chou 2004) reported that new types of structures 

called buckled bi-planer (BPP) with C2v symmetry have lower 

energy than that of icosahedral and cub-octahedral clusters. 

They claimed that BPP is the lowest energy structure and this 

trend is followed by all transition elements with more than half 

fulfilled d-shells (Blonski & Hafner 2011). 

The motivation for this work is twofold: first, to have a fresh 

look at the body of, often, contradictory results and, by carrying 

out a systematic study, remove these uncertainties. Secondly, to 

understand the influence of Mn impurities on the electronic, 

atomic and magnetic structure of host Pd cluster. In present work 

we study, in particular, the structure, density of states and 

magnetic properties of different isomers of Pd13, MnPd12 and 

Mn2 Pd11 in some detail. The rest of the paper is organized as 

follows: The computational details and theoretical background 

for the calculations are described in Section 2 after the 

introduction. The result of the present work has been described 

in Section 3 which are discussed and analyzed in Section 4. 

Finally Section 5 consists of concluding remarks of the present 

work. 

Computational details and theoretical background 

The density functional theory (DFT) with the projected 

augmented wave (PAW) formulation has been used for the 

calculation of total energy and geometrical optimization of 

clusters through Vienna ab initio simulation package (VASP)( 

Kresse & Joubert , 1999; Kresse & Frauhoffer, 1996). Spin-

polarized generalized gradient approximation (GGA) has been 

used for the calculation of exchange correlation energy (Perdew, 

Burke & Ernzerhof 1996). The spin states and magnetic 

moments were then determined based on the calculated energies 

of spin up and spin down orbitals. The kinetic energy cut off 

used were maximal default values recommended by the pseudo-

potential database, i.e. 250 eV for Pd n clusters and 400 eV for 
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PdnMn and PdnMn2 clusters. A simple cubic super-cell with side 

dimension 16Å was used in the calculation. A single Γ point 

integration was carried out over the Brilluoin zone and all the 

atoms were allowed to relax following Hellman-Feynman forces 

on each atom until the force became less than 0.01 eV/Å and 

energy has converged to an accuracy of 0.001 eV. In order to 

check the reliability of pseudo-potential used in the present 

work, test calculations were performed for bulk Pd and PdMn, 

and the lattice constants (2.56Å and 3.65Å) and cohesive 

energies were found to be in fair agreement with experimental 

results ( Piotrowski, Piquini  & Da Silva, 2010; Castleman & 

Jena 2006;  Alonso 2000) . 

All the cluster geometries were fully optimized without 

imposing symmetry constraints except for the icosahedral 

structure for which point group symmetries were utilized to 

simplify the calculation. The average binding energy of the 

cluster was calculated using the formula: 

EB(PdnXm)=[nE(Pd)+mE(X)−E(PdnXm)]/(n+m)        (1)                                                                      

where E(Pd nXm), E(X) and E(Pd) are the total energies of PdnXm 

, X and Pd respectively. 

The relative stability of cluster against the loss of one of its 

constituent's atoms is called the dissociation energy. 

We define this quantity for Pd and mono and bi-doped Pd 

clusters as: 

∆1(PdnXm)=E(Pdn) + mE(X) − E(PdnXm)                  (2) 

where all symbols have their usual meanings. 

The second difference of total energy gives the enhanced 

stability of a cluster, relative to its heavier and lighter neighbors, 

which can be calculated using the formulae, ∆2(PdnX m) = 

E(Pdn−1 Xm ) + E(Pdn+1 Xm ) −2E(PdnX m ) (3) 

The values of ∆1 and ∆2 have local structure, but generally 

decrease slowly as co-ordination increases with the size of 

cluster. 

In order to get the knowledge of magnetic stability of any cluster 

we have to analyze the spin-gaps, which are defined as: 

𝛿1 = −[𝜖𝐻𝑂𝑀𝑂
𝑀𝑎𝑗𝑜𝑟𝑖𝑡𝑦

− 𝜖𝐿𝑈𝑀𝑂
𝑀𝑖𝑛𝑜𝑟𝑖𝑡𝑦

]                                      (4) 

The cluster is said to be stable if both the spin gaps are positive 

i.e. the lowest unoccupied molecular orbitals (LUMO) of 

majority spin lies above the highest occupied molecular orbital 

(HUMO) of minority spin and vice versa. 

III. RESULTS AND DISCUSSION 

A: STRUCTURAL EFFECTS OF DOPING 

To begin with we shall study the pristine Pd clusters up to a size of 

13 atoms. This will form the background of our doping studies. It 

was necessary to describe the pristine clusters using exactly the 

same methodology and parameters as the later doping studies, so 

that a consistent picture emerges. 

We have carried out full structural optimization for all sizes. 

Leftmost figures in Fig.1 show the optimized structures for pristine 

Pd clusters with n = 1- 13. For the 13 atom cluster we find the 

icosahedral isomer to be of the lowest energy rather than the BBP 

as suggested earlier. The various isomers are shown in Fig.2. Next 

we shall optimize the mono-doped and bi-doped clusters taking 

into account possible isomers. Fig.1 shows the lowest energy 

isomers for each size.  

 

FIG. 1. The lowest energy configurations for pristine Pd clusters 

and Pd clusters mono-doped and bi-doped of Mn with cluster 

sizes varying from two to thirteen. 

We have compared the doped with the pristine clusters. Our 

conclusions are described below: 

(i) For Pd2 the bond length is found to be 2.48 Å not very 

different than the experimental value of 2.52Å. This agrees 

with earlier work as well. The PdMn cluster has a bond 

length of 2.25 Å, which is consistent with the stronger 

binding between Pd and Mn as compared with between two 

Pd atoms. 

(ii) For Pd3 the stable structure is the isosceles triangle. The 

expected equilateral triangle is distorted due to Jahn-Teller 

effect. The linear structure is higher in energy by about 0.4 

eV/atom. The stable structure for Pd2Mn is also isosceles 

from symmetry considerations. The average bond length is 

2.51 Å while the Pd-Mn bonds lengths are 2.45 Å. Again this 

is consistent with the stronger Pd-Mn bonding. The PdMn2 

cluster has an average bond length of 2.49 Å. This is 

indicative of stronger Pd-Mn and Mn-Mn bonding. In all 

three cases the linear configuration is higher in energy and 

therefore unstable.  

(iii) The lowest energy stable structure for Pd4 is the tetrahedron 

while that for Pd3Mn is a distorted tetrahedron with Pd-Pd 

bond lengths larger than Pd-Mn ones. For the Pd2Mn2 the 

planar rhombus with Mn atoms at two opposite ends wins 

over three dimensional isomers. This resembles the planar 

structures found in pristine Mn clusters and may therefore be 

associated with co-ordination related to Mn. 

(iv) Clusters of sizes 5-7 all grow in bi-pyramidal configurations 

with increasing bond length and binding energies. The Mn 

atoms are directly bonded with four Pd atoms and for the bi-

doped clusters the Mn atoms sit on opposite corners. The 

three dimensional structures win over those with planer 

geometry. As the size increases, the number of isomers also 

increase. The difference in binding energies among the 

isomers is rather small and when such clusters are formed at 

finite temperatures the isomers may also be present. 
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(v) Pd8 lowest energy structure is a distorted bi-pyramid and 

appears to be quite “irregular”. The configuration with 

distorted double octahedron with one facet is most stable. 

The doped clusters resemble the pristine one with the 

expected distortions around the Mn sites. 

(vi) The structure of pristine Pd9 is a distorted half-icosahedron. 

But the doped clusters have characteristic icosahedral 

signatures which do not resemble the pristine clusters. 

(vii) Earlier works reported that for pristine Pd10 the most stable 

structure was the bi-capped octahedron. We find this to be 

a near energy isomer. The stable structure is a distorted 

irregular structure. The mono-doped Pd 9 Mn is a square 

bi-pyramid with Mn at one of the square bases while the 

bi-doped Pd8Mn2 is a double pentagon. These doped 

clusters resemble neither the pristine Pd cluster nor each 

other. 

(viii) For Pd11 structure with the highest binding energy has three 

octahedrons each of which fuses one facet with the other 

two having average bond length 3.63Å. Pd 10 Mn has 

icosahedral while Pd 9 Mn 2 bears a cubo-octahedral 

signature. Again these doped clusters resemble neither the 

pristine Pd cluster nor each other. 

(ix) For Pd12 we deal with two almost degenerate isomers: the 

cub-octahedron and the icosahedron with vacant centers. 

The cub-octahedron with a vacant central atom has 0.014 

meV lower binding energy than the icosahe-dral. This 

energy difference is within our error bar of calculations, so 

we cannot decide between these isomers with any 

confidence. Now both the mono and bi-doped clusters 

resemble the pristine one. 

(x) For Pd13 a typical icosahedral structure with binding energy 

2.311 meV is found to be most stable. Chang and Chau 

suggested that then buckled biplaner structure could be the 

ground state. In present work we observed that the 

icosahedral structure has 0.007 eV lower bonding energy 

as compared to the buckled biplaner structure. 

Our results are consistent with other theoretical works 

(Aguilera-Granja,2004). Both the mono- and bi-doped clusters 

have icosahedral signatures. The isomers are shown in Fig.2. 

The Fig.3 and Table I summarizes all the characteristics of 

pristine Pd clusters with binding energies, energy differences, 

magnetic moments, bond lengths and spin-gaps. This will now 

form the basic cluster in which Mn atoms will be doped. 

 

FIG. 2. The different isomers of Pd 13 clusters Doping of Pd 

clusters with different atoms like Mn is expected to open up 

other channels where in one can tailor the properties of 

clusters by varying the nature of doping. 

Large magnetic moments in Mn substitutional doped Pd 13 

clusters have been predicted, so it is of great interest to study the 

effect of Mn doping on Pd clusters. Bulk Pd alloyed with Mn 

undergo paramagnetic to ferromagnetic and also anti-

ferromagnetic and spin-glass transitions in some regions of the 

composition-temperature phase diagram. It would be rather 

interesting to know how Mn doping influences the magnetic 

behavior of Pd clusters. We shall address this problem in the 

next two sections. 

Binding and stability 

In this section we shall focus on the binding and stability of Pd n 

clusters and the effect of doping on these properties. The Fig.3 

shows the binding energies, the first difference (dissociation 

energy) and the second difference energies together with the spin-

gaps as functions of cluster size. 

For the pristine Pd clusters, binding energy (BE) increases 

monotonically with cluster size and tends towards the bulk cohesive 

energy 3.89 eV/atom of bulk Pd solid. This is also true for the doped 

clusters. Higher binding energy reflects greater stability. Hence our 

study indicates that from Fig.3 top left panel that stability increases 

with number of Mn atoms doped for all cluster sizes. This indicates 

that enhancement of stability arises mainly comes from the doping 

of Mn the Pd clusters. From Fig.4 we observed that Pd-Pd and Pd-

Mn bond lengths increase on doping.  

There is transfer of electrons from Mn to Pd due to their different 

electro-negativities (1.55 for Mn and 2.20 for Pd). The Fig.4 shows 

the charge transfer is greater for most sizes for the mono-doped as 

compared to the bi-doped clusters. There is a clear correlation 

between shorter bond lengths and stronger ionic type bonding 

related to charge transfer (Gruene et al. 2008) In order to get a clear 

picture of stability let us analyze the dissociation energy and second 

difference energy in greater detail. The peaks of the dissociation 

energy represent greater stability. The pristine Pd clusters show 

odd-even alternation up to n = 6 and show peaks n = 8, 10 and 13 

indicating that clusters of these sizes were more stable as compare 

to their neighbors. This follows magic number sequence. In case of 

mono-doped Pd clusters Pd2Mn, Pd4Mn, Pd7Mn and Pd12Mn show 

peaks indicating that they were more stable than their neighbors. 

Similarly more stable clusters in the bi-doped series were at 

Pd2Mn2, Pd4Mn2, Pd8Mn2 and Pd10Mn2.  

The second difference in BE of a particular clusters indicate their 

relative stability with respect to their neighbors. The peak in the 

second difference in the bonding energy represents the higher 

stability of corresponding clusters against breakup. For pristine 

clusters Pd8 and Pd13 has higher peaks as in dissociation energy and 

odd-even alternation is also clear (Rogan et al. 2008, Mosler et al 

2001). The mono- and bi-doped clusters also support the results of 

dissociation energy To verify the chemical stability of the clusters 

we have to analyze the spin gaps. Spin gaps measure the energy 

required to move an infinitesimal amount of charge from HOMO of 

one spin channel to LUMO of the other. The the magnitude of spin 

gap is a measure of chemical activeness of the clusters. This is 

shown in the bottom panel of Fig.3. A large HOMO-LUMO gap 

implies low chemical reactivity because it is energetically less 

favorable to add the electrons to higher lying LUMO or extract 

electrons from a low lying HOMO, thereby prohibiting the 

formation of a large clusters. So the structure which has larger 

HOMO-LUMO gap is more stable and vice versa. It is observed that 

the values of δ1 and δ2 are positive for all the clusters. These general 

decrease with increase in clusters size (Zhang et al. 2008). The Fig.3 

indicates that mono-doped clusters have, in general, higher activity 

than the pristine or bi-doped clusters 
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FIG. 3. (Top) Binding energies, first and second energy differences of pristine Pd and mono- and bi-doped Pd 

clusters (Bottom) spin-gaps (in eV) of (left) pristine Pd (center) mono-doped Pd and (right) bi-doped Pd clusters. 

 

Table I. Summarizes the characteristics of pristine Pd clusters and Pd clusters mono- and bi-doped with Mn. 
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Magnetic properties 

It is well understood that small sized Pd clusters show the 

magnetic behavior as contrast to the non-magnetic behavior of 

pure bulk Pd. The actual origin of such a magnetic properties 

exhibited by such clusters are still unclear. From the study it has 

been inferred that there is direct effect of bond length between 

Pd-Pd and Pd-Mn and transfer of charge from Mn sites to Pd. 

The Fig.5 display the variations of average magnetic moment of 

Pd and Mn separately, of optimized lowest energy 

configurations of pristine and mono- and bi-doped Pd clusters. 

The average magnetic moment of Pd behaves more or less step 

like with the size of Pd clusters within the reference systems 

whereas the average magnetic moment of Mn found to be 

decreases monotonically with cluster size except for Pd6 n and 

Pd8Mn and Pd9Mn2. These results are resembling with the 

previously calculated results and developed concepts (Mu et al. 

2011; Xi et al. 2023). The magnetic moments also found to be 

very sensitive with respect to bond length. It is observed that as 

bond length of Pd-Pd increases magnetic moment of Pd n 

clusters also increases and vice versa. Longer bond lengths lead 

to lower hybridization giving higher moments according to the 

Stoner type argument. But this trend are not strictly followed by 

pristine clusters of sizes 6,7, 8,10 and 11 atoms. Fig.5 show step 

like behavior of magnetic moment with size. 

In case of mono-doped clusters, there is a slight decrease in 

magnetic moment of Pd and Mn up to cluster size 6, but nearly 

same magnetic moment of Pd for n = 7, 8 and 9, wheres one sees 

high magnetic moment of Mn at n = 7. This may be due to 

different rates of charge transfer from Mn to Pd. However total 

magnetic moment of mono-doped clusters is enhanced by 1-7μ 

B as compared with the pristine ones. Bi-doped clusters show 

even-odd variation for n ≥6. 

Fig. 5 (bottom panel) shows that s-d hybridization dominates the 

overall properties of these clusters. In case of pristine Pd 

clusters, Pd 5 clusters show the contribution of p-d hybridization 

also and produces the local magnetic moments 1.92μB. Similarly 

in case of Pd6 which has a magnetic moments 3.92μB and 

follows the trends dominating s-d hybridization. The maximum 

magnetic moment is shown at 13-atoms icosahedral structure 

which is the most stable in this series. The shorter bond lengths 

of Pd5 create strong hybridization between the localized d states 

and p state and hence produce smaller magnetic moment. 

Whereas for Pd6 there is significant s-d hybridization offset by 

large transitions between up and down spin PDOS which creates 

its rather larger magnetic moment. 

In case of mono-doped clusters there is notable s-d and p-d 

hybridization which produces large transitions between spin up 

and down states. Together with sufficient bond lengths it is 

likely to produce the large magnetic moments. But the relatively 

smaller bond lengths between Pd-Pd and Pd-Mn in Pd10Mn and 

Pd11Mn leads to anti-ferromagnetic alignment between Pd and 

Mn decreasing the total moments. In the case of Pd12Mn the 

bond length leads to ferroalignment between Pd and Mn and 

hence larger total moment. 

In the bi-doped clusters we can not totally neglect the p-d 

contributions. This is due to the unusual magnetic behavior of 

Mn2 molecules. The bond lengths between Pd-Pd and Pd-Mn of 

respective clusters causes the s and d states to split leading 

depletion of 4d states through s-p-d hybridization, giving rise to 

large magnetic moments. Whereas smaller bond lengths create 

strong d-d interactions and Pd and Mn moments align anti-

ferromagnetically. In the icosahedral cluster the two Mn 

moments also align anti-ferromagnetically as shown in Fig.6.  

The knowledge of s-, p- and d-PDOS is required to understand 

the exact magnetic behavior of the clusters. The PDOS of 13-

atoms icosahedral structures for pristine, mono-doped and bi-

doped. The Fig.7 indicates strong s-p-d hybridization and that 

the d-PDOS, exchange split, plays an dominant role in Fig. 6: 

Magnetic moments (top,left) on Pd in the icosahedral pristine Pd 

cluster (top,right) on Mn in the BBP Pd11Mn2 cluster 

(ferrimagnetic), (bottom,left) on Mn in fcc based producing 

magnetism in these clusters. There is negligible contribution 

from p-PDOS and an even smaller contribution from s-PDOS. 

This is consistent with the physical picture that incomplete d-

shell electrons should be mainly responsible for the magnetism 

of TM clusters (Castleman & Jena 2006; Reddy et al. 1993). 

Conclusions  

From this study of pristine Pdn, Pdn Mn and PdnMn 2 clusters we 

observed the various interesting features regarding structural, 

electronic and magnetic properties, which we shall summarize as 

follows: 

 

 

Fig. 4. The (left) average bond-lengths and (right) charge transfers for pristine and doped Pd clusters as functions of cluster 

size. 
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Fig. 7. Total DOS and Spin-orbital projected PDOS for (top) pristine Pd13 (middle) Pd12Mn (Bottom) Pd11Mn2. 

FIG. 5. (Top panel) Average magnetic moment of (left) Pd (center) Mn and (right) total cluster in pristine, mono- 

and bi-doped Pd clusters. (Bottom panel) Hybridization in (left) pristine (center) mono- and (right) bi-doped Pd 

clusters. 

FIG. 6. Magnetic moments (top,left) on Pd in the icosahedral pristine Pd cluster (top,right) on Mn in the 

BBP Pd11Mn2 cluster (ferrimagnetic), (bottom,left) on Mn in fcc based Pd11Mn2 (ferromagnetic) 

(bottom,right) on Mn in icosahedral Pd11Mn2 (anti-ferromagnetic). 
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 (i) In general, we notice three types of structural growth motifs 

(a) fcc based (b) octahedron based and (c) icosahedron 

based. Of them the icosahedral structure was found to be 

most stable for 13-atom atoms clusters. This is in 

contradiction to the buckled biplanar as suggested by some 

authors. In the bi-doped 13 atom cluster the icosahedral 

structure has Mn atoms anti-ferromagnetically aligned, 

while the buckled biplanar has a ferrimagnetic Mn spin 

alignment. The latter therefore has a higher total magnetic 

moment than the former. 

 (ii) The transition from two dimensional structures to three-

dimensional is found between cluster sizes 4, 5 and 6 for 

pristine and mono-doped Pd, and between 5 and 6 for 

PdMn2. 

(iii) The average binding energy/atom of the clusters increases 

with increasing the clusters size and tends towards the bulk 

cohesive energy. 

(iv) The average binding energies of both icosahedral, 

octahedron and fcc based structures are comparable to that 

of closed packed “irregular” clusters at n = 13, indicating 

that transition from ’irregular’ structures to the icosahedral 

and fcc-like structures could occur at smaller cluster sizes. 

(v) .The binding energy per atom and the average bond length of 

Pd-Pd and Pd-Mn clusters and Bader charges are 

interlinked with each other. In general binding energy 

increases with bond length monotonically. 

(vi) The results of dissociation and second differences in the 

binding energy show that clusters of atoms 2, 8, 13, 18 are 

clearly found to be more stable than their neighborhoods. 

The magic number effect is effectively applicable in 

pristine Pd clusters. The results of HOMO-LUMO gap 

shows that PdnMn clusters are chemically more reactive 

than others. 

(vii) Present calculations show that high symmetry, always does 

not guarantee success when used as a starting point criteria 

in the search of minimum energy configurations. It is better 

to carry out unconstrained optimization. 

(viii) A trend of larger magnetic moments with increasing size 

were not followed but magnetic moment shows odd-even 

alternation. The magnetic moment was found to be 

enhanced by (3-7)μB and (2-14)μB after doping Mn and 

Mn2 on Pd-Pd clusters respectively. 

(ix) Overall cluster structure does not change while doping with 

one of two Mn atoms, and the lowest-energy structure of 

Pdn−1Mn and Pdn−2Mn2 are also similar to that of Pdn 

clusters. However the magnetic moment of Mn decreases 

as clusters size increases. This is mainly due to transfer of 

charge from Mn to Pd and hybridization parameters. There 

is an intimate relationship between Pd-Pd and Pd-Mn bond 

lengths; alignment of up and down spin moments and 

hybridization according to which increasing and 

decreasing of net magnetic moments of the system occurs. 

. 

Fig. 7. Total DOS and Spin-orbital projected PDOS for (top) pristine Pd13 (middle) Pd12Mn (Bottom) Pd11Mn2 
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